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ABSTRACT

Grain growth by accretion of gas-phase metals is a common assumption in models of dust evolution, but in dense gas, where
the time-scale is short enough for accretion to be effective, material is accreted in the form of ice mantles rather than adding
to the refractory grain mass. It has been suggested that negatively charged small grains in the diffuse interstellar medium
(ISM) can accrete efficiently due to the Coulomb attraction of positively-charged ions, avoiding this issue. We show that this
inevitably results in the growth of the small-grain radii until they become positively charged, at which point further growth
is effectively halted. The resulting gas-phase depletions under diffuse ISM conditions are significantly overestimated when a
constant grain size distribution is assumed. While observed depletions can be reproduced by changing the initial size distribution
or assuming highly efficient grain shattering, both options result in unrealistic levels of far-ultraviolet extinction. We suggest that
the observed elemental depletions in the diffuse ISM are better explained by higher initial depletions, combined with inefficient

dust destruction by supernovae at moderate (ny ~ 30 cm™?) densities, rather than by higher accretion efficiences.
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1 INTRODUCTION

The growth of dust grains by accretion of gas-phase metals is widely
assumed to be an important process in the interstellar medium
(ISM). Observations such as the correlation of depletion with gas
density (Jenkins 2009) are naturally explained by this mechanism
and studies of galaxy evolution have typically found it a necessary
addition to models in order to reproduce both present-day (Popping,
Somerville & Galametz 2017; De Vis et al. 2019; Triani et al. 2020)
and high-redshift (Mancini et al. 2015; Graziani et al. 2020) dust
masses, although some recent works have challenged this (Gall &
Hjorth 2018; De Looze et al. 2020; Nanni et al. 2020). Despite this,
our understanding of how grain growth actually works is limited. In
dense gas, where accretion is efficient, dust grains form icy mantles
rather than directly accreting refractory elements, which are rapidly
photodesorbed when exposed to ultraviolet (UV) radiation (Barlow
1978). Ferrara, Viti & Ceccarelli (2016) and Ceccarelli et al. (2018)
have argued that this makes any actual increase in bulk dust mass via
accretion impossible.

Zhukovska et al. (2016) and Zhukovska, Henning & Dobbs
(2018) identified a potential way to avoid this issue by considering
grain growth in the cold neutral medium (CNM). While the low
density makes accretion highly inefficient for traditional models (e.g.
Hirashita & Kuo 2011), under these conditions sufficiently small dust
grains become negatively charged (Weingartner & Draine 2001a).
As most dust-forming elements exist as singly charged positive ions
when exposed to UV radiation, Coulomb attraction can significantly
enhance the accretion rate (Weingartner & Draine 1999), leading
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to much more efficient grain growth than otherwise expected.
Zhukovska et al. (2016, 2018) implemented this mechanism into
a hydrodynamical simulation of the ISM, finding that the observed
patterns of silicon and iron depletion with respect to gas density were
well-reproduced, although requiring a somewhat smaller minimum
grain size than the typical Mathis, Rumpl & Nordsieck (1977) (MRN)
distribution.

The models in Zhukovska et al. (2016, 2018) assumed a constant
power-law grain size distribution, the properties of which are treated
as input parameters. However, grain growth, by definition, involves
an evolution of the size distribution. This results in small grains
rapidly becoming significantly larger (Hirashita & Kuo 2011), to the
point where the Weingartner & Draine (1999) model predicts they
become positively charged and repel, rather than attract, positive ions.
In this paper, we show that the inclusion of a consistently evolving
size distribution significantly reduces the effiency of grain growth in
the diffuse ISM. Observed elemental depletions in the CNM can only
be reproduced by assuming either very efficient grain shattering, or
a further reduction in the minimum grain size from the Zhukovska
et al. (2016) model, both of which result in extinction laws in conflict
with Galactic measurements. We suggest that the assumption of rapid
dust destruction by supernovae in the CNM is at fault. Relaxing this
assumption, the observed depletion patterns can be reproduced as
long as the material injected into the CNM is already significantly
depleted ([Si/H]gys ~ —1.5).

2 METHOD

We follow, as closely as possible, the formalism and parameter values
used by Zhukovska et al. (2016). We consider silicate grains, with a
density of p = 3.13 gcm*3 and a silicon mass fraction fs; = 0.165,
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Figure 1. Coulomb focusing factor versus grain size for 7 = 100K, x, =
0.0015 and ny = 5 (solid line), 30 (dashed line), and 100 cm > (dotted line).
The thin solid line marks D(a) = 1, i.e. no net attraction or repulsion.

Table 1. Model parameters.

Parameter Value Unit
Gas density ng 30 cm™3
Gas temperature 7 100 K
Electron fraction x, 0.0015 -
Grain density p 3.13 gem™?
Silicon mass fraction fs; 0.165 -
Silicon elemental abundance €s; 3.24 x 1073 -
Initial depletion [Si/H]gas —-0.5 -
Dust destruction time-scale T gegt 350 Myr
Maximum grain Size dmax 0.25 pm
Minimum grain size dmin 0.005 pm

and assume that growth is limited by the availability of silicon atoms.
We take the elemental abundance of silicon to be €g; = 3.24 x 107
(Lodders, Palme & Gail 2009). In the absence of grain charge, the
rate of change of grain radius is then

dj — nsiMsi < Vs >, (1)
dr 4p fsi

where ng;, mg; = 28my, and <vg; > are the gas-phase number density,
mass and mean thermal velocity of silicon atoms, respectively. In
principle, this equation may be modified by a sticking probabil-
ity, dependent on gas/grain temperature among other properties.
Zhukovska et al. (2016) find different implementations of the sticking
probability have little impact on their results, so we assume the
sticking probability is unity under CNM conditions.

Equation (1) is independent of grain radius. The introduction of
grain charge, which varies with size, modifies the growth rate by a
Coulomb focusing factor D(a) (Weingartner & Draine 1999), the ratio
of the actual cross-section for collision to the geometric cross-section.
We calculate the grain charge distributions for sizes between 0.001 —
0.5 um following Weingartner & Draine (2001a) and convert these
into focusing factors assuming singly charged positive ions using the
formulae presented in Weingartner & Draine (1999). Fig. 1 shows
the variation of D(a) with grain size for a range of densities, for gas
with temperature 7 = 100 K and electron fraction x, = 0.0015. For
typical CNM conditions, small grains tend to be negatively charged
and thus attract positive ions, but beyond aradius of ~ 0.01 pm grains
instead become positively charged and D(a) < 1. This transition
radius increases with density as electron attachment becomes more
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effective (for constant x,), which also reduces the magnitude of the
repulsion effect, but the qualitative behaviour is the same.

We note that while Weingartner & Draine (1999), and by extension
Zhukovska et al. (2016, 2018), assume an electron fraction in the
CNM of 0.0015, this requires the majority of electrons to come from
hydrogen or helium, and including grain-assisted recombination for
these elements has been shown to reduce the CNM electron fraction
to ~10~* (Weingartner & Draine 2001b; Liszt 2003). We explore the
effect of this lower value in Appendix A, finding that it significantly
reduces the accretion efficiency due to generally more positively
charged grains. Nonetheless, we continue to use the higher value for
consistency with previous work.

We assume an initial MRN grain size distribution with ap;, =
0.005 pum, @max = 0.25 um and a power law index of —3.5, and

an initial slicon depletion value [Si/Hls = log o (23 ) = ~0.5,
again following Zhukovska et al. (2016). The initial [Si/H],,s allows
us to determine the initial number density of grains, n,(a). We divide
the size distribution into 100 logarithmically distributed bins and use
equation (1) combined with D(a) to calculate the growth rate for each
size bin. For a time interval df we can then calculate the increase in
grain radius, da, and the new grain size, a; = ap + da. As we later
implement processes which do not conserve grain number, rather
than simply updating a for each bin, we redistribute the grains in bin
i between bins j and j + 1 where the new radius a; falls between g;

and a; + 1, such that
ar —a(j)
‘ ) ©)

dng(j) = (@) (1 T aG + 1) —a()

and

- 3)
a(j+1) —a(j)
The new mass in grains due to the increase in total volume is then
used to update the remaining gas-phase abundance of silicon ng;.
Note that as we used a fixed grid of grain sizes, the largest grain
size does not grow and over time, smaller grains ‘pile up’ in the last
bin as they reach this size. For an MRN distribution, the accretion
rate is always dominated by the smallest grain sizes, particularly
when charge is included (as large grains are positively charged and
so have D(a) < 1). Even without grain charge, the difference in the
mass accreted when accounting for this effect is negligible, as the
fractional increase in grain radius (and thus volume) for the largest
grains is tiny. In any case, this has little effect on our overall argument.
Zhukovska et al. (2016) model the growth of dust mass via the
equation
dfa 1

& T Ja(l = fa), “)

dng(j + 1) = ng(i) <1 a+1)=a )

where f; is the fraction of silicon locked up in dust grains (i.e.
fa=1—1087Hlw) and 7, is the accretion time-scale, defined as
_1 _ 3esimsivsing
T pfsi<a>s

(&)

The quantity <a > 3 is the average grain radius accounting for
Coulomb focusing, given by

<a>3=< a > /< D(a)(l2 > . (6)

In Zhukovska et al. (2016), this quantity and thus 7, iS constant
for a given set of physical conditions. We use the initial value of 7,
and equation (4) to track the depletion in the case of a constant size
distribution.
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Figure 2. Silicon depletion (left-hand panel) and final grain size distribution (right-hand panel) for models with an evolving size distribution (blue solid lines)
or for a constant MRN distribution (red dashed lines), for ny; = 30cm > and 7 = 100 K.
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Figure 3. Silicon depletion after 10 Myr versus gas density for models with
an evolving size distribution (blue solid line) or for a constant MRN distribu-
tion (red dashed line). Observational values from Savage & Sembach (1996)
for the warm and cool disc are shown as black triangles at representative
densities of ny = 0.5 and 30cm 3.

Zhukovska et al. (2016) implement dust destruction via two
mechanisms: direct destruction in gas particles affected by super-
novae in the simulation, using a prescription for the mass of gas
‘cleared’ of dust (Jones et al. 1994; Jones, Tielens & Hollenbach
1996; Dwek, Galliano & Jones 2007) and additional destruction in
the diffuse ISM representing supernovae originating from field OB
stars, rather than those near their birth molecular clouds. The latter
is treated as a destruction time-scale 74e in gas below a density
threshold of ny = 1cm™3, with Zhukovska et al. (2016) choosing
Tgest = 100 Myr. From the evolution of the total destruction time-
scale presented in Zhukovska et al. (2016), we note that (a) the
second process appears to be dominant over destruction by individual
supernova events and (b) T .5 remains between ~ 300 — 400 Myr, in
approximate balance with the dust production rate, for the majority of
the simulation. We thus set 7gesr = 350 Myr, with the dust destruction
then being given by

dfi  fa

dr Tdest ’

@)

This treatment does not account for grain size, with larger grains
expected to be more resilient to destruction via sputtering. However,
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grain shattering processes, which are more efficient for larger grains,
can redistribute the mass to smaller grain sizes, so that the post-
shock size distribution is in general a complex function of many
input parameters and assumptions (Slavin, Dwek & Jones 2015;
Kirchschlager et al. 2019). As a full treatment of dust destruction is
beyond the scope of this paper, we assume all grain sizes are affected
equally, i.e. with the same T ge.

We initially investigate dust growth under typical CNM conditions
of ny = 30cm™3 and T = 100 K (Weingartner & Draine 1999). We
follow the evolution for 10 Myr, typical of grain residence times in
the CNM (Peters et al. 2017), with a time-step of 10*yr. Model
parameters are listed in Table 1.

3 RESULTS

Fig. 2 shows the evolution of [Si/H],s and the grain size distribution
for ng = 30cm ™3, T = 100K, with and without an evolving grain
size distribution. For a constant MRN distribution, the level of
silicon depletion increases by 0.2 dex over 10 Myr, whereas when
the increase in grain radii is accounted for the increase is negligible.
The final size distribution develops a peak at ~ 0.01 pm, where the
typical grain charge starts to transition from negative to positive.
Grain smaller than this can accrete gas-phase material efficiently,
but at larger radii this is increasingly prevented as the Coulomb
focusing factor decreases, and large, positively charged grains are
almost completely unable to grow via accretion. This effect occurs
regardless of gas properties — Fig. 3 shows [Si/H]g, after 10 Myr
for varying gas density, compared to representative observational
values taken from Savage & Sembach (1996). The increase in the
size of the smallest grains, and the corresponding reduction in the
accretion efficiency, results in less depletion at all densities, but this is
particularly noticeable at the higher densities, where the time-scales
are short enough for significant accretion to occur over the 10 Myr
time span.

Even for a constant size distribution, our model returns values
of [Si/H]gs significantly higher than those observed in the CNM.
Zhukovska et al. (2016) found the same issue for the typical MRN
minimum grain size of 5 nm, motivating them to investigate smaller
values. Fig. 4 shows [Si/H]z, versus gas density for minimum
grain radii of 3 and 1nm. With a,,;, = 3nm and a constant MRN
distribution, the Savage & Sembach (1996) CNM depletion can
be reproduced, as found by Zhukovska et al. (2016), but with an
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Figure 4. Silicon depletion after 10 Myr versus gas density for models with an evolving size distribution (blue solid line) or for a constant MRN distribution
(red dashed line), with amin = 3 (left-hand panel) and 1 nm (right-hand panel). Observational values from Savage & Sembach (1996) for the warm and cool disc

are shown as black triangles at representative densities of ny = 0.5 and 30 cm™—>.
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Figure 5. Extinction curves, using Laor & Draine (1993) silicate optical
properties, for the initial MRN distribution (solid black line) and the grain size
distributions after 10 Myr for our fiducial model, with @mpin = 5 nm (dashed
black line), and for apj, = 1 nm (dotted black line). The values of Ay/Ny are
1.2,1.2and 1.1 x 10~%2 mag cm?, respectively. The value of A; /Ay has been
reduced by half to account for the typical silicate/carbon ratio of grains in the
ISM. The Cardelli, Clayton & Mathis (1989) Galactic extinction curve, with
Ry = 3.1, is also shown for comparison (red dotted line).

evolving size distribution this value (—1.3 dex) is only reached for
a gas density of ny = 100cm™3, at which point several of our
model assumptions, such as the temperature and electron density,
are likely to become inappropriate. Reducing the minimum grain
size further to 1nm allows [Si/H]g, to reach the observed value
within 10 Myr, but the resulting size distribution is significantly
overabundant in ~ 0.01 pum grains compared to the typical MRN
case. This causes a corresponding increase in the far-UV extinction
which is incompatible with values seen along Galactic sightlines,
shown in Fig. 5 (we have reduced the value of A;/Ay by half to
account for the fact that silicates make up only ~ 50 per cent of the
ISM dust budget). The model ratios of visual extinction to column
density, Ay/Ny, are ~ 10722 mag cm?, lower than expected compared
to Galactic values (~ 5 x 10722 mag cm?; Bohlin, Savage & Drake
1978) if silicates make up half of the total Ay. This suggests that
large grains are underabundant, even for the initial size distribution,
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Figure 6. Silicon depletion for models with an evolving size distribution
(blue lines) or for a constant MRN distribution (red dashed line), for ny =
30cm ™3 and 7 = 100K, and a shattering efficiency of 0 (solid blue line),
0.01 (dashed blue line), and 0.05 (dotted blue line).

due to the low initial depletion and lack of a mechanism to produce
grains larger than ~ 0.01 wm.

The reduction in accretion efficiency is caused by the bottlenecking
of small grains as they reach radii where they become positively
charged, at which point further growth becomes very slow. In
principle, this could be mitigated by grain shattering, redistributing
mass from large grains into more numerous, smaller ones. However,
we find this either fails to resolve the issue, or raises new ones.
A full treatment of shattering requires knowledge of both the
dynamics and bulk properties of the dust grains (Hirashita & Yan
2009; Kirchschlager et al. 2019), and is beyond the scope of this
paper, but we can approximate its effect by calculating the rate of
grain—grain collisions and assuming that a given fraction (hereafter,
the ‘shattering efficiency’) result in a shattering event. Following
Hirashita & Yan (2009), we assume a typical turbulent velocity
dispersion in the CNM of 2km s~ and that the mass of shattered
grains is redistributed into a MRN power-law size distribution, with
the maximum mass equal to the size of the shattered grain.

Fig. 6 shows the evolution of [Si/H]4,s for models with varying
shattering efficiency. Reproducing the static size distribution values

MNRAS 502, 2438-2445 (2021)
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Figure 7. Left-hand panel: Final grain size distribution (blue solid line) and initial MRN distribution (red dashed line) after 10 Myr for ny = 30 cm ™3,
T = 100K, and a shattering efficiency of 0.05. Right-hand panel: Extinction curves, using Laor & Draine (1993) silicate optical properties, for the initial MRN
distribution (solid black line) and the grain size distributions after 10 Myr for a shattering efficiency of 0.01 (dashed black line) and 0.05 (dotted black line). The
values of Ay/Ny are 1.2, 0.28, and 0.12 x 10~22 mag cm?, respectively. The value of A; /Ay has been reduced by half to account for the typical silicate/carbon
ratio of grains in the ISM. The Cardelli et al. (1989) Galactic extinction curve, with Ry = 3.1, is also shown for comparison (red dotted line).
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Figure 8. Silicon depletion (left-hand panel) and final grain size distribution (right-hand panel) for models with an evolving (blue solid lines) and constant size
distribution (red dashed lines), for nyy = 30cm™3, T = 100K and a shattering efficiency of 0.05 and an initial lognormal size distribution centred at and with a

width of 0.1 pm.

requires a shattering efficiency of 20.01, but the size distributions
and extinction curves produced with these values, shown in Fig. 7,
are in even greater tension with those observed than the reduced
amin models discussed above — the extinction in the far-UV is even
higher, and Ay/Ny even lower, due to the rapid redistribution of
mass from large to small grains. We also consider this level of
shattering to be unrealistic — the threshold velocity for shattering
of silicates in Hirashita & Yan (2009) is 2.7kms~!, larger than
the CNM turbulent velocity, so the number of collisions result-
ing in a shattering event is likely to be very small. The CNM
size distribution presented in Hirashita & Yan (2009) is almost
unchanged after 50 Myr of evolution and does not display the
large overabundance of small grains required for efficient grain
growth.

The inability of grain growth models to reproduce the observed
elemental depletions without also producing unrealistic extinction
curves is tied to the initial size distribution — the amount of possible

MNRAS 502, 2438-2445 (2021)

growth is limited by the number of small grains, which can only
accrete up to a certain radius before becoming positively charged, and
for an MRN distribution the amount of additional growth required
to reach [Si/H]g, ~ —1.3 (as required by Savage & Sembach 1996)
results in implausible levels of far-UV extinction. It is possible that
these issues could be circumvented by an initial size distribution with
fewer small grains and subsequent reprocessing of larger grains into
smaller ones via shattering. However, we are unable to find a situation
where this occurs. Fig. 8 shows the evolution of [Si/H],,s and the grain
size distribution for the extreme case of a top-heavy size distribution
(alognormal with centre and width 0.1 pm). Such a size distribution
could plausibly be produced by the injection of dust by core-collapse
supernovae, which are established as primarily producing large grains
(Galletal. 2014; Wesson etal. 2015; Bevan & Barlow 2016; Priestley
et al. 2020); from hotter phases of the ISM where only the largest
grains are expected to survive; or from coagulation in molecular
clouds. Even with a shattering efficiency of 0.05, accretion of gas-
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Figure 9. Silicon depletion after 10 Myr versus gas density for models with
an evolving size distribution (blue solid line) or for a constant MRN distri-
bution (red dashed line), assuming an initial depletion of [Si/H]gas =-15
and a dust destruction time-scale Tgesi = 1 Gyr (n/30 cm™?). Observational
values from Savage & Sembach (1996) for the warm and cool disc are shown
as black triangles at representative densities of ng = 0.5 and 30 cm™3.

phase material is still not efficient enough to reach observed depletion
levels in the CNM after 10 Myr, and the final size distribution is
skewed far enough to small grain sizes to result in unrealistic levels
of far-UV extinction. It may be possible to reproduce the Savage &
Sembach (1996) CNM depletions via grain growth without violating
constraints on the far-UV extinction with a suitable choice of initial
conditions, but we are unable to find a physically motivated scenario
for which this is the case.

4 DISCUSSION

If observed elemental depletions in the CNM cannot be reproduced
by efficient accretion on to small grains, they must be caused by
some other mechanism. We suggest that the assumed dust destruction
time-scales are the most likely avenue. As noted above, Zhukovska
et al. (2016) account for both destruction by supernovae captured
in their hydrodynamical simulations and additional destruction in
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diffuse gas ascribed to supernovae occuring at a distance from their
birth molecular clouds. The latter mechanism is introduced in order to
prevent overdepletion in the CNM, which may not be necessary if the
assumed grain-growth time-scales are too low as we argue, and the
former is based on one-dimensional theoretical models which appear
to be in conflict with at least some observed supernova remnants (Koo
et al. 2016; Chawner et al. 2020; Priestley et al. 2021). If either or
both of the assumed destruction time-scales are too low, the low gas-
phase silicon abundance in the CNM is not due to efficient accretion
of gas-phase material, but is indicative of highly depleted gas injected
into this phase of the ISM. Observations of both the Crab Nebula
(Owen & Barlow 2015; De Looze et al. 2019) and Cassiopeia A
(De Looze et al. 2017; Laming & Temim 2020) have found that
supernova ejecta dust masses are comparable to those of the gas-
phase dust-forming elements or possibly even higher. High initial
depletions could also be due to grain accretion in molecular clouds,
although this would require some way of growing the refractory mass
rather than ice mantles.

Fig. 9 demonstrates an attempt at constructing a model
based on these hypotheses. We assume that an initial value of
[Si/Hlgs = —1.5 and a dust destruction time-scale scaling as
Tgest = 1 Gyr (nyr/30 cm™3). The normalization of T4 is motivated
by the values in Zhukovska et al. (2016) without the additional
diffuse ISM destruction, while the scaling is consistent with previous
theoretical work on the density dependence of dust destruction
(Draine 1990; Hu et al. 2019). With or without an evolving size
distribution, the model broadly reproduces the depletions in both the
CNM and warmer gas, as well as the trend of increasing depletion at
higher densities. The size distribution and extinction curve, shown
in Fig. 10, are nearly unchanged from the initial conditions after
10 Myr at ny = 30cm ™, and with Ay/Ny = 1.7 x 1072? mag cm?
are in better agreement with Bohlin et al. (1978), particularly as
we expect carbon grains to contribute slightly more to the total Ay
(using amorphous carbon optical properties from Zubko et al. (1996)
instead of silicates, we find Ay/Ng = 4.1 x 1072 mag cm?). While
this is a somewhat artificial example due to the choice of the initial
depletion and neglects the cycling of gas between different phases
of the ISM, it does show that phenomena commonly attributed to
grain growth can be equally well explained by variations in the dust
destruction efficiency.

wt

0 2 i 6 8
A7/ pm

Figure 10. Left-hand panel: final grain size distribution (blue solid line) and initial MRN distribution (red dashed line) after 10 Myr for ny = 30cm ™2,
T = 100K, [Si/H]gas = —1.5 and 7g4est = 1 Gyr. Right-hand panel: extinction curves, using Laor & Draine (1993) silicate optical properties, for the initial (solid
black line) and final (dashed black line) size distributions. The values of Ay/Ny are 1.7 and 1.7 x 10722 mag cm?, respectively. The value of A; /Ay has been
reduced by half to account for the typical silicate/carbon ratio of grains in the ISM. The Cardelli et al. (1989) Galactic extinction curve, with Ry = 3.1, is also

shown for comparison (red dotted line).
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5 CONCLUSIONS

Efficient accretion of gas-phase metals by small, negatively charged
dust grains has been proposed as an explanation for elemental
depletion patterns observed in the CNM (Zhukovska et al. 2016,
2018). We have demonstrated that once the evolution of the size
distribution is properly accounted for, this becomes impossible, as the
growth in dust mass is halted once the small grains grow large enough
to become positively charged. Increasing or replenishing the number
of small grains, such as by altering the initial size distribution or
invoking efficient grain shattering, results in far-UV extinction curves
incompatible with anything observed along Galactic sightlines. We
suggest that relatively high levels of depletion in the CNM, rather
than being a sign of efficient grain growth, are actually indicative of
the survival of dust grains in initially highly depleted material from
a (presumably) denser phase of the ISM.
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reducing x, by a factor of 10 on our fiducial model (ny; = 30 cm™3,
T = 100K). The Coulomb focusing factor is reduced for all grain
radii and the transition radius where it falls below unity occurs for
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where there is no period of increasing depletion, and for an initial
[Si/H]gas = —0.5 material is returned to the gas phase at all times.
The Zhukovska et al. (2016) model is thus not only overestimating
the grain growth efficiency by neglecting the evolution of the size
distribution, but also by adopting a potentially inaccurate set of
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Figure Al. Left-hand panel: Coulomb focusing factor for ng = 30 em ™3, 7 = 100K, and x, = 0.0015 (solid lines) and 1.5 x 10~* (dashed lines). Right-hand
panel: Silicon depletion versus time for ngg = 30cm™>, T = 100K, and x, = 0.0015 (solid lines) and 1.5 x 10~* (dashed lines), with (blue) and without (red)
an evolving size distribution.
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