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Abstract

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

Unified Astronomy Thesaurus concepts: Star formation (1569); Interstellar dynamics (839); Interstellar dust (836);

Interstellar dust processes (838)

1. Introduction

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

A critical property influencing the rates of the aforemen-
tioned processes is the size of dust grains, a parameter that is
reasonably well constrained within the diffuse ISM. Canonical
ISM grain models typically describe grains with an empirical
Mathis—Rumpl-Nordsieck (MRN) spectrum with sizes up to
0.1 pm (J. S. Mathis et al. 1977). However, the regulation of
the grain size distribution (GSD) involves various processes,
including those inducing grain growth such as grain—grain
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coagulation (A. Chokshi et al. 1993) and accretion
(L. Spitzer 1978), as well as grain destruction through thermal
and nonthermal sputtering (A. Tielens et al. 1994; K. J. Borko-
wski & E. Dwek 1995). Environmental conditions, including
temperature, density, and turbulence, influence the rate of each
dust grain process. Particularly, grain coagulation, the process
that limits maximum grain size, is inefficient in the diffuse ISM
but proceeds efficiently in the cool dense ISM (H. Yan et al.
2004). This suggests that areas with increased density harbor
larger grain sizes.

Therefore, it seems improbable that a single ISM GSD
describes all star-forming environments across all galaxies
throughout the history of the Universe. Indeed, observations of
dense star-forming environments support this notion, revealing an
abundance of larger dust grains (H. L. Johnson 1964; B. D. Savage
& J. S. Mathis 1979; J. A. Cardelli & G. C. Clayton 1988;
G. De Marchi & N. Panagia 2014). Furthermore, the “coreshine”
effect, observed in the mid-infrared (MIR) and near-infrared (NIR)
within dark clouds, can be ascribed to the presence of micron-sized
grains that scatter background radiation (L. Pagani et al. 2010;
C. Lefevre et al. 2014). However, as reported by J. Steinacker et al.
(2015), the GSD is not uniform across all clouds. Variations exist,
with some clouds exhibiting submicron maximum grain sizes,
while others have a potentially larger grain size cutoff, highlighting
the diversity in grain populations. This diversity in the GSD
extends to different galaxies as well (Y. C. Pei 1992;
D. Calzetti et al. 1994; A. M. Hopkins 2004; M. Kriek &
C. Conroy 2013; S. Salim et al. 2018). Furthermore, recent
simulations by P. F. Hopkins et al. (2022) demonstrated that dust
dynamics alone can induce deviations from the typical MRN GSD
within individual clouds or star-forming regions. Variations in the
GSD are not confined to dense star-forming regions but are also
observed across different sight lines within the diffuse Galactic
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ISM (N. Ysard et al. 2015; E. F. Schlafly et al. 2016; S. Wang
et al. 2017). Additionally, simulations by H. Hirashita & H. Yan
(2009) and H. Hirashita & C.-C. Chen (2023) suggest that factors
such as temperature, metallicity, and turbulence influence the
maximum grain size, with sizes ranging from submicron to micron
levels in star-forming environments.

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

At a fixed dust-to-gas (DTG) ratio, smaller grains within a
cloud could enhance dust shielding, potentially creating more
favorable conditions for star formation. This correlation has
been established and reported in simulations and observations
by M. R. Krumholz & C. F. McKee (2008), C. J. Lada et al.
(2010), S. Garcia-Burillo et al. (2012), and Y. Gong et al.
(2016). This heightened opacity would also increase the
photoelectric heating rates, accompanied by higher collisional
cooling rates due to the increased overall dust surface area.

However, it is important to note that the rates of photo-
electric heating are contingent upon the incident FUV radiation,
which diminishes with smaller grain sizes due to reduced
photon penetration in the higher optical-depth regime. Never-
theless, the potential increase in star formation could elevate
the overall FUV radiation budget within the cloud. Addition-
ally, changes in the dust cross section would impact other
relevant processes, such as molecule formation rates. These
interconnected processes are nonlinear, making it uncertain
a priori where the net effect would ultimately settle.

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

The paper is structured as follows: In Section 2, we provide a
concise description of the code and a description of the initial
conditions for the runs. In Section 3, we discuss the theoretical
predictions of altering the GSD and compare them to the results
obtained from our simulations. Finally, we conclude in
Section 4.

2. Simulations
2.1. STARFORGE Simulation Setup

We utilize the GIZMO code (P. F. Hopkins 2015)
for conducting 3D radiation-dust-magnetohydrodynamics
(RDMHD) STARFORGE (M. Y. Grudi¢ et al. 2022)
simulations of star formation in GMCs, following the physics
setup detailed in N. H. Soliman et al. (2024), which
encompasses our complete STARFORGE+-dust physics mod-
ules. We offer a concise overview here; however, readers are
encouraged to consult the aforementioned references as
well as M. Y. Grudi¢ et al. (2021) for a more comprehensive
description.
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We utilize the GIZMO Meshless Finite Mass magnetohy-
drodynamics (MHD) solver (P. F. Hopkins 2016; P. F. Hopkins
& M. J. Raives 2016) for ideal MHD equations and the
meshless frequency-integrated M1 solver for the time-
dependent radiative transfer (RT) equations (A. Lupi et al.
2017, 2018; P. F. Hopkins & M. Y. Grudi¢ 2019; P. F. Hopkins
et al. 2020; M. Y. Grudi¢ et al. 2021). The radiation is
discretized into five frequency bands (A <912 A, 912 <A<
1550 A, 1550 < A<3600A, 3600 <A<3pum, and A>
3 pum), inducing processes such as photoionization, photo-
dissociation, photoelectric heating, and dust absorption,
directly coupled with the dust distribution. Radiative cooling
and heating terms also encompass metal lines, molecular lines,
fine-structure lines, and dust collisional processes, as detailed
in P. F. Hopkins et al. (2023). The rates for the dust radiative
cooling and photoelectric heating, as well as other processes
mentioned prior, derive from interpolating the local dust
particle distribution and local dust properties for each gas cell.

We assume a standard ISRF strength, based on solar
neighborhood conditions (B. T. Draine 2010). Sink particles,
which represent individual stars, are another source of radiation
in the simulations. These particles form from gas cells that meet
the criteria for runaway gravitational collapse, and follow the
protostellar evolution model outlined by C. F. McKee &
S. S. R. Offner (2010). As they grow through accretion, their
luminosity and radius follow the C. A. Tout et al. (1996)
relations, and they emit a blackbody spectrum with an effective
temperature T = 5780 K(L,/R?2)'/4. They are also sources of
protostellar jets, stellar winds, and potentially supernovae
(M. Y. Grudi¢ et al. 2022).

2.2. Dust Physics

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

In our simulations, dust grains are modeled as “‘superparticles”
using a Monte Carlo sampling technique (A. Carballido et al.
2008; A. Johansen et al. 2009; X.-N. Bai & J. M. Stone 2010;
L. Pan et al. 2011; R. McKinnon et al. 2018). Each dust
“particle” represents N >> 1 dust grains with identical attributes,
including grain Size €gain, MASS Migrain, Charge Gepin, and
composition. The grain charge is determined for each particle
for each time step self-consistently by computing the collisional,
photoelectric, and cosmic-ray charging rates (B. T. Draine &
B. Sutin 1987; A. G. G. M. Tielens 2005). The grain sizes are
statistically sampled to ensure that the ensemble of all particles
adheres to an MRN size distribution with the desired DTG ratio,
while also ensuring uniform particle distribution across
logarithmic intervals in grain size. In particular, it is important
to emphasize that the grain size for the individual particles, and
thus the cloud's average GSD does not evolve during the
simulations; in other words, we do not model grain growth/
coagulation or sputtering/destruction. However, the GSD within
a particular volume can evolve over time as grains of varying
sizes move in and out. Additionally, we do not include dust
sublimation in our models, as this process typically becomes
significant at temperatures exceeding 1500 K. While this may
overestimate dust opacity and dust cooling in warmer regions, it
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would minimally impact the cooler, star-forming areas. Includ-
ing sublimation would likely reinforce our conclusions by
increasing the heating rates of warm gas.

We follow dust dynamics by accounting for drag, Lorentz,
gravity, and radiation pressure forces. To ensure self-
consistency, we interpolate local dust properties, such as the
DTG ratio and GSD, to their corresponding gas neighbors.
Using this information, we compute local rates of various
processes that dust is involved in, including:

1. Radiative Transfer. Given our use of a simple MRN GSD
and discretized radiation bins with constant dust opacity
within each bin, we adopt a simplified model for dust
absorption and scattering cross sections. The dimension-
less absorption+scattering efficiency is given by

<Q(5grain, /\eff)>ext = min (27ngrain/)‘effa D), (1)

where the effective wavelength is the geometric mean of
the minimum and maximum wavelengths in the relevant
range, Aeff = +/ Amin Amax -

2. Collisional Heating and Cooling. The dust collisional
cooling rate per unit volume, Ay, is modeled as follows
(D. Hollenbach & C. F. McKee 1979, 1989; R. Meijerink
& M. Spaans 2005):

d
Aeon = 1.2 x 10—32(—“ : )(T T T2
0.01

100A
€y

1/
a- 0.8e—75/7)[ ] ergcm®s™!, )

where T and Ty, are the temperatures of the gas and dust
respectively, measured in Kelvin.

3. Photoelectric Heating. The heating rate per unit volume
due to the photoelectric effect on dust grains, Iy, is given

per
by (E. Bakes & A. Tielens 1994; M. G. Wolfire et al.
1995, 2003)
nlhe = 1.3 x 107*ne Gy ergem 3571, 3)

where n is the hydrogen number density in inversed
cubed centimeters and Gy is the FUV radiation field in
Habing units. The heating efficiency, ¢, is defined as
4.9 x 1072
€ =
1 +4 x 1073(GoT"?/2n,)
3.7 x 107%(T /10%)°7
1 +2 x 10°4(GoT"%/2n,)’

“)

where n, is the electron number density. Note that
polycyclic aromatic hydrocarbons (PAHs) are not
included in our simulations, so their contribution to the
photoelectric heating effect is excluded. The reasoning
behind this choice and its implications are elaborated
upon in Section 3.3.

4. Molecular Hydrogen Formation on Dust Surfaces. The
formation rate of molecular hydrogen on dust, 7iy,, gust, 1S
given by (M. Jura 1974; D. Hollenbach & C. F. McKee
1979; C. Gry et al. 2002; E. Habart et al. 2004;
V. Wakelam et al. 2017)

fi,dust = oo, (T) Zpenny 1. (5)

Z is the metallicity as a fraction of solar metallicity, and
ny 1 is the HI number density. The rate coefficient, ay,, is
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computed as

9.0 x 1018705 e

Q'H,

= c
© 1400472 + 0.002T + 8 x 107672
(6)

By incorporating these processes, we can effectively capture
the influence of a live dust population on the thermochemical
behavior and dynamics of the cloud.

2.3. Initial Conditions

Our simulation setup involves a uniform-density turbulent
molecular cloud surrounded by a diffuse warm ambient
medium confined within a periodic box, whose dimensions
are 10 times greater than the cloud’s radius. The ambient
medium has a density approximately 10* times lower than that
of the cloud. The initial velocity distribution follows a
Gaussian random field, characterized by an initial virial
parameter Qv = 50°R /(BGMouq) =2. The initial magnetic
field is uniform, establishing a mass-to-flux ratio 4.2 times the
critical value within the cloud (T. C. Mouschovias &
L. Spitzer 1976).

Our study includes two clouds of different masses. The first
cloud has a mass of M uq=2 X 10° M., and a radius of
R =3 pc, with a mass resolution of Am ~ 1073 Additionally,
we include a larger cloud configuration with M =2 x 10* M,
and radius R=10pc, with a resolution of Am ~ 1072, To
precisely capture the dynamics of dust, we employ a mass
resolution for dust superparticles that is 4 times higher than that
of the gas (E. R. Moseley et al. 2019). Furthermore, cells
associated with protostellar jets and stellar winds have a mass
resolution 10 times higher than that of the typical gas cells.

The initial dust distribution samples follows a statistically
uniform DTG ratio p)) = ,udgpg with %€ = 0.01 corresponding
to Galactic values. The grains have an internal density of
p"igrain ~ 2.25 g cm~3, which falls between the typical densities
of carbonaceous and silicate dust grains. Each particle is
initialized with velocity corresponding to its nearest gas cell.
Recall that the distribution of grain sizes samples from the
empirical power-law model proposed by J. S. Mathis et al.
(1977), characterized by a differential number density repre-
sented as dng /degmm x 6;&'51. Ideally, the evolution of the
GSD would be modeled self-consistently, but this requires
simulating microphysical processes across parsec-sized
regions, which is currently unfeasible. Therefore, we consider
three GSDs with maximum grain sizes Of € g1, = 0.1 pm,

€gram = 1 tm, and € gy, = 10 pm, each with a minimum grain

size of egﬂ}n = 0.01 € g This approach approximates the
shift toward larger grains in cool dense regions where
coagulation is efficient and shattering is minimal (T. Birnstiel
et al. 2011; H. Hirashita & C.-C. Chen 2023). Note that our
€gran = 10 um grain simulation is a hypothetical scenario
designed to explore the potential extremes of grain size effects
and is not meant to represent typical molecular clouds. The
€ gran = 1 um grain simulation is likely at the upper limit of
what can be expected in real clouds.

We provide a summary of the initial conditions for all

simulations discussed in this work in Table 1.
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Table 1
The Initial Conditions for the Simulations Used in This Study
Mcloud Rcloud Am Frgrl':)i(n B g Notes
Mo) (o)  M.) (um) (uG) (kms ')
2 x 10° 3 1072 0.1 2 1.9 fiducial run
107% 1.0 2 1.9 x 10 larger grains
107 10 2 1.9 x 100 larger grains
2 x 10* 10 107 o1 2 32 fiducial run
1072 1.0 2 32 x 10 larger grains
1072 10 2 32 %100 larger grains

Note. The columns include (1) cloud mass M jouq, (2) cloud radius Rgjoug, (3)
mass resolution Am, (4) maximum grain size € g1y, (5) initial magnetic field
strength, (6) initial 3D turbulent velocity dispersion, and (7) notes indicating

the main variations from the fiducial run.

3. Results
3.1. Theoretical Expectations

Introducing variations in the GSD within the cloud can
significantly affect its thermochemical properties. In the
following section, we consider the expected changes resulting
from these variations. Specifically, we examine how changes in
the GSD would influence the optical depth .

For simplicity, we assume that the GSD remains constant
along a line-of-sight through the cloud, and that the initial mean
density within the cloud is spatially uniform. Recall that we
model the distribution of dust particles according to an MRN
size distribution, where dny / dégrain = nofgri}i, with ng normal-
ized to ensure f Mgraindiy /degrain = pg = udgpg. With these
assumptions, we can express the optical depth 7, as

max
€ grain

™ = 2'Rcloud o f gram Qab%(fgram, )\) dfgrama (7)

min
grain

where Qqps(€grain, A) is defined as follows:

A < 2’/ngrain

1
Qabs(fgrain’ >\) = { (8)

2T €grain/ A A > 2T €grain.

Therefore, given these assumptions and considering
max mm : : :
€ grain = 100€ gryip, the expression for 7, simplifies to

_ — min
15 /LRclnud (E gram) A \ € grain?

_ A
37r.u'Rcloud/>\_ = fgl:l(n’

2
™ = 9 _
5 Y 277-/)‘ ﬂRcloud,
min
2me grain Emin i < emax
max de grain X X € grain’
grain 271'(6 u

gram

©))

where B= udgpg/p rain®

While certain wavelengths of interest will fall within the
intermediate regime (€ gryin < 2— < € grain)» We primarily focus on
the geometric (A < 27regmm) and Rayleigh (X 2 27e ) Tegimes,
as they provide the most intuitive understanding. The intermediate
regime mainly serves to interpolate between these two.

As highlighted in the expression above, modifying the GSD
yields two distinct effects on dust opacity. First, it dictates
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whether the majority of grains are situated in the geometric or
Rayleigh regimes. Second, each of these regimes demonstrates
a unique dependence on grain size: the Rayleigh regime
maintains 7, independently from grain size, while in the
geometric limit 7 o< (€gi,) " . It is important to note that in
this investigation, we explore variations in grain size while
keeping the total dust mass constant. Consequently, increasing
the grain size effectively reduces the total grain surface area, to
which the geometric opacity is particularly sensitive. This
explains why the Rayleigh opacity, being a bulk effect, does
not exhibit any dependence on the grain size.

To identify the dominant opacity regime within the GMC, we
examine the critical value of A\/27 where the transition between the
geometric and Rayleigh regimes occurs in relation to grain size.
Examining wave bands pertinent to star formation processes,
specifically the FUV, near ultraviolet, optical /NIR, and FIR bands
tracked in our model, we note that these transitions occur at
approximately €y ~ 1072 pim, 0.05 pm, 0.1 gm, 102 m, and
0.5 zm, respectively. Consequently, as € g, increases from 0.1 to
10 pm (the distributions considered in this paper), a higher
proportion of grains shift toward the geometric opacity regime.
This shift is particularly pronounced at shorter wavelengths, such
as in the UV band, where the opacity exhibits an inverse
relationship with the maximum grain size. The FUV-band opacity
is particularly important for the thermodynamics of the GMC, as
FUV photons play an important role in regulating the gas
temperature through photoelectric dust heating.

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

However, larger grain sizes also imply reduced photoelectric
heating efficiencies. This reduction might, however, be
counteracted by the larger FUV flux, due to more photons
penetrating, in addition to slower dust collisional cooling rates
observed with larger grains (A.qy o< (6$§’}n)’1/ 2)). Ultimately,
the interplay of these effects will dictate whether the gas
experiences a net warming or cooling effect.

3.2. Simulation Results
3.2.1. Effects on Cloud Morphology

In this study, we conducted simulations of GMCs with initial
conditions detailed in Section 2.3. We systematically varied the
maximum grain size while maintaining a fixed DTG ratio at the
start of each simulation. Building upon the theoretical frame-
work outlined in the previous section, this section presents the
results obtained from our simulations.

In Figure 1, we present the morphology of molecular clouds,
each with an 1n1t1a1 mass of approximately 2 x 10> M, and a
resolution of Am ~ 1073 M. o, evolved for ~3 Myr. From left to
right, the columns represent clouds with different maximum
grain  sizes: g, = 0.1 um, egi, = L um, and € g =
10 pm respectively. The top two rows provide a visual
representation of the 2D integrated gas Yg,s and dust gy



THE ASTROPHYSICAL JOURNAL, 975:284 (11pp), 2024 November 10 Soliman, Hopkins, & Grudi¢

103 103
Egran = 0.1pm Egram = 10pm
A
(@]
o
102 102 £
i
3
o
W
10 103
D
(@)
2,
o)
102 102 =
[72]
=
k=]
s
o]
=
=2
i
103 103
X
1%2]
g
102 10%
10! 101
-
10° 10°
-~
. 3
10 10*
1.0 1.0 1.0
-
e
0.8 0.8 0.8
0.6 0.6 t 0.6
4 Q
R, x
0.4 0.4 ’ 0.4
LA
0.2 0.2 0.2
0.0 0.0 j oo

Figure 1. Morphological evolution of a 2 x 10* M., molecular cloud at 7 ~ 3 Myr in simulations with varying grain sizes € grain- The top two rows show 2D integrated

gas Yy, and dust X, surface densities, with stellar particles represented as circles, where their size corresponds to their stellar mass. Clouds with larger grain sizes
exhibit more diffuse gas structures. However, this effect is less pronounced in the case of dust distribution. The third, fourth, and fifth rows illustrate the projected gas
mass-weighted mean temperature, mean radiation energy density of FUV /photoelectric band radiation (912 A< A<1550A)in arbitrary units, and mean ionization
fraction in the clouds. Clouds with larger grains exhibit increased temperatures, higher radiation energy densities, and consequently, elevated ionization fractions.
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surface densities, with stellar particles shown as circles, scaled
according to their masses. The subsequent rows describe the
thermodynamic and radiative properties of the cloud. The third
row shows the average temperature of the gas, while the fourth
row shows the average radiation energy density associated with
FUV radiation in the range 912 A < A< 1550 A in arbitrary
units. The fifth row displays the gas mass-weighted ionization
fraction of the gas.

The clouds with larger grain sizes exhibit higher FUV
radiation energy densities relative to their smaller-grain
counterparts. This is due to reduced FUV opacity, as
demonstrated in Equation (9), allowing radiation to propagate
more extensively throughout the cloud. Consequently, this
leads to elevated temperatures driven by the photoelectric effect
on dust grains.

In line with our predictions outlined in Section 3.1, the
increase in temperature is accompanied by a reduction in small-
scale structures and weaker density fluctuations. This effect is
particularly evident in the diffuse gas structures formed in our
€grain = 10 um simulation. In contrast, a similar smoothing
effect is not observed in the dust structure. This discrepancy is
to be expected, as the dust’s thermal velocity dispersion is
lower than that of the gas, making it less affected by higher
temperatures. However, the dust structures would still
experience some broadening due to its coupling with the gas
dynamics. However, despite the consistent difference in FUV
radiation energy density across the different grain size runs in
the early stages, a significant temperature increase is observed
only when the most massive stars form and emit substantial
amounts of radiation. Specifically, a ~4 M. sink particle
coincides with the high radiation energy density and temper-
ature peaks. The radiative feedback from this star warms the
gas in the cloud, facilitating the smoothing of the gas structure
within <0.1 Myr.

Furthermore, there is a distinct contrast in the ionization
fraction among different grain size runs. In the simulation with
€ grain = 0.1 pm, the majority of the cloud remains predomi-
nantly molecular. However, increasing the grain size by a
factor of 10 confines molecular regions to the dense central
core, while the majority of the cloud is in a predominantly
ionized state. A further increase by a factor of 10 results in an
almost fully ionized cloud. This marked difference is expected
given the heightened radiation energy density and elevated
temperatures in clouds with larger grains. In addition, the rate
of molecular hydrogen formation decreases as the total surface-
area-to-mass ratio of the grains decreases.

To further explore the thermodynamic evolution of the three
clouds, Figure 2 illustrates the temperature—density phase-
space diagram at different dynamical times f4y,. The three
panels represent time intervals of f4y,~1, 2.5, and 3,
respectively, with the color map corresponding to the total
gas mass within a given state.

At the initial stage (fqyn ~ 1), all three clouds exhibit similar
distributions. However, the clouds with smaller grain sizes
contain more gas in cool (7 <20K) and dense structures
(number densities of nyy > 10° cm ™), although this represents
only a small fraction of the total gas. As a result, these regions
have a higher number of cores prone to gravitational collapse,
leading to an earlier onset of star formation. We point out that
the gas component at T~ 10K and ny ~ 1 cm > corresponds
to the hot gas bath that surrounds the molecular cloud as per
our initial conditions.
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By fgyn ~ 2.5, star formation has proceeded to completion in
all three clouds. However, clouds with larger grain sizes
contain warmer gas due to weaker shielding from these larger
grains. This shift to warmer gas occurs only after most stars
have formed, enhancing the radiation field and leading to a
rapid transition to a warm, quenched cloud. Prior to this, the
three clouds with different grain sizes have similar tempera-
tures and appear comparable. The temporal evolution of stellar
mass and temperature is shown in Figure 4, which we discuss
in the following subsection.

Moving to fgyq~ 3, most gas with nyg <~ 10*em™2 is
predominantly warm (7 ~ 10° K), while denser gas remains
fairly cool. Notably, the component with € gy, = 1 um lacks a
dense counterpart and is mostly warm, with an average
temperature of T~ 10* K. This component is ionized, corresp-
onding to the warm ionized medium with no cold-neutral-
medium component.

In Figure 3, we present the morphology of a 0.5 pc thick
slice through our 2 x 10° M, cloud at t ~ 3 Myr evolved with
different GSDs. The top two rows present 2D integrated
surface densities of gas ¥,,, and dust Xy, while the third row
displays the average grain size across the slice normalized to
€ grain i0 the cloud. The fourth row shows the mean DTG ratio
with respect to the cloud’s mean value.

In the €y, = 0.1 um cloud, the gas and dust are well
coupled, evident in their closely aligned spatial distributions.
This implies that the grain sizes within the simulation
predominantly have stopping times #; much shorter than the
timescale of gas dynamics. As a result, there are no discernible
variations observed in the DTG ratio, and there is a uniform
distribution of grains across all sizes.

In the € g3, = 1 pom cloud, larger grains are less effectively
coupled to the gas, therefore they do not trace the gas dynamics
as well as their smaller grain counterparts. This discrepancy
introduces fluctuations in the spatial distribution of grain sizes,
with larger grains lagging behind the gas flow. This effect is
particularly pronounced in regions of low density where large
grains would encounter even lengthier stopping times as
fy X €grain/ Pg- Given that larger grains contribute substantially
to the overall dust mass under an MRN GSD, this poor dust
coupling for large grains can drive large-scale fluctuations in
DTG ratios. The most striking results emerge in the
€ grain = 10 um cloud, where even more pronounced fluctua-
tions in GSD are observed. This leads to order-of-magnitude
variations in the DTG ratio, particularly in regions with
predominantly large grains.

3.2.2. Effects on Initial Mass Function

We quantify the impact of larger dust grains on star
formation in Figure 4, which illustrates the evolution of star-
forming GMCs over time, represented in units of the cloud’s
dynamical time. The right panel shows the total stellar mass
formed, the middle panel displays the mean FUV-band
radiation energy density within 0.1 pc spherical regions around
the formed stars, and the left panel shows the average gas
temperatures outside these regions.

The € grain = 0.1 um simulation exhibits an earlier onset of
star formation compared to the €y, = 1 um and € gy, =
10 pm simulations. However, the difference in the timing of
star formation onset is minimal. Initially, the gas is only
radiated by the relatively faint ISRF. This diminishes the
importance of factors that are dependent on grain size such as
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Figure 2. The temperature—density phase-space diagrams showing the evolution of a cloud with a mass of Mjguq ~ 2 X 10°M_, at dynamical times ¢ ~ 1, 2.5, and 3.
Different colors indicate the total gas mass within each state. At fqy, ~ 1, all clouds exhibit comparable states, with smaller gram clouds that extend to cooler and
denser gas components. By ¢ ~ 2.5t4yy, star formation concludes, and larger grains exhibit higher average temperatures. At ¢ ~ 3tdyn, gas with ny < 10*em ™3 is

max

predominantly hot (7'~ 10* K), with denser gas being cooler. The € grain = 1 pom component lacks a dense counterpart, remaining mostly hot with an average
temperature of 7' ~ 10° K. Note that the clustering at low density is an artifact of the diffuse ambient medium within the simulation box. Additionally, since all
material is confined within a finite box, this prevents the gas from becoming more diffuse. Likewise, although to a lesser extent as less gas resides at low temperatures,
the clustering at low temperatures is attributed to our temperature floor set at 2.73 K.

shielding effects. Additionally, variations in the GSD result in
relatively negligible differences in the net dust-mediated
cooling and heating rates, leading to minimal impact on the
overall thermal state of the gas during the early stages, before a
strong radiation field is established. As a result, the gas sustains
comparable average temperatures across various grain sizes.
This remains the case until enough sinks form, particularly
massive sinks, and begin to contribute to the radiation field. At
approximately 1.8 dynamical times, all clouds exhibit similar
average temperatures and attain the same stellar mass.
However, smaller grains offer higher dust opacity, which

reduces the propagation of UV flux from the stars to the
surrounding gas. As a result, the clouds with smaller grains
maintain a cooler temperature for a longer duration.

As assumed by our opacity toy model, the UV radiation energy
density scales inversely with the square of the grain size. This
enhanced dust shielding enables the cloud to sustain ongoing star
formation until the gas eventually heats up, and stellar feedback
leads to the evacuation of the cloud and halts further star
formation. A significant contrast in the star formation efficiency is
evident when comparing clouds with the largest grains to those
with the smallest grains. Specifically, the cloud with 10 pm grains
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Fi 1gure 3. Morphological features of a 0.5 pc thick cross section through a molecular cloud with a mass of 2 x 10° M, att ~ 3 Myr, simulated with varying grain sizes
€ grain- From top to bottom: 2D integrated gas Yg,, and dust Yg. surface densities, normalized mean grain size, and normalized mean DTG ratio 198, Note that we
present 1/(u 9833150 for ease of comparison. The cloud with € gy, = 0.1 m shows negligible fluctuations in grain size spatial distribution and DTG ratios, with dust

grain

closely following the gas distribution. Conversely, clouds with larger grains exhibit fluctuations in grain size spatial distribution and DTG ratios. In the case of
o = 10 pm, this results in order-of-magnitude fluctuations in the DTG ratio, particularly in regions dominated by large grains.

€ grain

converts only 1% of its mass into stars, whereas the cloud with
0.1 yum grains exhibits roughly a tenfold higher star formation
efficiency, converting 10% of its mass into stars.

In Figure 5 we present the mass function of sink particles
that form in clouds with Mo~ 2 % 10° M. (top) and
Moua ~ 2 x 10* M., (bottom). The results for different grain
sizes are compared to the initial mass function from P. Kroupa

(2001). The shaded region represents the Poisson error. We
find that clouds with larger grains yield stellar populations with
a narrower mass range. Specifically, as the grain size increases
by a factor of 10, the range of sink masses decreases by a factor
of 2. The higher minimum sink mass can be attributed to the
higher Jeans mass, while the high-mass truncation is likely due
to the reduced number of sinks forming in the large grain runs,
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Figure 4. Evolution of star-forming GMCs over time, represented in units of the dynamical time of the cloud. Left panel: total stellar mass formed. Middle panel:
average photon energy density within 0.1 pc spherical regions around the formed stars. Right panel: average gas temperatures outside the 0.1 pc regions. The shaded
areas represent a range of one standard deviation. The simulations compare GMCs with an initial cloud mass of Mouq ~ 2 X 10° M, and different grain sizes with

max

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

resulting in limited sampling at the higher-mass end. While our
simulations indicate a higher mean sink mass in setups with
larger grains, the reduced sink count, especially at the high-
mass end due to sampling, and sparse statistical data highlight
the necessity of a more comprehensive statistical analysis to
attain a precise understanding of the distribution. Presently, our
simulations tentatively suggest that grain size has minimal
impact on the mass function, within statistical error margins.

Another trend in Figure 5 is the reduction in low-mass sink
particles (Mg, < 1 M) for clouds with larger grains. In the
smaller cloud, the fraction of low-mass sinks decreases from
~0.8 to about ~0.6, and in the larger cloud, it drops from ~0.6
to around ~0.2 as the grain size increases from 0.1 to 10 pm.
This decline is attributed to the elevated temperature, which
leads to a larger Jeans mass, thus inhibiting smaller cores from
meeting the criteria for collapse in warmer environments. This
sequence of events underscores the intricate interplay among
grain size, radiation, temperature, and structural characteristics
in shaping the dynamic evolution of molecular clouds.

3.3. Caveats

Several caveats should be considered when interpreting our
findings. First, our study does not encompass the full spectrum of
factors that may affect dust opacities within star-forming regions.
Specifically, variations in the DTG ratio due to non-power-law
characteristics in the GSD and grain chemistry are not explored.
Additionally, we use a highly simplistic toy model for the dust
opacities. This is intentional as it is designed to capture the
leading-order physics while simplifying the complex interplay of
nonlinear effects. Recall that we assume a constant Q. across
the 9121550 A wave band and model Q X €grin/ Aefr; With g
as the geometric mean of the wave band limits. Compared to
detailed models like V. Zubko et al. (2004), our simplified
approach underestimates Q. at shorter wavelengths and over-
estimates it at longer wavelengths for grains smaller than
10~2 um, while for larger grains, Qey, remains o<1 /A. However,
these deviations stay within a factor of ~2 and largely average
out over the wave band range. Similarly, deviations from
Qext X €grain Temain within a factor of 2 across 4 orders of
magnitude in grain size, indicating that our conclusions on grain

size effects on opacity and thermodynamics are qualitatively
robust even with more detailed models.

While our study provides insights into the effects of varying
initial GSDs on star formation, the absence of these additional
factors may limit the comprehensiveness of our conclusions.
All else equal, and considering the impact of these factors on
dust opacity, their incorporation would effectively lead to a
rescaling of opacities for a given range in grain size.
Consequently, we anticipate that, to leading order, these factors
would produce similar effects on star formation as those
observed in our study.

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

Second, while we systematically explore the effects of
different initial GSDs, the evolution of GSDs over time within
actual star-forming regions is influenced by a multitude of
dynamic factors. Processes such as grain destruction, coagula-
tion, and growth exhibit variations across different environ-
ments, introducing complexities that are not fully captured in
our model. In future work, we aim to model the evolution of
GSDs within star-forming regions, following a similar
approach as demonstrated in recent work by C. R. Choban
et al. (2022). This endeavor will contribute to a more
comprehensive understanding of the interplay between dust
properties and star formation processes.
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Figure 5. The mass distribution of sink-particle masses per logarithmic mass
interval, normalized to the total number of sinks compared to a P. Kroupa
(2001) initial mass function. The shaded region shows the Poisson samgling
error. Top: distribution for our Mjoug ~ 2 X 10° M, cloud at Am ~ 107" M,
resolution. Bottom: distribution for our Mgguq ~ 2 x 10* M. at
Am ~ 107% M,,. Larger grains, particularly in the clouds with larger masses,
lead to a more restricted range of stellar masses. Nonetheless, we do not
observe any significant changes in the distribution driven by variations in
grain size.

4. Conclusions

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

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

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

In summary, the observed effects emphasize the necessity of
a careful consideration of grain size variations when interpret-
ing and modeling the physical processes within star-forming
regions.
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