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ABSTRACT

Variations in the grain size distribution are to be expected in the interstellar medium (ISM) due
to grain growth and destruction. In this work, we present a dust collision model to be implemented
inside a magnetohydrodynamical (MHD) code that takes into account grain growth and shattering of
charged dust grains of a given composition (silicate or graphite). We integrate this model in the MHD
code Athena, and builds on a previous implementation of the dynamics of charged dust grains in the
same code. To demonstrate the performance of this coagulation model, we study the variations in
the grain size distribution of a single-sized population of dust with radius 0.05 pym inside several dust
filaments formed during a 2D MHD simulation. We also consider a realistic dust distribution with sizes
ranging from 50 A to 0.25 pm and analyze both the variations in the size distribution for graphite and
silicates, as well as of the far ultraviolet extinction curve. From the obtained results, we conclude that
the methodology here presented, based on the MHD evolution of the equation of motion for a charged
particle, is optimal for studying the coagulation of charged dust grains in a diffuse regime such as a
molecular cloud envelope. Observationally, these variations in the dust size distribution are translated
into variations in the far ultraviolet extinction curve, and they are mainly caused by small graphite

dust grains.
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1. INTRODUCTION

Dust grains are ubiquitous in space. They are formed
in the atmospheres of evolved stars (Dominik et al. 1989)
or even in supernova (SN) shocks (Nozawa et al. 2003),
and play a fundamental role in the evolution of the inter-
stellar medium (ISM). They are one of the main sites of
molecule formation (Hollenbach & Salpeter 1971) and
constitute one of the principal heating mechanisms of
the ISM (Bakes & Tielens 1994; Weingartner & Draine
2001a). Besides, dust grains may also affect the frag-
mentation and evolution of molecular clouds, since in
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the diffuse phases of the ISM they acquire a net charge
that favors the coupling with the magnetic field and in-
terfere with the propagation of magnetohydrodynamic
(MHD) waves (Pilipp et al. 1987; Chapman & Wardle
2006; Pandey & Vladimirov 2019).

Over their lifetime, interstellar dust grains go through
several growing and shattering phases that depend on
the ambient conditions. In a dense enough medium, two
grains may collide and form a larger particle if their rel-
ative velocity is lower than a given threshold (Hirashita
& Yan 2009, hereafter HY09); if the velocity is larger,
then shattering takes place and a full distribution of
dust grains is generated (Giittler et al. 2010). At very
high gas temperatures characteristic of the hot intra-
cluster medium or of SN shocks (T > 10° K) dust grains
may be eroded through collisions with thermally excited
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gas (Draine & Salpeter 1979). Finally, dust grains may
also grow by accretion of gas-phase metals (Dwek 1998;
Zhukovska et al. 2016).

Variations in the small dust population, especially in
those grains with a carbonaceous nature, produce no-
ticeable variations in the ultraviolet (UV) extinction
curve. The main feature is the so-called UV bump at
2175 A that is caused by very small carbonaceous parti-
cles; polycyclic aromatic hydrocarbon (PAH) molecules
have been put forward as the main carriers of the bump
(Weingartner & Draine 2001b) although there may
be a substantial contribution of small graphite grains
(Stecher & Donn 1965) or even multi-shell fullerenes,
usually called buckyonions (Iglesias-Groth 2004). Varia-
tions in the strength of the UV bump have been observed
in our Galaxy (Witt et al. 1984; Gémez de Castro et al.
2015; Beitia-Antero & Gémez de Castro 2017) but also
towards other nearby galaxies (Prevot et al. 1984; De-
cleir et al. 2019). The other characteristic feature of the
UV extinction curve is the steep slope at far ultravio-
let (FUV) wavelengths. This feature is mainly due to
the effective absorption and scattering of UV photons
by very small dust grains (Rai & Rastogi 2012), and its
parametrization is simpler than that of the bump (Fitz-
patrick & Massa 2007).

In a previous work (Beitia-Antero et al. 2020, here-
after Paper I) we studied the formation of dust fila-
ments under conditions typical of a molecular cloud en-
velope in 2D. We considered passive dust grains of size
ag = 0.05 pm and negatively charged (Z4 = —17) that
evolved under the sole influence of gas and magnetic
fields. In this article, we explore the growth of charged
dust inside those filaments using a basic collision model
that we have implemented in the MHD code Athena
(Stone et al. 2008). In Sec. 2, we describe the model
and its integration in Athena. Then, in Sec. 3, we ap-
ply this module to study dust growth in the filaments
from Paper I. In Sec. 4 we perform a similar study but
considering a realistic dust size distribution, and derive
the predicted variations in the FUV slope of the UV ex-
tinction curve. Finally, in Sec. 5 we discuss the results
and present the main conclusions.

2. DUST COLLISION MODEL IN ATHENA

Dust collision models consider different outcomes
based on the medium of interest. For instance, when
dealing with large (a4 > 100 pm) grains in protoplan-
etary disks, the fragmentation of dust grains may be
very complex (Zsom et al. 2010), while in the ISM shat-
tering by SN induced turbulence might be considered
(Hirashita & Nozawa 2013).

We have developed a collision model to be integrated
inside a MHD code that follows the dynamics of dust
particles. This is fundamentally different from the usual
approach that evolves either a dust size distribution (Hi-
rashita & Yan 2009) or a sample of test particles via
Monte Carlo methods (Zsom & Dullemond 2008) where
the dust particles have a prescribed velocity. We allow
the computational particles to evolve in 2D according
to their equation of motion as explained in Paper I, and
only evaluate their interactions at the end of every time
step. Therefore, we have taken into account several con-
straints:

e Computationally, only a limited number of parti-
cles may be followed. This implies that all the dust
mass will be distributed among a finite number of
test particles.

e After an erosion event, part of the mass of one
of the test particles will be lost. We hereby sup-
pose that this dust mass corresponds to very small
grains (sizes of a few A) that return to the gas
phase.

e A given particle may only interact once per time
step, so even if more than two particles are near
enough to interact, only two of them will be se-
lected. For the simulations presented in Sec. 3,
typically 35% of the interactions are subject to this
multiplicity at the initial stage. However, this am-
biguity is rapidly resolved by the system because
nearby particles will interact with each other after
a few computational steps.

e Dust particles are either silicates or graphites, and
only one particle species is allowed at the same
time.

Our model is built specifically for the study of dust
coagulation in the diffuse phases of the ISM, and we
have only contemplated two possible outcomes for a col-
lision between particles: they may grow if their relative
velocity is lower than a threshold, or one of them (the
smallest one) loses mass if their relative velocity is larger
than the critical value, a phenomenon that we refer to
as erosion. In the following section we provide a detailed
explanation of the algorithm. This algorithm has been
developed within the 2D framework imposed by the sim-
ulations from Paper I. However, the philosophy behind
the method is also applicable in 3D.

2.1. Collision algorithm

In a given region, we have a total amount of dust My
distributed over a given number of particles Npq-. In
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practice, Npqr is so large that it is unfeasible to follow
the evolution of every single grain. Therefore, the com-
mon approach is to consider a finite number of test par-
ticles that represent a swarm of real particles. We shall
suppose that the behavior of a test particle is represen-
tative of that of k real particles, so they will have the
same charge, velocity, and approximately the same po-
sition in space. For the implementation of the collision
algorithm, we consider the computational test particles
as the centroids of clouds of real particles uniformly dis-
tributed in a 2D domain (see Fig. 1 for an illustration).
In order to avoid confusion, in the rest of this section
we will use the term clouds for the test particles, and
will reserve the word particle for referring to each of the
Npqr real particles.

The size of the clouds is imposed by the properties
of the particles they represent. If a cloud contains k
particles of radius ag, then its linear size is 2b, where
b = agVk. This prescription is based on the assumption
that the cloud has a squared shape, which corresponds
to a uniform cartesian 2D distribution of the particles.
Then, two clouds C; and Cy will interact if the distance
between them is d < by + by, and the outcome of the
interaction will be determined by their relative velocity
v=|vy— Vsl

o If v > w.e, then the cloud of smaller particles
loses mass (erosion).

o If v < wept, grain growth takes place (coagula-
tion). In that case, we suppose that smaller par-
ticles get stuck into the larger ones, and the prop-
erties of both clouds will be modified.

The critical velocity v.-;+ depends on the grain mate-
rial, and must be set by the user. In our simulations,
we have adopted verr = 2.7 km s~ for silicates and
Verit = 1.2 km s™! for graphites as in HY09.

The properties of the clouds C; and C5 will be mod-
ified as a function of the intersection area between
them, Ajyer. After an erosion event, only the cloud
of smaller particles, let us say C, loses mass: M| =
My — Aipter M1 /A7, where M is the mass of the cloud
and A; = 4b? its area. For coagulation however, both
clouds suffer complex modifications that have to be
taken into account:

e The cloud of smaller particles (C7) loses mass as
when an erosion event takes place.

e Particles inside the Cy cloud will experience
growth. We suppose that there are ki"*" and kinter
particles in the intersection area Ajnter, and the
smaller particles get stuck into the bigger ones.

Hence, in the intersection area, the radius of the
particles will be al** > as. The final radius of
particles inside the Cy cloud is computed through
a weighted mean between the value inside the in-

tersection area, ai'***, and outside of it, ay:

i Ain r Ain T
ay = algntcriA;e + (1 - A;e )ag (1)

e Since C transfers mass to Cs, it is to expect that
momentum is also transferred during the coagu-
lation process. If we denote by m; and ms the
masses of particles inside the clouds C; and Cs,
then the velocity of the latter species is computed
as:

myvh = mava + emyvy (2)

where ¢ = —v/verie + 1 is an efficiency factor that
accounts for the fraction of energy transferred, and
(1 — €) is the energy lost in creating the chemical
bonds of the new particles. For ¢ = 1, perfect
coagulation takes place, while for ¢ = 0 all the
energy is lost and erosion becomes the dominant
outcome.

e Finally, the other particle properties such as
charge (Z;), Coulomb parameter v¢, and cloud
linear size (2b) are set for both clouds according
to their new properties. In particular, the grain
charge is computed as in Paper I following Wein-
gartner & Draine (2001a) for several dust sizes un-
der conditions typical of a molecular cloud enve-
lope, and an analytical expression is then obtained
of the form:

a

104em/2 /2] = 4
@ 107em ™ g 7] m x 102[g] + b

(3)
where a = —9.272 x 1073 (=8.427x 10~%) and b =
4.429 x 1073 (5.940 x 10~7) for silicate (graphite)
grains'. This analytic expression is used inside the
code to automatically update the particle charge.
The Coulomb rate is then computed from the new
dust charge as in Paper I, and the cloud size de-
pends on the updated cloud mass.

In Fig. 1 we present an schematic view of both the
coagulation and erosion processes for clarity.

According to this prescription, if we introduce several
dust populations of radii a9 < a1 < ... < a,, particles

1 This values have been obtained by fitting eq. 3 using the curve

fitting tool cftool in Matlab (Matlab 2020).
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Figure 1. Illustration of the collision model implemented in
Athena. At the top, we represent the shape of a test particle
(black circle), referred to as ‘cloud’. Grey circles represent
the real particles contained inside the cloud that are indi-
rectly followed. In the middle we show the basic modifica-
tions introduced after a coagulation event, while the bottom
of the image show the treatment of an erosion event. In
the middle and bottom panels, the cloud shape is propor-
tional to the represented dust mass and the color indicates
the radius of the represented particles. Hence, two clouds of
particles with different radii (a1 in red, az in blue) are con-
sidered initially, with a2 > a1. After a coagulation event, the
cloud of particles with larger radii (blue) increases its repre-
sented mass (larger cloud size) and its radius (a3 > as, green
color), while the smaller cloud (red) loses represented mass
but maintains the particle radius. After an erosion event, the
cloud of biggest particles (blue) keeps its properties while the
smallest one (red) loses represented mass, but also maintain
the particle radius.

with aq > a, may be formed, but those with aq < ag
that should be created after an erosion event will not be
taken into account. The implications of this hypothesis
on the physics are discussed later in Sec. 5.

3. GROWTH OF A SINGLE-SIZED DUST
POPULATION

In Paper I, we showed that filaments of charged dust
are able to form under conditions typical of a molecular
cloud envelope (T = 6000 K, ng = 10 cm™3, ioniza-
tion fraction xy = 0.1); these parameters are very similar
to those for the warm neutral medium (WNM), so this
analysis is also valid for other diffuse regimes. However,
in Paper I dust particles were not allowed to interact

with each other and only suffered from the drag of neu-
tral gas and magnetic fields.

We have first tested the performance of the collision
model presented in the previous section using the results
of Paper I as input data. With that purpose, we have se-
lected seven regions where the dust-to-gas ratio is larger
than the mean expected value for the diffuse ISM and
for consistency, we keep the same names as in Paper I:
H1, H2, H4, L1, L2, L4, and M1. In regions H1-H4, the
gas density value p is greater than 1o; in regions L1-L4,
it is lower than 1o; and in region M1, the gas density
reaches intermediate values. In all cases, conspicuous
filaments of charged dust are formed aligned with the
magnetic fields. We want to note that the computa-
tional domains for coagulation simulations are squared
domains that contain the original regions, so their limits
are slightly different as those in Paper I; the properties
of these regions are summarized in Table 1.

Given a region, we extract the gas properties and par-
ticle positions, and set them inside a new domain with
normalized limits [0, 1] x [0, 1]. The boundary conditions
are chosen to be flow out to ensure that the divergence-
free constraint holds V - B = 0. This implies that some
mass of dust will be inevitably lost, but we will take
this fact into account when discussing the performance
of the algorithm. The initial dust population is homo-
geneous, with a common radius of 0.05 pm, a charge
of Zg = —17, and an internal solid density p'* = 1
g cm~3. As explained in Sec. 2, the computational
test particles have to be considered as the centroids of
a squared cloud with linear size 2b that depends on the
dust content. At the initial stage, all the clouds have
the same linear size, typically 1.4 times the pixel size;
this means that the clouds span a region of 2 x 2 pixels.
The system is then left to evolve an arbitrary amount
of time that differs from simulation to simulation. The
final time is subjectively set following the condition that
dust particles have moved enough to produce substantial
coagulation, but they have not been completely swept
away from the domain. A typical value is t;, = 10!
s (~ 3 x 1073 Myr, see Table 1) that, when compared
with the global simulation (¢, (Paper 1) = 1.37 x 1013
s), is roughly a 7% of the total time. Hence, we ex-
pect that the phenomena observed in the simulations
here presented are representative of the evolution of the
global system (Paper I) at short time scales. Besides,
if we compare this time with the typical lifetime of a
molecular cloud (~ 10 Myr, Hartmann et al. 2001) it
is evident that the timescales treated in this work are
so small that we can consider that the final size distri-
butions are representative for a molecular cloud at any
stage of its evolution, provided that the ambient con-
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Table 1. Properties of the selected regions

Region Length Resolution Mqust <p> < B> tlim

pc px 10¥g 100® gem™ 107°G 105
Hi1 0.145 148 1.571 1.861 1.011 7.282
H2 0.121 124 6.854 1.828 1.057 9.987
H4 0.166 170 1.654 1.878 1.425 12.122
L1 0.117 120 0.832 1.526 1.609 9.665
L2 0.109 112 1.056 1.576 1.471 9.021
L4 0.180 184 1.822 1.609 1.333  14.820
M1 0.063 64 0.478 1.711 0.080 5.155

NoTE—Regions selected from the turbulence simulation (Paper I) to study
the performance of the dust coagulation algorithm. In all cases, they are
taken to be squared regions of a fixed length as given in the table, and with
a uniform resolution in x- and y- directions.

ditions (temperature, ionization fraction, magnetic field
strength, and density) are maintained.

3.1. FEwolution of the size distribution

Starting from single-sized dust grains, and given the
fact that we are not allowing particles to decrease their
size, we do not expect to retrieve a realistic size distri-
bution of the type dn/da x a?, ¢ = —3.5 (Mathis et al.
1977, hereafter MRN). In fact, attempts to fit the dust
size distribution to a power law give very sharp values
for ¢ (¢ ~ —4,-5).

Globally, we find that a significant fraction of the dust
population (30 — 40%) have a final radius greater than
the initial value of 0.05 pm, but only few of them (at
most 2%) acquires a size greater or equal than twice the
initial value (0.1 pm). Besides, the growth also depends
on the ambient conditions: particles that suffer from
moderate growth (final sizes below 0.1 pm) are found
all over the domain, but the largest particles are only
created in high dust density regions with weak magnetic
fields; this is logical since we are working with charged
dust particles with large charge-to-mass ratios, so they
are effectively accelerated by the Lorentz force. At high
density regions, however, the magnetic field strength de-
creases and the dust grains are less accelerated. In every
simulation we find one or two particles that are able to
acquire very large sizes (from 0.5 to 1 pm), and they are
initially located in regions with a magnetic field strength
lower than the mean.

Finally, we have qualitatively explored the possible in-
fluence of the morphology of the magnetic field in the
observed dust growth. With that purpose, we have plot-
ted the initial positions of all the particles that acquire
a size greater than 0.1 ym (2ag) over the vectorial mag-

netic field, and also over the initial density field (see
Fig. 2). In general, particle growth takes place inside
the main dust filaments, parallel to the magnetic field
lines, but the largest grains mentioned above form in
high dust concentrations located inside magnetic field
loops.

3.2. Dust mass loss

According to our model, there are two possible out-
comes for a collision between two particles: one of them
may grow, as we have already seen, or if their relative
velocity is larger than the threshold, the less massive
will suffer from erosion. This erosion is one of the main
mechanisms for dust mass loss, and in practice we shall
suppose that the mass lost after an erosion is actually
converted into smaller dust grains that return to the gas
phase and are not followed by our algorithm.

First, we have analyzed how many clouds lose dust
mass but keep their original radius (aq = 0.05 pm). Al-
most half of the clouds are eroded and for approximately
50% of them, the mass is reduced five orders of magni-
tude (see Fig. 2 for an illustration). This means that
dust erosion is very likely to take place in molecular
cloud envelopes, preventing the dust grains to acquire
very large sizes, and increasing the abundance of small
dust particles that interact very effectively with the am-
bient magnetic field.

We can further quantify the amount of dust that is
lost in the interactions, i.e., the dust mass that is trans-
ferred to the smaller populations not tracked in our sim-
ulation. Comparing the number of clouds at the final
stage of the simulation with the initial one, we can give
a lower limit for the dust mass that has gone out of the
domain, but that is not necessarily transferred to the
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Figure 2. Initial distribution of test particles in the H1 region. Left: particles that grow over 2ag = 0.1 pm (gold stars) plotted
over the vectorial magnetic field. Middle: initial distribution of test particles plotted over the gas density (in code units). Grey
circles correspond to particles that do not experience growth, while stars correspond to those that increase their sizes. The color
code of the stars correspond to the final size afn: agn > ao (black), > 2ao (gold), > 4ao (red), > 6ao (blue), > 8ao (magenta).
Right: same as the previous one, but the color code correspond to clouds of ag, = 0.05 pum that lose mass: Mg, < Mo (black),
<107 My (gold), < 1072 My (red), < 1073Mj (blue), < 10™*My (magenta), and < 107> M, (purple).

small-sized population. Since at ¢ = 0 all the clouds
have the same mass, we conclude that the amount of
dust that has escaped the domain is ~ 5% of the total
initial dust mass. This means that most of the mass,
that is approximately a 40% of the initial one, is con-
verted into small dust particles that return to a gaseous
state.

4. EVOLUTION OF A REALISTIC DUST
POPULATION

To complete the testing of the algorithm, we are in-
terested in seeing how a realistic dust size distribution
behaves. With that purpose, we have generated some
mock dust samples for the regions studied in Sec. 3
and have evolved them up to the same time limit. Our
objective is twofold: first, considering two independent
dust populations (one composed of silicates and another
one of graphite grains), study the variation in the power
index of the size distribution; and second, taking the
final dust size distributions, build the ultraviolet extinc-
tion curve and quantify the differences that arise due to
dust coagulation and erosion events. In the next section
(Sec. 4.1) we explain in detail how we have generated
the mock samples for these tests, and the analysis of the
size distribution is performed in Sec. 4.2. Finally, the
study of the ultraviolet extinction curve is presented in
Sec. 4.3.

4.1. Generation of a mock sample

For a given region, we know the total amount of dust
as listed in Table 1. Then, we suppose that the dust

abundance is equally distributed between two popula-
tions, one of silicate grains with solid density plif = 3.5
g cm™? and another one of graphite grains with plit =
2.24 ¢ cm™3. Each population will be represented by
ten dust families with sizes ranging from a,m, = 50 A to
Amaz = 0.25 pm, logarithmically spaced to have a better
sampling of the small end of the distribution: 5 nm, 7.7
nm, 11.9 nm, 18.4 nm, 28.4 nm, 43.9 nm, 67.9 nm, 104.8
nm, 161.9 nm, 250 nm. Since we are still working un-
der conditions typical of a molecular cloud envelope, we
compute the grain charges and Coulomb drag parame-
ters for each dust family and composition as in Paper 1
(Z51) Z8). Individual simulations with identical initial
conditions are carried out for the silicate and graphite
populations for simplicity, because our algorithm do not
allow interaction between particles from different popu-
lations.

Independently on the dust abundance, for each re-
gion and material we generate 1000 clouds, a quantity
imposed by computational restrictions, and consider a
homogeneous sampling of the populations, which im-
plies that 100 clouds of each size family are followed.
Then, these clouds are distributed across the domain
according to three criteria: particles with ag = 0.05 pym
should follow the original dust distribution from Paper
I, those with ag = ami, will be placed according to
the magnetic field strength, and those with aq = amas
will be generated according to the gas density; for
Amin < ag < 0.05 pm and 0.05 um< ag < Amaz, We
take a linear interpolation between the boundary values.
Each mock cloud is generated in the center of a compu-
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tational cell, and its velocity is also given as a function
of the velocity field of the original dust distribution, the
Alfvén velocity at cell-centers, and the gas velocity. A
detailed explanation of the methods behind the random
distribution of particles and the determination of their
velocities can be found in Appendix A.

Finally, as we want this mock sample to be represen-
tative of a realistic dust size distribution, we distribute
the dust mass among each population in order to satisfy
the condition 1n; = Nin (@i /Amin) 5.

4.2. Variations in the size distribution

We have studied separately the behavior of silicate
and graphite grains, since differences are to be expected
due to the smaller value of v..;; for graphites.

First, we analyzed the maximum achievable particle
size. In general, silicate particles acquire radii up to
~ 0.34 pm while graphite ones rarely grow beyond the
upper boundary of @4, = 0.25 pm; this is consistent
with the difference in the adopted values for vg,;;. How-
ever, there are some exceptions: in region L4, there is
one silicate grain that is able to grow up to 1.58 um
starting from a very small size (aq = 28.4 nm). It is
placed in a region that coincides with one of the fila-
ments inside which dust grains are able to acquire sizes
greater than 0.2 pm in the turbulent simulation (Sec.
3). For the graphite grains, in region H2 there is one
particle that grows up to ag = 0.325 pm, while in L1
another one reaches aqg = 0.356 pum. In this case, how-
ever, both grains had an initial radius of ag = 0.25 pm,
and therefore they are not candidates to suffer erosion
nor are accelerated by the magnetic fields (they move
with the gas). Although these variations in the size dis-
tributions may seem relevant, we find very similar values
when fitting the populations to a MRN power law (see
Table 2). In concordance with the previous discussion,
since silicate grains grow more efficiently than graphite
particles, the power index of the former population is
in general shallower than the latter one, but they are
always of the order of ¢ ~ —3.3.

Then, we have again quantified the percentage of mass
lost by the system. We observe greater values than
those of the turbulent case (Sec. 3) where the mean
was ~ 35% and approximately half of that mass was
reconverted into smaller grains. This time, almost half
of the mass disappears (see Table 2), but it is not dis-
tributed among the smaller population still present in
the domain: practically 80% of the mass lost in this
simulations is carried by very small particles of sizes 5
nm and 7 nm that rapidly drifts away from the domain.
Since we are assuming a MRN-like initial size distribu-
tion, and we start with 100 particles for each radius, the

smaller ones represent more mass than the larger ones.
Besides, due to their very small sizes, their dynamics is
governed by the charges, so they are effectively acceler-
ated by the magnetic field, barely feel the gas, and move
away. The effect is more pronounced for the graphite
population because their charge parameters are slightly
larger (see e.g. Draine 2004).

4.3. Variations in the UV extinction curve

Motivated by the deviations of the size distributions
from the initial MRN shape, we have investigated the
variations in the UV extinction curve that may arise
due to grain growth in molecular cloud envelopes.

We follow the approach by Nozawa & Fukugita (2013)
and compute the extinction curve as:

Ay =1.086 / Ta’ Q% (a)n;(a)da  (4)
j a

min

We take amin = 50A, dmae = 0.25 pm, and n;(a) =
Kjinga? (Weingartner & Draine 2001b), where the in-
dex j denotes the grain species (graphite or silicate) and
Ky = 10725 em?5, Kegra = 1072513 ¢m?:5. The fac-
tor @, ; in equation 4 is the extinction efficiency fac-
tor for species j, and is computed from the Mie the-
ory using the optical constants? by Draine (2003). For
graphite grains, we follow the standard 1/3 - 2/3 ap-
proach (Qxgra = (Q[l’gra + QQi‘,gra)/?), Weingartner &
Draine 2001b; Nozawa & Fukugita 2013) and take the
dielectric constants for particles of radius 0.01 pm.

For each region, we have built the extinction curve
from equation 4 taking the values of ¢ listed in Table 2.
We have further normalized the curve dividing by the
extinction at 540 nm, which is the effective wavelength
of the V band; an example is shown in Fig. 3. Using
these normalized curves, we can now proceed to study
the variations that arise at ultraviolet wavelengths due
to grain growth.

As we mentioned in the introduction, there are two
main features of the ultraviolet extinction curve that
may vary due to grain growth. The most prominent one
is the bump at 2175 A (see Fig. 3), but other species
apart from graphite and silicate grains should be consid-
ered for a realistic treatment, especially PAHs. However,
we want to note that the very small graphite grains here
considered have typical sizes similar to those of PAHs
(of the order of a few nm). The main difference between
graphite and PAHs is the nature of the chemical bonds
(C-H in PAHs that are not present in graphite grains)

2 The optical constants are available at Draine’s web page: https:

//www.astro.princeton.edu/~draine/dust/dust.diel.html.
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Table 2. Size distribution properties for the realistic simulations

Region ana, afie. ¢ ¢ My MEL bruv/0V
pum  pgm % %
HI 0338 0.250 -3.31 -3.33 45.56 50.28 0.76
H2 0338 0.325 -3.33 -3.39 48.83 50.03 0.79
H4 0332 0.250 -3.28 -3.35 4551 54.30 0.75
L1 0358 0.356 -3.28 -3.40 47.69 52.57 0.78
L2 0338 0250 -3.26 -3.36 44.97 49.13 0.75
L4 1580 0.250 -3.39 -3.33 48.89 54.33 0.86
M1 0352 0.250 -3.07 -3.11 61.33 65.79 0.55

NoTE—Maximum grain sizes, power index of the size distribution,
and percentage of mass lost for silicate and graphite particles in the
realistic simulations. The last column also shows the ratio between
the FUV slope of the given curves and the initial MRN distribution.

1 2 3 4 5 6 71 8
1/A (um™1)

Figure 3. Normalized synthetic extinction curve for regions
H1 (blue dashed line), M1 (orange dashed-dotted line), L4
(red dotted line), and for the initial MRN size distribution
(black solid line). The shadowed region corresponds to the
FUV part of the curve, where we perform a linear fitting of
the slope. The vertical gray line marks the position of the
2175 A bump.

that affect the dielectric constants and, in consequence,
the shape of the UV bump. We will consider to include
PAHSs for future applications, but in this work we only
aim to demonstrate the feasibility of our method, so we
will restrict to the study of the FUV slope.

Comparing the values in Table 2 and the previous dis-
cussions on grain growth, we see that even a modest
growth is translated into variations in the FUV slope of
the order of ~ 20%. A depletion of small particles, which
is translated into a shallower value of the power index of
the size distribution (|g| < 3.5), is always accompanied
by a decrease of the FUV slope. Two regions stand out
from the rest: L4 shows less conspicuous variations in
the FUV slope, reaching a ratio bFUV/b%/{l}\l/\I = 0.86; ac-

tually, it is straightforward from values in Table 2 that
this is the only region where the small graphite popu-
lation has been less depleted than the silicate one. For
M1 the effects are more acute: the value of the slope is
reduced to a half of the MRN initial distribution due to
grain escape in the simulations, but also due to the de-
struction of small particles during erosion events: only
a 26% (silicate) and a 30.5% (graphite) of the lost mass
is carried out by clouds that escape from the domain.

We have finally assessed which of the two populations
(silicate or graphite) exerts more influence in the FUV
extinction curve. With that purpose, we have used the
values above presented together with those from mock
populations with ¢ ranging from -3.0 to -3.5. As a gen-
eral rule, for a given ¢%?, there are not significant vari-
ations for the bpyy/bMEY ratio for ¢ > ¢8™. How-
ever, we do observe significant variations when we fix
the power index of the silicate size distribution and take
¢®® > ¢®'l. From this, we conclude that variations in
the FUV slope of the UV extinction curve mainly arise
from depletion of small graphite grains that return to
the gas phase.

5. DISCUSSION AND CONCLUSIONS

In this work, we have studied the growth and ero-
sion of interstellar dust grains under conditions typical
of a molecular cloud envelope for different populations
based on their evolution in 2D MHD simulations. Al-
though our methodology is different from that in the
common literature, we are going to compare our results
with those by Yan et al. (2004) (hereafter YLD04) and
by HY09 to determine the advantages of a direct dust
modeling over a more general statistical (that may be re-
garded as 3D) approach. Both works consider charged
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dust grains accelerated by MHD turbulence in several
phases of the ISM, and only take into account coagu-
lation and shattering effects. We will discuss only the
results for the WNM, since its properties are essentially
the same as those adopted for our molecular cloud en-
velope model (see Sec. 3).

YLDO04 adopted a statistical description of MHD tur-
bulence and damping processes to derive the grain ve-
locities in the WNM and to estimate the critical size for
silicate and carbonaceous grains in order to experience
shattering and coagulation. According to their study,
only grains larger than 0.2 pm are able to suffer from
shattering, while coagulation dominates for sizes lower
than 0.02 pm for silicates, and 0.04 pm for carbonaceous
grains. Similar results were reported by HY09, since
they adopted YLDO04’s velocities in order to evolve the
grain size distribution. According to the latter work, the
maximum grain size Gmq; = 0.25 pm cannot be super-
seded because either coagulation is not efficient enough
or because they would be destroyed by shattering ef-
fects. However, the results presented in Sec. 3 and in
Table 2 are not in agreement with that statement. In
Table 3, we show the number of coagulation and erosion
events for each simulation, as well as their mean du-
ration time. Focusing on the turbulent simulation (Sec.
3), it is straightforward that even a single-sized dust dis-
tribution may experience several coagulation and shat-
tering events, but that their relative frequency differs.
For regions H1, H2, and L2 coagulation and shattering
are essentially balanced, while for H4, L1, L4, and M1
shattering dominates. However, since the mean and me-
dian interaction times are, in general, greater for shat-
tering, the growing mechanisms for small dust particles
are countered. These conclusions are further sustained
by the results for the realistic size distributions consid-
ered in Sec. 4, since for them the shattering events are
approximately five times more common than coagula-
tion ones for both silicate and graphite grains. Never-
theless, we do observe growth for the silicate population
due to the shorter timescales for erosion, while graphite
grains barely supersede the maximum initial size due
to the low potential barrier for erosion (lower value of
Verit). We want to emphasize that we do not find any
common trends between regions with the same gas den-
sity properties, i.e., coagulation and shattering are not
governed by the gas but rather by the local morphology
of the magnetic field.

The origin of the discrepancies between the work here
presented and the ones by YLD04 and HYO09 is very
likely the fundamentally different followed approaches.
While YLDO04 and HY09 adopt a statistical 3D treat-
ment for the grain’s velocities, we have studied dust

interactions inside dense filaments formed in 2D MHD
simulations, so the collision frequencies in our work are
consequently greater because dust particles in our sim-
ulations are restricted to move in a plane; introducing
one additional degree of freedom will likely reduce the
collision rates, although the filamentary distribution will
always favor grain-grain collisions. Then, when study-
ing the general behavior of dust grains in a turbulent,
generic ISM medium, YLDO04 and HY09’s approaches
may be considered a fair approximation, while for more
specific studies, such as the one here presented, it may
be useful to evolve a full realistic dust population sub-
mitted to the resolved forces of the gas and magnetic
field.

Finally, we want to discuss the physical consequences
of the hypothesis that the mass of dust lost in erosion
events returns to the gas phase. When dealing with
grain shattering, it is customary to assume that the dust
mass is redistributed among the lower-sized population
(see e.g. HY09). Although this approach is reasonable
when evolving a dust size distribution, its implementa-
tion inside a framework where MHD codes are involved
is not trivial. Trying to increase the small sized popula-
tion of neighboring particles would inevitably introduce
more restrictions to the algorithm difficult to justify and
that would obscure the interpretation of the results. On
the other hand, the assumption that the residual dust
mass lost after a collision is converted into nanometer-
sized particles that may return to the gas phase is more
natural and easier to interpret.

To sum up, in this paper we have presented a new
formulation to study the variations in the grain size
distribution using a particle-in-cell code coupled with
a MHD code. We have implemented this formulation in
the MHD code Athena, and have used it to study the
variations in the dust size distribution in a molecular
cloud envelope and the expected variations in the FUV
extinction curve. This work is very related to other re-
cent attempts to include the evolution of the dust size
distribution in MHD codes (McKinnon et al. 2018; Tam-
fal et al. 2018; Li & Mattsson 2020) but it is the only
one that considers charged dust particles and that is de-
signed for studies of the diffuse ISM. Currently, and up
to the knowledge of the authors, the other numerical
code that is considering the evolution of charged dust
grains in the ISM is GIZMO (Hopkins 2015; Lee et al.
2017), but the public version only takes into account
the interaction of dust particles with the gas and the
magnetic fields.
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Table 3. Coagulation and shattering parameters

H1 H2 H4 L1 1.2 14 M1
Turbulent simulation
Neoag 2664 895 1725 959 1635 1841 577
< teong > (10% ) 0.71 1.45 1.42 1.39 1.70 224 0.23
median teoag (107 s)  11.3 29.9 2.05 6.44 451 3.21 1.17
Nsnat 2680 803 2682 1341 1592 2695 1190
< tshat > (107 5) 1.11 1.78 1.25 1.18 126 1.70 0.82
median tonae (10%s)  1.21 3.53 1.16 140 1.70 1.16 0.59
Realistic: silicate
Neoag 174 144 149 160 179 154 221
< teoag > (10° 8) 0.54 0.65 1.00 1.20 1.75 143 0.13
median teoag (107 s)  2.59 2.10 3.83 1.19 5.11 138 1.15
Nshat 772 878 805 883 979 873 1113
< tohat > (108 5) 7.57 4.09 5.07 4.74 403 6.22 6.00
median oy (107 s)  5.24 1.60 1.76 142 1.19 231 9.71
Realistic: graphite
Neoag 165 144 136 155 189 150 167
< teoag > (10% 5) 4.4 5.36 5.8 4.06 14.30 8.94 0.43
median teoag (107 s)  1.13 0.81 2.16 0.33 1.76 0.64 0.38
Nshat 908 943 1068 1039 1041 1024 1259
< tshat > (10% s) 8.23 5.13 6.94 5.99 6.56 948 T7.25
median tenas (107 s)  3.42 1.91 2.07 1.28 1.32 1.80 7.44

NoTE—Coagulation and shattering parameters for the different simulations: turbu-
lent (Sec. 3), and realistic populations of silicate and graphite grains (Sec. 4).
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APPENDIX

A. GENERATION OF A MOCK SAMPLE

In order to generate the position and velocity of a mock cloud of particles with radius a;, Gmin < a; < Amaz, we make
use of three probability matrices. We take as input data the matrix of magnetic field modulus in the region of interest
Mg, the matrix of the gas velocity modulus Mg,s, and the matrix of dust mass Mg from Paper I; we normalize these
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matrices so that the maximum value is 1. Then, for every cloud of particles with radius a;, the associated probability
matrix Mpop is computed as follows:

a;

an —
Mprob = |A|Mp + (1 — |A)My, A= (107a if ag < ag (A1)
0 — Umin
a; — a .
Mpmb = |O|Mgas + (1 - |C\)Md, C= ai—oao’ if ag > ag (AQ)

where ag = 0.05 um is the adopted radius for the simulations in Paper I.

The probability matrix Mo gives the 2D probability distribution of the clouds with radius a;. To assign a random
position following this distribution, we marginalize Mo, over y and retrieve the cumulative distribution function for
the z-position. Then, we take a random number from a uniform distribution and retrieve the associated x-position from
the cumulative distribution. Finally, the y-position is generated in a similar manner, but this time the marginalized
distribution is imposed by the z-coordinate (it is a conditioned probability).

The velocity of the cloud is set based on its position in the grid. Since we are placing the clouds at the center of
the computational cells, we can apply a linear relationship analogous to A1l and A2 but substituting the probability
matrices Mp, Mgas, and My by the corresponding values of the velocities at that cell, v, Vgas, and vg; this is done
on a component-by-component basis.
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