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ABSTRACT

We introduce a model for the explicit evolution of interstellar dust in a cosmological galaxy
formation simulation. We post-process a simulation from the Cosmic Reionization on Com-
puters project [CROC, Gnedin, 2014|, integrating an ordinary differential equation for the
evolution of the dust-to-gas ratio along pathlines in the simulation sampled with a tracer
particle technique. This model incorporates the effects of dust grain production in asymp-
totic giant branch star (AGB) winds and supernovae (SN), grain growth due to the accretion
of heavy elements from the gas phase of the interstellar medium (ISM), and grain destruc-
tion due to thermal sputtering in the high temperature gas of supernova remnants (SNRs).
A main conclusion of our analysis is the importance of a carefully chosen dust destruction
model, for which different reasonable parameterizations can predict very different values at
the ~ 100 pc resolution of our simulations. We first test this dust model on the most massive
galaxy in a 10h~! co-moving megaparsec (Mpc) box, for which we find that the total pre-
dicted dust mass is somewhat sensitive to parameter choices for the dust model, especially
the timescale for grain growth due to accretion in the ISM.

To test whether dust-dependent observable quantities of galaxies at these epochs could
be useful for placing constraints on dust physics, we then apply the model to a suite of 11
simulated galaxies with stellar masses from ~ 10° — 109M¢ in the first 1.2 billion years
of the universe to make predictions for the dust content of high-redshift galaxies. We ex-
plore 9 different sets of dust model parameters, forward modelling observable properties of
high-redshift galaxies to compare to data. We find that we are unable to simultaneously
match existing observational constraints with any one set of model parameters. Specifically,
the models which predict the largest dust masses D/Z 2 0.1 at z = 5 — because of high
assumed production yields and/or efficient growth via accretion in the ISM — are preferred
by constraints on total dust mass and IR luminosities, but these models produce far too
much extinction in the UV, preventing them from matching observations of Syy .

Xiv



To investigate this discrepancy, we analyze the relative spatial distribution of stars and
dust as probed by infrared (IR) and ultraviolet (UV) emission. We find that all models
predict significant dust attenuation in the central region of the galaxy, resulting in a ring-
like morphology for the UV emission. Since IR emission peaks in the center of the galaxy,
there are ~ kpc-scale offsets between the points of maximal UV and IR surface brightness
when “observed” with infinite resolution, but degrading image resolution to be similar to
existing observational capabilities results in no offset between peak brightness in UV and
IR. While existing observations only probe galaxies brighter in the UV than the most massive
in our sample, they do exhibit much larger offsets that are suggestive of more complicated
morphologies. Our results therefore provide strong motivation for the development of a dust
model such as the one presented in this dissertation in higher-resolution simulations of galaxy

formation which more realistically reproduce the dynamics of the reionization-era ISM.
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CHAPTER 1
INTRODUCTION

Cosmic dust is the solid phase of interstellar matter. While it constitutes at most on the
order of a few percent of the mass in the Inter-Stellar Medium (ISM) of galaxies [e.g. Rémy-
Ruyer et al., 2014, Aniano et al., 2020, Galliano et al., 2021], it is an important source
of opacity in the ISM [Draine, 2011|, and can thereby have a significant impact on the
observable properties of galaxies [e.g. Galliano et al., 2018, Zavala et al., 2021|. A complete
physical explanation for the observed properties of the galaxy population throughout cosmic
time must therefore account for the dust content — at the very least the amount and spatial
distribution — in individual galaxies.

Such an explanation is still incomplete in large part because dust grains are subject to
complicated physical processes in a variety of interstellar environments [see Draine, 2003, for
a review|. They are observed to be produced in the winds of evolved stars |Lagadec et al.,
2008, Srinivasan et al., 2009, Matsuura et al., 2009, Riebel et al., 2012, Nanni et al., 2019,
Hofner and Olofsson, 2018] and the remnants of supernova explosions [Dunne et al., 2003,
Gomez et al., 2012, De Looze et al., 2017, Matsuura et al., 2011, Sarangi et al., 2018, Micelotta
et al., 2018]. They may grow through the accretion of heavy elements in the gas phase of
the ISM [Draine, 1990, Dwek, 1998, Weingartner and Draine, 1999, Mattsson and Andersen,
2012, Feldmann, 2015, but see also Ferrara et al. 2016]. They may also be destroyed by
various physical processes that dissociate grains such as sputtering and sublimation [Draine
and Salpeter, 1979a,b, Jones, 2004, Hoang, 2020].

This complexity is only compounded by the dynamical effects dust itself has on the ISM.
Metals depleted from the gas phase onto dust do not contribute to metal-line cooling of hot
gas, while the dust grains themselves provide a unique source of some cooling (infrared emis-
sion) and heating (photoelectric) processes in the ISM. Dust grain surfaces are thought to

catalyze chemical reactions responsible for the most abundant molecules in the ISM. Charged
1



dust grains dynamically couple the ISM to magnetic fields in regions of low ionization frac-
tion. Moreover, the aforementioned dominance of dust opacity means that regions in which
the radiation field is strong enough to be dynamically important will impact gas dynam-
ics through its effect on dust. Consequently, the prediction of the dust content in galaxies
requires an accounting for these physical processes — about all of which there remain deep
theoretical uncertainties — in a dynamical model of the ISM.

Cosmological, fluid-dynamical galaxy formation simulations can provide such a model.
By employing numerical methods that adaptively refine the simulation resolution in the
areas of highest density, these simulations can resolve individual galaxy disk scale lengths
(~ 1kpc) in cosmologicaly representative volumes (2 10Mpc, e.g.), or can resolve the disk
scale height (~ 100pc) for the entire cosmological Lagrangian volume of an individual galaxy.
Consequently, these models have the ability to simultaneously model the dynamics of the
ISM (albeit with a physical fidelity inherently limited by resolution) while self-consistently
accounting for the global environment of the galaxy, including its history of star formation
and metal enrichment over cosmic time. These simulations have recently achieved success in
reproducing many observed galaxy and ISM scaling relations [see e.g. Somerville and Davé,
2015, Naab and Ostriker, 2017, Faucher-Giguére, 2018, Vogelsberger et al., 2020, for recent
reviews of galaxy formation simulations]

The explicit coupling of interstellar metal enrichment to the predicted star formation his-
tory is commonplace — simulations predict the locations and properties of stellar populations
formed from local ISM condistions, and account for the energetic and chemical feedback of
these populations on the surrounding ISM based on the tabulated predictions of stellar evo-
lution models [e.g. Leitherer et al., 1999, Conroy and Gunn, 2010]. Metals are then typically
assumed to be returned to the gas phase of the ISM and passively advected, modifying the
local radiative cooling rates accordingly.

While the dust content of such simulations can be estimated to zeroth-order by assuming



a constant dust-to-metal ratio, recent efforts have begun to include an explicit treatment
for the creation, growth, and destruction of dust as a function of local ISM conditions,
thereby enabling a prediction of the spatially and temporally varying dust-to-metal ratio
self-consistent with the properties of the simulated ISM [e.g. Bekki, 2015, McKinnon et al.,
2016, 2017, Aoyama et al., 2018, Gjergo et al., 2018, Hou et al., 2019, Vogelsberger et al.,
2019, Davé et al., 2019, Li et al., 2019b, Kannan et al., 2020, Graziani et al., 2020, Li et al.,
2021, Granato et al., 2021, Trebitsch et al., 2021, Parente et al., 2022, Choban et al., 2022,
Kannan et al., 2022, Lower et al., 2022, Lewis et al., 2023, Hu et al., 2023, Narayanan et al.,
2023|. For fully Lagrangian fluid-dynamics solvers or codes with passive tracer particles, this
dust modelling can be done in post-processing, such as was done in Hirashita and Aoyama
[2019]. These efforts have already provided insights into the physical processes governing
dust evolution in galaxies throughout cosmic time. However, they must necessarily contend
with the still profound uncertainties in the physics governing dust in the ISM.

The complexity of these processes render any attempt at first-principle estimates of their
rates and dependence on ISM properties order-of-magnitude at best. Consequently, the
equations governing the evolution of the dust-to-metal ratio include a number of free pa-
rameters used to quantify these uncertainties. Ideally, many simulations would be computed
with the same initial conditions in which these dust parameters would be systematically
varied. This would enable an understanding of their effect on the predicted dust content
and comparison with observations for constraints. However, the computational expense of
running fully coupled galaxy formation and dust physics simulations severely prohibits the
size of this parameter space that can be feasibly explored.

This difficulty is only compounded by the increasingly stringent observational constraints
on the dust content of galaxies, and this progress is certain to accelerate in the near future.
Already the dust content of galaxies in the local universe has been well characterized [see

Galliano et al., 2018, for a recent review|, and knowledge of the earlier universe is expanding



rapidly [e.g. Péroux and Howk, 2020, for a recent review|. Spearheaded by large ground-based
radio telescopes such as ALMA — which can observe the rest-frame FIR continua associated
with thermal dust emission — there are a growing number of galaxies in the reionization era
(z 2 5) for which substantial dust content has been indicated by observations [e.g. Bertoldi
et al., 2003, Venemans et al., 2012, Willott et al., 2013, Wang et al., 2013, Riechers et al.,
2013, Cooray et al., 2014, Watson et al., 2015, da Cunha et al., 2015, Dessauges-Zavadsky
et al., 2017, Knudsen et al., 2017, Laporte et al., 2017, Decarli et al., 2017, Venemans et al.,
2017, Strandet et al., 2017, Izumi et al., 2018, Marrone et al., 2018, Hashimoto et al., 2019,
Tamura et al., 2019, Bakx et al., 2020, Fudamoto et al., 2021, Pozzi et al., 2021, Inami
et al., 2022, Bowler et al., 2022|. However, similarly many results place only upper limits
on rest-frame FIR emission, or find very blue rest-frame UV colors, both of which naively
suggest little or no dust in galaxies of the same epoch [e.g. Walter et al., 2012, Bouwens
et al., 2012, Kanekar et al., 2013, Ouchi et al., 2013, Capak et al., 2015, Maiolino et al.,
2015, Schaerer et al., 2015, Knudsen et al., 2016, Brada¢ et al., 2017, Matthee et al., 2019|.
Together, these observations suggest an exciting diversity in the dust content of galaxies in
the early universe.

These preliminary indications of the cosmic dust content at high redshifts are certain to
be completely revolutionized by the explosion of data anticipated from JWST. Its successful
launch and commissioning has ushered in a new era of astrophysics, and already galaxies
are being found and characterized at earlier cosmic times than ever before [e.g. Robertson
et al., 2023|. Because the near-IR wavelength range of JWST instruments (NIRCam and
NIRSpec) corresponds to rest-frame UV for reionization-era galaxies, dust attenuation will be
measured for the early galaxy population, providing important constraints on dust properties
— thus far [Naidu et al., 2022b, Roberts-Borsani et al., 2022a, Whitler et al., 2023], these
constraints seem to indicate very little dust obscuration. The sensitivity of radio telescopes

like ALMA to FIR continuum dust emission will enable exciting synergies that provide



further information, as has already been demonstrated in Bakx et al. [2023]: they empoyed
this NIR-radio combination to spectroscopically confirm a z > 12 galaxy candidate identified
with JWST [Naidu et al., 2022b] and place upper limits on its IR luminosity which also
suggests minimal dust.

It has also become apparent that a complete accounting for dust effects on galaxies
observed with JWST is essential for the interpretation of data — Zavala et al. [2023] and
Naidu et al. [2022a] have demonstrated that claims of very high-redshift (z 2 10) galaxies
so bright they significantly challenge galaxy formation models can instead be contamination
from dusty galaxies at much lower redshifts (z < 7). The full exploitation of high-redshift
JWST data for physical constraints on cosmic dawn will benefit fundamentally from accurate
dust modeling.

Since the timescales regulating this dust content, while uncertain, are likely comparable to
the age of the universe at this epoch [e.g. Hirashita, 2000, Lesniewska and Michatowski, 2019,
the observed diversity suggests promise for the ability of high-redshift observations to place
unique constraints on the physics of dust in the ISM. However, significant theoretical efforts
are needed to bring this promise to fruition: of the existing models that account for dust
physics processes in cosmological fluid-dynamical simulations of galaxies in the reionization
era [Davé et al., 2019, Graziani et al., 2020, Trebitsch et al., 2021, Lower et al., 2022, Kannan
et al., 2022, Lewis et al., 2023], none explores the predictions of more than one set of dust
model parameters. This work aims to ameliorate the situation by developing a dust modelling
framework that uses the spatially-resolved time-dependent predictions of a galaxy formation
simulation calculate the predicted dust content, while being sufficiently light-weight and
flexible to enable a thorough exploration of uncertain dust physics parameters. In Chapter
2, we present the model methodology, and its application to a single simulated galaxy.
We explore the effects of varying dust model parameters on the predicted dust content of

this one galaxy, and their impact on dust-sensitive observables. In Chapter 3, we apply



the model to a suite of simulated galaxies to investigate the dependence of dust properties
on model parameters across the galaxy mass range resolved in our simulations, as well
as a comprehensive comparison to existing observational data. Chapter 4 investigates the
spatially resolved dust content and resulting observable properties of the most massive halo

in our suite for different dust model parameter choices. Finally in Chapter 5 we conclude.



CHAPTER 2
METHODS AND PARAMETER EXPLORATION

2.1 Introduction

To enable physical interpretation of these existing and future constraints, in this chapter we
introduce a model for the explicit evolution of interstellar dust in a cosmological galaxy for-
mation simulation. Specifically, we post-process a simulation from the Cosmic Reionization
on Computers project [CROC, Gnedin, 2014], integrating an ordinary differential equation
(ODE) for the evolution of the dust-to-gas ratio along pathlines in the simulation sampled
with a tracer particle technique. This model incorporates the effects of dust grain production
in asymptotic giant branch (AGB) star winds and supernovae (SN), grain growth in the ISM
due to accretion of heavy elements from the gas phase, and grain destruction due to thermal
sputtering in high temperature gas of supernova remnants (SNRs). This allows us to predict
the fraction of metals in the ISM that are locked up in dust grains as a function of space
and time in the simulation and consequently compare dust-dependent observable quantities
of high-redshift galaxies with data.

Using tracer particles in post-processing enables us to run many models and fully explore
the parameter space of deeply uncertain dust physics processes, admittedly at the expense
of self-consistently accounting for dust dynamical effects in the simulation. A fully coupled
treatment would be preferable and more realistic, but would prohibit the full exploration of
dust model uncertainties due to computational cost. In future work, we plan to implement
such a model, the calibration of which will be made feasible by the reduction in the phys-
ically interesting dust-model-parameter-space constrained by the post-processing analysis
presented in this Chapter and Chapter 2, where we apply the model to a larger sample of
galaxies.

The model presented in this Chapter bears many similarities to previous dust modelling
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efforts. We base our model largely on the one-zone model presented in Feldmann [2015],
which was successful in matching the z = 0 dust-to-gas (and dust-to-metal) vs. metallicity
relation, and in so doing constrained the characteristic timescale for dust grain growth via
accretion in the ISM. While the success of this model is encouraging that it captures the
essence of dust physical processes in local galaxies, it is inherently limited by its one-zone
nature. This limitation greatly hinders its ability to address questions such as the origin of
scatter at constant galaxy metallicity and the spatially resolved dust distribution in galaxies,
and leaves serious questions about its applicability in different regimes, such as the era of
reionization which is our focus in this work.

We are therefore motivated to apply a model with the same basic physical components to
a more sophisticated model for galaxy formation of high-redshift galaxies, provided by the
CROC project. Dust models accounting for the same basic physical processes — although
often with different assumed parameters and scalings — have been incorporated in fluid
dynamical galaxy simulations before, as described in Chapter 1. We are however motivated
to develop our model because most previous studies chose not to focus on the prediction
of observable galaxy properties in the Epoch of Reionization. Among those that did [Wu
et al., 2020, Graziani et al., 2020, Trebitsch et al., 2021, Kannan et al., 2022, Lower et al.,
2022, Lewis et al., 2023] none explored the effect of varying the parameters on their dust
model, leaving them ill-equipped to evaluate the effect of dust model uncertainties on their
predictions. By introducing a flexible post-processing method coupled to state-of-the-art
Reionization simulations, we address this current deficiency in the literature.

The structure of this chapter is as follows: in Section 2.2 we review the methods of the
CROC simulations, present the methods of our model - both the equations that constitute the
physical model and the numerical methods used to solve them, and describe our procedure
for predicting observational quantities from our model results. In Section 2.3 we present

the preliminary results of the model applied to a simulated massive galaxy (M, =~ 2 X



109M@ by z = 5) — both the predictions of its dust content for a wide range of dust model
parameters, and the comparisons of these predictions to observational data, as a proof-of-
concept. In Section 2.4 we discuss the implications of these results as well as uncertainties
in our modeling, comparing to previous efforts. In Section 2.5 we conclude and discuss the
main findings resulting from the development of this dust model. This chapter is based on

the analysis presented in Esmerian and Gnedin [2022].

2.2 Methods

2.2.1 Numerical Galaxy Formation Model: Cosmic Reionization on

Computers

To model the ISM of high-redshift galaxies, we employ the Cosmic Reionization on Comput-
ers (CROC) numerical galaxy formation simulations described in Gnedin [2014], Gnedin and
Kaurov [2014], Gnedin [2016], to which we refer the reader for details. Here we summarize

the main components of the simulation machinery.

CROC Model

CROC uses the Adaptive Refinement Tree (ART) code [Kravtsov, 1999, Kravtsov et al., 2002,
Rudd et al., 2008| to solve the three-dimensional inviscid fluid dynamics equations coupled
gravitationally to collisionless cold dark matter with cosmological initial and boundary con-
ditions. Cooling and heating processes are accounted for as tabulated in Gnedin and Hollon
[2012|. Radiative transfer is fully coupled to the gas dynamics and chemistry and solved
using the Optically Thin Variable Edington Tensor (OTVET) approximation |[Gnedin and
Abel, 2001, Gnedin, 2014]. Molecular hydrogen fractions are calculated from local ISM con-
ditions using the fitting functions of Gnedin and Draine [2014]. Star formation occurs in
molecular gas with a fixed depletion time of 7qp = 1.5 Gyr. Star particles are treated as
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single-age stellar populations with a Kroupa [2001] IMF. Stellar feedback effects are incorpo-
rated with the delayed cooling subgrid model, adopting a delay timescale of gy = 10Myr.
Star particles source ionizing radiation with an escape fraction eyy = 0.15.

The specific simulation we ran for this analysis is a cosmological volume 10h™! co-moving
Mpc on each side, assuming a flat ACDM cosmology with )y = 0.3036, 2, = 0.0479,
Qp = 0.6964, and h = Hp/(100km s~ 'Mpc™!) = 0.6814. An overdensity on the scale
of the simulation box (i.e. the “DC” mode) of dpc = 0.700869 was accounted for using
supercomoving variables as described in Gnedin et al. [2011]. Adaptive refinement is allowed
down to a minimum cell size of 100pc in physical units.

Halo identification is performed with the ROCKSTAR halo finder [Behroozi et al., 2013].
We adopt the virial radius definition corresponding to a redshift-dependent over-density with
respect to the critical density defined Bryan and Norman [1998]. We find that during major
mergers the halo center identified by ROCKSTAR imperfectly matches the location of the
central galaxy, so we re-define the galaxy center as the median of stellar particle positions
along each axis, using only stellar particles within the ROCKSTAR identified virial radius —
i.e. the median stellar particle x position, y position, and z position. Note that this does not
necessarily correspond to the location of an actual star particle — since the median particle
position along each axis is not guaranteed to belong to the same particle — but we have
confirmed visually that this method provides a good estimate of the central galaxy position.
We consider all stellar particles and gas cells within 0.1 Ry, of this center as belonging to

the central galaxy.

Halo and Galaxy Properties

Figure 2.1 shows the evolution of basic simulated galaxy quantities. By the final snapshot
of the simulation at ¢ = 1.18Gyr (corresponding to z = 5), the galaxy resides in a dark

matter halo of total mass 4.80 x 1011 M with a stellar mass of 1.81 x 109M and a gas
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Figure 2.1: Simulated galaxy masses, metallicities, and star formation rate as a function of
cosmological time. The top panel shows the evolution of the total virial mass, galaxy stellar
mass, and galaxy gas mass of the most massive halo in the simulation. The middle panel
shows the mass-weighted average galaxy gas and stellar metallicities. The bottom pannel
shows the star formation rate of the central galaxy, and the same rate corrected by the factor
determined by Zhu et al. [2020] to correct stellar masses to observations, stated in Eq. 2.14.



2 =5.000, t = 1.176 Gyr

1072

Figure 2.2: Mass-weighted temperature-density distribution the ISM of our simulated galaxy
at z = 5.

mass of 5.22 x 1010M@. At this time the central galaxy has a gas and stellar metallicity
Z ~ 1073 = 0.07Zs, and a star formation rate (averaged over 10Myr) of 4.88M« /yr. We

focus exclusively on the ISM of this galaxy for the remainder of this chapter.

ISM Phase Structure

Since dust growth and destruction terms depend on the local properties of the ISM, we
first examine the distributions of these properties in the simulation. Figure 2.2 shows the
temperature-density distribution of the ISM in the final snapshot of the simulation at z = 5.
At the resolution of this simulation (fixed to 100pc in proper units), the phase structure
of the ISM does not appear to be well-resolved, with a substantial fraction of the ISM at
unrealistically high temperature (7' ~ 10°K) given its density (n ~ 103cm™3). We quantify

this in Figure 2.3, which shows the mass fraction of four phases defined by temperature cuts:
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Figure 2.3: Mass fractions of ISM phases defined by temperature cuts as a function of
cosmological time.
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Figure 2.4: Tracer Histories. Solid black lines indicate median tracer quantities as a function
of cosmological time. Shaded regions bound the 16th and 84th percentile tracer quantities.
The top right panel additionally shows the molecular-fraction weighted average tracer tem-
perature <T>H2 in blue. The bottom left panel shows the metallicity production rates due
to AGB stars in blue.
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Cold (T < 100K), Warm Neutral Medium (WNM: 100K < 7' < 5000K), Warm Ionized
Medium (WIM: 5000K < 7' < 10°°K and Hot Ionized Medium (HIM: 7' > 10°°K). The
consistent with Figure 2.2, the mass fractions of the WIM and HIM are large (and the Cold
and WNM are therefore small) compared to typical values expected from observations of the
Milky Way [Draine, 2011].

There is no a priori reason to expect galaxies located in Milky-Way mass halos at z 2 6
to have the ISM closely resembling the Milky Way one, and the mass fractions in various
ISM phases in high redshift galaxies are not known. However, we are also aware that the
CROC adopted stellar feedback recipe based on the delayed cooling algorithm results in
model galaxies that do not match observations [Zhu et al., 2020|. Hence, we are unable to
demonstrate that the ISM structure in our model galaxies is correct. It is likely, therefore,
that the high mass fraction of HIM is a numerical artifact from the inadequate stellar feedback
recipe.

Furthermore, the blue line on the temperature panel of Figure 2.4 shows the molecular-
fraction-weighted temperature of ISM tracers in the last few hundred million years of the
simulation. The average temperature of molecular gas is predicted to be unrealistically
high, ~ 4000 — 6000K. This is fully expected, as the temperature distribution of the ISM
in this simulated galaxy is not sufficiently resolved with the mere 100pc resolution to be
physically realistic. Consequently, in the default dust model, we do not use the local ISM
temperature in the simulation to calculate dust growth and destruction rates. For the growth
rate, which has a o< v/T dependence (see Eq. 2.5), we assume a constant T = T.g)q = 50K
by default. For destruction, we calculate the rate based only on the assumption of a fixed
dust mass destroyed per each (unresolved) supernova remnant, i.e. Dgest = DgNR, Which
is independent of temperature (see Eq. 2.5). As we show in the next section, calculating
the destruction rate based on thermal sputtering (which depends on the local temperature)

dramatically over-predicts the dust destruction rate, even when the growth rate also uses the
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local temperature instead of some fixed Tiq. It will be interesting in the future to apply
a model like this to higher resolution simulations which more realistically capture the local
temperature distribution of the ISM and compare the destruction rates predicted by thermal

sputtering compared to the unresolved SNR prescription we use here.

2.2.2  Pathline Sampling: Monte-Carlo Tracers

As we detail in the next section, our dust model requires the assumption of several free
parameters that quantify uncertainties in the physical processes that regulate dust evolu-
tion in the ISM. Since first-principles physics and observations generally do not constrain
these parameters more tightly than within a few orders-of-magnitude, and the processes
dependent on these parameters may interact in a complicated manner, it is necessary to ex-
plore a range of parameter values. Doing so would be prohibitively costly if each parameter
combination required re-running the entire cosmological fluid-dynamical galaxy formation
simulation. Therefore, when running the simulation we produce ~ 10% pathlines that sam-
ple the evolution of the simulated galaxy in an approximately Lagrangian manner. We can
then post-process the simulation by integrating our dust model along each of these pathlines
for as many different versions of the model that we want to explore without re-running the
simulation. This dramatically reduces the computational cost and consequently greatly ex-
pands the size of the parameter grid we are able to explore. However, it also precludes an
accounting for the possible dynamical effects of dust in the galaxy formation simulation by
design. We discuss this issue further in Section 2.4.1.

To calculate the pathlines, we use the Monte Carlo (hereafter MC) tracer method intro-
duced in Genel et al. [2013] and implemented in ART as described in Semenov et al. [2018],
to which we refer the reader for details. The tracer particles are initialized to randomly and
uniformly sample the Lagrangian region for the dark matter halo of interest. Tracer particle

positions are output at ~ 5000 snapshots for an average interval of 0.2 Myr between each. At
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every snapshot, the tracers samples the local gas number density n, temperature T', metallic-
ity Z, neutral hydrogen fraction fyy, molecular hydrogen fraction fp9, the metal production
rate from supernovae (SN) ZSN, the metal production from asymptotic giant branch (AGB)
stars Z ACB. and the rate density of supernovae ngy. The quantities ZSNa Z ACB, and ngyN
are assigned from the stellar particles cells using Nearest Grid Point (NGP) interpolation.
This makes the sampled quantities somewhat more noisy and avoids extra smoothing, but
the MC tracers are already noisy by construction. Note that each metallicity production

rate is calculated as

- 1 dpz)
Zrorocess = ~ <— (2.1)
process
p dt process

where p is the local gas density and (Clg;tz is the change in the local density of metals

due to the relevant production process.

This MC method ensures that the tracers used to sample pathlines statistically repro-
duce the density distribution of the simulation by being probabilistically exchanged between
the cells used to discretize the fluid dynamics equations. The probabilistic nature of their
exchange between cells prevents the pathlines from being strictly Lagrangian, and introduces
some noise in their sampling of the fluid flow.

However, this is preferable to the severe biases introduced with the alternative “velocity
tracer” method [implemented in ART as described in Semenov et al., 2017|, wherein tracers
are evolved by directly integrating their motion by sampling an interpolated velocity field
of the simulation. While this algorithm produces smoother pathlines, its bias is so severe
that by the end of the simulation, all 10* tracers are located at the same position in the
simulation — the center of the simulated galaxy. In contrast the MC tracers sample the full
density distribution in the ISM of the galaxy by design throughout the entire duration of the
simulation. This is consistent with the issues identified in Genel et al. [2013], and thus MC
tracers are the only viable method for sampling pathlines in our simulation, implemented in
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Table 2.1: Model Parameters

Model Parameters Description Default (Values Explored )
Production, Dy,0q
YD,SN Yield (as a fraction of Z) from Supernovae 0.1(0 - 0.4)
YD.AGB Yield (as a fraction of Z) from AGB 0.1(1072 - 0.4)
Gas-Phase Accretion, Dycer
Clacer Clumping/Uncertainty Factor 1(0 - 10)
Tacer Growth Timescale 3 x 108yr
fdep “Depletable" Medal Fraction 0.7(04 - 1)
feold Sub-grid cold gas fraction fu, (fur, 1)
Teold Assumed Temperature of Cold ISM 50 K (Direct from Simulation).
Destruction: SNR, Dgest = DsNR
Clest Destruction Efficiency/Uncertainty Factor 1 (0-10)
MgNR ISM Mass Swept-Up by Each Supernova Remnant 1000 M
Destruction: Thermal Sputtering, Dgegt = Dsput
Csput Uncertainty Factor 0 (0.1-1)
Tsput Destruction Timescale at 7' = 105K 3 x 1072 Myr
w Temperature Dependence Coefficient 3

the ART code as described in Semenov et al. [2018].
Figure 2.4 shows the median value (solid line) and 16th to 84th percentile range (shaded

region) for all tracer properties as a function of time.

2.2.83  Dust Model: Physics — Creation and Destruction Processes

Along each pathline we integrate an ordinary differential equation describing the evolution

of the dust-to-gas ratio D:

dD

e (2.2)

= Diodel = Dprod + Dacer + Dgest

where each term accounts for a different physical process: Dprod for production by stellar
evolution processes, Dacer for accretion of gas-phase metals onto dust, and Dy for destruc-
tion processes that dissociate grains and return metals to the gas phase. We explain how
each are calculated in our model in the subsections below. Table 2.1 summarizes all of the
free parameters in this model, their default values, and the range of each explored in this

analysis.
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Dust Production in Evolved Stars and Supernovae

Dprod — DgN + Dagp accounts for the production of dust, which we assume to come from
AGB star outflows and SN ejecta. Note that by “production” we refer exclusively to the
formation of grains in these comparatively dense stellar remnant environments, as distinct
from “growth by accretion” in the ambient ISM which we describe in the next section (i.e. we
assume dust grains do not nucleate from the gas phase in the ambient ISM). We parameterize

each of these as constant fractions yp of the total metal yields from these processes, so that

Dsn(Zs|yp sN) = YD SNZSN (2.3)

DAGB(ZAGBlYDAGB) = YD AGBZAGE (2.4)

where we differentiate between dynamical quantities sampled from the simulation and as-
sumed parameters.

The complexity of dust grain nucleation and growth in both AGB winds and SN ejecta
remnants is still lacking a complete first-principles theoretical description — see Hofner and
Olofsson [2018| for AGB dust formation, Sarangi et al. [2018] and Micelotta et al. [2018§]
for SN dust formation. Observational constraints on the total mass of dust produced by
AGB stars exist |[Lagadec et al., 2008, Srinivasan et al., 2009, Matsuura et al., 2009, Riebel
et al., 2012, Nanni et al., 2019], but the dust-to-metal ratio of these outflows is difficult to
measure. Large amounts of dust have been observed in SNRs [Dunne et al., 2003, Gomez
et al., 2012, De Looze et al., 2017, Matsuura et al., 2011|, but the fraction that survives
sputtering after being engulfed by the reverse shock is uncertain. Consequently, neither
theoretical nor observational constraints on y D,AGB/SN are particularly robust, and we treat
these both as free parameters.

Some previous efforts to model dust in galaxy simulations [e.g. McKinnon et al., 2016,
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Li et al., 2019b| have used the prescription from Dwek [1998| for the production of dust
due to AGB and SN, to some success. To obtain an order-of-magnitude estimate for yp,
using equations 22-24 of Dwek [1998], adopting the condensation efficiencies from Li et al.
[2019b] (based on Ferrarotti and Gail [2006] for AGB, Bianchi and Schneider [2007a| for
SN), and taking protosolar elemental abundances [Asplund et al., 2009, Draine, 2011| gives
yp,AGB ~ 0.07 and yp gy ~ 0.08. So for default values we take yp ac = yp sy = 0.1,
and systematically vary both between 1072 and 0.4. We note that, unlike the Dwek [1998|
prescription, we do not adjust yields based on the metallicities of stellar populations, since
we are not following the abundances of individual elements.

We note that this limitation prevents us from choosing more realistic yields based on
expected elemental ratios; several previous investigations [e.g. Zhukovska et al., 2008, Gjergo
et al., 2018, Granato et al., 2021, Parente et al., 2022, Choban et al., 2022| have utilized the
expectation that silicate dust is composed mainly of MgFeSiO4 molecules to fix Mg:Fe:Si:O
number ratios to 1:1:1:4, thus limiting the total dust mass that can be produced. This further

motivates the systematic exploration of a wide range of yp values done in Section 2.3.1.

Growth via Gas-Phase Accretion

Dacer accounts for dust growth in the ISM due to the accretion of metals onto grains from the
gas phase. Kinetic considerations [see Draine, 1990, Dwek, 1998, Weingartner and Draine,

1999| suggest that this rate has the functional form [Feldmann, 2015]

Daccr(D7 Z,n,T, fcold|Caccr7 Taccr; fdep> =

1/2
L )(Z) D(f*z - D) (25)

Taccr Cm_3 K

where Cycer is a free parameter to account for uncertainties in the dust clumping on scales
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unresolved in the simulations, T,cer is the characteristic timescale, f.o1q is the fraction of cold
gas in which accretion can occur, and fdep is the fraction of metals that can be depleted onto
dust grains. Since both Taccr, fdep depend upon the average dust grain cross section for each
gas phase element that can potentially accrete, and are therefore likely dependent on the
detailed composition and geometry of the dust grain population, any theoretical estimate of
their values is extremely uncertain. However, Feldmann [2015] showed that the scaling of the
galactic dust-to-gas ratio with metallicity depends sensitively on the quantity ¢gep 1, JtISM
where ?4ep, H, i the molecular depletion timescale and 1) is their characteristic dust accre-
tion timescale. Using equilibrium and dynamical one-zone models of galactic chemical and
dust evolution compared to observations of local galaxies, they constrained tyq\; =~ 4 X 104y,

and f dep ~ 0.7. Their characteristic timescale can be related to ours as

CO. TCO 1/2
Tacc = LISM < (:mi%) ( Kld) > (2.6)

where n.o1q, Teold are the galaxy-averaged density and temperature of the cool ISM in which

grain growth takes place, respectively. These factors are included here since the Feldmann
[2015] one-zone modeling did not explicitly account for the density and temperature struc-
ture of the ISM in their calculations. Assuming growth takes place in the cold molecular
phase [e.g. Zhukovska et al., 2016] lets us estimate (ngq) ~ 103em™3 and (T,q) ~ 50K
[Draine, 2011]. We therefore adopt as our default value 7acc = 3 X 103yr with Cace = 1.
Since this constraint was obtained from galaxy-averaged one-zone models compared only to
local-universe observations, it is likely very uncertain, especially in our application to the
predictions of high-z galaxies. To explore the effects of this uncertainty, we vary the clump-
ing factor Chee from 0 to 10. We adopt f4¢P = 0.7 as in Feldmann [2015] for our default
value, and vary from 0.4 to 1.

There are two more uncertainties in the calculation of Eq. 2.5, both due to the inability

of the simulation to resolve the thermodynamic phase structure of the ISM: the appropriate
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values for 7" and f.qq. The 100 pc minimum cell size of the simulation means that the
resolution of the ISM phases will be marginal at best, and the use of a delayed cooling
feedback model risks over-predicting the temperature of the high-density gas. As we show in
2.2.1, the phase structure of the ISM is likely not well resolved in this simulation. Therefore,
naively using the simulation temperature for Eq. 2.5 would grossly over-predict the ISM
growth rate. Consequently, by default we assume 7" = T4 = 50K for Eq. 2.5 only, but
we also present the predictions of the model when the full simulation temperature is used.
Since this unresolved cold phase represents a subset of the total gas in each cell, we must also
multiply by the mass fraction of cold gas f.,jq. We can estimate the value of this additional
free parameter by equating it to either the neutral fraction fgr which is calculated self-
consistently from the radiation field, density, and temperature of the ISM in the simulations,
or the molecular fraction fyo modeled with the Gnedin and Draine [2014] fitting functions.
We use f.olq = fhgo from the simulation by default, since this is the same cold fraction
assumed by the star formation prescription of the simulation. However, we also explore the

predictions for f.qq = fa1-

Destruction Processes

Dyest 18 the rate at which dust is destroyed by energetic processes in the ISM. The most
important of these is likely thermal sputtering in high temperature gas — the erosion of dust
grains due to thermal collisions with high-temperature gas particles. The timescale for the
erosion of graphite, silicate, and iron grains of size a due to thermal sputtering is given by
[Draine, 2011, Eq. 25.14]

da

i —10_6pm yr_1

T -3
1 -
* (1O6K)

which we can convert to change in dust-to-gas ratio (assuming a single size for all grains) as

( "H ) (2.7)

Cm_3
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dD 3Dda

= _Zp= 2.8
dt a dt (2:8)
giving
: Csput 1 n
Dot (D, 1, T|Cosputs Tsput, @) = ——2 ( )D 2.9
sput (D, 1, T'|Csput, Tsput, w) Topus 1+ (T/105K)—% \cm—3 (2.9)

where Cgpyt is a free parameter of default value unity we systematically vary to account for
uncertainties, Tgput & 3 X 105yr(a /pm) is the characteristic timescale for dust destruction due
to sputtering in high temperature gas, and w ~ 3 parameterizes the temperature dependence
of the sputtering rate for T < 106K. Adopting aeg a = 0.1um [Draine, 2011|, we take
Tsput = 3 X 104yr and w = 3 as our default values. Simulations of galaxy clusters with a
physical dust model [Gjergo et al., 2018, Vogelsberger et al., 2019] suggest this timescale
should be increased by a factor as large at 10, which we also explore.

If the temperature and density distribution of the ISM were fully resolved in our simula-
tions, thermal sputtering alone would provide a good estimate of the grain destruction rate.
However, since the delayed cooling feedback model likely over-predicts the temperature of
the densest ISM gas at the simulation resolution of ~ 100pc, Eq 2.9 with quantities from
the simulation likely grossly over-predicts the destruction rate in the ISM.

To correct for this, an alternative method of calculating the destruction rate is tied
directly to the local rate of supernovae, which are assumed to be responsible for all of the
~ 109K gas in the ISM where sputtering is most efficient. Let MgnR be the amount of ISM
mass swept up by an individual SNR, and Cjyeg be the average efficiency with which grains

are destroyed in each SNR. Then the rate of change in dust-to-gas ratio is given by

: : NSN
DsNr (D, 1, ngN|Caest MSNR) = CdestMSNRDT (2.10)

where ngy is the local volumetric rate of supernova explosions and p is the gas density.
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McKee [1989] estimate Mgng =~ 1000M), which we adopt for our fiducial value. Clgegt
is a free parameter with a fiducial value of unity that we vary to explore the impact of
uncertainties in this rate due to both the uncertain destruction efficiency and MgnR.

We note that this prescription ignores destruction due to sputtering in hot gas that is
not spatially coincident and directly associated with supernova explosions — i.e. gas in the
hot circum-galactic medium (CGM). We expect this is not a major issue because galaxies at
this mass are not expected to establish stable, hot circumgalactic media until z ~ 2 [Dekel
and Birnboim, 2006], much later than the last snapshot of our simulation. However, this
remains an uncertainty in our work that we will only be able to fully address with a more
sophisticated treatment of feedback and explicitly coupled dust physics done on-the-fly in
the simulation.

Moreover, Priestley et al. [2022] point out that this destruction efficiency likely varies with
metallicity, since higher metallicity gas will cool more rapidly, thereby reducing the impact
of sputtering in high-temperature gas. We defer the inclusion of such higher-order effects to
more sophisticated modeling in the near future, but speculate that this is not likely to have
a dramatic effect on our results since, as we show in Section 2.3.1, supernova destruction
is a subdominant effect unless the destruction efficiency is enhanced by approximately an
order-of-magnitude.

Since DSNR is not dependent on the local gas temperature, which is likely inaccurate in
the simulation due to limited resolution, we adopt Dyes = Dang by default, but also explore

predictions using Dgeg = Dsput-

2.2.4  Dust Model: Numerical Integration

For each tracer ¢ and each snapshot j in the tracer data, we have the following quantities
from the simulation: n;;, Tij, fH1ij: fHa,ij: ZSN,ija ZAGB,ija ngN,ij- For each tracer, we

linearly interpolate each quantity X as a function of cosmological time to define a continuous
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Figure 2.5: Maps of the simulation metallicity (left panel), tracer metallicity (defined by
Eq. 2.11, middle panel), and their ratio (right panel) at the final snapshot of our simulation
are shown. Values for tracers in the same cell are averaged. The statistical error in the tracer
paths due to their probabilistic nature results in an approximately uniform tracer metallicity
across the galactic disk, while the simulation metallicity displays a clear gradient.

function X;(t). This allows us to define a pair of coupled continuous ordinary differential
equations for the metallicity and dust-to-gas ratio of each tracer:

dZ;

— = ZsNi(t) + Zagp.i(t) (2.11)

dD;
dt

Dinoder[ni (), Ty(t), frni(t), fi,.i(t), Zi(t), Zsn i(t), Zagp.i(t), nsn ()], (2.12)

We use the scipy |[Virtanen et al., 2020] module solve_ivp to perform this numerical inte-
gration. We have tested our solver against subsets of the model with analytically expressible
solutions, all of which are recovered to fractional accuracy of < 10~7 with the adopted solver
parameters.

Note that Z; is not generally identical to the metallicity in the simulation sampled by
the tracer, call it Zg, ;, because of the imperfectly Lagrangian nature of the Monte Carlo

tracers (see Section 2.2.2). Indeed, Figure 2.5 compares the spatial distribution of these two
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Figure 2.6: The top panel shows the evolution of both simulation (black) and tracer (blue)
metallicity as a function of time in the simulation, while the bottom shows their ratio. The
solid lines in the top pannel show the median tracer value at each snapshot, while the shaded
regions enclose the 16th and 84th percentiles. The bottom shows the same for their ratio.
By ~ 800Myr, their ratio is close to unity, indicating that the tracer metallicity reflects the
simulation metallicity in an average sense. Before that time, however, the tracer metallicity
is biased low. We discuss the correction of this bias in Section 2.2.4.
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quantities in the last snapshot of our simulation, at z = 5. While the simulation predicts
a smooth radial gradient in the metallicity of the galaxy disk, the integrated production is
both noisy and uniform across the disk due to the probabilistic nature of the tracers.

A more quantitative comparison is shown in Figure 2.6, where the median, 16th and 84th
percentiles of these metallicities for all tracers at each time are compared. By the end of
the simulation, their ratio is close to unity, indicating the tracers capture the global metal
production history of the ISM in the galaxy, but due to sampling issues are biased low at
times earlier than ~ 600 Myr. However, this effect can be corrected for: since the simulation
metallicity is Lagrangian (because it is evolved with an advection solver in the simulation
code), we can re-scale the dust-to-gas ratio of each tracer by the ratio of these metallicities.
So, for any observable quantity that requires a dust fraction D}, this is calculated from

the D predicted by our model as

D
Dobs - (E) Zsim (2-13)
tracer

2.2.5 Correction of Star Formation Rates

Zhu et al. [2020] showed that the CROC simulations fail to reproduce the observed stellar
mass-halo mass relationship. The stellar masses predicted by the simulations, and therefore
star formation rates, are too low at a given halo mass compared to the observations. They
provide an empirical formula that re-scales the simulated stellar masses to be consistent with
observations:

M, = M, {1 + A.(t)logyg (1 + )} = My feorr(t) (2.14)

*
3 x 108 Mg,
where A, = 6,10,30 at z = 5,6, 7. We test the sensitivity of our dust model prediction to this
inaccuracy in the simulation by appropriately re-scaling the metal production rates (ZSN,

Z AGB) and supernova rates ngy by this same factor: ZSN = fcorrZSN, Z AGB = feorrZ AGB,
27



and ﬁSN = feorrngN- Note that this requires re-scaling the simulation metallicity for the
correction in Eq. 2.13. We interpolate feorr to all simulation redshifts by fitting a second-
order polynomial to A,. Since the instantaneous metal production and supernova rates
depend on the entire current stellar population, they depend on the full prior star formation
history. Our correction is therefore a crude approximation. Moreover, substantially increased
star formation would also remove additional gas from the galaxy ISM, thereby likely changing
the density distribution in a complicated way we do not account for. Consequently, this
correction should not be taken as a precise prediction, but rather as providing an estimate

of the uncertainty in our predictions due to the inaccuracies in the simulation.

2.2.6 Calculation of Observable Quantities: Mp, Buv, IRX, Ti500

To compare our predictions to observational data, we calculate quantities of our simulated
galaxy that depend on dust content and can in principle be measured observationally. These
predictions require as input the spatial distribution of the dust mass, which we obtain as
follows. For each simulation snapshot we extract a fixed resolution data cube centered on
the simulated galaxy with dimensions of L = 0.2Ry; on each side. The data cube has a
resolution equivalent to the highest refinement level of the adaptive mesh, since this is the
resolution of the ISM gas that contains almost all the dust. Each tracer particle is then
identified with its corresponding cell. In order to adequately sample the gas distribution in
the simulation, the simulation was run with sufficiently many tracers that most cells in the
simulated galaxy ISM have multiple tracers. For each cell we calculate the dust-to-gas ratio
as the average of all tracers in the same cell. We can then multiply this quantity by the cell
metallicity and the cell mass to obtain the dust mass per cell.

The total dust mass is simply the sum of individual cell dust masses. While this is the
most straightforward measure of the galactic dust content, it is difficult to measure the dust

mass of high-redshift galaxies, as this relies on assumptions of the grain size distribution and
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dust temperature. Consequently, we also forward-model several more directly observable
quantities: the attenuated ultraviolet luminosity Lyy, the effective optical depth due to
dust extinction in the ultraviolet (at A = 1500A) 7500, the logarithmic slope of the galaxy
spectrum in the ultraviolet Sy, and the infrared luminosity due to dust thermal radiation
Lig and corresponding infrared excess IRX= Lig/Lyy .

The ultraviolet radiation from galaxies comes from young massive stars, but can be
significantly attenuated by interstellar dust. This attenuation is wavelength-dependent such
that the shape of the spectrum in this regime is sensitive to the dust column density. Syy is
calculated by least-squares fitting a power law of the form f) M to the galaxy spectrum
in the rest-frame wavelengths 1268 — 2580A, using only the 10 wavelength windows listed in
Table 2 of Calzetti et al. [1994] to avoid contamination from absorption lines. The galaxy
spectrum is the combined spectra of each star particle, each of which represents a single-
age, uniform-metallicity stellar population attenuated by a dust column density dependent
on the observational viewing angle. The unattenuated spectrum of each star particle is
calculated using the Flexible Stellar Population Synthesis code [Conroy and Gunn, 2010].
To sample the distribution of viewing angles, we calculate optical depths projected along
the 3 coordinate axes in both directions (6 total), which should be random with respect to
the galaxy orientation. Optical depths to each star particle as function of wavelength are

estimated as

) =wkp(A) [ ppd (2.15)

2
where kp(\) is the opacity (or mass absorption coefficient) per unit dust mass, pp is the
dust density, and fz dl is the intergal along a line-of-sight to a given star i. For kp()\) we

use the “SMC bar” model of [Weingartner and Draine, 2001].1

1. https://www.astro.princeton.edu/ ~draine/dust/dust.html, converted from a total mass to dust mass
absorption coefficient with an assumed dust-to-gas mass ratio of Maust/Mgas = (Maust/Mu)/(Mgas/Mu) =
0.00206/1.36 = 0.00151 from Table 3 of Draine et al. [2007].
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Since we do not evolve the full dust-size distribution in our model, and empirical mea-
surements of the dust opacity of high-redshift galaxies do not exist, the choice of dust opacity
represents an additional uncertainty in our calculations. It is possible that the dust size dis-
tribution, and therefore opacities, is very different at these early cosmic epochs — for example,
Granato et al. [2021] evolve two bins in dust size for simulated galaxies and find that the
ratio of small to large dust grains increases by approximately a factor of two over the redshift
range we consider. Nonetheless, we show that our results are not obviously in tension with
the data (Section 2.3.2), suggesting that our adopted dust opacity is a reasonable first-guess.
We plan to evaluate this effect by accounting for the dust grain size distribution in future
work.

Dust grains are heated to temperatures 7' ~ 10 — 100K by the interstellar radiation field,
casing them to emit thermal radiation in the infrared. Assuming the ISM is optically thin

to this radiation, the specific luminosity is given by

Ly =4nMprp(N)By\(T) (2.16)

where k() is the dust opacity, By (7T') is the specific intensity of black-body radiation. Since
this quantity is dependent on the dust temperature, a fully self-consistent calculation would
require solving for the dust temperature given the joint spatial distributions of dust and
interstellar radiation. Since our simulations likely do not resolve this structure, a completely
self-consistent calculation of this quantity is impossible. Consequently, we present results
for several temperatures that span a plausible range: 20, 40, 60K. As in Bouwens et al.

[2020], we define the total infrared luminosity as Lig = [ 1000m

8um LydA\, and estimate the UV

luminosity as Lyy = Lsg0 4 to calculate the infrared excess as IRX= Lig/Lyy.
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2.3 Results

2.3.1 Predictions of Dust Model: Dependence on Dust Model Parameters

Fig. 2.7 shows the resulting dust-to-metal ratio and rates of individual dust creation and
destruction physical processes for our default parameter values. We see that the dust pro-
duction is initially dominated by supernovae ejecta, in which case the dust-to-metal ratio is
set by the assumed supernova yield yp gN. Note that the destruction rate due to supernova
remnants is much lower than the production rate, so that D/Z never falls significantly below
Yp,SN; indicated with the dashed black line in the top panel.

At approximately 700 Myr, accretion increases rapidly and dominates the dust evolution
thereafter. Consequently, as metals in the ISM accrete onto dust grains, the dust-to-metal
ratio now increases from ~ yp g, reaching a value of approximately 0.5 by the end of the
simulation at z = 5, t = 1.18Gyr. Note that this is less than the maximum of D/Z = fdep —
0.7. Despite also increasing, the rate of supernova remnant destruction always remains
subdominant to ISM accretion. The contribution of dust from AGB stars is always negligible
because they produce heavy metals at a rate approximately two orders-of-magnitude less
than supernovae.

Below we explore how these predictions change with model parameter values.

Production: ypsn and yp agB

Fig. 2.10 explores the effect of varying the production yield yp on D/Z and the evolution
of D as a function of Z. Note that we use this to indicate the value for both yp gn and
YD,AGB; Which we keep the same in this figure. As shown in Fig. 2.7, AGB wind production
is largely negligible at these redshifts because it produces far fewer metals, so these results
are unchanged for any physically reasonable variations in yp gN/yp Agp around 1. Values

of yp = 0.01 and yp = 0.4 are compared with the default yp = 0.1. In each case the value
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Figure 2.7: Dust-to-metal ratios (top panel) and the contributions of each process to dust
growth with default parameters (bottom panel). Solid lines show mean values for all tracers,
and the shaded region on the top panel bounds the 16th and 84th percentiles at each timestep.
On the top panel, the solid black line shows fdep and the dashed black line shows yp gy =
yp AGB- The rapid variation in simulated ISM quantities sampled by the tracers (as shown
in Figure 2.4) result in rapid variation of of these rates, so for readability we have smoothed
the lines on the b=ottom panel with a boxcar average of width 10 Myr.
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Figure 2.8: Effect of Zhu et al. [2020] correction for the SFR rate. D/Z is initially suppressed
relative to the default value because of the increased destruction rate due to supernova rem-
nants, but much more rapidly transitions to ~ fdep because of the enhanced ISM accretion
rate due to higher metallicity.
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Figure 2.9: Effect of tying dust destruction rates to local ISM gas temperature. The grey
line adopts sputtering destruction rates Dgegt = Dsputt- This line is invisible because the
dashed blue and dotted green lines — both attempts to increase the growth rate of the dust
due to ISM accretion Dacer (the former by setting the temperature of the cold gas in the
accretion term to the simulation temperature, the latter by additionally setting the cold
gas fraction to the neutral hydrogen fraction) — are visually indistinguishable. Thus no
reasonable modification to the Daccr overcomes the dominance of the thermal sputtering
rate. This is true even if the sputtering is additionally decreased by a factor of 10, as shown
with the red dot-dashed line.
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Figure 2.10: Effect of varying production yield yp sy = yp AGB = y¥p on dust evolution.
Solid lines show mean values for all tracers, shaded regions encompass tracer 16th and 84th
percentiles.
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Figure 2.11: No SN dust production. The default value yp pog = 0.1 is used in both cases,
while the magenta lines show the predictions of the model wen SN production is turned off
completely yp gy = 0. Solid lines and shaded regions are defined in the same way as the
previous figure.
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of yp entirely determines the dust-to-metal ratio prior to the onset of rapid accretion from
the ISM. By setting the intitial condition for this rapid accretion phase, yp is positively
correlated with the final D/Z ratio. However, note that the rapid accretion phase begins
at exactly the same time, and therefore same metallicity, in each model. This is consistent
with the finding of [Feldmann, 2015] that accretion becomes efficient at a critical metallicity
which is independent of the production yield. Finally, note that because the supernova
remnant destruction rate is o< D (eq. 2.10), destruction (with default parameters) remains
unimportant even when the production yield is very small, and the D/Z ratio never goes
significantly below yp.

Fig. 2.11 shows the predicted dust content in the absence of dust production by super-
novae, i.e. dust is assumed to be produced only from AGB star winds. While young local
supernova remnants are observed to efficiently form dust, it remains an open question how
much of this dust survives the reverse shock, motivating this parameter choice as an extreme
scenario in which supernovae do not produce any dust grains. This figure shows that even
with reasonable assumed AGB wind dust yield (10%) and ISM growth timescale, AGB pro-
duction alone produces enough dust to allow efficient accretion of gas phase metals at late

times in our simulations, resulting in D/Z ~ 0.2 by z = 5.

Gas-Phase Accretion: Cheer, Teold, and f9P

Figures 2.14 and 2.13 explore the effect of changes to gas-phase accretion parameters. Since
Dacer X CaCCYTclo/li (eq. 2.5), we show various choices for both in Fig. 2.14. Fig. 2.13 explores
variations in the maximum metal depletion fraction fdep.

Fig. 2.14 shows three modifications to the accretion prescription in the default model:
accretion turned off entirely Cycer = 0, accretion enhanced by an order-of-magnitude Cyucer =
10, and setting the temperature of the “cold" phase in which accretion takes place to the

local gas temperature of the simulation T.5q = Tsimulation (88 opposed to assuming the
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constant value of T, g = 50K as is our default). In the complete absence of ISM accretion,
destruction due to supernova remnants is able to reduce the dust-to-metal ratio by ~ 30%
compared to the production yield. Conversely, an order-of-magnitude enhancement in the
accretion rate causes the dust mass to grow rapidly at earlier times and lower metallicities,
saturating at D/Z ~ fdep well before the end of the simulation at z = 5.

We see that changing T,.,q from a constant value of 50K to the gas temperature in the
simulation sampled by each tracer has a similar but even slightly greater effect. Note that
since we adopt feolq = fH,, this is effectively the average temperature of the molecular
phase predicted by the simulation. As shown in Fig. 2.4, the molecular-fraction-weighted
average temperatures are 2 5000, and the accretion rate depends on the square-root of the
ambient gas temperature, so 4 /(7Tq,)/50K 2 10 is the expected enhancement. In this way
the assumed average temperature of the cold phase is degenerate with the assumed timescale
for grain growth due to gas-phase accretion, as long as T.,q does not exhibit any broad,
significant trends on timescales of gigayears, as is the case even when we take the simulation

value.

Destruction due to Thermal Sputtering: Local Supernova Rate or Gas Tem-

perature

Figures 2.12 and 2.9 explore physics prescriptions and parameter choices related to the
destruction rate of dust in the hot phase of the ISM due to thermal sputtering. Fig. 2.12
shows the predictions of the dust model assuming Dgeqq = DgNg, which is our default. We
display predictions for extreme variations in the efficiency of supernova remnant destruction —
one where the destruction is turned off entirely (Cyest = 0) and another where it is enhanced
by an order-of-magnitude Cyot = 10. The Cqost = 0 case corroborates the conclusion of
Figure 2.7 that, with default parameters, supernova destruction plays a subdominant role

in setting the dust content of this galaxy, as the destruction rate is always much lower than
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Figure 2.12: Effect of varying supernova remnant destruction efficiency Cqagt-
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Figure 2.13: Effect of varying maximum ISM metal depletion fraction f4eP.
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either the production or accretion rates. Therefore, turning off destruction entirely increases
the dust-to-metal ratio by ~ 10% at most. However, enhancement in the SNR destruction
rate by a factor of 10 is able to fully counterbalance ISM accretion and suppress D/Z to
values less than yp for most cosmological times in our simulation.

Fig.2.9 shows the result of an alternative choice where the destruction rate is tied explic-
itly to the sputtering rate predicted by the local gas density and temperature Ddest = Dsputt-
As described in Sec. 2.2.3, this would be the more physical choice if the phase structure of
the ISM were well resolved in our simulations. However, Sec. 2.2.1 presents evidence that
this is not the case. Nonetheless, we wanted to explore the extent of the difference between
a local sputtering rate prescription and the default based on local supernova rate. Fig. 2.9
demonstrates that the limited resolution coupled with the delayed-cooling supernova feed-
back prescription predicts high ISM temperatures and therefore high sputtering rates that
dominate all other processes, regardless of the choices made for accretion. Even a reduction
of the sputtering rate by an order-of-magnitude, as has been suggested by simulations of
galaxy clusters [Gjergo et al., 2018, Vogelsberger et al., 2019], does not qualitatively change

this conclusion.

Effect of SFR Correction

Finally we explore the effect of “correcting” the simulated galaxy star formation rates as
would be necessary to reproduce the observed stellar-mass halo-mass relation. As described
in Sec. 2.2.5, we multiply the star-formation-rate dependent terms — production and super-
nova rates — by a factor (Eq. 2.14) that was shown in Zhu et al. [2020] to correct the CROC
simulated galaxy stellar masses to approximately agree with observations. This significantly
increases these rates by roughly a factor of ten by the end of the simulation. We see that
initially, the enhanced star formation rate leads to an enhanced supernova destruction rate

that significantly reduces the dust-to-metal ratio. However, the increased metallicity result-
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Figure 2.15: Dust mass for representative models as a function of cosmic time (left panel)
and stellar mass (right panel). The right panel also contains observational data on the dust
masses of galaxies at high redshift z > 5 from Hashimoto et al. [2019], Laporte et al. [2017],
Schaerer et al. [2015], Tamura et al. [2019], Watson et al. [2015] and Dayal et al. [2022].

ing from the enhanced star formation causes growth by accretion to rapidly dominate and

bring D/Z ~ fqep at earlier cosmic times.

2.3.2  Effect on Observable Quantities and Comparison to Data

Figure 2.15 shows the total dust mass for several representative parameter choices as a
function of cosmic time and stellar mass. The stellar mass panel includes observational
constraints from galaxies z 2 5. The uncertainties in the data and a lack of a statistically
interesting sample of simulated galaxies preclude a quantitative comparison, but it is encour-
aging that the model predicts qualitatively similar values for the dust mass of this galaxy
as is suggested in observations. As well, we note that even excluding the “Zhu et al. [2020]
correction” (because it assumes a different star formation history) and “sputtering” (because
we believe it is unphysical) models, the total dust mass in the simulated galaxy varies by
approximately an order-of-magnitude with different model parameter choices. This suggests
the potential of observational probes of galactic dust masses at these redshifts to constrain
dust physics models.
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Figure 2.16: Ultraviolet 1500A luminosities (top panel) and optical depths (bottom panel).
Data in the bottom panel are from Ferrara et al. [2022]. Colors are the same as in Figure 2.15.
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Figure 2.17: UV f slope as a function of stellar mass (left panel) and UV AB absolute
magnitude (right panel). Grey points are a compilation of observational data for z > 5
galaxies from the literature: Schaerer et al. [2015, circles|, Ferrara et al. 2022, downward
triangles|, Finkelstein et al. [2012, plus-signs|, Bouwens et al. 2014, hexagons|, Dunlop et al.
[2013, diamonds|, Bhatawdekar and Conselice [2021, stars|, Wilkins et al. [2011, filled x|,
Dunlop et al. [2012, pentagons|, and Wilkins et al. [2016, squares].
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Figure 2.18: Maps of stellar surface density (left panel), average dust surface density (middle
panel), and average stellar optical depth to dust (right panel) at z = 5.2. Quantities are
projected along a random axis with respect to the galaxy (the coordinate z axis).
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Figure 2.19: Infrared luminosity as a function of stellar mass (top panel) and IRX-Syy
relationship (bottom panel). Since we do not self-consistently calculate dust temperatures
from the simulation, we show predictions for a reasonable range in the top panel. The bottom
panel assumes T'p = 40K.
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Figure 2.16 shows the attenuated ultraviolet A = 1500A luminosity of the simulated
galaxy, and the corresponding optical depths. Colors correspond to the same dust model
parameter choices as in Figure 2.15. Different lines of the same color indicate the same
dust model observed from a different viewing angle — six viewing angles along the positive
and negative coordinate axes are calculated. Data from Ferrara et al. [2022] are shown for
comparison. Figure 2.17 shows the ultraviolet spectrum [ slope as a function of stellar
mass and attenuated AB absolute magnitude at 1500A, along with a compilation of z > 5
galaxy measurements from the literature. All dust models except explicit thermal sputtering
predict observations qualitatively consistent with the data.

Counter-intuitively, for the non-sputtering models, the ultraviolet optical depth does not
increase monotonically with increasing dust mass. This is due to the geometry of the dust
distribution and consequent attenuation. Figure 2.18 shows the stellar mass and dust mass
distributions, as well as average optical depth along the projection axis. While most of
the stars in the galaxy are enshrouded in dust columns that are completely opaque, there
exists an extended distribution of stars where there is effectively no dust. At late times, this
component accounts for ~ 10 —30% of the stellar mass, explaining the relatively low effective
optical depths despite high column densities. This also explains the trend in Figure 2.17:
the extincted Syy tends to the unextincted value at late times because star particles are
either completely extincted due to opaque dust or they are unaffected by low dust columns.

Figure 2.19 shows the infrared luminosity as a function of stellar mass for the simulated
galaxy and the IRX-beta relationship. We do not attempt to self-consistently calculate the
dust temperature so we present predictions for a range of reasonable values. The direct
x Mp dependence on dust mass suggests that infrared observables might be better able to
distinguish between different dust models, but also highlight the necessity of accurate dust

temperature measurements in simulations and observations.
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2.4 Discussion

2.4.1 Numerical Methods: Simulation Self-Consistency, Time-Stepping

A major caveat to our method for predicting the dust content of simulated galaxies is the
post-processing nature of our particle tracer method. In principle, metals in the dust will
impact the dynamics of the ISM very differently from those in the gas-phase: dust removes
metals from the gas phase that contribute to high-temperature metal-line cooling, while
dust also contributes different cooling mechanisms in the form of photoelectric heating and
cooling due to the emission of thermal infrared radiation. Since we post-process the tracer
particles after the simulation has been run, our simulations do not take these effects into
account and are therefore not entirely self-consistent.

However, we do not think this entirely invalidates our conclusions for several reasons.
The first is the fact that, because the phase structure of the ISM is not well resolved in these
simulations and the star formation and supernova feedback prescriptions are therefore tuned
[see Gnedin, 2014], it is likely that any change in the ISM dynamics by modified cooling
and heating functions could be compensated for with changes to these tuned prescriptions.
Moreover, the cooling and heating functions in ISM conditions are themselves uncertain by
a factor 2-3 due to the uncertainties in the rates of various cooling and heating processes
[Wiersma et al., 2009]. Therefore a fully coupled treatment of dust effects on cooling and
heating in simulations of this resolution would not necessarily increase their physical realism.

Nonetheless, we emphasize that the present work is a first-step in a broader program to
model dust in high-redshift galaxies. In future work we plan to implement a dust model that
is fully coupled to the rest of the galaxy formation model and will enable self-consistency at
simulation run-time. The model presented in this paper enables a larger exploration of the
parameter space of dust physics uncertainties, so that a the calibration of a fully-coupled

model will be computationally feasible.
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Time cadence is another numerical issue. The choice of ~ 0.2Myr interval between
saved snapshots is somewhat arbitrary and is dictated by the balance between the available
computational resources and the desire to fully resolve the time evolution of SN explosions
from a single stellar population. We test the sensitivity of our results to this choice by down-
sampling our simulation outputs by a factor of 2, i.e. removing every other output and using
the remaining to calculate the dust content as described in the methods. This increases the
cadence of simulation outputs to ~ 0.4Myr. We find that the predictions of the model under
the default parameter assumptions are effectively unchanged. This is unsurprising given
that average tracer quantities follow fairly smooth curves as a function of time (Fig. 2.4).
Note that this does not necessarily mean fewer timesteps were taken by the ODE solver that
integrates the dust equation — as described in the methods, this solver is allowed to take as
many time-steps as necessary between simulation outputs (between which tracer quantities

are linearly interpolated) based on the specified accuracy of the adaptive integration scheme.

2.4.2  The Physical Model: Comparison to Previous Efforts and Caveats

Several groups have recently implemented dust models similar to ours in galaxy formation
simulations, either directly incorporated into the fluid-dynamical solver or in post-processing
(as we do). Since this is primarily a methods paper, we will not present a comprehensive
survey of these results and their comparison to ours, but instead highlight the main method-
ological differences between our model and others, and speculate on their effects.

Because of the uncertainties in dust physics described in the Introduction, most efforts
to incorporate a fully-coupled dust model in a cosmological fluid-dynamical simulation of
galaxy formation must necessarily explore some subset of the plausible dust model parame-
ter space as calibration [e.g. Bekki, 2015, McKinnon et al., 2016, 2017, Gjergo et al., 2018,
Li et al., 2019b, Granato et al., 2021, Parente et al., 2022]. However, an advantage of our

method compared to these efforts is the relatively large model parameter space we have ex-
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plored while simultaneously spatially resolving an individual galaxy. Figure 2.15 emphasizes
how reasonable variations in uncertain parameters related to dust accretion in the ISM and
destruction can lead to at least an order-of-magnitude difference in the predicted dust mass
for the same galaxy. Consequently, absent a first-principles calculation or independent mea-
surement of these parameters, the full range must be explored to honestly assess predictions
in comparison to data. Of course, this also requires a statistically meaningful sample of
simulated galaxies with a range of masses and formation histories to compare to the data,
which we will present in forthcoming work.

This broader parameter exploration is enabled by our particle tracer post-processing
method, which allows us to run the full gas-dynamical cosmological galaxy formation sim-
ulation only once and subsequently post-process with a range of dust model parameters,
admittedly at the expense of some physical realism. While several studies have similarly
post-processed simulations run with Lagrangian fluid dynamics solvers [Mancini et al., 2015,
2016, Hirashita and Aoyama, 2019, Huang et al., 2021],0f these only Huang et al. [2021]
perform a parameter variation to explore the predictions of their model. Given the different
aims of that analysis (the investigation of the full grain-size distribution in Milky Way-mass
galaxies), and their use of a very different galaxy formation simulation model [Weinberger
et al., 2017, Pillepich et al., 2018|, our findings are complementary. This post-processing
technique naturally lends itself to the inclusion of increasingly complex physics, such as an
accounting for the full grain-size distribution and multiple grain species, which we plan to
investigate.

A main conclusion of our model development analysis is the importance of a carefully
chosen dust destruction model. As emphasized in Figures 2.9 and 2.15, the destruction rate
predicted due to supernova remnants (eq. 2.10) can be vastly different from that calculated
from the thermal sputtering rate expected form the erosion of grains by collisions with high-

temperature gas particles (eq. 2.9). This is likely due to the unresolved nature of the ISM
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in our simulations coupled to the feedback prescription: delayed cooing feedback appears to
produce an overly-hot ISM (see Figures 2.2 and 2.3) but fails to drive that hot ISM out in
galactic winds. The strong temperature dependence expected of the sputtering rate therefore
predicts unphysically high destruction rates that prevent the accumulation of dust in the
galaxy ISM to anything close to observational constraints. Previous efforts do not appear to
have seen this issue because of their fundamentally different feedback model that employs
a pressurized equation of state ISM and wind particles [Springel and Hernquist, 2003|. In
this model, the ISM gas remains at sufficiently low temperatures that thermal sputtering is
never dominant and can be included along with SNR destruction without effective double-
counting. One hopes that a more realistically thermodynamically structured ISM would
result in eq. 2.10 and eq. 2.9 predicting more similar destruction rates — as most of the hot
gas that results in sputtering is expected to come from SNRs.

An additional uncertainty in our destruction prescription is the effect of sputtering in
high-temperature circumgalactic gas. Since this gas is not co-spatial with supernovae, it is
unaccounted for in our default destruction prescription based on SNRs. Therefore tracers
that sample dusty gas in the ISM but are blown out into the galactic halo will retain their
dust even if the ambient temperatures are so high as to result in effective sputtering. In
principle, this inaccuracy could be remedied by an on-the-fly, fully coupled treatment of
dust physics in the simulation, which would allow for the instantaneous distinction between
hot gas in the ISM due to delayed cooling (where sputtering would be over-predicted) and
hot gas in the CGM where thermal sputtering should still be allowed by the dust evolution
scheme. We plan to implement such a fully coupled model which will allow a quantification

of this uncertainty, but this remains outside the scope of the current work.
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2.4.3 Prospects for high-z Constraints

While figures 2.10 through 2.15 indicate the sensitivity of dust-to-metal ratio (and therefore
total dust mass) on the assumed parameters of the dust model, Figures 2.16 and 2.17 indicate
only modest effects on observable properties related to the produced UV radiation. This is
because even the least-dust-rich models (save sputtering, which for reasons discussed above
we consider unphysical), predict column densities that leave most of the central galaxy
opaque. While this prediction could perhaps be sensitive to the spatial resolution of the ISM
— a more multi-phase and inhomogeneous ISM might predict a wider distribution of column
densities that could have low-value tail more sensitive to the dust content — at face-value this
suggests that learning dust physics from observations that are sensitive to the rest-frame UV
SED of high redshift galaxies will be inherently difficult.

Figure 2.19 gives some hope in that the infrared luminosity is monotonically related to
the total dust mass and therefore in principle more sensitive to differences between models,
this observable depends even more sensitively (~ T' 4) on the dust temperature. On top of
both of these issues is the assumed dust opacity model [Weingartner and Draine, 2001, which
is derived from very local galaxies and therefore might be inappropriate for the high-redshift
systems we investigate here. All of this suggests that future theoretical efforts will have to
contend with the details of simulated ISM physics, the dust temperature, and the dust size
distribution to reliably translate observational data into dust physics constraints. However,
all of these statements await more conclusive judgement with a larger sample of simulated

galaxies.

2.5 Conclusions

e We present a method for the prediction of the dust content of high-redshift galaxies
with the Cosmic Reionization On Computers (CROC) cosmological, fluid-dynamical

simulations of galaxy formation.
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We use a particle tracer technique to integrate an ODE for the evolution of the dust-

to-gas ratio along pathlines that sample the simulated ISM in post-processing.

This ODE captures a physical model for the production, growth, and destruction of
dust. Dust is assumed to be produced by supernovae and AGB stars, is allowed to
grow due to the accretion of metals from the gas phase of the ISM, and is assumed to

be destroyed by supernovae remnant shocks.

Reproducing earlier work [Genel et al., 2013, Semenov et al., 2018|, we find that the
numerical method for calculating fluid flow pathlines with particle tracers in the sim-
ulation is important for fully sampling the gas distribution in the ISM at all times in

the simulation.

For simulations that do not resolve the phase structure of the ISM, different reason-
able choices for grain destruction rates can predict very different predictions, especially
when delayed cooling feedback is used. Delayed cooling feedback appears to produce an
unrealistically warm/hot ISM, so explicitly calculating the destruction rate predicted
from thermal sputtering is an over-prediction and effectively destroys all the dust. In-
stead, calculating the destruction rate based on the local supernova rate and assuming
each remnant sweeps up a density-dependent mass of ISM, in which some fraction of
dust is destroyed, produces more reasonable destruction rates. We adopt this for our

default model.

Our numerical implementation reproduces a “classical” result [see Hirashita, 2013, for
a review| — the dust-to-gas ratio passes through two regimes determined by metallicity
(for a given set of model parameters): the low metallicity D/Z is set by the production
yields yp, the high metallicity is set by the depletable fraction of metals in the ISM
fdep, and the transition regime is set primarily by the timescale for grain growth in

the ISM 7acer. With default parameters, supernova are the dominant source of dust
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production in these early cosmic epochs, but even absent supernova dust production,
AGB stars alone provide enough dust that ISM accretion can bring the dust-to-metal

ratio to large values (~ tens of percent) by z = 5.

We run this dust model on the single most massive galaxy in a 10 cMpch™! box
(~ 2 x 10°Mg by z = 5). We find that the model is capable of reproducing dust
masses and dust-sensitive observable quantities broadly consistent with existing data

from high-redshift galaxies.

The total dust mass in the simulated galaxy is somewhat sensitive to parameter choices
for the dust model, since the effective growth timescale is comparable to the age of
the universe at these redshifts. Consequently, observable quantities that can constrain
galaxy dust mass at these epochs are potentially useful for placing constraints on dust

physics in the ISM.

However, due to the geometry of the dust distribution — which is so centrally con-
centrated that all viable models predict similar opacity distributions — dust-sensitive
observables due to extinction in the UV vary little with changes in dust model param-
eters. Moreover, the most direct measure of total dust mass — the infrared luminosity
Lir — is strongly sensitive to the dust temperature, which will require more careful

calculations to predict self-consistently.
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CHAPTER 3
PREDICTIONS FOR THE 7 > 5 GALAXY POPULATION AND
COMPARISON TO OBSERVATIONS

3.1 Introduction

In the previous chapter, we presented a method for modelling the dust content of galaxies in
cosmological simulations of the reionization era (up to and including z = 5, when the universe
was 1.2 Gyr old). For purposes of computational feasibility, this method development was
done using the single most-massive galaxy in a 10h ™1 ¢cMpc cosmological volume. However,
because the initial conditions of large-scale structure are Gaussian random fields, galaxies
form in dark matter halos with a wide range of masses and formation histories, which we
know to fundamentally impact galaxy properties Behroozi et al. [see 2019, for contemporary
constraints|. Theoretical efforts must therefore strive to make predictions for halos that
sample the distributions of masses and formation histories as completely as possible, in
order to make predictions for the galaxy population in the real universe.

This modelling is especially urgent given the recent onslaught of data from JWST, cou-
pled with ambitious programs using radio telescope arrays such as ALMA, that are rapidly
fleshing out the properties of the high-redshift galaxy population. Some of the most exciting
and puzzling results from this recent revolution have implicated cosmic dust in a central
role. While dependent on photometric candidate detections without spectroscopic confirma-
tion and therefore subject to possible revision, claims of anomalously bright galaxies and a
surprisingly high star formation rate density at z > 10 abound [see Bouwens et al., 2023,
and references therein|. If confirmed, reconciling these with the concordance cosmology may
present a challenge, and the many uncertainties of dust enrichment in the first galaxies have
been invoked as possible explanations [Mirocha and Furlanetto, 2023, Mason et al., 2023,

Ferrara et al., 2023|. Galaxies with spectroscopic confirmation rest on surer footing, and
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thus far all show evidence for little dust attenuation z 2 10 [Roberts-Borsani et al., 2022b,
Arrabal Haro et al., 2023b, Bunker et al., 2023, Curtis-Lake et al., 2023, Tacchella et al.,
2023, Arrabal Haro et al., 2023a].

Nonetheless, the reionization epoch is anything but dust-free. ALMA programs REBELS
[Bouwens et al., 2022b, Inami et al., 2022| and ALPINE [Le Févre et al., 2020| and others
[Bowler et al., 2022] have detected thermal dust continuum emission that firmly establishes
significant amounts of dust in at least some galaxies by z = 5—7 [Fudamoto et al., 2020, Pozzi
et al., 2021, Algera et al., 2023, Barrufet et al., 2023]. These observations also hint at com-
plicated dust morphologies with significant spatial displacement from the stellar component
[Bowler et al., 2022, Inami et al., 2022]. As well, Rodighiero et al. [2023] present an analysis
of JWST candidate detections that suggest significant dust obscuration at 8 < z < 13. Over-
all, there is convincing evidence for the very rapid build-up of dust during the reionization
epoch, especially in the most massive galaxies. Models of galaxy formation will therefore
need to account for the physics of dust if they are to satisfactorily explain key observable
constraints on cosmic dawn.

With this goal, in this Chapter we now extend our analysis by applying our dust modelling
framework to a suite of 10 additional simulated galaxies from the same simulation volume,
selected with approximately uniform logarithmic spacing in final halo mass 1.1 x 1O9M@ <
Myiy < 5.0 x 101 Mg, corresponding to stellar masses 3.7 x 10° Mg < My < 1.9 x 109 Mo,
allowing us to assess the dependence of our predicted dust properties on galaxy mass at a
given cosmological time, which is not possible with just one galaxy. The observationally
suggested paucity of dust at cosmic dawn motivates us to also explore a wider range of dust
modelling choices than in the previous chapter, namely those that either produce less dust or
destroy it more efficiently. Section 3.2 explains our simulated galaxy sample selection, notes
small updates to the methodology presented in the previous Chapter, and presents the dust

model variations explored in this analysis. Section 3.3 presents the galaxy mass-metallicity
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relation predicted by the simulations (since this sets the normalization for dust contents)
compared to existing high-redshift constraints, and results of the dust model applied to our
simulated galaxy sample. We present both the predicted dust content and dust-sensitive
observable quantities, which we compare to existing data. Section 3.4 discusses the agree-
ments and discrepancies between our model predictions and observational constraints, and
compares our work to other recent similar investigations in the literature. We conclude in

Section 3.5.

3.2 Methods

The galaxy formation simulation model, halo identification, and galaxy definitions are iden-
tical to those described in the previous Chapter, to which we refer the reader. For this Chap-
ter’s analysis, we select a total of 11 galaxies from a 10h ™1 co-moving Megaparsec (cmMpc)
cosmological volume with final z = 5 halo masses 1.1 x 109Mgy < My, < 5.0 x 1011 Mg,
corresponding to final stellar masses 3.7 x 105]\/[@ < M, <19 x 109M@. These limits
span the range of halo masses resolved in the simulation. The 11 halos are selected with
approximately logarithmically uniform spacing in final halo mass. Since the galaxy scaling
relations predicted by CROC have small scatter (see Zhu et al. [2020] and Noel et al. [2022])
and do not dramatically change slope on scales < 0.5 dex in halo mass, it is sufficient for
the purposes of this analysis to sample one halo of a given mass with the average spacing of
0.24 dex provided by a total sample of 11. This simulation has the same initial conditions
as the one used in the previous Chapter, so the most massive halo is the same.

As in the previous Chapter, we sample ISM conditions in these simulated galaxies along
pathlines traced by Lagrangian tracer particles. These particles are initialized in random
positions in the Lagrangian region of the halo and follow the fluid flow using the Monte-Carlo
method introduced in Genel et al. [2013] and implemented in the ART code in Semenov

et al. [2018]. The number of tracers per halo scales with halo mass such that the minimum
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number of tracers for a given halo is above 100. For galaxies hosted in halos with final masses
My, > 101 M, we downsample to 104 particles for computational feasibility.

However, computational resource limitations prevent us from using enough tracers that all
cells in each galaxy are sampled. Consequently, we must find a way to assign dust masses to
cells in the galaxy which were not sampled by any tracer. To do this, we interpolate the D/Z
vs Z relation for the tracers in each galaxy at every snapshot output. As shown in Figure 3.1,
the dust-to-metal ratio scales regularly with metallicity, making this interpolation the best
option for assigning dust masses to unsampled cells in a way that preserves the predictions of
the dust model. We note that with some model choices even this relation exhibits significant
scatter at a given tracer metallicity. Our correction therefore possibly underestimates the
scatter in observable quantities impacted by the dust distribution.

We note that in Esmerian and Gnedin [2022] we had not yet realized this correction
was necessary, and therefore the results in that paper underestimate the total dust mass and
effect of dust on observable quantities. These effects are O(10%) in the dust mass but can be
order-unity for some observable quanatities that depend sensitively on the dust distribution
— particularly dust extinction of UV starlight — but do not change the qualitative conclusions
of that paper. Otherwise, the methods used to calculate dust-dependant observables (the
effective optical depth to dust at 1500A: 7y500, the logarithmic spectral slope in the UV:
puv, the infrared luminosity: Lig and the infrared excess IRX= Lig/Lyy) are identical to

the description in Section 2.6 of Esmerian and Gnedin [2022].

3.2.1 Dust Model Parameter Exploration

As in the previous Chapter, we run a suite of dust models with different parameter
choices to explore their impact on the predicted dust content of high-redshift galaxies and

dependent observables, now on a sample of multiple simulated galaxies. However, motivated
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Figure 3.1: Spatially-resolved D/Z vs Z relations. Each panel shows the 2D pdf of mass
for D/Z vs Z in the ISM of the most massive galaxy at the last snapshot. Different panels
correspond to different dust models.
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Table 3.1: Explored Parameter Combinations. Note that for each model, any parameter not
listed under Key Parameters is the same as the Default model.

Model Name Key Parameters Description Color in Figures
Default YDSN = Yp.AcB = 0.1, Default from Esmerian and Gnedin [2022], ([ ]
Tacer = 3 % 108y, Cest = 1 parameters based on Dwek [1998], Feldmann [2015].
No Accretion Tacer = 00 No grain growth due to gas-phase accretion in cold ISM [ )
Enhanced Accretion Tacer = 10Tacer Default Enhanced grain growth due to gas-phase accretion in cold ISM [ ]
No Destruction Clest = 0 No grain destruction in hot gas due to SNRs
Enhanced Destruction Cest = 10Cqest Default Enhanced grain destruction in hot gas due to SNRs
Very Enhanced Destruction | Cgegt = 100Cest Default Very enhanced grain destruction in hot gas due to SNRs o
Low SN Production YD,SN = 0.1¥p SN Default Suppressed dust yield from SN
No SN Production ypsN =0 SN do not produce dust [ )
Very Low SN Production, YD.SN = 0.1y SN Default s Very suppressed dust yield from SN, [)
No AGB Production ' yp.AcB =0 AGB do not produce dust

by observations that increasingly point to minimal dust in the earliest galaxies |e.g. Roberts-
Borsani et al., 2022b, Tacchella et al., 2023, we extended the set of parameter variations
explored in Chapter 2 by introducing 3 new models that either increase the grain destruction
rate in supernova remnants (Very Enhanced Destruction) or decrease grain production
in SN and/or AGB (No SN Production, and Very Low SN Production, No AGB
Production). The list of models explored in this Chapter are summarized in Table 3.1 and
described below. Note that each model is assigned a unique color for Figures 3.4-3.9, which

is shown in the right-most column of the table.

e Default: This is identical to the “Default” model explored in Esmerian and Gnedin
[2022], for which parameters were chosen to be the same as successful similar physical
models of dust evolution for local-universe galaxies [Dwek, 1998, Feldmann, 2015, Li

et al., 2019b).

e No Accretion: This is identical to the “No Accretion” model in Esmerian and Gnedin
[2022|. The parameters of this model are identical to Default except grain growth due
to accretion of gas-phase metals in the cold molecular ISM is not allowed. This parame-
ter choice is motivated by (simplified) arguments based on microphysical considerations
of dust grain geometry that grain growth in the cold phase of the ISM should not be

possible [Ferrara et al., 2016].
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e Enhanced Accretion: This is identical to the “Enhanced Accretion” model in Es-
merian and Gnedin [2022]. The parameters of this model are identical to Default
except grain growth due to accretion of gas-phase metals in the cold molecular ISM
is enhanced by an order of magnitude. This parameter choice is motivated both by
uncertainties in the unresolved density distribution of the cold ISM in our simulations,
where grain growth is expected to be most efficient, and to enable comparison to other

works that adopt faster grain growth rates |Graziani et al., 2020, Lewis et al., 2023].

e No Destruction: This is identical to the “No Destruction” model in Esmerian and
Gnedin [2022]. The parameters of this model are identical to Default except grain
destruction in the hot gas of SNRs is not allowed. This parameter choice is motivated
by indirect observational indications of inefficient dust destruction in high-temperature
gas |Gall and Hjorth, 2018, Gjergo et al., 2018, Vogelsberger et al., 2019, Michatowski
et al., 2019|, as well as uncertainties in the unresolved ISM phase structure in our

simulations.

e Enhanced Destruction: This is identical to the “Enhanced Destruction” model in
Esmerian and Gnedin [2022|. The parameters of this model are identical to Default
except grain destruction in the hot gas of SNRs is enhanced by an order of magnitude.
This parameter choice is motivated by uncertainties in the destruction efficiency of
individual supernova remnants both due to the microphysics of dust and unresolved

ISM phase structure [McKee, 1989, Hu et al., 2019, Kirchschlager et al., 2022].

e Very Enhanced Destruction: The parameters of this model are identical to Default
except grain destruction in the hot gas of SNRs is enhanced by two orders of magnitude.
The motivation for this parameter choice is the same as for Enhanced Destruction,
since the associated uncertainties are large, and also the increasing evidence for dust-

free early galaxies as mentioned previously.
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e Low SN Production: Identical to Default except the dust yield from supernova is
supressed by an order of magnitude (i.e. ypgn = 0.01). Note that we do not change
the AGB yield yp AgB, and since the AGB metal production is about 10 times smaller
than that of SN [see Esmerian and Gnedin, 2022, Figure 7|, SN and AGB production
are comparable with these parameters. This parameter choice is also motivated by
the evidence for minimally dusty high-redshift galaxies, and uncertainties about the
fraction of SN-produced dust that survives the reverse shock [see e.g. Bianchi and

Schneider, 2007a, Micelotta et al., 2016, Slavin et al., 2020].

e No SN Production: Identical to Default but SN production is turned off — yp gn =
0. This choice is motivated by the extreme scenario in which no dust survives the

reverse shock of any supernova.

e Very Low SN Production, No AGB Production: Identical to Default except the
dust yield from supernova is suppressed by two orders of magnitude (i.e. y DSN = 10_3)
and AGB production is turned off (yp ogg = 0). This is motivated by the same
considerations as for the previous two models, and the deep uncertainties around AGB
dust production especially in the early universe [e.g. Valiante et al., 2009, Schneider

et al., 2014, Dell’Agli et al., 2019, Tosi et al., 2023].

3.3 Results

3.3.1 The Mass-Metallicity Relation

The dust content of galaxies is normalized by their overall metal content, so we first examine
the galaxy metallicities in the simulations. Figure 3.2 shows the mass-metallicity relation for
our simulations, including existing data at relevant redshifts. While the data mainly overlap
with only the highest-mass galaxies in our sample, where there is overlap we see fairly

good agreement, albeit with some indications of systematically low metallicities in CROC.
62



13
_2 |
1077 >
' 12
11
1073 0
; w .
g =
N S ° 19 '_8
S ~
10074 ° ¢ e i
P ... ~<#~ Heintz et al. 2023, 2 =7—-9 8
’ X —#— Nakajima et al. 2023, 2 = 6 — 8
s ° @ Nakajima et al. 2023, 2=8—10 || 4 7
L .. =3~ Langeroodi et al. 2022, z ~ 8
5 (] —&— Jones et al. 2020, z > 7 6
107 F —— Taisst et al. 2016, z ~ 5
f —d— Williams et al. 2023, z = 9.5
1 1 1 5
10* 106 108 100
M, [Mg]

Figure 3.2: Mass-Metallicity Relation. The galaxy-averaged gas-phase metallicity is shown
as a function of stellar mass. Each point represents an individual galaxy at an individual
snapshot, colored by redshift. Observational data from galaxies at similar redshifts are from
Faisst et al. [2016], Jones et al. [2020], Langeroodi et al. [2022], Nakajima et al. [2023], Heintz
et al. [2022], and Williams et al. [2023] converted to mass fraction using 12 + [O/H]s = 8.71
and Zz = 0.02 [Lodders, 2019

63



The galaxy scaling relations of other quantities predicted by CROC have been thoroughly
discussed and compared to existing data in Zhu et al. [2020]. We note that Noel et al. [2022]
presented a more detailed analysis of the CROC mass-metallicity relation, but at the time

these high-redshift data were not available for comparison, making this a new result.

3.3.2 The Dust Content of High-Redshift Galazies

The dust content of our simulated galaxies predicted by the models described in Section
3.2.1 and Table 3.1 are summarized in Fig. 3.3, where we show the galaxy-averaged dust-to-
metal ratio D/Z as a function of galaxy metallicity Z in mass-fraction units (i.e. in which
solar metallicity is 0.02). The top row shows the default model and variations in the ISM
grain growth accretion timescale. The middle row shows variations in the grain destruction
efficiency of supernova remnants. And the bottom row shows variations in the assumed
yields of dust production sources.

Broadly, we notice several trends. A well-established property of dust models similar
to ours is the transition of dominant physical processes between low and high-metallicity
regimes: the D/Z ratio at low metallicity (Z < 4 x 1074 = 2 x 1072Z) is primarily set
by the choice of source yields YD,SN/AGB: while the ratio at high metallicity is determined
by a competition between the timescale for grain growth due to accretion in the ISM, and
the efficiency of grain destruction in the hot ionized medium. If grain growth dominates,
(as in Default, Enhanced Accretion, No Destruction, Low SN Production, No
SN Production, and Very Low SN, No AGB) the D/Z ratio rises with increasing
metallicity, while when destruction dominates (No Accretion, Enhanced Destruction,
Very Enhanced Destruction) the opposite scaling is observed.

However, we note that in some models there is substantial scatter between galaxies even at
fixed metallicity, particularly for those models where accretion dominates at late times. The

efficiency of grain growth via accretion must therefore depend on galaxy properties beyond
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Figure 3.3: Galaxy-Averaged D/Z vs. Z relations. Each panel shows the evolution of the
dust content in our simulated galaxies with a different set of assumed dust model parameters,
as indicated by the titles. Each point corresponds to the average D/Z and Z values for an
individual galaxy at an individual snapshot. Z is in physical (i.e. mass fraction) units.
Points from the same galaxy are connected with grey lines, and colors indicate redshift. The
dashed horizontal grey line indicates D/Z = 0.1, which is the default production yield in
our model and the solid horizontal grey line indicates D/Z = 0.4, the value for the Milky
Way and a common choice in post-processing analyses (see Discussion).
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Figure 3.4: Dust mass-stellar mass relation. Colors indicate different dust models which
include Default and those with varied growth or destruction parameters (i.e. the first two
rows of those shown in Fig. 3.3). Each point is a single galaxy at a single redshift, and
separate panels are redshift bins. Estimates based on observational data from Sommovigo
et al. [2022], Dayal et al. [2022|, Hashimoto et al. [2019], Knudsen et al. [2017], Schaerer
et al. [2015], Watson et al. [2015], Laporte et al. [2017], Tamura et al. [2019], da Cunha et al.
[2015], Marrone et al. [2018], Burgarella et al. [2020, with a redshift for ID27 from Aravena
et al. [2016]|, Pozzi et al. [2021, with stellar masses from Faisst et al. [2020]], Witstok et al.
[2023], and Lesniewska and Michatowski [2019] are shown with the same redshift binning.
The predictions of a simpler dust post-processing model on higher-resolution simulations
presented in Ma et al. [2019] is shown in the dashed grey line.
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Figure 3.5: Dust-mass stellar-mass relation cont’d. Same as Fig. 3.4 but with Default and
the dust models with varied yields (i.e. those in the third row shown in Fig. 3.3).
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average metallicity, an effect not captured in simpler one-zone models [e.g. Feldmann, 2015|.
For the Default and Enhanced Accretion models we notice substantial scatter in the
metallicity at which each galaxy enters the growth-dominated regime of rising D/Z.

Indeed, we note that the most massive galaxy in our sample exhibits rising D/Z at high
metallicities in all models except No Accretion (where D/Z > yp is physically impossible)
and Very Enhanced Destruction. Even in the Enhanced Destruction scenario the
D/Z ratio rises at late times (i.e. high metallicies) for this single galaxy but no others. This
clearly indicates the importance of some combination of star formation history and ISM phase
structure in setting the dominant dust regulating mechanisms. Precise determination of this
cause would require more analysis beyond the scope of this work but would be interesting
for future investigation.

Finally, we note that the significant scatter in D/Z at very low metlallicities Z < 10~4.
As indicated by their redshift (indicated in color) and the stellar mass-metallicity rela-
tion in Figure 3.2, these low-metallicity galaxies are the highest-redshift and lowest-mass
in our sample. Consequently, there are the most poorly-resolved and subject to the greatest
stochasticity effects from the discreteness of enrichment from star particles and sampling
by Lagrangian tracers. The latter would be amended by coupling the dust model explicitly
to the simulation, and is therefore another motivation for more sophisticated modelling in
future analyses. Nonetheless, this noise occurs at such low metallicities that its effect on the
total dust mass, which is normalized by the metallicity, is minor and should not strongly
impact our conclusions. As well, the existence of clear trends at late times/high metallicities
indicates that the predictions are well resolved for the most massive galaxies, which are the
most relevant for comparison to observational data.

In Figures 3.4 and 3.5 we examine the predicted dust masses of our simulated galaxies
as a function of stellar mass at different redshifts for the different dust models. Figure 3.4

shows Default and models with variations in accretion and destruction rates (the first and
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second rows of Figure 3.3), while Figure 3.5 shows models with varied production yields
(third row of Figure 3.3. In all cases, the dust mass exhibits an approximately linear scaling
with stellar mass, with varied normalization depending on assumed production yields and
destruction efficiencies. This normalization spans two dex at a given stellar mass for the en-
tire suite of models herein considered. There is also a general steepening of the relationship
at higher masses (M ~ 10% — 10° M) in models where accretion becomes efficient. These
relationships are sufficiently tight to be well-distinguished between different models in prin-
ciple, although there is significant degeneracy between yield and destruction rates — Very
Enhanced Destruction and No SN Production predict very similar values which the
first achieves by destroying dust with high efficiency while the second produces little dust to
begin with. As well, models with the same yield but different growth timescales (Default,
No Accretion, Enhanced Accretion) are only distinguishable at high masses and late
times, consistent with the results of Figure 3.3. In summary, different plausible parameter
choices for the dust model can change dust masses by up to two orders of magnitude at a
given stellar mass. This flexibility highlights the need for data to constrain the parameters.

We therefore compare these predictions with existing observational estimates of dust
masses in high-redshift galaxies from Sommovigo et al. [2022], Dayal et al. [2022], Hashimoto
et al. [2019], Knudsen et al. [2017], Schaerer et al. [2015], Watson et al. [2015|, Laporte et al.
[2017], Tamura et al. [2019], da Cunha et al. [2015], Marrone et al. [2018|, Burgarella et al.
[2020, with a redshift for ID27 from Aravena et al. [2016||, Pozzi et al. [2021, with stellar
masses from Faisst et al. [2020]], Witstok et al. [2023], and Le$niewska and Michatowski
[2019]. Because of the limited volume of our simulation, we do not capture unusually massive
and therefore rare halos, limiting us to predictions at lower masses than almost all the existing
data. Nonetheless, the data appear to favor those models with the highest dust masses — the
data is always at the upper envelope of our simulation predictions wherever they overlap.

Indeed, in both the 6.5 < z < 7.5 and 7.5 < z < 8.5 bins most of the data appear to lie
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Figure 3.6: Syy as a function of UV AB absolute magnitude. Different panels show data for
different bins in redshift, different colors are different dust models, the black points indicate
values predicted in the absence of dust, and the grey points are a compilation of observational
measurements from the literature: Finkelstein et al. [2012, plus-signs|, Bouwens et al. [2014,
hexagons|, Dunlop et al. 2013, diamonds|, Bhatawdekar and Conselice [2021, stars|, Wilkins
et al. [2011, filled x|, Dunlop et al. [2012, pentagons|, and Wilkins et al. [2016, squares| show
sample averages of multiple galaxies, while circles show measurements of inidividual galaxies
with JWST from Roberts-Borsani et al. [2022a], Naidu et al. [2022b], Robertson et al. [2023],
and Whitler et al. [2023].
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on or above the scaling relation of the most dust-rich model Enhanced Accretion if it
were extrapolated. This suggests that the data prefer models in which production yields are
high and ISM grain growth is efficient at high masses. We also note that the data appear
to exhibit greater scatter at a given stellar mass than any one set of dust model parameters
predicts.

However, we emphasize that these conclusions are extremely tentative because of the min-
imal amount of data available for comparison, the mostly disjoint stellar mass ranges probed
by our simulations vs. the observations, and especially the large systematic uncertainties
in the observational constraints which are not captured in the statistical uncertainties on
quoted errors: dust masses are derived from infrared luminosities, which depend on dust
mass, the dust extinction coefficient, and strongly on the dust temperature. The latter two
are highly uncertain in high redshift galaxies and difficult to independently constrain. Conse-
quently, the most robust constraints will come from forward modelling of directly observable

quantities.

3.3.83  Forward-Modeled Observable Quantities: Comparison to Data

For the remainder of our analysis we focus on a representative subset of the models discussed
previously, each with a consistent color throughout the figures: Default (blue), Enhanced
Accretion (purple), Enhanced Destruction (yellow), Very Enhanced Destruction

(light brown), and Very Low SN, No AGB Production (dark brown).

Rest-Frame UV Observables: Mag, Buv, Ti500

Figure 3.6 compares the predicted ultraviolet specral slopes of our simulated galaxies with
these dust models to observational data. We also show the predictions of the simulations
absent dust extinction in black points. In contrast to the suggestions of Figures 3.4 and 3.5,

the models with the lowest dust content — Very Enhanced Destruction, and Very Low
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Figure 3.7: Dust optical depth in the UV vs. absolute UV magnitude. Observational upper
constraints from Schaerer et al. [2015], Burgarella et al. [2020], Naidu et al. [2022b], and
Ferrara et al. {2022, with absolute UV magnitudes taken from Bouwens et al. [2022b]] are
shown. In the lowest redshift bin we also show the predictions from Ma et al. [2018] where
high resolution galaxy simulations were post-processed with a simpler dust model. See the

discussion for comparison.
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SN, No AGB Production — agree best with the data, at all redshifts. It is not clear,
however, if either model alone predicts as much scatter at a given luminosity as shown in
the data.

In contrast, the more dust-rich models all predict similar Syyy values which fail to overlap
with the observations at any redshift, and exhibit large scatter. This is because they predict
very high ISM optical depths, as shown in Figure 3.7. For dust masses greater than or
equal to those predicted by the Enhanced Destruction model, the dusty ISM is effectively
opaque, so changes in dust content do not impact UV properties significantly. The scatter
is then likely related — the comparatively fewer stars that are outside the dense ISM give
rise to greater stochasticity in the observed UV properties. Finally, we note that while the
data prefer the dust-poor models, they are inconsistent with entirely dust-free predictions,

especially at later times.

Far-Infrared Observables: IRX-/3 Relation, Lig

In Figure 3.8 we examine the IRX-/ relationships predicted by our modeling, compared
to observational constraints. Because infrared luminosity depends linearly on dust mass,
models with distinctly different dust content are better separated in this parameter space.
However, the predictions fail to match the data in two key ways: 1. No one model exhibits
as much scatter as the observations, especially in the 5.5 < z < 6.5 range, and 2. our
simulations lack galaxies at low (< 1) IRX and high (2 —1.5) Syy which are apparent in
the data.

Some of the reason for these disagreements is illuminated by examining the predictions in
Lir vs. Ly space, since these are the numerator and denominator of the IRX, respectively.
This is shown in Figure 3.9, along with the same data as in Figure 3.8. While we predict
reasonable LR especially at late times, all of the galaxies in this observational sample exhibit

higher UV luminosities than ours. This helps to explain the lack of low IRX galaxies in
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Figure 3.8: IRX-fyy relation. Infrared-Excess (IRX) vs. ultraviolet spectral slope Syy
for our simulated galaxies in each dust model. Note that a constant dust temperature of
Tp = 40K was assumed in calculating all infrared luminosities. The colors and redshift bins
are identical to Fig. 3.6. Data shown are from Barisic et al. [2017] [which includes data from
Capak et al., 2015, Pavesi et al., 2016|, the compilation from Hashimoto et al. [2019], and
Bowler et al. [2022].
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Figure 3.9: Infrared luminosity vs. UV luminosity. Colors and observational data are the
same as Figure 3.8, with the addition of data from Burgarella et al. [2020]. Additionally, we
show predictions without UV dust attenuation in transparent points. These are inconsistent
with the simulation, but show the effect of reduced UV opacity with unchanged dust mass.
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our predictions. This suggests that our models are predicting dust masses consistent with
observations, but opacities that are too high, in agreement with the interpretations of Figures
3.4, 3.5 and 3.6. Indeed, in Figure 3.9 we show the predictions of our simulations without
dust attenuation as transparent points, and they are in better agreement with the data.
This experiment is nonphysical in that the two luminosities are inconsistently calculated.
However, it suggests that real galaxies have similar dust content to our more dust-rich
models, but that it is distributed so as to have a much lower effective optical depth.

The inability of any one dust model to reproduce the scatter in observed infrared lu-
minosities could be due to our lack of self-consistently calculated dust temperatures — for
simplicity and given the large modelling uncertainties involved, we assume a constant dust
temperature of T = 40K for these calculations [see Sommovigo et al., 2022]. Since Lig o< Tf)
at fixed Mp, galaxy-galaxy scatter in Tp could significantly enhance the predicted range of
IRX. As well, the lack of very massive galaxies in the limited cosmological volume of our
simulation might also mean that we simply aren’t sampling galaxies as massive as those
in existing observational samples, and this may also be the cause of one or both of these
discrepancies to some degree.

It is of course also possible that the dust dynamical quantities assumed as inputs into
each model, such as the characteristic time for dust grain growth in the ISM or the supernova
destruction efficiency — vary from galaxy to galaxy due to differences in ISM phase structure
and dust content that our model is not sophisticated enough to capture. Infrared observables
will therefore require significantly further theoretical efforts to be used as constraints on dust

physics at high redshift.
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3.4 Discussion

3.4.1 Status of Dust Constraints

We begin the discussion by assessing the success of our dust modeling efforts compared to
current emperical constraints. There is no one model which appears to agree with all of
the existing data. While the infrared luminosities (and therefore estimated dust masses)
appear to be best reproduced by models with comparatively higher dust content from high
production yields and efficient growth, the models with the lowest dust content are in best
agreement with Sy constraints. We also note that none of our dust models reproduces
individually reproduces the scatter in Lyg seen in observations, which could be do to ei-
ther the limited halo mass range of our simulation sample, the assumption of a fixed dust
temperature for all galaxies, or the simplicity of our dust model. Together, these results
suggest that while our model is capable of producing dust masses similar to those of real
early-universe galaxies, doing so results in UV opacities that are too high. We speculate
that this could be due to the spatial distribution of dust relative to stars — that our galaxies
are too uniform compared to the very turbulent ISM of real reionization-era galaxies. We

explore the spatial distributions predicted by our dust models in the following Chapter.

3.4.2  Comparison to Similar Theoretical Work

Lewis et al. [2023] recently presented results of an investigation with similar aims: they
coupled an explicit model for dust very similar to ours to a galaxy formation simulation
of cosmological reionization, and use this to predict the dust content and rest-frame UV
observables of high redshift galaxies. They present predictions for a single choice of dust
model parameters, in which they assume very low dust production yield yp = 1073 and
a much higher ISM growth accretion rate — they adopt a modestly shorter characteristic

timescale (100 vs 300 Myr) and the expression has an additional factor of 1/Z ~ 103 — 104,
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Consequently their galaxies transition from production-dominated to accretion-dominated
dust content at a lower galaxy stellar mass of roughly 109M in contrast to e 10" M® in all
of our models.

Their dust masses are therefore most similar to our highest-dust-content models. How-
ever, their model predicts much milder UV dust attenuation than ours with similar dust
masses, see their Figure 7. We speculate that this is due to differences in resolution: their
maximum physical resolution is an order-of-magnitude poorer than ours, at ~ lkpc. Given
the observed sizes of high redshift galaxies are < 1kpc Bouwens et al. [2020], their galaxies
cannot possibly be spatially resolved and are therefore likely artificially large. This spreads
the same amount of dust over a larger surface area and consequently reduces their predicted
optical depths.

Graziani et al. [2020] also recently conducted simulations of high-redshift galaxies with
a coupled dust physics model. Again, they only present predictions for a single set of
dust model parameters, which appear to make qualitatively similar predictions between our
Default and Enhanced Accretion models: their Figure 4 indicates a production yield of
yp ~ 0.1, and a transition to accretion-dominated dust at Z ~ 3 x 107225 ~ 6 x 1074,
We note however that they adopt both a much shorter characteristic timecsale of 2 Myr
to our 300, and a somewhat different accretion rate scaling of D o DZ as opposed to our
D « D(f9PZ — D). The two expressions tend to the same value at low D (modulo fdep
factor which is order-unity), but will differ significantly at higher D — while ours will tend
to zero as D — Z, corresponding physically to all the available metals being locked in dust
grains, theirs increases unbounded. This suggests that the plateau in D/Z at ~ 0.4 with
increasing Z exhibited by their model is due to enhanced destruction rates which regulate
the dust content, whereas in our model the transition is set by the Z — D term in the growth
rate going to zero.

Moreover, the fact that their model transitions to accretion-dominated at similar Z to
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ours despite a much higher growth-rate normalization suggests significant differences in the
cold gas fractions or thermodynamics of the ISM in our simulations. We also note that their
simulation accounts for dust dynamical effects at run time, which our post-processing model
cannot. All of this suggests that 1. the predictions of these dust models are sensitive to the
implementation details of cooling, star formation, and feedback in the ISM of high redshift
galaxies, and/or 2. that the back-reaction of dust dynamics on the ISM might be significant.

We also consider recent analyses that predict the dust content of high-redshift galaxies
with simpler post-processing physical dust models, but with much higher-resolution (~ 10pc)
simulations that can more realistically resolve ISM dynamics and phase structure. Ma et al.
[2018, 2019] predict dust-sensitive quantities from high resolution simulations from the FIRE
project [Hopkins et al., 2018] of galaxies at z > 5 by assuming a constant D/Z = 0.4. While
their analysis predict similar dust masses to our more dust-rich models — see the dashed
grey line in Figure 3.4, their predicted effective optical depths are most consistent with our
least dusty models (see Figure 3.7). Interestingly, this is also the case with the results from
a similar study [Mushtaq et al., 2023| using the FirstLight simulation suite |Ceverino et al.,
2017] and an identical dust post-processing model — see Figures 1 and 5 in Mushtaq et al.
[2023].

FIRE and FirstLight are different galaxy formation simulations of similarly high resolu-
tion, both significantly higher than ours. Consequently, they better capture the effects of
feedback on the high-redshift interstellar medium, resulting in a more turbulent, porous gas
distribution which we speculate has a broader column density distribution than ours — see
Figure 4 of Ma et al. [2019] and Figure 1 of Ceverino et al. [2021], both of which exhibit
large gas column density fluctuations on scales smaller than our 100 pc resolution. This
results in lower effective optical depths at a given dust mass because there exist low-density
column channels through which UV radiation can escape that are lacking in our simulation.

We explore the spatial distribution of dust predicted in our models in Chapter 3.
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3.5 Conclusion

We apply the dust post-processing model described in Esmerian and Gnedin [2022] to a
suite of 11 simulated galaxies from the CROC project. We explore 9 different sets of dust
parameters and quantify the effect of their variation on the dust content of high redshift
galaxies. We then forward model observable properties of high-redshift galaxies and compare

to existing data. Our conclusions are the following:

e Comparing our simulated galaxies to a compilation of recent constraints on the metal-
licities of reionization-era systems, we find general agreement, although CROC might

slightly under-predict metallicity at a given stellar mass.

e We vary dust model parameters governing the rate of grain growth due to accretion in
the ISM, the efficiency of grain destruction in supernova remnants, and the dust yields
of production sources (supernova and AGB star winds), to determine their impact on
the predicted dust contents of high-redshift galaxies. We qualitatively validate the
results of Esmerian and Gnedin [2022]: the dust content of galaxies is set at early
times/low metallicities primarily by the assumed production yields, while at higher
metallicities/late times it is set by the competition between accretion and destruction,
normalized by the initial condition set by production yields. The transition occurs
around Z ~2—4x 1074 =1-2x 10_2Z@, with some dependence on assumed model

parameters.

e However, we observe significant scatter between galaxies at a constant metallicity,
especially at late times/higher metallicities for models in which growth via accretion
becomes efficient. This indicates the existence of important secondary dependencies
beyond metallicity that determine the dust content of galaxies, which is not captured
by typical one-zone models [Feldmann, 2015, e.g.|. We speculate that this is driven

by some combination of star formation history and ISM phase structure dependence,
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evidenced by the particularly aggressive growth via accretion in the most massive

galaxy compared to the other galaxies in our sample.

We compare our total predicted dust masses as a function of stellar mass to observa-
tional constraints in the literature, and while our limited simulation size fails to sample
galaxies as massive as most of those with observational constraints, where there is over-
lap we find our most dust-rich models — Default and Enhanced Accretion — appear
to predict scaling relations consistent with current data. This suggests that the data
prefer models in which production yields are high and ISM grain growth is efficient at
high masses. The data also appear to exhibit larger scatter at a given stellar mass than
predicted by any one of our models, but due to both large systematic uncertainties in
the dust mass observational constraints and the disjoint range of stellar masses probed

by our simulations vs. the observations, these conclusions are tentative.

We forward model directly observable galaxy properties from our simulations to make
more direct comparison to data, and find that we are unable to simultaneously match
existing observational constraints with any one model. Specifically, the models which
best match the observed spectral slope in the UV, iy, are the models with least dust
content due to either low production yields or very high destruction rates. However,
these models fail to predict sufficiently high infrared luminosities. Those that do predict
IR luminosities consistent with observations have far too much dust extinction and
thereby fail to agree with Sy constraints. Finally, we note that no one of our models

appears to predict as much scatter in these observable quantities as the data exhibit.

We speculate that these deficiencies in our modelling are due to the inability of our
galaxy formation model to capture the dynamics of the high-redshift ISM, causing
it to predict gas distributions that are overly smooth. Likely, significantly higher-

resolution simulations are needed to make progress on constraining the properties of
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dust in reionization-era galaxies. Improved empirical constraints, especially for lower

mass galaxies, will also be crucially informative.
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CHAPTER 4
ANALYSIS OF THE PREDICTED SPATIAL DISTRIBUTION
OF ULTRAVIOLET EMISSION, INFRARED EMISSION, AND
ULTRAVIOLET COLOR

4.1 Introduction

To better understand the predictions of our dust models, and present a complete comparison
to current data, we analyze the relative spatial distribution of stars and dust as probed by
infrared (IR) and ultraviolet (UV) emission, as well as UV colors. This analysis is motivated
by recent high-resolution observations of galaxies in the epoch of reionization which are
beginning to spatially resolve their stellar and ISM components |e.g. Le Févre et al., 2020,
Bouwens et al., 2022b, Bowler et al., 2022].

One particularly interesting finding of these programs which our models are uniquely
poised to address is the prevalence of significant spatial offsets between locations of peak
rest-frame optical /UV and IR emission in high redshift massive galaxies [Willott et al., 2015,
Maiolino et al., 2015, Carniani et al., 2017, Le Févre et al., 2020, Bowler et al., 2022, Inami
et al., 2022|. Excitingly, Bowler et al. [2022] has also reported rest-frame UV color gradients
that appear aligned with these offsets. The relative morphology of these two components
potentially provides information as to the fraction of starlight and star formation which is
obscured by dust, the physical conditions and phase structure of the ISM of high-redshift
galaxies, and the physical processes that shape their dust content and distribution.

Our analysis focuses on the sample from Inami et al. [2022], the largest to date. It contains
galaxies with such offsets at 6.5 < z < 8.5 with stellar masses 8.5 < logyo(M«/Mp) < 10,
gas masses 9.5 < logyg(M«/Mg) < 11 and star formation rates 15 < SFR/(Mayr—1) < 200.
The magnitudes of these offsets have not been shown to correlate with any of these properties,

though this may be due to the small sample size of existing data. We note that all galaxies
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Figure 4.1: Images of the most massive galaxy in our box at z = 5 with different dust
models. The top row shows the 1500A UV surface brightness, the middle row shows the
spatially resolved UV beta slope (estimated using the 1500A and 2500A color) and bottom
row shows the column density of dust mass (which is proportional to the IR surface brightness
in the optically thin regime). Each column shows the predictions of a different set of dust
model parameters, as well as the intrinsic UV emission on the leftmost column. Note that no
smoothing has been applied to these images, and the pixelation is the result of the simulation
grid

considered in this study were selected as targets for radio observation based on their rest-
frame UV luminosity. This survey is therefore possibly biased to systems with the highest
star formation rates (SFRs), and would miss systems of similar mass with lower SFR, or
the same SFR if they were too heavily obscured. Nonetheless, these state-of-the-art data

may provide unique constraints on our modelling because of their spatially resolved nature,

motivating comparison.

4.2 Methods

We use the simulations and dust models presented in the previous chapter. We focus ex-

clusively on the most massive galaxy in the simulation which attains a stellar mass of
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M, =13 %x108Mg by z = 8, My = 7.1 x 103Ms by z = 6.4 and M, = 1.9 x 10°M
by z = 5. Our simulated galaxy is therefore well within the range of stellar masses probed
by observations, justifying comparison because galaxy morphology is expected to depend on
stellar mass [Pillepich et al., 2019]. However, we note that for these snapshots it has a much
lower SFR of < 5.2M /yr than any galaxy in the observational sample. This may be due
to the bias towards high SFR systems of these observations noted in the introduction, or
the inability of the CROC model to produce such rapidly star-forming systems. Figure 6
of Zhu et al. [2020] shows that the CROC galaxies exhibit small scatter in the SFR-stellar
mass relationship, suggesting that the discrepancy between our simulation’s SFR and those
inferred from data results from a deficiency of the model and would not be alleviated by
considering a larger number of simulated galaxies. This discrepancy provides further moti-
vation to compare our simulations to data in a spatially resolved analysis as this may provide
information about the cause of these discrepancies.

We present results for this simulation at 12 snapshots from z = 8.5 to 2 = 5. The upper
bound in redshift is motivated by the upper bound on the observations, but we include
snapshots lower than the observational lower bound of z = 6.5 to maximize the galaxy mass
range probed by our analysis. We note that we have redone the analysis restricted to only
snapshots within 6.4 < z < 8.5, identical to the observations, and all of our conclusions are
unchanged. We also note that based on visual inspection, the galaxy undergoes merging
events at z &~ 7.3 and z =~ 6 which significantly disrupt its morphology. There are enough
snapshots of the simulation that the galaxy morphology before, during, and after the merger
event can be clearly distinguished. We therefore expect that our simulation data samples
a sufficiently violent merger history with sufficiently high time resolution that our analysis
accounts for the morphological effects of accretion history on high-redshift galaxies of the
relevant masses.

We calculate ultraviolet emission as described in the first chapter, to which we refer
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the reader, but we summarize here for convenience. Star particles are treated as single-
age, single-metallicity stellar populations, and their spectra are calculated with the Flexible
Stellar Population Synthesis code [Conroy and Gunn, 2010]. The spectrum of each star
particle is then attenuated by e™" where 7 is the optical depth due to intervening dust along
a given line-of-sight using the wavelength-dependent dust opacity from the “SMC bar” model
of Weingartner and Draine [2001], Draine et al. [2007]. We note that this procedure does not
account for the effects of light scattered into the line-of-sight, but we expect this effect to be
negligible and (in the case of our simulations) possibly unrealistic due to the unrealistically
spatially smooth dust distribution because of simulation resolution.

UV quantities are calculated along 6 lines of sight corresponding to the positive and
negative coordinate axes so as to sample the effect of different viewing angles on the same
galaxy. UV colors are determined based on the finite difference between luminosities at

1500A and 2500A as follows

_ 1og10(f55004/ f15004)
Pov = log10(25004 /15004) (4.1)

again on an individual star particle basis. We note that this is not identical to the calculation
of Byy in the previous chapters, in which a least-squares fit performed on this portion of the
UV spectrum to determine a power-law slope. This finite difference method is adopted for
computational ease, and we have checked that it reproduces the least-squares fitting results
very accurately.

We use dust column density Y, computed from the galaxy dust mass distribution cal-
culation described in Chapter 1, as a proxy for infrared continuum emission. The two are
directly proportional because the dust distribution is optically thin in the infrared.

To account for the effect of finite observational resolution, we smooth with a Gaussian
kernel with variance o2 = Aw%%lngﬂ where Azpywiy is the physical distance at the sim-

ulation snapshot redshift corresponding to the angular Full-Width Half-Max (FWHM) of
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the observation. We explore Azpwyy values of 0.2 and 0.8 arcsec, which for the redshift
range of our simulations 11.4 > z > 5.0 corresponds to a physical size of 0.33 — 0.55kpc and

1.32 — 2.19kpc, respectively.

4.3 Results

Figure 4.1 shows the predicted UV (1500A), UV color Sy, and dust column density (which
is proportional to the IR emission) for different dust models. Consistent with the results
of Chapter 2, all of our dust models predict significant extinction and reddening, but the
amount and spatial distribution vary markedly between the different models. The most
dust-rich models show large amounts of reddening and extinction throughout the galactic
disk, while those with less dust have effects that are more centrally concentrated. However,
even those models with the least dust exhibit substantial attenuation and reddening in
the center. This is because even the Very Enhanced Destruction model predicts dust
column densities in excess of ¥ = 10° Mg /kpc? &~ 10™°g/cm? which, for our assumed dust
opacity which is ~ 10%cm? /g at 1500A results in unity optical depth, and j3 2 0 colors.
The increasing severity of extinction at smaller projected galactocentric radii gives the UV
emission a ring-like morphology in all but the least dusty model. Color is strongly correlated
with IR emission though not perfectly — for example, both Default and Enhanced Accretion
models exhibit reddest colors in the disk outskirts / tidal tails, while the IR emission is
highest in the center.

All but the Very Enhanced Destruction dust model show offsets in the location of
maximum UV and IR emission on the order of 1 kpc for the same reason: the regions of
highest IR emission are totally opaque to UV light. Note that his is despite the fact that
the unattenuated UV light and dust are largely co-spatial. Figure 4.2 shows the measured
offsets in projected distance between locations of maximum UV and IR brightness for the

same models, at all simulated redshifts, sampling 6 lines-of-sight per snapshot. The top
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Figure 4.2: UV and IR peak emission offsets. The projected physical distance between the
maximum UV emission (accounting for dust attenuation) and the maximum IR emission (as
determined by the dust surface density), as a function of UV absolute magnitude (top row)
and stellar mass (bottom row). Each point is one of six lines-of-sight for a each snapshot.
Data for the most massive galaxy in our box 5 < z < 8.5 is shown. Different colors correspond
to different dust models. Each panel shows different levels of smoothing to capture the effect
of observational resolution. Data on the right-most plot are from Table 4 of Inami et al. [2022,
with stellar masses from Bouwens et al. [2022b] and Schouws et al. [2022]], whose observations
have approximately 0.8 arcsecond resolution in both the IR and UV [McCracken et al., 2012].
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Figure 4.3: Effect of observation resolution on UV and IR morphologies.
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panels show these offsets as a function of absolute UV magnitude, on the bottom panels as
a function of stellar mass. The left-most panel of this figure is consistent with the trends
noticed in Figure 4.1. Larger dust masses result in larger projected regions in which the dust
is totally opaque to UV light. The maximum UV emission thereby happens at the larger
projected radii where dust becomes optically thin, while the peak IR emission is always in
the galactic center.

The middle and right panels show the results for the same images smoothed by a Gaussian
beam of FWHM 0.2 and 0.8 arcseconds, respectively. The physical scale of the smoothing
therefore depends on the snapshot redshift, and corresponds to 0.33 (1.32) kpc at z = 11.4
and 0.55 (2.19) kpc at z = 5 for a FWHM of 0.02 (0.08) respectively. The numbers were
chosen to approximately match the resolutions of space-telescope (such as HST or JWST)
observations and ground-based (e.g. ALMA and UltraVISTA) observations, respectively. On
the right-most panel we show data from Inami et al. [2022] of UV-bright z ~ 6 — 7 galaxies
for which dust continua was observed with ALMA and rest-frame UV (observation-frame
near-IR) was observed as part of the UltraVISTA survey, both of which have approximately
0.8 arsec FWHM resolution [McCracken et al., 2012|. While these galaxies are clearly much
brighter in the UV than ours, some exhibit very large UV-IR offsets that our simulated
galaxy fails to exhibit when smoothed appropriately for comparison.

Indeed, we see that increased smoothing monotonically reduces the peak emission offset.
Figure 4.3 demonstrates why: the angular symmetry of both the stellar and dust distribu-
tions result in a ring-like morphology of the UV emission at projected galactocentric distances
where the dust becomes optically thin. While the offset of UV and IR maxima at infinite
observational resolution is approximately the radius of this ring, at smoothing scales com-
parable to this radius the UV light is maximized in the center, co-spatial with the peak IR
emission. The fact that this holds true for all sightlines in all snapshots for every dust model

indicates that the UV-IR morphologies are similar in all cases. Peak UV and IR emission
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are never asymmetrically offset in a way that is preserved with degrading resolution. We
have confirmed with a visual inspection of all snapshots that these conclusions are generic
to our simulation at all relevant cosmological times. This generality leads us to strongly
suspect that it would hold for higher-mass galaxies simulated with CROC physics and our
dust model. This is especially the case since more massive galaxies would be expected to

have greater dust masses (see Figures 3.5 and 3.6).

4.4 Discussion and Conclusion

We have conducted an analysis of the predicted UV, IR and UV color morphology of the most
massive galaxy in our simulation under the assumption of different dust model parameters.
We find that all models predict significant dust attenuation in the central region of the
galaxy, resulting in red § 2 —1 colors and in all but the model with the least dust ring-
like morphology for the UV emission. This is because the dust contents predicted by our
models are generally optically thick in a region that is approximately symmetrical about the
galactic center, so the UV emission is dominated by the smallest radii at which dust becomes
optically thin. Color is also strongly correlated with dust column, which we use as a proxy
for IR emission.

Since IR emission peaks in the center of the galaxy, there are ~ kpc-scale offsets between
the points of maximal UV and IR surface brightness when “observed” with infinite resolu-
tion, but degrading image resolution on scales similar to existing observational capabilities
causes the UV emission to peak in the center due to its symmetric distribution, resulting
in no offset between peak brightness in UV and IR. While existing observations only probe
galaxies brighter in the UV than the most massive in our sample, they do exhibit much larger
offsets that are suggestive of more complicated morphologies than the ones predicted by our
modeling efforts, see Figure 2 of Bowler et al. [2022] and Figure 7 of Inami et al. [2022].

Indeed, Figure 3 of Bowler et al. [2022] displays UV color gradients much less symmetric
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than any of those predicted by our dust modelling.

We note that the analysis of the 3rd chapter would lead us to expect that the distributions
of UV and IR emission predicted by our models would be overly smooth and symmetrical,
given our inability to simultaneously match observed dust masses and optical depths. We
interpreted this as evidence that our simulations fail to reproduce a sufficiently dynamic ISM
and consequently the full distribution of dust column densities, the lower tail of which could
allow for significantly enhanced UV emission without decreased dust mass. The results of this
chapter provide evidence in favor of this interpretation given the inability of our modelling to
reproduce the asymmetric morphologies seen in data of galaxies with similar stellar masses.

Simulation resolution and feedback prescription are the two most important numerical
components of a fluid-dynamical galaxy formation model for determining the structure and
dynamics of the ISM, and therefore one or both of these is likely implicated in our modelling
failures. At a spatial resolution of 100pc, our simulations do not resolve the disk scale-height
and therefore cannot capture fully three-dimensional structures that characterize the ISM
phase structure like molecular clouds and supernova feedback “super-bubbles”. As a conse-
quence, the delayed cooling feedback prescription utilized in CROC appears to be incapable
of driving large-scale galactic winds — we have watched movies of the tracer particles used
in this analysis and they are never removed from the galaxy ISM, indicating a negligible
mass flux from the ISM into the circumgalactic medium. This is in stark contrast to most
other modern galaxy formation models in which galaxies of the relevant mass range drive
strongly mass-loaded winds, especially at early cosmological times [e.g. Muratov et al., 2015,
Pandya et al., 2021|. A feedback prescription that successfully launches winds would reduce
the gas mass and therefore dust mass in our galaxies, possibly reducing the high opacities of
our most dust-rich models. These winds might also carve out low column density sight-lines
with minimal dust extinction.

Ma et al. [2018], Ma et al. [2019], and Liang et al. [2021] thoroughly explored the UV-to-
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IR observable properties of reionization era galaxies predicted by the FIRE-2 simulations,
which are significantly higher resolution than ours (~ 10pc) and have been demonstrated to
drive galactic winds. While they do not explicitly quantify any offsets between predicted UV
and IR emission in their simulations, we see suggestions from their analysis of the dynamic,
asymmetric ISM seen in observations and lacking in our simulations. Figure 4 of Ma et al.
[2019] shows images of UV light and dust column density for two of their simulated galaxies,
which both display a much more disturbed morphology than anything we find in our analysis.
Close inspection reveals that the regions of brightest UV surface brightness correspond to
holes in the dust surface density which appear to be blown out by strong feedback. However,
we note that the spatial offsets between peak UV and IR emission do not visually appear
to be much larger than 1 kpc, but firm conclusions cannot be drawn from images of just
two galaxies each at a single snapshot. Figure 12 of Liang et al. [2021] does explicitly show
a galaxy with > 1lkpc offset between maximum UV and IR surface brightness, due to a
highly perturbed and asymmetric distribution of gas with respect to stars (though we note
that this galaxy is significantly more massive than those in our analysis). They also find
that the effective UV optical depth does not correlate with dust mass at all at high redshift
2z = 6 because of large variations in the star-dust geometry predicted by their simulations.
All of this suggests that higher resolution simulations with a feedback model that drives
galactic winds may be better able to match the asymmetric UV /IR morphologies seen in
observations.

The SERRA project is another suite of high-resolution cosmological simulations of galax-
ies at z > 6. These simulations are higher resolution than ours by about a factor of 3 with
minimum cell sizes of ~ 30pc, and consequently have different star formation and feedback
prescriptions, more similar to those in FIRE-2 [Behrens et al., 2018, Pallottini et al., 2022|.
In contrast to our work and similar to FIRE, they find a clumpy morphology for both stars

and dust, which in some cases leads to spatial offsets [Pallottini et al., 2022]. They also find
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that this clumpiness results in low effective optical depths due to dust, although star-forming
regions can locally exhibit very high extinctions |[Behrens et al., 2018|. It is interesting to
note that Figure 4 of Behrens et al. [2018] does appear to exhibit a ring-like morphology
in the galaxy’s central UV emission, suggesting this effect might persist to higher-resolution
simulations. Nonetheless, the relative UV and IR properties of these galaxies are strongly
influenced by the presence of dusty, star forming clumps which our simulations could not
resolve, suggesting resolution is a main issue for our theoretical predictions.

Our results therefore provide strong motivation for the development of dust models such
as the ones presented in this Dissertation in higher-resolution simulations of galaxy formation
with more realistic feedback resulting in a manifestly multiphase ISM, as this appears to be

essential to capturing the effects to which observations are most sensitive.
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CHAPTER 5
CONCLUSION

In this dissertation we have presented the development and predictions of a model for cos-
mic dust in a simulation of reionization-era galaxy formation. Our physical model is based
on successful efforts to predict the dust content of low-redshift galaxies in simple one-zone
models of galaxy formation [e.g. Dwek, 1998, Feldmann, 2015] by accounting for the pro-
duction of dust in evolved stellar remnants, the growth of dust grains due to accretion of
heavy elements from the gas phase in the cold molecular ISM, and the destruction of dust
due to sputtering in shock-heated gas. Given the profound theoretical uncertainties and lack
of independent empirical constraints on all three of these key processes, we develop a flexible
post-processing method that allows us to explore an unprecedentedly wide region of dust
model parameter space in three-dimensional, spatially-resolved simulations of galaxy forma-
tion. We use this flexibility to explore the dependence of predicted reionization-era cosmic
dust content on the uncertain parameters of the dust model. Despite a thorough parameter
exploration and the self-consistent comparison of observable quantities to our simulations,
we are unable to simultaneously match all existing observational constraints. Specifically,
our dust models that produce adequate total dust masses to satisfy observations of infrared
emission from high redshift galaxies predict far too much extinction in the ultraviolet. As
well, an analysis of the spatial distribution of dust in our models indicates that they fail to
reproduce the morphological complexity apparent in high resolution observations.
Specifically, in Chapter 2 we presented the model methodology — both its assumed physics
and numerical implementation, quantified the relative contributions of different processes for
determining the dust contents of a single massive high-redshift galaxy, and demonstrated
how these contributions change with varied dust model parameters. We show that the dust
content is sensitive to these parameter choices, motivating further efforts to determine if

these differences are observable.
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To do this, in Chapter 3 we apply our model to a suite of 10 additional galaxies that span
the mass range resolved in our simulations. We use 9 different dust model combinations to
calculate their dust contents, allowing us to assess the impact of parameter uncertainties.
We confirm classic results that the dust contents of galaxies at early times/low metallicities
is determined primarily by the assumed dust yields of production sources — supernova and
AGB stars — while the dust content at late times/high metallicities is set by the competition
between grain growth due to accretion in the ISM and grain destruction due to supernova
remnants, normalized by the initial condition set by production yields. We compare predicted
dust masses to observational constraints from the literature, and find that our most dust-
rich models, due to high production yields and efficient ISM accretion, best reproduce the
dust-mass vs. stellar-mass relation seen in data. However, we caution that uncertainties in
the observational constraints makes this conclusion tentative.

To enable more direct comparison with observational data, we then forward model di-
rectly observable quantities of our simulated galaxies which are sensitive to dust. In the
rest-frame UV this is the logarithmic slope of the continuum spectrum, and in the rest-
frame IR this is the IR luminosity and the IR-to-UV luminosity excess. We find that our
models with the least dust (due to low production yields) best match the UV slopes, but
that these models lack sufficient dust mass to reproduce observed IR luminosities, consistent
with the dust mass comparison. We also note that no one of our models appears to predict
as much scatter in any observable quantity as is seen in data.

We speculate that these deficiencies are due to issues with the spatial distribution of dust
relative to stars in our simulations, which may be overly smooth. To assess this hypothesis,
in Chapter 4, we compare our simulations to spatially resolved observations of rest-frame
UV emission and dust continuum, between which some galaxies show large spatial offsets,
indicative of a highly dynamic ISM. We compare galaxies of similar estimated stellar mass

to our most massive system, and find that all of our models fail to predict offsets as large
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as observed, lending evidence to the idea that our galaxies fail to capture the dynamic
complexity of the high-redshift ISM, which is necessary to reproduce observations.

Ours is neither the first model to model cosmic dust processes in a spatially resolved
fluid-dynamical cosmological galaxy formation simulation [e.g. Bekki, 2015, McKinnon et al.,
2016, 2017, Aoyama et al., 2018, Gjergo et al., 2018, Hou et al., 2019, Vogelsberger et al.,
2019, Davé et al., 2019, Li et al., 2019b, Graziani et al., 2020, Li et al., 2021, Granato
et al., 2021, Trebitsch et al., 2021, Parente et al., 2022, Kannan et al., 2022, Lower et al.,
2022, Lewis et al., 2023, the first to do so specifically focused on reionization-era galaxies
[Wu et al., 2020, Graziani et al., 2020, Trebitsch et al., 2021, Kannan et al., 2022, Lower
et al., 2022, Lewis et al., 2023], nor the first to systematically vary dust model parameters
to assess their effect on predictions [Bekki, 2015, McKinnon et al., 2016, 2017, Gjergo et al.,
2018, Vogelsberger et al., 2019, Li et al., 2019b, Granato et al., 2021, Parente et al., 2022|.
However, to our knowledge we are the first to do all three of these in a single study. Ours
is also the most thorough comparison among these studies to observational data for dust
in high redshift galaxies, as it considers both rest-frame UV and IR observables as well as
morphology, enabled by pioneering works using ALMA [e.g. Le Févre et al., 2020, Bouwens
et al., 2022b, Bowler et al., 2022] and JWST Roberts-Borsani et al. [e.g. 2022a|, Naidu et al.
[e.g. 2022b], Robertson et al. |e.g. 2023|, Whitler et al. [e.g. 2023]. Since no other dust physics
modelling study presents as complete a comparison to observational data on reionization-
era galaxies, we are unable to say whether they fare any better. But given the similarities
between these models and their comparable (or poorer) resolution, it is not obvious why
they would.

We thereby conclude that our current best efforts are inadequate and we still lack a
model that fundamentally captures the nature of cosmic dust in high-redshift galaxies, re-
vealing the necessity of greater sophistication in our theoretical efforts. This is an important

conclusion in the era of JWST and ALMA, which are causing an explosion in the amount
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and quality of empirical constraints on the high-redshift galaxy population (see Chapter 1
and the introductions to Chapters 2 and 3). All observations of reionization-era galaxies
with these state-of-the-art facilities are impacted by the cosmic dust in these systems. This
groundbreaking data will therefore require a better understanding of dust physics processes
in the ISM for fruitful physical interpretation, making this an especially urgent theoretical
issue.

Obvious opportunities to improve the state of theoretical dust modelling in high-redshift
galaxies include the self-consistent coupling of dust dynamical effects to the gas dynamics
in galaxy formation simulations, increased simulation resolution so as to better capture
the phase structure and dynamics of the chaotic high-redshift ISM, evolving the full grain
size distribution and multiple grain species, and carefully calculated grain temperatures for
more realistic IR emission predictions. Specifically, we have emphasized that a key failing
of our models is their inability to realistically capture large-scale inhomogeneities in the
high-redshift ISM, and the effect of radiation pressure on dust is a particularly promising
source of feedback through which this might be accomplished |Ziparo et al., 2023|. Efforts to
improve galaxy-scale cosmic dust modelling will also be aided by any ability to independently
constrain the physical processes governing dust evolution in the ISM, such as from laboratory
experiments or molecular-level calculations of individual grain properties [e.g. Potapov et al.,
2020], or improved observational and theoretical constraints on the yields of dust production
sources [Slavin et al., 2020, Tosi et al., 2022, Dell’Agli et al., 2016]. Given the centrality
of dust to the observational properties of galaxies across the electromagnetic spectrum and
throughout cosmic time, the stakes are no less than the astrophysical problem of galaxy

formation as a whole.
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