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Abstract

We present a new methodology for simulating mid-infrared emission from polycyclic aromatic hydrocarbons
(PAHs) in galaxy evolution simulations. To do this, we combine theoretical models of PAH emission features as
they respond to varying interstellar radiation fields, grain-size distributions, and ionization states with a new model
for dust evolution in galaxy simulations. We apply these models to three idealized AREPO galaxy evolution
simulations within the SMUGGLE physics framework. We use these simulations to develop numerical experiments
investigating the buildup of PAH masses and luminosities in galaxies in idealized analogs of the Milky Way, a
dwarf galaxy, and a starburst disk. Our main results are as follows. Galaxies with high specific star formation rates
have increased feedback energy per unit mass, and are able to shatter grains efficiently, driving up the fraction of
ultrasmall grains. At the same time, in our model large radiation fields per unit gas density convert aliphatic grains
into aromatics. The fraction of dust grains in the form of PAHs (qPAH) can be understood as a consequence of these
processes, and in our model PAHs form primarily from interstellar processing (shattering) of larger grains rather
than from the growth of smaller grains. We find that the hardness of the radiation field plays a larger role than
variations in the grain-size distribution in setting the total integrated PAH luminosities, though cosmological
simulations are necessary to investigate fully the complex interplay of processes that drive PAH band luminosities
in galaxies.

Unified Astronomy Thesaurus concepts: Polycyclic aromatic hydrocarbons (1280); Interstellar dust (836);
Interstellar dust processes (838); Astronomical simulations (1857); James Webb Space Telescope (2291)

1. Introduction

The mid-infrared wavelength regime of galaxy spectral
energy distributions (SEDs) is dominated by a series of strong
emission features at wavelengths λ= 3.3–17 μm. These
features, first observed by Gillett et al. (1973) and Merrill
et al. (1975), were attributed to vibrational modes of polycyclic
aromatic hydrocarbons (PAHs) in the interstellar medium
(ISM) of galaxies by Leger & Puget (1984) and Allamandola
et al. (1985). In this picture, the emission features originate in
ultrasmall dust grains (typically <1000 carbon atoms) that are
arranged chemically in aromatic rings (Draine & Li 2001).
These PAH molecules stochastically absorb ultraviolet (UV)
photons in single-photon heating events, become highly
excited, and then cool by emitting a series of infrared (IR)
photons via vibrational transitions. Here, different types of
bending modes in the C-C and C-H molecular skeletons drive
the individual emission features between 3 and 17 μm (see
Tielens 2008; Armus et al. 2020; Li 2020 for reviews).

PAH emission is nearly ubiquitous in the spectra of star-
forming galaxies. Helou et al. (2000) observed bright PAH
emission in a sample of seven nearby galaxies with the Infrared
Space Observatory (ISO; Kessler et al. 1996), while Smith et al.
(2007) expanded on this significantly as a part of the Spitzer
Infrared Nearby Galaxies Survey (Kennicutt et al. 2003), and
investigated PAH emission from 59 nearby galaxies. A key
finding from these studies is that PAH emission can constitute as
much as 10%–20% of the total IR luminosity in a galaxy (Smith
et al. 2007; Dale et al. 2009; Lai et al. 2020), though the relative
feature strengths can vary substantially both within and between
sources (Peeters et al. 2004b). Of the individual PAH features,
emission at 7.7 μm dominates, contributing up to ∼40% of the
total PAH luminosity (Hunt et al. 2010; Wu et al. 2010; Shipley
et al. 2013).
The prevalence of PAH emission features in the mid-IR

regime of galaxy SEDs coupled with their UV-based heating
mechanisms have prompted a number of authors to investigate
the utility of PAHs as a tracer of galaxy star formation rates
(SFRs; Peeters et al. 2004a; Bendo et al. 2008; Shipley et al.
2016; Maragkoudakis et al. 2018; Lai et al. 2020; Whitcomb
et al. 2020; Evans 2022). Shipley et al. (2016) compiled >100
Spitzer Infrared Spectrograph (IRS) detections of galaxies at
z< 0.4 and derived a linear relationship between the
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Hα-measured SFR of galaxies and their PAH luminosities.
Similarly, the 7.7 μm feature, which redshifts into the 24 μm
MIPS filter on Spitzer, has been used in numerous studies to
determine the SFRs of z∼ 2 galaxies (Reddy et al. 2006; Yan
et al. 2007; Siana et al. 2009; Wuyts et al. 2011; Rujopakarn
et al. 2013). More recent analysis of Spitzer IRS observations
by Whitcomb et al. (2023) and Zhang & Ho (2022), as well as
Wide-field Infrared Survey Explorer (WISE) photometry by
Chown et al. (2021) found that mid-IR PAH features may trace
galaxy molecular gas as well.

At the same time, some physical conditions may suppress the
PAH luminosities from galaxies (LPAH), causing deviations
from this linear increase of LPAH with galaxy SFR. For
example, there is significant observational evidence that the
PAH luminosity from galaxies is suppressed in low-metallicity
environments (Wu et al. 2006; Smith et al. 2007; Engelbracht
et al. 2008; Hao et al. 2009; Hunt et al. 2010; Sandstrom et al.
2010; Shivaei et al. 2017, 2022; Aniano et al. 2020). Sandstrom
et al. (2010) and Chastenet et al. (2019) presented maps of the
Small Magellanic Cloud (SMC) and Large Magellanic Cloud
(LMC), demonstrating that PAH mass fractions increase with
increasing galaxy metallicity. Aniano et al. (2020) compiled
data from 53 nearby galaxies and derived fitting relationships
between the PAH mass fraction and O/H abundance in the
ISM. While the origin of such a relationship is unclear, it may
result from the photodestruction of PAHs in unshielded
environments (Voit 1992; Hunt et al. 2010; Madden et al.
2006), increased erosion via thermal sputtering in a hotter ISM
(Hunt et al. 2011), a lack of seed metals to grow into small
grains, and/or a lack of seed dust grains that shatter into
smaller particles (Seok et al. 2014). Some authors have further
argued that the primary physical correlation may be with the
radiation field hardness and not metallicity (e.g., Gordon et al.
2008), though it is possible that the smallest grains are able to
survive even in harsh radiation environments (Lai et al. 2020).

Similarly, PAH emission is observed to be weaker than
otherwise expected (given galaxy SFRs) in the vicinity of
active galactic nuclei (AGNs; see the recent review by Sajina
et al. 2022). This has been observed both in resolved imaging
of nearby Seyfert nuclei or low-ionization nuclear emission line
regions (LINERs; e.g., Smith et al. 2007; Diamond-Stanic &
Rieke 2010; Sales et al. 2010), as well as in unresolved
observations of galaxies at both low and high redshift
(Rigopoulou et al. 1999; Desai et al. 2007; Farrah et al.
2007; Pope et al. 2008; O’Dowd et al. 2009), though at least for
some AGN-hosting galaxies, this trend is unclear (Lai et al.
2022). The putative physical mechanism behind the lack of
PAH emission near AGNs is radiative destruction of ultrasmall
grains (Voit 1992; Genzel et al. 1998). Recent JWST
observations of H II regions in nearby galaxies have demon-
strated an anticorrelation between the PAH fraction and
ionization parameter, which may be in support of this scenario
(Egorov et al. 2023). Other works have suggested shocks as the
main destruction mechanism for PAHs near AGNs (Zhang
et al. 2022). At the same time, some studies have suggested that
UV radiation from AGNs can actually excite PAH molecules
(Howell et al. 2007; Jensen et al. 2017).

From a theoretical standpoint PAHs not only trace the
physical properties of galaxies (e.g., Maragkoudakis et al.
2022), but also drive the evolution of the ISM. For example,
Bakes & Tielens (1994) determined that these ultrasmall grains
can dominate the photoelectric component to ISM heating in

neutral gas, while at the same time PAHs may be an important
constituent of interstellar chemical reactions (Lepp & Dal-
garno 1988; Bakes & Tielens 1998; Weingartner &
Draine 2001). PAHs may be an important catalyst for
molecular hydrogen formation as well (Thrower et al. 2012;
Foley et al. 2018), and indeed have been detected even in CO
dark molecular gas (McGuire et al. 2021).
Since their discovery, two broad approaches have emerged

in modeling the emission features of astrophysical PAHs:
empirical models and density functional theory calculations
(that are sometimes combined with laboratory measurements).
Draine & Li (2001, 2007) pioneered the development of
empirical models for heating ultrasmall aromatic carbonaceous
grains—and their emergent emission features—assuming a
Mathis et al. (1983)-like interstellar radiation field (ISRF).
Draine et al. (2021) significantly broadened this model by
considering both a diverse range of incident radiation field
spectral shapes, as well as bulk variations in the distributions of
grain sizes and the ionization state. These models are agnostic
about the composition of PAHs themselves, but are designed in
the context of reproducing a broader background of observa-
tions, including IR SEDs from galaxies and extinction proper-
ties (e.g., Hensley & Draine 2020). Specifically, the cross
sections, widths, and locations of the PAH bands that are
modeled by Draine et al. (2021) are tuned to match the
astrophysical spectra of galaxies, including the SINGS sources
from Smith et al. (2007). In contrast, density functional theory
modeling involves computing the theoretical emission spectra
for grains of a diverse range of chemical compositions
(Bauschlicher et al. 2010, 2018; Boersma et al. 2014; Mattioda
et al. 2020; Rigopoulou et al. 2021; Kerkeni et al. 2022; Vats
et al. 2022). These “database” approaches employ fitting
techniques in order to deduce the PAH size distributions and
ionization fractions from observations (e.g., Maragkoudakis
et al. 2022).
With the launch of the JWST in 2021, observational studies

of PAHs in galaxies are poised to enter a renaissance—already
JWST is revealing the impact of galactic environment on PAH
emission in galaxies near and far at unprecedented sensitivity
and spatial resolution (e.g., Armus et al. 2023; Chastenet et al.
2022, 2023; Dale et al. 2023; Egorov et al. 2023; Evans 2022;
Langeroodi & Hjorth 2023; Lai et al. 2022; U et al. 2022;
Sandstrom et al. 2023). What is missing thus far is a
quantitative methodology for modeling the physical processes
that drive the evolution of dust in the ISM in galaxies that span
a wide range of physical conditions, and connecting these
processes to the emergent PAH emission.
The purpose of this paper is to do just that. In what follows,

we develop a model for simulating the mid-IR emission from
PAHs in hydrodynamic galaxy evolution simulations. Our
paper is organized as follows: in Section 2, we describe our
methodology of simulating the evolution of dust on the fly in
galaxy evolution simulations, and the coupling of this model
with the Draine et al. (2021) theoretical model for the strength
of PAH emission from grains in varying ISM physical
conditions. In Section 3 we introduce a sample of three galaxy
evolution models that we will use for the purposes of numerical
experiments, and describe their physical properties. In
Section 4, we demonstrate the results of our methodology by
simulating mid-IR SEDs and images of our model galaxies. In
Section 5, we explore the origin of PAH masses and
luminosities in these idealized galaxy evolution simulations. In
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Section 6, we provide discussion, and in Section 7 we
summarize.

2. Model Implementation

2.1. High-level Overview and Modeling Philosophy

Our main goal in this paper is to develop a modular
framework for simulating PAH emission in galaxy evolution
simulations. To do so requires a multiscale methodology with a
large dynamic range of physical processes modeled. While
many of the methods that we include as subresolution
processes are uncertain in the literature, our aim is to develop
this model in a sufficiently parameterized way that new physics
can be implemented or updated as the field evolves rapidly
during the era of JWST.

The dominant drivers of the PAH spectrum in our model are:
(i) the dust grain-size distribution; (ii) the intensity and
spectrum of the ISRF; and (iii) the ionization fraction of the
PAHs. In order to simulate the PAH emission spectrum from
galaxies, we must model each of these physical processes and
tie them together. To do this, we couple the Draine et al. (2021)
model—that describes the emitted PAH spectrum as a function
of the grain-size distribution, ISRF, and ionization state—with
a new generation of hydrodynamic galaxy evolution simula-
tions that explicitly model the formation, growth, and
destruction processes of dust with a carefully tracked
distribution of sizes. In the following subsections, we describe
the details of each of these elements in turn.

2.2. Computing the PAH Emission Spectrum with Varying
Physical Conditions: Summary of the Draine et al. 2021 Model

We first begin with a summary of the Draine et al. (2021)
model for PAH emission in a range of environments: this will
set the stage for the subsequent elements of our model. In short,
the Draine et al. (2021) model updates that of Draine & Li
(2007) in computing the sensitivity of the PAH emission
spectrum to the three major physical inputs: the spectrum of the
illuminating radiation field, the dust grain-size distribution, and
the PAH ionization state.

The Draine et al. (2021) model considers the starlight
spectrum from 14 different radiation fields,11 all treated as
single-age stellar populations (SSPs): these radiation fields span
a diverse range of spectral shapes. In detail, the SSP models are
comprised of Bruzual & Charlot (2003) starburst models
ranging in range from 0.03 to 1 Gyr; BPASS binary-star SSP
models (Eldridge et al. 2017; Stanway & Eldridge 2018) over
the same age ranges, as well as a low-metallicity model; and
finally an older stellar population akin to the bulge of M31
(Groves et al. 2012). Additionally a modified Mathis et al.
(1983) solar-neighborhood-like model is included. Because our
models explicitly compute the impact of interstellar reddening
via a combination of on-the-fly dust evolution models (2.3) as
well as full 3D Monte Carlo radiative transfer (2.4), we employ
only the unreddened versions of these stellar radiation fields
from Draine et al. (2021).

This starlight intensity is parameterized by the rate of energy
absorption onto grains given by the dimensionless intensity

parameter:

ò n n
gº =

n*
*
*U

d u cC

h

u

u
, 1

, abs

ref mMMP

( )
( )

where u* is the energy density of the radiation field, Cabs is the
orientation-averaged absorption cross section for a standard
dust grain (here, an “astrodust” grain with porosity P= 0.2 and
radius aeff = 0.1 μm; Hensley & Draine 2023), and href is the
heating rate for the modified Mathis et al. (1983) spectrum
(hereafter, the mMMP spectrum), where href= 1.958×
10−12 erg s−1. γ* is the dust absorption weighted radiation
field energy density, which traces the dust heating effectiveness
for a given starlight spectrum, and is normalized to that of the
mMMP radiation field: γ* > 1 represents a harder radiation
field than the mMMP field, and γ* < 1 is softer than mMMP.
Formally, γ* is computed by:
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Draine et al. (2021) explicitly compute the difference in mid-IR
features in response to different starlight spectra and intensities.
We therefore need to compute this dimensionless parameter
explicitly throughout our model galaxies, which we describe in
Section 2.4.
The PAH emission spectrum is computed by Draine et al.

(2021) for individual PAH grain sizes, 14 equally spaced logU
values from logU= [0, 7], and a binary ionization state (neutral
or ionized). While this is a simplification, this parameterizes the
PAH emission spectrum in terms of physical input parameters
that modern-day galaxy evolution modeling techniques can
track.
In the remainder of this section, we describe our methodol-

ogy for computing the dust content, grain-size distribution, and
ISRF from hydrodynamic simulations of galaxy evolution.

2.3. Dust Content and Grain-size distributions

Our dust model is described in detail in Q. Li et al., (2023, in
preparation), and builds off of the framework developed by
McKinnon et al. (2018) and Li et al. (2019). We describe this
model, as well as updates to the McKinnon et al. (2018) model
here for completeness.

2.3.1. Dust Formation

The first major element in our model is to simulate the
evolution of the dust grain-size distribution in galaxies. To do
this, we introduce a new model for the formation, growth, and
destruction of dust grains in highly resolved galaxy evolution
simulations. In detail, we couple this dust model with the Stars
and MUltiphase Gas in GaLaxiEs (SMUGGLE) galaxy forma-
tion physics suite and the AREPO hydrodynamics code (both
are described in more detail in Section 2.5), but in practice the
methods that we outline here are generalizable for any galaxy
evolution model that considers the evolution of the physical
state of the ISM, as well as stellar evolution processes.
Dust is produced through the condensation of metals that are

returned to the ISM by evolved stars. Functionally, in the
models we produce simulated dust particles directly from
simulated evolved star particles. We employ dust yields from

11 Formally, these were actually computed twice: once in an unreddened
mode, and a second time through a slab of dust with AV = 2 to simulate
progressive reddening in dusty clouds.
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Schneider et al. (2014) for asymptotic giant branch (AGB) star
dust production, and from Nozawa et al. (2010) for supernova
(SN) dust production. The initial grain-size distribution for dust
follows a log-normal size distribution:

s
¶
¶

= -
n

a

C

a

a a
exp

ln

2
, 3

p

2
0

2
⎜ ⎟
⎛
⎝

⎞
⎠

( ) ( )

where C is a normalization constant and a0= 0.1 μm. (p,
σ)= (4, 0.47) for dust produced by AGB stars and (p, σ)= (0,
0.6) for Type II SNe, following the works by Nozawa et al.
(2007) and Asano et al. (2013). This said, the results presented
here are not strongly dependent on the initialized size
distributions: due to interstellar processing of the dust grains,
they quickly lose their memory of their initial size distributions
(the relevant processes are described in more detail in
Section 2.3.2). We discretize the simulation dust particle sizes
into 16 size bins. This choice is arbitrary, though we find that
this value results in converged size distributions in our
simulations.

In detail, we spawn new simulation dust particles from
simulation star particles in a stochastic manner. If a star particle
of mass M* produces a dust mass ΔMd within a time step δt,
we spawn a new dust particle of mass Md probabilistically if a
randomly drawn number from a uniform distribution between
[0, 1) is less than:

= - -
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This stochastic production of dust particles mirrors the
stochastic production of star particles that has long been used
in galaxy formation simulations (e.g., Springel & Hern-
quist 2003) and ensures the total mass of dust spawned
matches the integral of the dust production rate over long time
periods. We merge dust particles together if the mass of two
neighboring particles is smaller than 0.1×M*,init, and split
them if they grow to 10×M*,init (which is a situation that can
occur due to dust growth; see Section 2.3.2).

The mass of dust produced by evolved stars follows the
methodology of Dwek (1998), with updated condensation
efficiencies as described in Li et al. (2020). Following Dwek
(1998), the dust mass produced by AGB stars with a carbon-to-
oxygen mass ratio C/O > 1 is expressed as:
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AGB is the condensation efficiency of element i for AGB

stars. The- m0.75 O,ej
AGB term is to account for molecular carbon

monoxide (CO). The mass of dust produced by AGB stars with
C/O < 1 is expressed as:
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where μ is the atomic weight. The mass of dust produced by
Type II SNe is modeled as:
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where di
SNII is the condensation efficiency of element i for Type

II SNe. Here, we assume a fixed AGB condensation efficiency
of d = 0.2i,dust

AGB (Ferrarotti & Gail 2006) and d = 0.15i,dust
SN II

(Bianchi & Schneider 2007). We assume two types of dust
particles: silicates and carbonaceous. For a given dust particle
in our model, the total carbon mass in a dust particle
corresponds to the carbonaceous dust mass, and the remainder
to silicate.

2.3.2. Dust Evolution

Dust grains evolve from their initialized size distribution as
they undergo growth from accretion, coagulation, thermal
sputtering, shattering, and destruction in shocks and star-
forming regions.
Physical dust particles, with radius a, grow via the accretion

of metals at the rate (Hirashita & Kuo 2011):

t
=

da

dt

a
, 8

accr
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where the accretion timescale, τaccr, is proportional to the size
of the grain, and inversely proportional to the gas density,
temperature, and metallicity:
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where ρZ is the metal density, Tg is the gas temperature, and S
is the sticking coefficient. The growth timescale is limited by
the least abundant element required by the grain species
following Choban et al. (2022). We adopt (τref, Ze,SI)=

´ -0.224 Gyr, 7 10 3( ) for silicates (assuming a composition of
MgFeSiO4 for silicates; Weingartner & Draine 2001), and
(τref, Ze,C)= ´ -0.175 Gyr, 2.4 10 2( ) for carbonaceous grains.
We additionally adopt a temperature-dependent sticking
coefficient following Zhukovska et al. (2016), which drops at
higher temperatures (Q. Li et al. 2023, in preparation). This has
the effect of significantly reducing the growth rates in a warm
and dense ISM that is heated by stellar feedback (more on this
in Section 2.5).
We include two forms of dust destruction: thermal sputtering

and, in star-forming regions, SN shocks. For thermal sputter-
ing, grains can be eroded by hot electrons (which is especially
pertinent in the hot ISM and in hot halos):

t
= -
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a
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where the sputtering timescale, τsp follows the analytic
approximation derived by Tsai & Mathews (1995), and is
linearly proportional to the grain radius, and inversely
proportional to the gas density and temperature. SN shocks
additionally destroy dust grains via thermal sputtering, where
the evolution in the grain-size distribution follows the models
of dust destruction in SN blastwaves by Nozawa et al. (2006)
and Asano et al. (2013). The change rate of mass of grains in
the kth size bin due to thermal sputtering is:

å
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Here, Mg is the gas mass, γ is the rate of SNe near the dust
particle, Ms is the mass of neighboring gas swept by SN shocks
(which is derived from Yamasawa et al. 2011), and ρgr is the
internal density of a dust grain with ρgr= 3.3 and 2.2 g cm−3

for silicate and carbonaceous grains, respectively.
Finally, we consider the impact of grain–grain collisions on the

size distribution of dust grains. There are two important effects:
dust shattering, which results from high-speed encounters (and
transforms large grains into many small grains), and dust
coagulation, which results from low-speed encounters (and
transforms small grains into large grains). Collision processes
are mass conserving, but not number conserving. Following
McKinnon et al. (2018) and Li et al. (2021), we model the
transformation of grain sizes in collisional encounters by the mass
evolution of grain-size bin k by:
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as long as the relative velocity between grains is greater than a
threshold velocity vrel> vthresh. Here, the grain sizes are
denoted with a, mi is the mass of the grains in bin i, and
m ik j

col
, ( ) is the resulting mass entering bin i due to the collision

between the grains in bins k and j. Jones et al. (1996) suggest a
threshold velocity of vthresh= 2.7 km s−1 for silicates and
1.2 km s−1 for carbonaceous grains. We implement a similar
transfer of mass between size bins for dust coagulation, though
of course in this situation we only do so if v< vthresh. We
follow Hirashita & Yan (2009) in employing a threshold
velocity12 that is dependent on the grain sizes as well as the
material properties of the species, following their Equation (8).

2.3.3. Converting between Aromatics and Aliphates

In our model, all dust grains that are dominated by carbon
are considered carbonaceous; else, they are silicates. Within the
carbonaceous population, dust grains are subdivided into
aromatic hydrocarbons and aliphatic hydrocarbons. We assume
that the former represent PAHs. We do not impose a size cutoff
for PAHs, though note that larger PAHs are not effective
emitters. We track both aromatics and aliphates, and follow the
methodology of Hirashita & Murga (2020) in converting
between the two.13

In short, aromatization (i.e., the conversion from aliphates to
aromatics) is assumed to occur due to photoprocessing, and the
removal of hydrogen atoms from carbonaceous dust grains
(i.e., dehydrogenation; Rau et al. 2019; Hirashita &
Murga 2020).14 This is quantified by the change of the band-
gap energy, Eg, which can be related to the fraction of
hydrogen atoms in the grain, XH, via Eg= 4.3× XH eV (Tamor
& Wu 1990; Hirashita & Murga 2020). Rau et al. (2019) and
Hirashita & Murga (2020) compute the timescale for full
aromatization (i.e., the time necessary to dehydrogenate the
grain fully, from its maximum assumed possible XH= 0.6 to its
minimum assumed value of XH= 0.02; Jones et al. 2013) of:
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where GISRF is the strength of the ISRF and GISRF= 1
corresponds to the solar neighborhood.15 Hirashita & Murga
(2020) compute this fitting formula for the aromatization time
via photoprocessing by assuming a Mathis et al. (1983)
radiation field shape. This represents a minor inconsistency in
our modeling, as the local radiation field in galaxies often
departs from the Mathis et al. (1983) fiducial shape, and indeed
a major aspect of Section 2.4 is to account for these variations
explicitly when computing the PAH emission spectrum.
Nevertheless, we proceed as an on-the-fly calculation of the
exact ISRF shape (which requires both knowledge of the stellar
spectral shapes, as well as the effects of the absorption and
scattering of photons by interstellar dust) is currently
computationally intractable in hydrodynamic galaxy evolution
simulations. We instead compute the strength of the local ISRF
by computing a nearest neighbor search around each dust
particle to get both the location of nearby stars, as well as the
dust column density between that star and the dust particle of
interest. We compute a mass-to-light ratio for these stars with
FSPS (Conroy & Wechsler 2009; Conroy et al. 2009), and
assume a Weingartner & Draine (2001) extinction law between

12 There is clearly some freedom in computing these shattering rates; in
particular, the choice of a threshold velocity where collisional processes
transition from coagulation to shattering. While a full exploration of the impact
of the threshold velocities on the PAH population is outside the scope of what
is computationally feasible here, we note that a similar implementation of dust
collisional processes in the SIMBA simulation by Li et al. (2021) of Milky Way
(MW)-like galaxies in a cosmological simulation results in grain-size
distributions comparable to a Mathis et al. (1977) “MRN” size distribution,
and extinction laws comparable to the Cardelli et al. (1989) Galactic
constraints. We have therefore adopted the same threshold velocity here,
without any tuning.

13 We note that the more recent models by Hensley & Draine (2023) and
references therein have advanced a picture of “astrodust+PAHs,” where large
grains are aggregated in their properties into astrodust, while nanoparticle
aromatic carbonaceous grains are considered PAHs. From the standpoint of the
interface between our model and the Draine et al. (2021) model, the treatment
of the larger grains is less important than the PAHs themselves. Once ultrasmall
carbonaceous grains are aromatized in our model, we consider them PAHs, and
they adopt the properties of the PAHs in the Draine et al. (2021) and Hensley &
Draine (2023) models.
14 While the removal of aliphatic side-groups from aromatic rings may also
serve as a mechanism for aromatizing carbonaceous grains, we assume that this
process is dominated by dehydrogenization. Future work will explore more
detailed models for grain aromatization processes.
15 GISRF is related to U in Equation (1). We choose to employ two different
variables here, however, in order to maintain consistency with other literature
works.
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the star particle and the dust grain. The incident radiation fields
are then summed to compute the local FUV flux. We note that
this extinction correction is not fully consistent with the grain-
size distribution and composition, though is necessary for
computational feasibility.

We assume that aromatic grains (i.e., those that we consider
to produce the mid-IR PAH features) aliphatize via the
accretion of free elements. Using two-phase simulations,
Murga et al. (2019) and Hirashita & Murga (2020) find a
fitting function for the aliphatization rate in terms of the grain-
size distribution:

t
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Hirashita & Murga (2020) compute this fitting formula for
dense gas, which is defined as n> 300 cm−3. We therefore
implement a threshold density of n= 300 cm−3 below which
aromatic grains cannot aliphatize. This serves as a limiter for
the conversion of aromatics to aliphates in diffuse gas in our
model.

2.4. Modeling the ISRF

With these pieces in hand, we now have a model for the
evolution of grain-size distributions, and in particular, for the
aromatic carbonaceous component of the dusty ISM, in place.
The next stage is to compute the emission properties of these
aromatic hydrocarbons. PAHs are excited by UV and optical
photons, and emit via vibrational transitions as they cool.
Because of this, the shape of the ISRF matters significantly. In
order to model the ISRF, we employ the publicly available
POWDERDAY dust radiative transfer package16 (Narayanan
et al. 2021), which employs YT, FSPS, and HYPERION for grid
generation, stellar population synthesis calculations, and Monte
Carlo radiative transfer, respectively (Conroy et al. 2009;
Robitaille 2011; Turk et al. 2011). We refer the reader to the
code paper (Narayanan et al. 2021), as well as the documenta-
tion site17 for details, and here describe the major attributes of
POWDERDAY that impact our calculations, as well as updates
since the Narayanan et al. (2021) code paper that we have
implemented in order to enable this work.

We begin by computing the intrinsic stellar spectrum of all
of the stars in individual snapshots of our hydrodynamic
simulations based on their ages, and their metallicities as
computed by the galaxy evolution model. The stellar spectra of
these stars are computed using FSPS (Conroy et al. 2009, 2010;
Conroy & Gunn 2010). We assume MIST stellar isochrones
(Choi et al. 2016), and a Kroupa (2002) stellar initial mass
function. This light is emitted in an isotropic manner in a
Monte Carlo fashion through the ISM of the galaxy. As we will
describe in Section 2.5 (though in principle these methods are
generally applicable to a range of types of galaxy simulations),
we conduct our hydrodynamic simulations with the AREPO
code on a Voronoi mesh. The radiation therefore propagates
through this Voronoi mesh, and encounters the dust content
and size distribution as computed in Section 2.3.

Informed by the grain-size distribution in every cell, we
compute the local extinction law on a cell-by-cell basis
following the methods outlined in Li et al. (2021). In detail,

the optical depth at a wavelength λ can be computed in terms
of an extinction efficiency:

òt l p l=a da a Q a n r a da ds, , , , 15d
LOS

2
ext( ) ( ) ( ) ( )

where Qext is the extinction efficiency and n r a,d ( ) is the
number density of grains with sizes [a, a+ da] (we do not
assume any subresolution clumping: the density is the number
of grains divided by the cell volume). We assume the
efficiencies Qext as computed by Draine & Lee (1984) and
Laor & Draine (1993) for silicates and carbonaceous grains,
respectively, though in future versions of this code we will
implement the newly developed “astrodust” size-dependent
extinction properties of dust grains (Hensley & Draine 2023).
The wavelength-dependent extinction is:
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Having computed the local extinction law in every cell in the
model galaxy, we proceed with the Monte Carlo dust radiative
transfer. The direction and frequency of photons are randomly
drawn, and the photons are propagated until they either escape
the grid, or reach a randomly drawn optical depth drawn from
an exponential distribution. Formally, t = -ln  where ò= [0,
1). Photons can be either scattered or absorbed at this point,
depending on the dust albedo. This procedure is iterated upon
until the equilibrium dust temperature has converged. Upon
convergence, we have the mean ISRF in every cell in the
galaxy at wavelengths longer than λ> 912Å.
The Draine et al. (2021) model emission spectra for PAHs

are precomputed per dust grain size for 14 different incident
radiation fields and 15 logU intensities. Because the radiation
fields in any individual cell are not likely to be well described
by any of the 14 individual precomputed stellar SEDs
employed in the Draine et al. (2021) model, we employ a
nonnegative least squares decomposition. This is akin to
treating the Draine et al. (2021) input SEDs as basis functions,
and determining the coefficients in front of these basis
functions that allow for a linear combination into a cell’s
individual radiation field.
At this point, for every cell we know how the local ISRF can

be decomposed into the Draine et al. (2021) basis SEDs, as
well as the individual grain-size distribution. The final step in
this model is to compute the ionization state of the PAHs in
every cell. We follow Draine et al. (2021) and Hensley &
Draine (2023), and utilize the analytic relationship between
grain size and ionization fraction:

= -
+

f a
a

1
1

1 10
. 17ion ( )

Å
( )

In reality the grain ionization state will depend on local
conditions, such as the density and incident radiation field. We
discuss the model prospects for implementing a more
sophisticated model for grain ionization in Section 6.
The PAH emission spectrum in each individual cell can now

be computed as a summation of the PAH emission spectra per
grain size, at a given log U( ), ionization state, and fractional
contribution per basis SED incident radiation field. These PAH
emission spectra are then added as source terms, and the dust

16 github.com/dnarayanan/powderday
17 powderday.readthedocs.org
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radiative transfer is iterated upon again, this time including the
PAHs. The purpose of this second iteration is to capture any
potential attenuation of PAHs in extremely dense environ-
ments. Indeed at least some simulations have suggested
extreme optical depths in dusty galaxies such as model
submillimeter galaxies (Lovell et al. 2022).

Finally, the aggregate SEDs from model galaxies are
computed via ray tracing. Here, the source function Sν is
computed at each position in the grid, and then we integrate the
equation of radiative transfer along each line of sight at
multiple viewing angles surrounding the model galaxy.

2.5. Galaxy Evolution Simulations

We have implemented the aforementioned model into the
AREPO hydrodynamic code base (Springel 2010; Weinberger
et al. 2020), with the SMUGGLE galaxy formation physics suite
enabled (Marinacci et al. 2019). Here, we describe the relevant
details, though note that in principle the methods for the
emission properties of PAHs described thus far are agnostic to
the actual galaxy formation code and implemented physics.

Primordial cooling occurs via two-body collisional pro-
cesses, recombination, and free–free emission (Katz et al.
1996), as well as Compton cooling off of cosmic microwave
background (CMB) photons. Metal-enriched gas undergoes
metal line cooling, whose rates are computed as a function of
temperature and density based on CLOUDY photoionization
calculations (Ferland et al. 2013), as described in Vogelsberger
et al. (2013). Low-temperature cooling (T ∼ 10–104 K) can
occur via metal line, fine-structure, and molecular cooling
processes via a fit to the Hopkins et al. (2018) CLOUDY cooling
tables as presented in Marinacci et al. (2019). Here, gas at
densities n> 10−3 cm−3 can self-shield, following the Rahmati
et al. (2013) parameterization. The self-shielding processes are
redshift dependent; because the simulations presented here are
idealized disk galaxies, we adopt the z= 0 scalings from Table
A1 of Rahmati et al. (2013). At the same time, gas can be
heated both by cosmic rays, as well as photoelectric processes.
Cosmic-ray heating follows the density-dependent prescription
of Guo & White (2008), while photoelectric heating follows the
density-, metallicity-, and temperature-dependent rates derived
by Wolfire et al. (2003). Details for the implementation of both
heating rates are given in Equations (3)–(6) of Marinacci et al.
(2019).

Star formation occurs in gravitationally bound gas (Hopkins
et al. 2013) above a specific density threshold. We set this
threshold for our simulations to nthresh= 1000 cm−3. Star
formation in this gas occurs probabilistically (Springel &
Hernquist 2003) following a volumetric Kennicutt (1998)
relation such that:

 =*M
M

t
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where ò is the star formation efficiency, *M is the SFR, Mgas is
the gas mass, and tff is the gas free-fall time:
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We set the star formation efficiency factor to ò= 1; Hopkins
et al. (2018) demonstrate that the effective star formation
efficiency for explicit feedback models such as this are
relatively insensitive to this choice (see the review by

Vogelsberger et al. 2020). We limit star formation to occur
exclusively in molecular gas and compute the molecular gas
fraction via the Krumholz et al. (2008, 2009a, 2009b)
prescription linking the H2 fraction to the local gas surface
density and metallicity.
Once formed, stars return energy to the ISM. The fraction of

Type I and II SNe are computed from each star particle by
assuming a Chabrier (2001) stellar initial mass function, though
the former also includes a delay time distribution in deriving
the number of Type Ia SN events (Vogelsberger et al. 2013).
The details for the mass-loss rates, and energy and momentum
coupling to the ISM are detailed in Marinacci et al. (2019).
Similarly, young stars impart feedback into the nearby ISM via
radiation. Here, feedback is included from young star
photoionization, radiation pressure, and OB and AGB stellar
winds. Taken together, these feedback mechanisms act to both
regulate the SFRs in our model galaxies, as well as impact the
ISM densities, temperatures, and velocity dispersions that can
determine critical dust processes such as growth rates and grain
velocities.

3. Evolution of Galaxy and Dust Physical Properties

3.1. Galaxy Model Overview

In this paper, we examine the physical and emission
properties of PAHs from three idealized galaxy evolution
simulations. These simulations, while initialized to resemble
broadly the properties of different galaxy types observed in the
local universe, are not by any means intended to serve as
specific analogs to any individual galaxy. Instead, our goal is to
simulate a diverse range of physical conditions in order to build
a physical foundation for what drives variations in the dust
grain properties in galaxies, and how that impacts their PAH
masses and luminosities. Future work will include bona fide
cosmological simulations with realistic evolutionary histories,
and detailed comparisons to large samples of galaxies in the
JWST era.

3.2. Initial Conditions and Galaxy Models

We set up equilibrium initial conditions for three idealized
galaxy models (described shortly) following the technique first
described by Springel et al. (2005). Galaxies are initialized with
gaseous and stellar disks, an old star bulge, and embedded in a
live dark matter halo with a Hernquist (1990) density profile.
The disk components are exponential radially, though the
stellar disk follows a sech2 vertical profile. The halo
concentration and virial radius for a halo of a given mass are
motivated by N-body cosmological models following Bullock
et al. (2001) and Robertson et al. (2006). We follow Hopkins
et al. (2011), and initialize three model galaxies: an MW
analog, a dwarf galaxy, and a starburst disk (Sbc). These vary
not only in mass, but initial stellar and gas fractions. We
summarize the initial condition parameters in Table 1.

3.3. Galaxy Physical Property Evolution

We first orient the reader to the evolution of the galaxy
physical properties by showing their gaseous morphologies at
various evolutionary points between t= [0, 4] Gyr (Figure 1),
as well as the evolution of four key physical properties in
Figure 2. In particular, we present (clockwise from the top left)
the SFR, specific SFR (sSFR≡ SFR/M*), dust mass, and mass

7

The Astrophysical Journal, 951:100 (17pp), 2023 July 10 Narayanan et al.



ratio of small grains to large grains. We discuss these panels
in turn.

The galaxy SFRs are bursty, though oscillate around
relatively steady values. This is an effect of the feedback
model, which results in relatively self-regulated star formation
histories that proceed in a quasi-equilibrium state (Marinacci
et al. 2019), and has been extensively documented in other
explicit feedback models such as FIRE (Hopkins et al.
2011, 2018; Gurvich et al. 2023).

In the top right panel of Figure 2, we show the galaxy
specific SFR (sSFR ≡ SFR/M*) for our three idealized galaxy
models. While the total SFRs for the Sbc and MW are
significantly greater than the dwarf galaxy model, we now see
that the sSFRs for the Sbc and dwarf are a factor ∼50 greater
than the MW model. This is due to our choice of parameters in
the initial conditions (Table 1): specifically, both the dwarf and
Sbc models are initialized with a significantly higher gas
fraction than the MW, and at least as high of a halo
concentration. This results in high gas densities, and subse-
quently increased SFRs per unit stellar mass in these lower-
mass systems. As we will discuss throughout the remainder of
this paper, this will have an impact on the grain-size
distributions and PAH properties in these galaxies.

For each model galaxy, the dust masses grow rapidly early
on, and eventually stabilize (bottom left of Figure 2). The
growth of dust masses owes first to formation in evolved stars,
but is then dominated by growth via metal accretion (Li et al.
2019; Whitaker et al. 2021). At the same time, this is balanced
by the destruction of dust via thermal sputtering. Because the
implemented feedback models regulate star formation in a
quasi-equilibrium state, the growth rates remain relatively
constant owing to steady metal injection into the ISM.
Similarly, the rates of dust destruction also remain relatively
constant owing to a lack of rapid variations in the galaxy
physical properties (Marinacci et al. 2019). It is important to
note that while this is the case for idealized galaxies in a self-
regulated model, this sort of quasi-equilibrium evolution in
physical properties may not necessarily apply to galaxies
evolving in a cosmological context.

Finally, in the bottom right of Figure 2, we show the
evolution of the ratio of small grains to large grains for each of
our models. This ratio is defined here as the ratio of the mass of
grains smaller than 13Å (the size for a PAH dust grain with
<1000 carbon atoms) to the mass of grains greater than 13Å,
though the trends are robust against reasonable changes to this
fiducial value. The size evolution of dust grains is primarily
dictated in our model by the ratio of shattering to coagulation.
Shattering processes result in large grains transitioning to
smaller grains. Models Sbc and dwarf have relatively large
sSFRs compared to model MW, and hence inject more energy
per unit mass into the ISM than model MW. The increased
velocity in the ISM drives up the shattering rates
(Equation (12)), and increases the small-to-large ratio. It is

these small dust grains that have the potential to emit in the
mid-IR, and will be of interest in the remainder of this paper.

4. Demonstration of Methods: PAH Spectra and Images

Prior to studying our main results—the origin of PAH
masses and luminosities in galaxies—we first demonstrate the
capabilities of this new model by presenting a model galaxy
SED and integrated PAH surface brightness image in Figure 3.
In the top panel of Figure 3, we show the SED at an arbitrary
time stamp for model MW, decomposed into the following: the
full observed SED, the SED without including our model for
PAH emission, and the contribution of ionized and neutral
PAHs to the mid-IR spectrum.
In the bottom panel of Figure 3, we show the PAH surface

brightness, integrated over all bands from [3.3–20] μm for the
same galaxy. The variation of PAH surface brightnesses across
the galaxy owes to varying radiation field strengths, hardnesses,
and dust grain-size distributions. While a detailed analysis of
the drivers of resolved PAH brightness variations within an
individual galaxy model are outside the scope of this work, we
study the impact of these processes on the global LPAH from
our models in Section 5.2.

5. PAH Masses and Luminosities in Galaxies

5.1. PAH Masses and qPAH Fractions

We begin our analysis by studying the buildup of PAH mass
in our idealized model galaxy evolution simulations. We focus
in particular on the fraction of dust mass that is in the form of
PAHs. This is traditionally defined in the literature as:

ºq
M

M
, 20PAH

PAH

dust
( )

and is usually defined for PAHs containing <103 carbon atoms
(Draine et al. 2007). Hensley & Draine (2023) relate the
number of carbon atoms to the PAH size via:
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which we adopt here. In the top panel of Figure 4, we show
histograms of qPAH for our three model galaxies: MW, dwarf
and Sbc. There is generally a trend in which the dwarf has the
lowest qPAH values (∼1%–2%), followed by the MW (∼1%–

10%), with the Sbc starburst model displaying an extremely
broad range, including relatively large values as compared to
local galaxies (up to ∼15%). For reference, observed
constraints of qPAH for the SMC and LMC are in the ∼1%–

2% range (Chastenet et al. 2019), while local disk galaxies
from the SINGS survey typically exhibit PAH mass fractions
∼1%–5% (Draine et al. 2007). In what follows, we dissect the
PAH mass fractions seen in our model galaxies.

Table 1
Model Simulations Used in this Paper

Name Galaxy Type Mhalo chalo Mdisk Mgas MBulge mgas

Me Me Me Me Me

MW MW analog 1.5 × 1012 12 4.7 × 1010 9 × 109 1.5 × 1010 3220
Sbc Gas-rich starburst 1.5 × 1011 11 4 × 109 5 × 109 109 1.8 × 104

Dwarf Low-metallicity dwarf 2 × 1010 15 1.3 × 108 7.5 × 108 107 2500
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In short, the PAH fraction in our models is dictated by two
physical effects: the dust grain-size distribution (and in
particular, having significant mass in the lowest size bins),
and the aromatization of carbonaceous grains. We discuss these
processes in turn, and highlight key differences between the
idealized galaxy models presented here.

We first begin with an examination of the relevant dust
processes in driving PAH masses with a controlled numerical
experiment. In Figure 5, we show the time evolution of the dust
masses, PAH masses, and ratio of the two (qPAH) for our
fiducial dwarf model,18 as well as four model variants: runs
with shattering turned off, sputtering turned off, coagulation

turned off, and growth turned off. The buildup of total dust
masses is dominated by dust growth. Turning off either dust
growth or shattering severely suppresses the total dust mass in
the model galaxies (the latter process is due to the need for
shattering to create small grains, and the dust growth
timescales’ linear dependence on grain sizes; see
Equation (9)). At the same time, the total PAH masses are
dominated almost entirely by grain–grain shattering processes.
In principle, PAHs can form in our model from either the
growth (via metal accretion) of the smallest grains as they are
injected into the ISM from evolved stars, or from the shattering
of larger grains. In our model, shattering is by far the most
efficient means for transferring dust mass from larger sizes to
small grains. As a result, the model qPAH values are relatively
insensitive to the underlying dust physics aside from two key

Figure 1. Gas surface density evolution for three galaxy models presented in this work: MW, Sbc, and dwarf (from top to bottom, respectively). All image panels are
the same scale so that the relative differences in the galaxy sizes are evident. The columns (left to right) are at 1, 2.5, and 4.5 Gyr, respectively. Models MW and dwarf
are designed to serve as analogs to the MW, and a low-metallicity dwarf galaxy, while model Sbc is designed to experience relatively high gas surface densities, and
hence large feedback events. The models here intentionally span a diverse range of physical conditions.

18 We chose this model to explore physical variants of the dust model as the
run time is the shortest.
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processes: dust growth in order to set the total dust masses in
galaxies, and grain–grain shattering in order to create ultrasmall
grains in the ISM.

We are now in a position to understand the model
qPAH distributions in the top panel of Figure 4. Recalling the
galaxy physical properties presented in Figure 2, our model
starburst galaxy (Sbc) has the highest SFR per unit galaxy
mass, followed by the dwarf model, with the MW analog
exhibiting the lowest sSFR. The ISM velocity dispersions, and
hence dust shattering rates, correlate with these sSFRs. In the
bottom left panel of Figure 4, we show the shattering timescale
(which is inversely related to the shattering rate) of the three
model galaxies. The model Sbc has the shortest shattering
timescales, followed by the dwarf, with the MW having the
longest timescales. This has a direct impact on the modeled
grain-size distributions. In the bottom-middle panel of Figure 4,
we show the cumulative dust grain-size distribution at a fixed
time (∼5 Gyr; normalized by the total dust mass) for each of
our models, and demarcate the region that would be considered
PAHs. Following the shattering rates, the Sbc model has the
largest fraction of its dust grains in the smallest size bins,
followed by the dwarf model, followed by the MW.

Taken at face value, this seems at odds with the findings in
the top panel of Figure 4, which shows a larger average
qPAH for the MW model than the dwarf. The key lies in the
aromatization of these smallest grains. In the bottom right panel
of Figure 4, we show the cumulative aromatic fraction for the

three model galaxies in the same size bins. Here, the total SFR
is the relevant quantity: the aromatization rate is directly
dependent on the incident FUV flux, which increases with the
local SFR density for a given dust particle. This drives a larger
fraction of the smallest grains for the MW model to convert to
PAHs than the dwarf model, resulting in higher qPAH fractional
PAH ratios. It is worth noting, however, that additional
destruction mechanisms that are not implemented (such as
photodestruction) may temper these trends: we discuss this
further in Section 6.

5.2. Drivers of PAH Luminosities

We now turn to the luminosities of PAHs in our simulated
galaxies. In Figure 6, we present the time evolution of the
bolometric (λ= [3.3, 20] μm) PAH luminosities for each of our
model galaxies. We show these both normalized by the total
dust mass (top of Figure 6), as well as by the total far-IR (FIR)
luminosity in order to compare to observations (bottom of
Figure 6).
Fundamentally, the PAH spectrum from a galaxy depends on

(i) the total number of PAH dust grains, (ii) the size distribution
of those PAH grains, (iii) the hardness of the radiation field,
and (iv) the intensity of the radiation field. Variations in
LPAH/MPAH between models in Figure 6 are therefore ascribed
to either the grain-size distribution or properties of the ISRF. In
order to disentangle these effects, we run a series of controlled

Figure 2. Evolution of the physical properties for the three galaxy models presented in this work: MW, Sbc, and dwarf. Clockwise from top left, we show the SFR
evolution, sSFR, ratio of small grains (a < 13 Å) to large dust grains (a > 13 Å), and dust mass, respectively. The physical origin for these trends is discussed in
Section 3.3.
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numerical experiments in which we compute the PAH
luminosity with POWDERDAY by (a) assuming a constant
(Mathis et al. 1983; mMMP) solar-neighborhood-like ISRF
shape with the same total bolometric luminosity (as modified
and distributed by Draine et al. 2021) though allowing the grain
sizes to vary spatially as computed in the hydrodynamic galaxy
evolution simulation, and by (b) assuming a constant (Mathis
et al. 1977; MRN)MW-like grain-size distribution everywhere,
but allowing the ISRF to vary as computed by the stellar
population synthesis and dust radiative transfer in POWDER-
DAY. We present the results from these experiments in
Figure 7.

When comparing the PAH luminosities from our fiducial
model to one in which we assume a constant mMMP solar-
neighborhood-like spectral shape (Figure 7), we see that the
PAH luminosities are larger by factors 2–3 in the steady state in
our fiducial model for all models. At the same time, when
fixing the grain-size distribution the model MW and Sbc
luminosities are relatively unchanged from the fiducial runs,
while the model dwarf continues to vary dramatically. This
may be interpreted, therefore, as the PAH luminosities of the

Sbc and MW models being driven primarily by their radiation
fields, while the dwarf model ascribes comparable importance
to the grain-size distribution and number of UV photons. In
detail, this owes to a harder radiation field in models MW and
Sbc than the fiducial mMMP radiation field.
Finally, it is worth highlighting the correspondence between

the LPAH/ LFIR ratios with the observed range in the local
universe (Smith et al. 2007), as demonstrated in the bottom
panel of Figure 6. The fraction of total IR luminosity that
emerges in the PAH bands is a function of both the fraction of
total dust mass that is in the form of PAHs (Section 5.1), as
well as the total amount of stellar light that is reprocessed by
dust into the IR. The strong correspondence between our
models and observations therefore is a result both of the
modeled qPAH fractions being comparable to those observed in
the local universe, as well as reasonable star/dust geometries in
our modeled disk galaxies.

5.3. Variations in Individual Feature Strengths

The mid-IR PAH spectrum is composed of a series of
individual features between ∼3.3 and 17 μm. The strengths of
these features vary with ISRF shape, grain-size distribution,
and ionization state (Draine et al. 2021). While fitting
individual feature strengths is outside the scope of this work,
we briefly present an empirical demonstration of the variation
of individual features in our three model galaxies.
In Figure 8, we show the mid-IR SED for each model galaxy

(normalized at 8 μm) for each of our galaxies at three
individual time stamps. In general, we see significant relative
variations in the individual features in our model Sbc and dwarf
galaxies, while the model MW tends to maintain a more
constant mid-IR SED during its evolution. Referring to
Figure 2, this can be understood from the evolution of the
physical properties of the galaxies themselves. Model MW
maintains a fairly constant star formation history, and
consequently a fairly constant grain-size distribution due to
the self-regulation of star formation and ISM properties as
driven by the SMUGGLE feedback model (Marinacci et al.
2019). At the same time, the feedback strength (normalized by
the galaxy mass) for the models Sbc and dwarf are significantly
stronger, and drive large variations in the star formation history
(and hence ISRF), as well as the grain-size distribution.19 The
main takeaway is that the evolution of feature strengths (and
their relative ratios) clearly depends on the evolution of the
ISM physical properties within galaxies, and is unlikely to be
captured (in, e.g., SED -fitting codes) from a set of fixed PAH
spectral templates.

6. Discussion

6.1. Relationship to Other Models

In developing a model for PAH emission from hydrody-
namic galaxy evolution simulations, we have combined
theoretical calculations of the emission features of stochasti-
cally heated dust grains (Draine et al. 2021) with a model for
the evolution of dust grains with a range of sizes in galaxy
simulations (Li et al. 2021; Q. Li et al. 2023, in preparation).
This is, to our knowledge, the first such model, and it is

Figure 3. Demonstration of methodology: PAH SED and surface brightness
image of model MW. Top: UV to millimeter SED. We show the full radiative
transfer output in red (i.e., what would be observed), as well as the model
without PAHs (green), and the individual contribution of ionized PAHs
(orange) and neutral PAHs (blue). Bottom: PAH surface brightness image
(integrated over all bands from 3.3 to 20 μm) of the same model, in face-
on view.

19 As a reminder, in our model the ionization fraction is tied to the dust grain-
size distribution, and hence the two couple together to drive the variations in
the feature strengths

11

The Astrophysical Journal, 951:100 (17pp), 2023 July 10 Narayanan et al.



instructive to place our model into context by discussing both
the range of types of galaxy models that include dust, as well as
PAH emission models.
The most common types of galaxy simulations include dust

as a single-species, single-size passive scalar that is physically
tied to the gas in the galaxies. This has been performed in
hydrodynamic galaxy evolution simulations (e.g., Asano et al.
2013; McKinnon et al. 2016, 2017; Aoyama et al. 2017, 2018;
Davé et al. 2019; Hou et al. 2019; Hu et al. 2019; Li et al. 2019;
Vogelsberger et al. 2019; Graziani et al. 2020; Esmerian &
Gnedin 2022), as well as semianalytic models that evolve the
physical properties of galaxies in a cosmological context
analytically (Popping et al. 2017; Vijayan et al. 2019; Triani
et al. 2020, 2021). Choban et al. (2022) increased the
sophistication of these single-size models by including
species-dependent physical processes.
Modeling a full-size spectrum of dust grains in galaxy

evolution simulations adds significant computational cost
compared to single-size models. At the same time, under-
standing galaxy grain-size distributions, extinction laws, and
ultimately PAH abundances and emission, requires an under-
standing of grain-size distribution variations with galaxy

Figure 4. Distribution of qPAH PAH mass fractions for the model galaxies, and their relation to grain physics. The model dwarf galaxy has relatively low PAH mass
fractions (∼1%–2%), while the MW model peaks at ∼5%–10%. Both of these are in reasonable agreement with the observational constraints from the Magellanic
Clouds (Chastenet et al. 2019), as well as nearby disk galaxies (Draine et al. 2007). The bottom panels show (from left to right) the shattering timescale for each galaxy
(which is inversely proportional to the shattering rate), the cumulative grain-size distribution at a fixed time (normalized by the total dust mass), and the aromatic grain
fraction at a fixed time. The combination of small grain fractions (which are driven by the shattering rates) with the aromatic fractions set the individual qPAH PAH
mass fractions in our models. The relevant discussion for this figure is in Section 5.1.

Figure 5. Sensitivity of dust and PAH masses to the underlying dust physical
processes. We conduct numerical experiments with our model dwarf galaxy by
turning off various aspects of the dust model. We find that grain–grain
shattering is the most important element in creating PAHs (as this is the most
efficient means of creating ultrasmall grains), while dust growth via metal
accretion in the ISM is the most important process for setting the overall dust
masses. The relevant discussion for this figure is in Section 5.1.
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physical properties. Hirashita (2015) developed a two-size
approximation for a means of modeling grain-size evolution,
while keeping computational costs reasonable. This two-size
model, or extensions that include a full-size distribution, has
been implemented by a number of groups either on the fly in

galaxy evolution evolution simulations, or applied in post-
processing (Aoyama et al. 2018, 2020; Gjergo et al. 2018;
McKinnon et al. 2018; Hou et al. 2019; Huang et al. 2021; Li
et al. 2021; Romano et al. 2022).
Seok et al. (2014), Hirashita & Murga (2020), Hirashita et al.

(2020), and Hirashita (2023) expanded on the aforementioned
works, and developed a formulation for modeling silicates,
aliphatics, and aromatic carbon species in models with multiple
grain-size distributions. These authors assumed that the
smallest aromatic grains were PAHs, and studied the
qPAH–Zgas relationship in one-zone galaxy models, as well as
the time evolution of PAH abundances. Rau et al. (2019) built
these methods into a postprocessed model of an idealized
isolated disk galaxy (akin to those we study here) in order to
model the evolution of PAH abundances. Rau et al. (2019) find
that the PAH abundances are driven primarily by shattering and
dust growth in galaxies. In contrast, Hirashita (2023) utilize
one-zone models to hypothesize that PAHs do not undergo
significant interstellar processing (i.e., shattering and coagula-
tion), and find in this scenario a favorable match between their
models and observed PAH abundances, the dust-extinction
law, and FIR SED. Note in the Hirashita (2023) model, PAHs
can be formed via normal channels (i.e., growth and grain–
grain shattering) though once formed, do not undergo
interstellar processing. Our model finds shattering as the
dominant physical process in driving PAH abundances, with
coagulation and growth of the smallest dust grains formed in
stellar ejecta as negligible. In this sense, our interpretation of
the origin of PAH abundances is different from that of the
Hirashita (2023) one-zone model, though we are not yet in a
position to compare against a diverse range of observational
constraints such as the observed extinction law or 2175Å
bump strength.
Importantly, the aforementioned papers modeling aromatic

carbon species employ similar dust physics as the model that
we present here. Specifically, the dust-formation rates derive
from Dwek (1998), the growth equations from Hirashita & Kuo
(2011), and the transfer of mass between size bins in collisions
following Hirashita & Yan (2009). Major differences between
the models are instead confined to the actual star formation
history, metal enrichment (and stellar yields), and gas flows
surrounding galaxies. Differences in the results between our
model and those of Seok et al. (2014), Hirashita & Murga
(2020), Hirashita et al. (2020), and Hirashita (2023) can
therefore be ascribed to the galaxy formation model itself. This
underscores the potential importance of bona fide cosmological
simulations with PAH physics included. This is a direction we
anticipate pursuing in the future.

6.2. Open Issues and Caveats

Our multiscale model for computing the PAH emission
spectrum in hydrodynamic simulations involves tying together
models for dust, radiative transfer, and galaxy simulations over
a large dynamic range of scales, each of which has their own
inherent assumptions. As a result, our model has, baked into it,
a number of open issues and caveats that we discuss in
turn here.
First, there is a series of open issues related to the interface

between the Draine et al. (2021) model, and our galaxy
evolution/radiative transfer simulations. For example, the
Draine et al. (2021) model derives the emergent PAH spectrum
for a given grain-size distribution and ionization state in terms

Figure 6. Evolution of PAH luminosity (integrated over all bands) for each
galaxy model, normalized by their total PAH masses (top) as well as their total
FIR luminosity (bottom). The purple shaded region in the bottom panel shows
the range of observed LPAH–LFIR ratios in the local universe (Smith et al. 2007).
The PAH luminosities are a consequence of varying interstellar UV
luminosities and grain-size distributions. Of note, the models presented here
naturally fall into the observed range of LPAH–LFIR ratios, which is a
consequence of qPAH fractions ∼1%–10%, as well as galaxy–star–dust
geometries comparable to those in the local universe.

Figure 7. Numerical experiments investigating the role of the ISRF and dust
grain-size distribution in setting the PAH luminosity in our model galaxies.
Top: ratio of LPAH evolution from our fiducial model to one in which we
assume a constant Mathis et al. (1983) solar-neighborhood-like radiation field
spectral shape. Bottom: ratio of LPAH evolution from our fiducial model to one
in which we assume a constant Mathis et al. (1977) MRN-like dust size
distribution everywhere in each galaxy. In both plots the solid gray line shows
a ratio of unity. The model MW and Sbc vary the most strongly from the
fiducial run when the radiation field is held fixed, as opposed to when the grain-
size distribution is held fixed. This can be interpreted as the hardness of the
ISRF impacting the PAH luminosities in these models more than the dust
grain-size distribution. For the model dwarf galaxy, both the size distribution
and ISRF shape are of comparable importance. Future cosmological models
will be able to address the origin of LPAH in galaxies in a robust manner.
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of the incident starlight intensity, described by the dimension-
less intensity parameter in Equation (1). As demonstrated by
Draine et al. (2021), the emergent PAH spectrum between
λ= [3–20] μm does not vary strongly so long as U 103. In
our model, we do not find many situations where U? 103.
This said, this is potentially a resolution-dependent phenom-
enon: it may be that by being unable to resolve regions in the
immediate vicinity of massive stars, we are missing regions
with very large intensity parameters. It is unlikely that galaxy-
wide (idealized or cosmological) simulations will be able to
achieve this level of resolution in the near future, though this is
an area where individual ISM patch simulations may perform
well (e.g., Walch et al. 2015; Kim et al. 2020).

Similarly, the Draine et al. (2021) model assumes a carbon-
to-hydrogen (C:H) ratio that evolves with grain size, as is
assumed in Draine & Li (2007). Because our galaxy
simulations model the chemical composition of dust grains
on the fly, this represents an inconsistency between the
underlying Draine et al. (2021) dust model and our galaxy
simulations.

Second, we turn our attention to the galaxy evolution
simulations themselves (independent of the Draine et al. 2021
model). Here, there are four major open issues related to the
interface between dust grains and the radiation field: (i) our
computation of the far-UV ISRF strength when determining
aromitization rates is performed on the fly during the galaxy
evolution simulations by assuming a Mathis et al. (1983)
radiation field spectral shape, and a Weingartner & Draine
(2001) dust-extinction law between nearby stars and the dust
particle of interest. Neither of these are consistent with the true
spectral shape,20 or dust-extinction law; (ii) we do not include
the radiative destruction of dust grains; (iii) the dust grains do
not (currently) impact the models for radiative feedback in the
SMUGGLE simulations (Marinacci et al. 2019); and (iv) our
computation of the ionization state of PAHs is parameterized
by a relatively simple equation tying the ionization fraction to
the grain-size distribution (Equation (17)). This latter issue can
significantly impact our modeled feature strength ratios as for a
given grain-size distribution and ISRF, ionized and neutral
PAHs have different mid-IR spectra (e.g., Figure 3).

All of these issues are solvable via the same technique: by
connecting our model with a radiation hydrodynamics solver,
we can explicitly compute the impact of the radiation field on
the dust properties (e.g., McKinnon et al. 2021). While this is
outside the scope of the current modeling effort, future models
will merge our dust model with the radiation hydrodynamics
branches of the SMUGGLE galaxy formation model (e.g.,
Kannan et al. 2020). We note, however, that the computation of
the PAH heating rate will still require postprocessing as
simulating a sufficiently high spectral resolution in radiation
hydrodynamics is currently computationally intractable.
Finally, a major uncertainty in our model lies in the

conversion of aromatic carbonaceous grains to aliphatic ones
(and vice versa). The aliphatization rates that we employ are a
subresolution model that derive from calculations by Hirashita
& Murga (2020). In developing this, Hirashita & Murga (2020)
assume that aliphatization only occurs in dense gas (defined as
n> 300 cm−3), which we adopt without any tuning here. This
said, this choice impacts our results: decreasing, or removing
this threshold will increase the aliphatization rates and decrease
the mass fraction of dust in the form of PAHs (qPAH). Similarly,
increasing this threshold will have the opposite effect. To
demonstrate this, in the Appendix, we show a series of MW
models in which we show the evolution ofMPAH as we vary the
aliphatization density threshold. As long as we impose some
density threshold for aliphatization, there is an inherent
uncertainty of a factor ∼2 in the modeled PAH masses, given
this formulation for aliphatization of aromatic dust grains. This
said, if we remove the barriers for aliphatization completely,
then the bulk of our PAH mass disappears as aromatic graphitic
grains all aliphatize. Within the context of our presented
framework, some barrier is required to prevent the aliphatiza-
tion of PAHs.
Ultimately, it is unclear if this is even a dominant part of the

PAH lifecycle, and whether carbonaceous grains can convert
back and forth. If aliphatic and aromatic dust grains can convert
back and forth, the mechanisms may differ from those currently
implemented in our framework. For example, it is uncertain if
aliphatization can even occurs in dense gas (e.g., Li &
Greenberg 2002). While we have not tuned our model based on
this aliphatization rate, alternative implementations of aroma-
tization and aliphatization would almost certainly impact our
methodology and modeled results. Beyond this, our model
assumes that dehydrogenization dominates the aromatization
process; the lack of other avenues for aromatization in our

Figure 8. Feature strength variations at three arbitrary times spanning 2 Gyr for each of our model galaxies. The individual colors in each panel denote different
evolutionary times, and the spectra are normalized at 8 μm. Feature strength variations are common and expected as galaxies evolve.

20 We remind the reader, however, that the spectral shape for the UV heating
of PAH grains is calculated explicitly via 3D dust radiative transfer, in
postprocessing. This radiative transfer takes the spatially resolved extinction
law as determined by the local grain properties into account.
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model constitutes a major uncertainty. As the physics
associated with the conversion between aliphatics and
aromatics becomes more clear in the coming years (both from
a theoretical sense, as well as from potential forthcoming JWST
observations), we will test new potential implementations for
this conversion between graphitic dust grains in our
framework.

7. Summary and Outlook

We have developed a new framework for modeling the mid-
IR emission from PAHs in hydrodynamic galaxy evolution
simulations. We have done this by combining theoretical
single-photon heating models of ultrasmall dust grains with
galaxy evolution simulations that simulate the evolution of a
size distribution of dust grains on the fly, as well as the local
radiation field and heating rate. These new simulations account
for the variation of PAH feature strengths due to grain-size
distributions, starlight intensity, and dust composition, and
allow us to connect the evolution of galaxy physical properties
to the emergent and varying PAH spectrum. We describe this
new methodology, as well as the relevant equations in
Section 2.

We have implemented these methods within the SMUGGLE
galaxy formation physics framework, and simulated three
idealized disk galaxies (an MW-like galaxy, a dwarf, and a
Sbc-type starburst disk) with the AREPO hydrodynamics code
in order to investigate the buildup of PAH masses and
luminosities in galaxies. We describe the SMUGGLE physics in
our galaxy simulations in Section 2.5, as well as the particulars
of these idealized galaxies that we employ for numerical
experiments in Section 3. The evolution of the relevant
physical properties for these galaxies is presented in
Figure 2. We demonstrate an example model PAH spectrum
and image in Figure 3.

Our main results follow:

1. In our model, we allow PAHs to form from both the
growth of the smallest dust grains, as well as the
shattering (i.e., interstellar processing) of larger grains. In
our model the latter dominates. The key physical
processes in driving the formation of ultrasmall aroma-
tized carbonaceous dust grains (i.e., PAHs) are large
velocity dispersions in the ISM (in order to drive grain–
grain shattering, which pushes the power in the grain-size
distribution toward small grain sizes), and large radiation
fields (in order to convert aliphatic grains into aromatic
ones). This is demonstrated in Figures 4 and 5.

2. Increased shattering rates (driven by large ISM velocity
dispersions) in galaxies are associated with high sSFRs,
which translates to increased feedback energy per unit
ISM mass. Aromatization driven by UV radiation is
accomplished via large global SFRs.

3. The fraction of total dust mass that is in the form of PAHs
(qPAH) can be understood as a consequence of these
processes. We demonstrate the impact of the shattering
timescales and aromatic fractions on the modeled
qPAH from our idealized galaxies in Figure 4. The model
starburst has the largest fraction of its dust mass in the
form of PAHs (qPAH≈ 0.03–0.2), the dwarf the least
(qPAH∼ 0.01), and the model MW in the middle
(qPAH≈ 0.03–0.1).

4. We find that the dominant driver in PAH luminosities in
our models is the hardness of the ISRF (which translates
to the heating rate of PAH dust grains). This is
demonstrated in Figures 6 and 7. That said, this is likely
a result that is specific to these idealized galaxy models,
and full cosmological simulations will be necessary to
make a general statement of the importance of radiation
field hardness over other contributing factors to the PAH
luminosity.

In the era of JWST/MIRI, models such as the ones presented
here will complement mid-IR observations of PAHs in galaxies
near and far. While this paper has emphasized the development
of a new methodology, we caution that many of the
subresolution modeling elements are uncertain. Our over-
arching goal has been to establish a framework for modeling
PAH emission in galaxy simulations, with a keen eye toward
forthcoming JWST observations as a means to constrain and
refine the input physics into this model. As our understanding
of PAH physics evolves, individual aspects of this model can
be updated.
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Appendix
The Dependency of PAH Masses on the Aliphatization

Density Threshold

Our model for the aliphatization of aromatic dust grains (see
Equation (14)) assumes that aliphatization only occurs in gas
above a particular threshold density. This is based on the
modeling by Hirashita & Murga (2020), who assume a threshold
density for the aliphatization of dust grains of n= 300 cm−3. This
is, of course, a free parameter that can impact the final PAH
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masses in our simulations. To assess the uncertainty incurred by
this free parameter, we have run a series of MW mass idealized
models, keeping all free parameters fixed aside from this
aliphatization density threshold, which we allow to vary from
n= [0, 500] cm−3. We present the evolution of the PAH masses
(MPAH) for these tests in Figure 9. As long as we assume some
reasonable threshold density for aliphatization, we see an inherent
uncertainty of a factor ∼2. This uncertainty is inescapable in our
models, and indeed alternative mechanisms for converting
between aromatics/aliphatics may result in even larger deviations
from our predicted PAH masses.
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