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Abstract

In order to theoretically understand dust properties in the circum-galactic medium (CGM), we
construct a dust evolution model that incorporates the evolution of grain size distribution. We
treat each of the galaxy and the CGM as a one-zone object, and consider the mass exchange
between them. We take into account dust production and interstellar dust processing for the
galaxy based on our previous models, and newly incorporate sputtering in the hot phase and
shattering in the cool phase for the CGM. We find that shattering increases the dust destruction
(sputtering) efficiency in the CGM. The functional shape of the grain size distribution in the
CGM evolves following that in the galaxy, but it is sensitive to the balance between sputtering
and shattering in the CGM. For an observational test, we discuss the wavelength dependence
of the reddening in the CGM traced by background quasar colors, arguing that, in order to
explain the observed reddening level, a rapid inflow from the CGM to the galaxy is favored
because of quick dust/metal enrichment. Small grain production by shattering in the CGM also
helps to explain the rise of dust extinction toward short wavelengths.

Key words: dust, extinction — galaxies: evolution — galaxies: halos — galaxies: ISM — intergalactic
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1 Introduction

Dust affects the brightness of background objects through
extinction, that is, scattering and absorption of light. Dust
usually causes reddening, since it absorbs and scatters light
more efficiently at shorter wavelengths (e.g., Draine 2003).
Dust is prevailing in the interstellar medium (ISM); thus,
in order to estimate the intrinsic luminosity or color of a
Galactic object, we need to correct the observed flux for
the dust extinction in the line of sight. Observation of
an extragalactic object is also affected by the reddening
in the ISM of its host galaxy. Thus, it is important to
understand the dust extinction properties in the ISM of

the Galaxy and extragalactic objects.
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Dust is also known to be distributed on larger scales
than galaxies, that is, in the intergalactic medium (IGM)
or in the circum-galalctic medium (CGM). Background
quasars are used to trace the extinction of foreground ab-
sorption line systems distributed in the circum-galactic or
intergalactic space. Since dust extinction in these sys-
tems is generally small, reddening of the IGM or CGM
has been detected in a statistical manner through a large
sample of quasars observed mainly by the Sloan Digital
Sky Survey (SDSS; York et al. 2000). For example, York
et al. (2006) obtained the dust extinction curves of fore-
ground absorption systems from the comparison between
quasar samples with and without intervening absorbers.
Ménard et al. (2010) detected reddening on a scale of sev-
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eral Mpc around galaxies at median z ~ 0.3 (z is the red-
shift) by taking a cross-correlation between the color excess
of background quasars and the projected density of galax-
ies. A similar radial reddening profile was obtained for
nearer (z ~ 0.05) galaxies by Peek et al. (2015). Ménard
& Fukugita (2012) detected reddening in Mg 11 absorbers,
which are considered to be located in the CGM in the
intervening systems (e.g., Steidel et al. 1994; Lan 2020).
In addition to the above absorption studies, Meinke et al.
(2023) found extended dust emissions around a sample of
galaxies at z ~ 1 by stacking millimeter data. An analytic
cosmological galaxy structure model developed by Masaki
& Yoshida (2012) also supported such a large-scale dust
distribution.

Dust in the CGM and IGM is important in the follow-
Dust in the CGM contributes significantly

to the total dust content in the Universe, since galaxy

ing aspects.

halos contain an amount of dust comparable to galaxy
disks on average (Ménard et al. 2010; Fukugita 2011). As
mentioned above, dust distributed in a large volume of
the Universe causes slight extinction or reddening of back-
ground sources, causing some bias in the colors and fluxes
of the objects used as statistical tracers of large-scale struc-
tures (Mortsell & Goobar 2003; Avgoustidis et al. 2009).
In addition to reddening, dust could also contribute to the
cooling of the hot (Tgas 2, 10° K, where Tyas is the gas tem-
perature) gas contained in the CGM (e.g., Dwek 1987; Tsai
& Mathews 1995; Mathews & Brighenti 2003). In cooler
gas in the CGM and IGM, dust could play an important
role in gas heating through the photoelectric effect (Inoue
2003; Inoue & Kamaya 2004). Therefore, in order to reveal
the thermal properties of the CGM and IGM, the evolution
of dust needs to be clarified.

The dust in the CGM should be supplied from the cen-
tral galaxy. There are some observations that showed
spatial dust distributions extending the galactic disk to
the CGM, indicating a connection between the dust in
these two regions (Howk & Savage 1997; Alton et al.
1998).
back) from supernovae (SNe) and active galactic nuclei
(AGNSs; e.g., Veilleux et al. 2005) can transport dust from
the galaxy to the CGM. Some hydrodynamic simulations

Galactic outflows driven by energy input (feed-

showed that this dust transport actually happens (Zu et al.
2011; McKinnon et al. 2016; Hou et al. 2017; Aoyama et al.
2018). A detailed high-resolution simulation showed that
a significant fraction of the dust survives against sputter-
ing in galactic outflows (Richie et al. 2024). Semi-analytic
frameworks also provide theoretically expected dust mass
budget in the CGM (Triani et al. 2020; Parente et al. 2023).
Recent theoretical studies also suggested that galactic out-

flows can be an important mechanism for the loss of dust

from galaxies at high redshift (Burgarella et al. 2020; Nanni
et al. 2020). Radiation pressure from stars provides an-
other way of supplying dust to the CGM (Ferrara et al.
1991; Davies et al. 1998; Bianchi & Ferrara 2005; Hirashita
& Inoue 2019). The CGM is also a reservoir of gas for the
central galaxy. The infall of the CGM into the galaxy can
trigger star formation, which further enhances stellar feed-
back. Therefore, the mass exchange between the CGM and
its central galaxy is the key process that clarifies the origin
of the dust in the CGM.

Otsuki & Hirashita (2024) (hereafter OH24) developed
a dust enrichment model in the CGM by considering the
mass exchange with the central galaxy. The evolution of
the dust content in the galaxy is calculated in a manner
consistent with the metal enrichment based on an already
developed model (e.g., Lisenfeld & Ferrara 1998; Dwek
1998; Hirashita 1999).
production, dust growth in the ISM, and dust destruction
in SN shocks. The dust content in the CGM is calcu-

lated by considering dust supply from galactic outflows

The model includes stellar dust

and dust destruction by sputtering. The latter process oc-
curs in the hot (Teas 2 10° K) phase (Tsai & Mathews
1995) of the CGM. OH24 focused on the dust abundance
at ages comparable to the present-day Universe (¢ ~ 10
Gyr), and found that the resulting dust mass in the CGM
is consistent with the value derived from a large sample of
SDSS galaxies. Using a much more comprehensive model
based on a semi-analytic framework, Parente et al. (2023)
also obtained a similar CGM dust mass, confirming that
the physical processes regarding the CGM dust evolution
are successfully included in the models. In particular, the
dust mass in the CGM can be explained by the scenario in
which the dust is supplied by the outflows from the central
galaxy.

However, there is another important aspect for the dust
in the CGM, which is the grain size distribution (the distri-
bution function of grain size). In fact, the above important
processes of dust in the IGM and CGM, that is, reddening
and heating/cooling occur in a way dependent on the grain
size, more precisely the grain size distribution. Thus, for
a detailed understanding of these processes, it is crucial to
clarify not only the total dust abundance but also the grain
size distribution. In this paper, we focus on the CGM,
since it is the site where the dust produced in the galaxy
is directly injected. Therefore, the purpose of this paper
is to construct a model that describes the evolution of the
grain size distribution in the CGM. To achieve this goal,
we need to treat the evolution of grain size distribution in
the central galaxy, with which the CGM exchanges mass.
The grain size distribution in a galaxy is already modeled

in some previous studies (Asano et al. 2013; Hirashita &
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Aoyama 2019), which we are able to utilize to model the
central galaxy in this paper. We extend the model to in-
clude the dust evolution in the CGM.

In addition to the dust destruction by sputtering, there
is a process that is potentially important for the evolution
of the grain size distribution in the CGM: Hirashita & Lan
(2021) showed that shattering could occur in cool clumps
in the CGM. Coexistence of cool clumps and hot gas is
also shown by a high-resolution cosmological simulation
(Ramesh et al. 2023). In cool clumps, grain motion, which
causes grain—grain collisions, is assumed to be governed
by turbulence. Some observations showed that the cool
medium in the CGM is turbulent (Qu et al. 2022; Chen
et al. 2023).
so that it was not explicitly included in OH24. However,

Shattering preserves the total dust mass,

shattering is considered to be a unique process that could
explain the existence of small grains indicated by the rest-
frame ultraviolet excess in the reddening curves (Hirashita
& Lan 2021). The above cool phase could be traced by
Mg 11 absorbers, which Lan & Fukugita (2017) considered
to have a typical gas density of ng ~ 0.3 em™ (ng is
the hydrogen number density) and a typical dimension of
30 pc. Gas clumps of similar size are also observed in the
Milky Way halo (e.g., Ben Bekhti et al. 2009) as well as
in quasar absorption line systems at high redshift (e.g.,
Rauch et al. 1999; Prochaska & Hennawi 2009). Lan &
Mo (2019), based on an analytically estimated evapora-
tion time-scale, found that the lifetime of a cool clump is
a few x 10% yr. Hirashita & Lan (2021) showed that shat-
tering in cool clumps with a duration of a few x 10% yr
raises the abundance of small grains to a level high enough
to explain the ultraviolet excess in the reddening curves
mentioned above.

In this paper, we construct a theoretical framework for
the evolution of grain size distribution in the CGM by
including both shattering and sputtering. We extend the
model developed by OH24 to include the evolution of grain
size distribution. As done by OH24, we treat the CGM
in a consistent manner with its central galaxy by includ-
ing mass exchange. As emphasized by OH24, we take an
analytical approach without solving hydrodynamical evo-
lution. This serves to directly address how the grain size
distribution in the CGM is affected by the efficiencies or
time-scales of relevant processes. In other words, the model
developed in this paper will clarify what determines the
grain size distribution in the CGM. We also calculate red-
dening curves in order to directly output observable prop-
erties of the CGM dust.

This paper is organized as follows. In section 2, we de-
scribe the evolution model of grain size distribution. In

section 3, we show the results. We further use these re-

sults for extended predictions and discussion in section 4.

Finally we give conclusions in section 5.

2 Model

We construct a model that describes the evolution of grain
size distribution in a galaxy and its CGM. Since the dust
in the CGM is supplied from the central galaxy, we also
need to model the mass exchange between the CGM and
the galaxy as well as the dust evolution within the galaxy.
OH24 already modeled the evolution of dust mass in the
CGM by considering the mass exchange with the galaxy
and including relevant processes that affect the dust con-
tent in the galaxy and the CGM. Since OH24 did not treat
grain size distribution, we modify their framework. The
evolution of grain size distribution by various processes is
formulated based on our previous models, especially taken
from Asano et al. (2013) and Hirashita & Aoyama (2019).
Since dust enrichment is tightly related to metal produc-
tion (e.g., Lisenfeld & Ferrara 1998), we model the chem-
ical evolution in the CGM and the galaxy. We treat each
of the CGM and the central galaxy as a one-zone object,
of which the spatial structure is neglected. We treat the
galaxy—CGM system as an isolated system and neglect the
matter circulation outside it.

Because we neglect detailed spatial structures in the
galaxy and the CGM, we assume that the grain size dis-
tribution in the outflow (inflow) is the same as that in
the galaxy (CGM). Indeed, a significant fraction of large
grains, which are the major component of the dust popu-
lation in the galaxy, survive against sputtering in galactic
outflows (Richie et al. 2024).
distinguish the gas once launched to the CGM and that
preexisting in the CGM, ‘dust destruction in the CGM’ in
our framework includes sputtering both in the outflow and
in the CGM.

Since we are not able to

2.1 Chemical evolution

We calculate the enrichment of metals and dust in the
CGM and the galaxy. We describe the evolution of the
gas, metal, and dust masses in the galaxy, denoted as Mg,
Mz, and My, respectively. The masses of the same com-
ponents in the CGM are denoted with superscript ‘C’ (i.e.,
Mgc7 Mg, and Mdc) In our definition, the metals include
both gas and dust phases. The following equations are
based on OH24, but are modified to include the grain size

distribution.

In the galaxy, the evolution of the above mass compo-
nents is described by (e.g., Inoue 2011):
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S =Yt REI-0, (1)
B 2p4Ys+2°1 - 20, )
dM, .

dtd = —Dy+ Yq+ Maism+ DI — DO, (3)

where v is the star formation rate, R is the gas return
rate from stars, [ is the inflow rate from the CGM, O is
the outflow rate to the CGM, Z = Mz /M, is the metal-
licity of the gas in the galaxy, Yz is the ejection rate of
metals from stars, Z€ = Mg/MgC is the metallicity in the
CGM, D = Ma/Ms, is the dust-to-gas ratio in the galaxy,
D = MY /MY is the dust-to-gas ratio in the CGM, and
Md,ISM is the contribution to the dust mass increase from
interstellar dust processing (dust growth by accretion and
dust destruction by SN shocks). Using the above three
equations, we obtain the time evolution of Z = Mz /M,
and D = My/M; as

dz 1 c

E_E[YZ—Z}H(Z -1, (4)
dD 1 c y

TR [(Ya—DR) + (D — D)I + Masu) - (5)

We use equation (4) to calculate the metallicity, but we do
not use equation (5) since interstellar processing is directly
evaluated through the evolution of grain size distribution
formulated in subsection 2.2. Instead, we calculate the
dust-to-gas ratio contributed from stars (denoted as D)
by evaluating the stellar terms in equation (5):
dD,
dt
A similar approach is taken by Hirashita & Murga (2020).

In the CGM, the evolution is described by

— (Ya—D.R)/M,. (6)

dmg
=0-1
3 o0-1I, (7)
dMg I
=720-2°1
3 ) , (8)
C
d]ﬁd =DO — DI + My cam, (9)

where Md’CGM is the changing rate of dust mass by dust
processing in the CGM. From the above three equations,
we obtain the time evolution of Z¢ = Mg/MgC and D€ =
MS /MS as

dz¢© 1

_ _ »C
= pz-2%0. (10)
dp°© 1 c .
T = M—gc [(’D*D )O+Md,CGM] . (11)

We use equation (10) to calculate the metallicity evolu-
tion in the CGM, while we do not solve equation (11) but
directly use the dust evolution model in subsection 2.2.
We still refer to equation (11) together with equation (5)
later in formulating the effect of mass exchange between

the galaxy and the CGM (sub-subsection 2.2.3).

In summary, we use equations (1) and (4) to obtain the
evolution of the gas and metal content in the galaxy and
apply equations (7) and (10) to calculate that in the CGM.
For the dust evolution, we directly solve the equations for-
mulated later in subsection 2.2, but we use equation (6) to
evaluate the contribution from stellar dust sources (sub-
subsection 2.2.1). We do not use equations (5) and (11),
but we refer to these equations in evaluating the effects
of inflow and outflow on the grain size distribution (sub-
subsection 2.2.3).

The rates of star formation, inflow, and outflow are
determined by time-scales (7sr, 7in, and Tout, respec-
tively), which are treated as constant free parameters:
»(t) = Mg(t)/7sv, I(t) = Mg (t)/7in, and O(t) = Mg/Tou:.
We expect that the inflow and outflow are related to the
star formation activity in the galaxy. Thus, we assume
Tin = atsyp and Tout = B7sr and treat a and [ as free
parameters. Instead of determining these parameters by
conducting detailed hydrodynamical calculations, we move
them in a wide range. This serves to investigate the ef-
fects of each process on the resulting grain size distribu-
tion. Also, the above parameterization assumes smooth
changes in the SFR, and inflow/outflow rates. Yajima
et al. (2017) showed using cosmological hydrodynamical
simulations that star formation may be intermittent at the
beginning of galaxy evolution when the galaxy mass is low
but that it is smooth at low redshift. Moreover, we are
interested in evolution on a Gyr time-scale, which is much
longer than the intermittence. Therefore, the smooth SFR
realized in our analytic work is reasonably applicable to
this paper. Based on the star formation history, the mass
ejection rates from stars (R, Yz and Yy for gas, metals, and
dust, respectively) are calculated by equations (8)—(10) of
Hirashita & Murga (2020) using stellar yield calculation

data quoted in the same paper.

2.2 Evolution of grain size distribution

The evolution of grain size distribution is calculated based
on our previous models, especially those developed by
Hirashita & Aoyama (2019) and Hirashita & Lan (2021).
The grain size distribution at time ¢ is defined as the num-
ber density of dust grains in the radius range between a
and a + da. We calculate the grain size distributions in
the galaxy and in the CGM, which are denoted as n(a, t)
and nc(a, t), respectively. In equations that describe the
evolution of grain size distribution, we use the grain mass

distribution in the galaxy

pa(m,t)dm = %mf’sn(a, t)da, (12)
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where the grain mass is calculated by assuming a spherical
shape as m = (47/3)a®s (s is the material density). We
also define pq as the grain mass distribution normalized
to the gas mass density: pa = pa/(umunu), where p is
the gas mass per hydrogen mass, and mg is the hydrogen
atom mass. The grain mass distribution is linked to the

dust-to-gas ratio as
D(t) =/ pa(m, t)dm. (13)
0

The grain mass distribution in the CGM is defined in the
same way and denoted with superscript ‘C’ as p§ (m, t) and
pd (m, t).

The grain size distribution is discretized into 128 log-
arithmically spaced grain radius bins in the range of a =
0.01-10 pm following appendix B of Hirashita & Aoyama
(2019). For the boundary condition, we adopt n =0 and
n® =0 (or equivalently pq = pa = 0 and p§ = p§ = 0) at

the maximum and minimum grain radii.

2.2.1 In the galaxy

We calculate the evolution of grain size distribution in the
galaxy based on Hirashita & Aoyama (2019) and Hirashita
& Murga (2020). We refer the interested reader to these
references for detailed equations. In what follows, we re-
view the calculation of grain size distribution in each pro-
cess and describe the changes made to include the mass
exchange between the galaxy and the CGM.

We include stellar dust production, shattering in the dif-
fuse ISM, dust growth by the accretion of gas-phase metals
in the dense gas (this process is referred to as accretion),
coagulation in the dense ISM, and destruction in SN shocks
(referred to as SN destruction). For simplicity, we separate
the ISM into dense and diffuse phases and assume the mass
fraction of the dense ISM to be 0.5 (i.e., the other half is
occupied by the diffuse ISM). The effect of varying the
dense gas fraction has already been examined by Hirashita
& Murga (2020), and the adopted fraction 0.5 explains well
the Milky Way extinction curve. The time-step is weighted
with the dense gas fraction (0.5) for accretion and coagula-
tion, and with the diffuse gas fraction (0.5) for shattering.
The densities and temperatures of the dense and diffuse
phases are (nm/cm®, Tyas /K) = (300, 25) and (0.3, 10*), re-
spectively. For the other processes (stellar dust production
and SN destruction), we use the full time-step.

For stellar dust production, the increasing rate of grain
size distribution at radius a (or equivalently at mass m) is
evaluated using dD,/dt (equation 6). We distribute this
newly supplied dust into grain radius bins by assuming
a lognormal distribution centered at a = 0.1 pm with a
standard deviation of 0.47 (see also Asano et al. 2013).

For accretion and SN destruction, we adopt the chang-
ing rate of m (1, where the dot indicates the time deriva-
tive) that depends on the grain radius. As a consequence,
the grain size distribution is governed by advection equa-
tions with appropriate m (or @). The accretion rate is es-
timated by the collision rate between grains and gas-phase
metals. Following Hirashita (2023), we set a maximum for
the dust-to-metal ratio, (D/M)max = 0.48; that is, accre-
tion is turned off if the dust-to-metal ratio exceeds this
value. This maximum value is adopted to match the dust
extinction and emission per hydrogen in the Milky Way,
and is also based on the consideration that some metal
elements are not easily incorporated into the dust (solid)
phase. For SN destruction, we estimate the dust destruc-
tion rate based on the sweeping rate of SN shocks in the
ISM (the SN rate is evaluated in a manner consistent with
the star formation history, ¥ (¢)) with an assumed efficiency

of destruction as a function grain radius, €gest(a):
€dest(a) =1 —exp [—O.l(a/().l um)_l} . (14)

For coagulation and shattering, we solve Smoluchowski
equations using a Kernel function evaluated with geomet-
rical cross-sections and grain velocities. We consider the
grain—gas coupling in a Kolmogorov turbulence to obtain
the typical grain velocity as a function of grain radius. For
shattering, we adopt the total fragment mass formed in a
collision and the fragment size distribution function from
Kobayashi & Tanaka (2010).

For coagulation, we newly include the coagulation
threshold velocity, above which grain—grain collisions do
not lead to sticking. This is to avoid run-away coagula-
tion, which could occur because larger grains have higher
velocities. In reality, grains should bounce or fragmented
in high-velocity collisions. Thus, we multiply the Kernel
function (K)' used in Hirashita & Aoyama (2019) by an

exponential cut-off function for coagulation:

2
K(m1,m2)=wexp ( Y1,2 > , (15)
Vth,coag

mimsa

where m; and mo are the masses of the two colliding
grains, vi,2 is the relative velocity (with a random direc-
tion), 01,2 = m(a1 + az)? is the cross-section (a1 and as
are the grain radii of the two grains), and vin,coag 1S the
coagulation threshold velocity above which grains do not

1 . .
, which is near to

stick. We adopt vth,cong = 0.1 km s~
the velocity (~ 0.08 km s™!) above which collisions could

disrupt grains (Wada et al. 2013). As argued by Hirashita

! In Hirashita & Aoyama (2019), the Kernel function is denoted as . Since «
is used to parameterize the inflow time-scale in this paper (subsection 2.1),
we adopt a different notation.
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& Voshchinnikov (2014), lower thresholds suggested exper-
imentally by Blum (2000) and theoretically by Dominik &
Tielens (1997) fail to produce grains larger than 0.1 pm.
Indeed, the above coagulation threshold velocity repro-
duces the maximum grain radius (~0.25 pm; Mathis et al.
1977, hereafter MRN) for the Milky Way.

2.2.2 In the CGM

The evolution of grain size distribution in the CGM is
driven by sputtering and shattering. Sputtering takes
place in the hot phase with Tyas = 10° K (e.g., Draine
& Salpeter 1979; Tsai & Mathews 1995; Hirashita et al.
2015), while shattering occurs in a colder medium (referred
to as cool clumps; Hirashita & Lan 2021). For simplicity,
we assume the weighting factor (or the mass fraction) for
these two phases to be 0.5; that is, a single time-step At is
divided into two steps (0.5At for each) and we treat shat-
tering and sputtering in each of these time-steps. These
weighting factors are degenerate with the efficiencies of
shattering and sputtering. Thus, we fix the mass fractions
of the two phases and move the efficiencies of the relevant
processes as we will explain below.

The equation describing sputtering is the same as that
used for SN destruction in the galaxy, but we use a differ-
ent destruction rate. We adopt the following formula for
the time-scale of dust destruction by sputtering, utilizing

€dest (@) In equation (14):
T = —€dest (a)m/Tdesh (16)

where Tgest 1s the destruction time-scale treated as a free
parameter. Note that m and a are related as described be-
low equation (12). In the hot phase, sputtering occurs even
more quickly than the exchange between the cool and hot
phases. Small grains formed in cool clumps by shattering
do not suffer sputtering before they are injected into the
hot medium. Thus, we effectively regard 74est as the phase
exchange time-scale between the cool and hot gas. We in-
corporate the above form of 7i into the equation describing
the evolution of grain size distribution by sputtering (see
equation 7 of Hirashita & Aoyama 2019).

For shattering, we use the method developed by
Hirashita & Lan (2021). We adopt their fiducial val-
ues for the gas density and temperature in cool clumps
(na =0.1 cm™! and Toos = 10* K). The grain velocity,
which contributes to the kernel function in the shattering
equation, is determined by the turbulence model described
in the same paper. The turbulence is assumed to have a
Kolmogorov spectrum with injection scale Lyax and max-
imum velocity vmax. We adopt the fiducial values for these
two parameters (Lmax = 100 pc and vmax = 10 km s_l).

Larger grains, coupled with larger eddies, tend to have

higher velocities. At the same time, if grains are too large
(typically @ 2 0.1 ym), they are not coupled even with the
largest eddies. Therefore, the grain velocity becomes a de-
creasing function of a at a 2 0.1 um. Based on this grain
velocity model, we solve the same shattering equation as
used for the dust in the galaxy.

Since ny predominantly affects the shattering efficiency,
we specifically denote ny in cool clumps as ng,ml, and
vary it. The gas density in cool clumps affects the grain
size distribution in the CGM in the following two aspects
(Hirashita & Lan 2021): (i) The grain—grain collision rate
is enhanced in denser (larger ng,ml) environments. (ii)
Large grains (typically at @ 2 0.1 ym) attain higher veloci-
ties for higher ng,cool because the grains are more strongly
coupled with the gas (turbulence). Because of these two ef-

fects, the shattering rate in the CGM is sensitive to ng,ml.

2.2.3 Effect of the CGM—galaxy mass exchange
In addition to the dust processing in the galaxy and CGM,

we also need to include the mass exchange between these

two zones through the outflow and inflow. The inflow
changes the grain mass distribution in the galaxy as

3ﬁd} 1 ¢ -

- =— —pa)l. 17
[at iow = 3L (5 — pa) (17)

The inflow does not affect the grain mass distribution in
the CGM. The outflow causes the following change for the
grain mass distribution in the CGM:

0pg 1,
{%} = MC (Pd—PS) 0. (18)
outflow &

The outflow does not affect the grain mass distribution
in the galaxy. These terms are similar to the inflow and
outflow terms in the equations for D and D (equations
5 and 11, respectively). Indeed, if we integrate the above
two equations for m, we obtain the corresponding terms
for equations (5) and (11).

to make the grain size distributions in the CGM and in

The inflow and outflow tend

the galaxy approach each other on timescales Mg/I and
MgC /O, respectively.

2.3 Settings and parameters

We start calculation from M, =0 and MgC = My with a
metal (dust)-free condition (Z = Z° =0 and pgq = p§ =
0) at t = 0. In this situation, the galaxy builds up its
baryonic content by the inflow. We adopt Mo = 10" Mg
as a tentative value, aiming roughly at the baryonic mass
in the Milky Way. This is the same as the CGM mass
in OH24. While the CGM gas mass is constant in OH24
(i.e., the CGM is treated as a gas reservoir), it is decreased

by the infall in our model. Thus, we effectively adopt a
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smaller mass scale than OH24. However, since we output
the grain size distributions per gas mass (subsection 2.2),
it is independent of the total mass scale. Therefore, the
choice of My does not directly influence the conclusions in
this paper.

For the grain material density, we adopt s =3.5 g cm ™2,
which is taken from astronomical silicate in Weingartner
& Draine (2001).

sity; thus, with a fixed dust abundance, the grain number

Carbonaceous dust has a lower den-

density is larger. This leads to somewhat faster interstel-
lar processing such as small grain formation by shattering.
Carbonaceous dust also has small tensile strength, so that
it is more easily shattered (Jones et al. 1996). Therefore,
adopting silicate properties would serve to examine a con-
servative case for the effectiveness of interstellar process-
ing. However, the difference in grain species affects the
grain size distribution less than the variations in the effi-
ciencies of essential physical processes; that is, the differ-
ences in Tin, Tout, Tsput, and ng,cool are more significant.
Thus, we focus on these parameters, fixing the dust mate-
rial properties.

As described in subsection 2.1, the inflow and outflow
are regulated by the parameters a and 3, respectively. We
vary a and 8 with 7ep =5 Gyr fixed to the fiducial value
adopted by OT24 (see also Asano et al. 2013; Hirashita &
Murga 2020). By fixing 7sr, we concentrate on the varia-
tions of a and 5. We expect that a and [ are not much
above or below unity since otherwise, the gas masses of
the galaxy and the CGM are strongly imbalanced.? Thus,
we adopt a =1 and 8 =1 for the fiducial values, and in-
vestigate the range of a = 0.1-10 and 5 = 0.1-10. We
note that 1/ corresponds to the mass-loading factor 7out
in OT24. Some hydrodynamical simulations indicate that
B~1 (or nout ~ 1; e.g., Hu et al. 2023), although it is sensi-
tive to the treatment of stellar feedback and is dependent
on the galactocentric distance. We do not directly include
AGN feedback. Valiante et al. (2011) included galactic
outflows driven by both SNe and AGNs in the dust evo-
lution model based on their semi-analytic model. Because
of the co-evolution of stellar and black-hole masses as is
also reproduced by their model, we expect that AGN feed-
back is indirectly related to the stellar feedback. Thus, we
could regard S as effectively including AGN-driven out-
flows, although we need to develop a model that includse
the evolution of the central black hole and the CGM at the
same time (e.g., Ramesh et al. 2023) to isolate the effect
of AGNs.

2To avoid this imbalance, OH24 assumed a constant CGM mass (i.e.
the CGM acted as a gas reservoir in their model) as mentioned above.
However, this assumption is not essential in the parameter ranges of inter-
est.

Table 1. Parameters.

Parameter  units  fiducial value minimum  maximum
a 1 0.1 10
B 1 0.1 10
Tsput Gyr 0.3 0.03 3
nG ool cm 3 0.1 0.01 1

The sputtering time-scale 7Tgpus is related to the ex-
change time-scale between the cool and hot gas phases
(sub-subsection 2.2.2). OH24 adopted a sputtering time-
scale of 2 Gyr based on the gradual decline of the dust mass
density in the CGM seen in a hydrodynamic simulation
(Aoyama et al. 2018). However, OH24 did not consider
the grain radius dependence, and we expect that the time-
scale is shorter for small grains whose destruction efficiency
is almost unity (€dest ~1). In this paper, we determine Tgest
in the following way. The lifetime of cool clumps can be as
long as 0.1-1 Gyr based on analytic estimates (Lan & Mo
2019) and hydrodynamical simulations (Armillotta et al.
2017), but could be uncertain because of the details in ther-
mal conduction and magnetic field (Li et al. 2020; Sparre
et al. 2020). We adopt Tspus = 0.3 Gyr as a fiducial value
and examine a range of 0.03-3 Gyr, considering the un-
certainties. As mentioned in sub-subsection 2.2.2, the gas
density in cool clumps has a large influence on the shat-
tering efficiency. We vary ng,cool in the range of 0.03-0.3
em™? with a fiducial value of 0.1 cm™® (Hirashita & Lan
2021). The variations of these parameters serve to clarify
how sputtering and shattering affect the grain size distri-
bution in the CGM.

The varied parameters are summarized in table 1, where
we show the fiducial values and the ranges. Since we model
grain processing in the grain-size-dependent way, the pa-
rameterization is not exactly the same as that in OT24.
Thus, we do not fine-tune the parameters but investigate
a wide range for each of them. This approach is also useful
to investigate the response of the grain size distribution to

the relevant parameters.

3 Results
3.1 Dust and gas masses in the CGM

Although our main focus is laid on the grain size distribu-
tion, it is useful to confirm if our model is consistent with
the evolution of the total dust mass shown in our previ-
ous paper (OH24). The dust mass can be ‘decomposed’
into the gas mass and the dust-to-gas ratio, which are also
examined here. In addition, we also present the dust-to-
metal ratio to show the efficiency of dust production out
of metals.

In figure 1, we show the evolution of the quantities re-
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lated to the total dust mass. The evolution of the gas mass
directly traces the mass exchange between the CGM and
the galaxy. The gas mass in the CGM decreases because
of the infall into the galaxy although there is a partial re-
turn from the galaxy through the outflow. The gas mass in
the galaxy grows in the early epochs, but it decreases later
because the gas consumption by star formation becomes
more prominent than the gas supply from the CGM. The
dust masses in both the galaxy and the CGM rise, which
is also consistent with the increase of the dust-to-gas ra-
tio indicated in the lower window. The steep increases of
the dust mass and the dust-to-gas ratio at t ~ 2 Gyr are
due to dust growth by accretion, as commonly seen in pre-
vious dust evolution models (e.g., Dwek 1998; Hirashita
1999). Although this growth only occurs in the galaxy, it
affects the dust abundance in the CGM indirectly through
the dust transport by the outflow. The dust-to-metal ratio
behaves like a step function: It is determined by the dust
condensation efficiency in stellar ejecta at low metallicity,
while it reaches the maximum value (0.48; subsection 2.2)
because of accretion at high metallicity. At later stages,
the dust-to-metal ratio in the CGM declines because of
sputtering.

We clarify the effects of galaxy—CGM mass exchange on
the evolution of dust content by varying a and 5. We fo-
cus on dust-related quantities in the CGM. In figure 2(a),
we show the evolution of dust mass, dust-to-gas ratio, and
dust-to-metal ratio in the CGM for various values for a.
The dust mass is higher for a smaller value of a in the
early phase (t <3 Gyr) because a higher star formation
rate caused by a more efficient inflow leads to quicker metal
enrichment in both the galaxy and the CGM. The increase
of the dust mass is stopped at later epochs for the case
of @ = 0.1, which reflects the depletion of infalling gas.
The dust-to-gas and dust-to-metal ratios are higher for a
smaller value of a because of quicker metal and dust en-
richment. The smaller CGM mass in the case of smaller
« also makes the dust enrichment easier simply because
there is less gas to enrich. However, the effect of o on
the dust-to-metal ratio is not as large as that on the dust-
to-gas ratio, which indicates that the dust abundance is
strongly correlated with the metallicity.

In figure 2(b), we show the effects of 8, which regulates
the outflow. In the early epoch, the dust mass is almost
inversely proportional to 8 since dust mass supply to the
CGM is governed by the outflow rate from the galaxy. At
later times, the dust mass does not change monotonically
with §: The fiducial model achieves the largest dust mass
among the three cases. If 8 is too small, the efficient out-
flow keeps the gas mass in the galaxy low, leading to in-

efficient dust production. If 3 is too large in contrast, the
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Fig. 1. Evolution of the gas (black lines) and dust (blue lines) masses (upper
window) and the dust-to-gas (red) and dust-to-metal (orange) ratios (lower
window). The solid and dashed lines show the quantities in the galaxy and
in the CGM, respectively.
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Fig. 2. Evolution of the dust mass in the CGM (upper window) and the dust-
to-gas and dust-to-metal ratios in the CGM (lower window) for various values
of the inflow and outflow parameters. Panels (a) and (b) show the variations
of o and g, respectively. The efficiencies of inflow and outflow are inversely
proportional to « and 3, respectively. The correspondence between the
value of a or 3 and the line species is shown in the legend. We adopt the
fiducial values for the parameters other than the varied one.
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Fig. 3. Same as figure 2 but for various values of the parameters that reg-
ulate sputtering and shattering in the CGM. Panels (a) and (b) show the
variations of 75t and ngyml, respectively. The correspondence between
the value of these parameters and the line species is shown in the legend.
We adopt the fiducial values for the parameters other than the varied one.

supply of dust from the galaxy is inefficient so that the
dust mass tends to be low in the CGM. The evolution of
the dust-to-gas ratio broadly follows that of the dust mass.
The dust-to-metal ratio in the CGM is smaller for smaller
B, reflecting a smaller dust-to-metal ratio (i.e., less efficient
dust enrichment) in the galaxy.

We also examine the effect of dust processing in the
CGM, that is, sputtering and shattering. In figure 3(a), we
show the evolution of dust-related quantities in the CGM
for various Teput in order to examine the effect of sputter-
ing. We confirm that stronger sputtering reduces the dust
mass and abundance in the CGM. The effect of sputtering
appears at an earlier epoch for shorter 7ypu¢. Thus, we con-
firm that the dust destruction by sputtering has a direct
impact on the dust abundance in the CGM.

In figure 3(b), we show the effects of shattering effi-
ciency regulated by nﬁycool. We observe that, if shattering
is efficient with large nﬁycool, the dust mass and abun-
dance are slightly diminished. Although shattering itself
conserves the total dust mass, it makes the grain size dis-
tribution biased to small grains, which are easily destroyed
by sputtering. Shattering, thus, has an indirect influence
on the CGM dust abundance through enhanced sputter-
ing. Since shattering becomes efficient after the CGM is
enriched with a significant amount of dust, the effect of
shattering appears at later epochs.

It may be useful to compare our results with OH24’s;
although our models and parameterizations are not the
same as theirs. In our fiducial model, the dust masses
in the galaxy and in the CGM at ¢ = 10 Gyr are 2 x 10®
and 4 x 107 Mg, respectively; in OH24’s fiducial model,
3% 10% and 2 x 10® Mg, respectively. In our fiducial model,
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Fig. 4. Evolution of grain size distribution in the galaxy (left panel) and in the
CGM (right panel) for the fiducial model. The grain size distribution n multi-
plied by a* /ny is proportional to the dust-to-gas ratio in loga bins. The grain
size distributions are shown for ages ¢t = 0.1, 0.3, 1, 3, and 10 Gyr (solid,
dotted, dashed, and dot—dashed, and triple-dot—-dashed lines, respectively).
In the CGM, the grain size distribution at ¢t = 0.1 Gyr does not emerge in this
figure because the dust abundance is too low.

the stellar mass at t = 10 Gyr is 4 x 10'° Mg, while in
OH24’s, it is 6 x 10'° M. As mentioned in subsection 2.3,
OH24 assumed a constant gas mass for the CGM, while
we decrease it according to the inflow. Thus, we tend to
underpredict the stellar and metal/dust masses.

OH24 adopted the CGM dust mass from Ménard et al.
(2010), who showed from statistical analysis of background
quasar colors that the dust mass in the CGM is on average
5x 107 Mg, for a sample of L* galaxies whose mean redshift
is z~0.36. Peek et al. (2015) obtained a similar dust mass
in the CGM for a lower-redshift sample. As estimated by
OH24, the CGM dust mass normalized to the stellar mass
is ~1x 1072, while it is ~ 1 x 1073 in our model. Thus,
our dust enrichment model predicts an order-of-magnitude
smaller dust abundance in the CGM compared with OH24,
whose model explained the CGM dust abundance of the
above observational sample. However, our value is rather
near to the one indicated by stacking analysis of extended
dust emission around galaxies at z~1 (Meinke et al. 2023).
Considering the uncertainties in the observational data in
terms of the dust and stellar masses, we do not further tune
the fiducial model, but we concentrate on the effects of
various parameters on the resulting grain size distribution.
We still discuss observational aspects including the above

discrepancy later in section 4.

3.2 Evolution of grain size distribution

We first discuss the case with the fiducial parameter values
(table 1). We show the evolution of grain size distribution
in the galaxy and in the CGM in figure 4.

The evolution of grain size distribution (figure 4 left)
in the galaxy is similar to that presented in our previous

models; thus, we refer the reader to Hirashita & Aoyama
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(2019) and Hirashita & Murga (2020) for detailed discus-
sions on the evolution of grain size distribution in galaxies.
We briefly describe the outline here. Overall, the grain size
distribution rises in almost all the grain radius range as a
function of time because of the increase in the grain abun-
dance. In the early epoch, dust production is dominated
by stellar sources, which mainly supply large (a ~ 0.1 pm)
grains. After that, shattering becomes efficient enough to
convert large grains to small grains, whose abundance is
further raised by accretion at t ~1 Gyr. The effect of accre-
tion is seen in the bump at a ~0.003 pm. At t=a few Gyr,
the abundance of small grains is large enough to cause ef-
ficient coagulation, which smoothes out the bump into a
power-law like grain size distribution. In the end, the grain
size distribution approaches a shape similar to the MRN
distribution.

The grain size distribution in the CGM broadly follows
that in the galaxy, which is the main source of dust in the
CGM. The grain size distribution is dominated by large
grains in the early epoch and is in a smooth power-law-
like shape later. The level of the grain size distribution in
the CGM is lower than that in the galaxy, reflecting the
lower dust abundance and metallicity.

Although the slope of grain size distribution in the
CGM is similar to that in the galaxy in the fiducial model,
it is not generally true. A difference in the functional
shape of grain size distribution between the galaxy and the
CGM is caused by sputtering and shattering in the CGM.
Sputtering destroys small grains more efficiently than large
ones while shattering increases the small grain abundance.
Thus, the balance between sputtering and shattering deter-
mines the slope of the grain size distribution in the CGM.

We further investigate this balance in subsection 3.4.

3.3 Effects of inflow and outflow

The mass exchange between the galaxy and the CGM
drives the evolution of dust abundance and grain size dis-
tribution in the CGM. We examine the effects of inflow
and outflow by varying « and f.

In figure 5(a), we show the results for o = 0.1-10 at
t = 10 Gyr with the other parameters fixed to the fidu-
cial values (table 1). To simplify the presentation, we
only compare the results at ¢ = 10 Gyr, but the follow-
ing differences caused by the changed parameter (« in
the case here) qualitatively apply to other ages. In the
galaxy, a lower inflow rate (larger ) leads to slower metal
and dust enrichment. Accordingly, the overall dust abun-
dance in the CGM is also lower for larger « (subsection
3.1). Different slopes in grain size distribution for differ-

ent « are clear both in the galaxy and in the CGM. In
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Fig. 5. Grain size distributions at ¢ = 10 Gyr for various values for the inflow
and outflow parameters: The solid, dotted, and dashed lines show the results
for (a) « = 1 (fiducial), 0.1, and 10, respectively, and (b) 8 =1 (fiducial), 0.1,
and 10, respectively. The grain size distributions and the MRN slope are
plotted in the same way as in figure 4.

1 0.001

the galaxy, larger a leads to slower coagulation because of
lower dust abundance; thus, the abundance of large grains
is slightly suppressed for larger «. In contrast, the grain
size distribution in the CGM shows more dominance of
large grains for larger «. This is explained by different
shattering efficiencies: A low dust abundance in the CGM
leads to less efficient dust processing by shattering because
of a low grain—grain collision rate, leading to less produc-
tion of small grains. This explains the more large-grain-
dominated grain size distribution in the CGM for larger
a(=10).

In figure 5(b), we investigate the effects of outflow by
showing the results for g = 0.1-10 at ¢ = 10 Gyr. In
the galaxy, the overall dust abundance, especially at large
grain radii, is lower for both small and large . If 8 is small,
the galaxy loses gas easily so that the chemical enrichment
does not proceed efficiently. The resulting metallicity is
about 1/3 solar for 3 =0.1, and as a result the dust abun-
dance is low. Therefore, coagulation, which is the efficient
formation path of large grains, is less efficient for small j.
Accordingly, dust in the CGM is less abundant, especially
at large grain radii. In the case of large 5(=10), the grain
size distribution, including the overall dust abundance, in
the galaxy is similar to that in the fiducial case (8 =1).

This is because the gas mass is maintained in the galaxy
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tively.

well if § is larger than 1 (i.e., the effect of outflow is mod-
erate). The dust abundance is lower in the CGM in the
case of =10 than in the fiducial case because the dust

supply from the galaxy is less efficient.

3.4 Effects of dust processing in the CGM

In the CGM, two dust processing mechanisms are consid-
ered: sputtering and shattering. As shown in table 1, we
change 7pus and ng,cool to regulate sputtering and shatter-
ing, respectively. We concentrate on the grain size distri-
butions at t =10 Gyr as we did in the previous subsection.

In figure 6(a), we show the grain size distributions for
Tsput = 0.03-3 Gyr.
galaxy is little influenced by the sputtering parameter,
while that in the CGM is strongly affected. As expected,

the overall grain abundance is higher for longer 7sput be-

The grain size distribution in the

cause less dust is destroyed. The functional shape of the
grain size distribution in the CGM is also strongly affected
by Tsput. In particular, in the case of inefficient sputtering
(Tsput = 3 Gyr), the tail toward small grain radii is devel-
oped because more small grains produced by shattering
can survive. Thus, the efficiency of sputtering affects not
only the overall grain abundance level but also the grain
size distribution in the CGM.

In figure 6(b), we show the effects of shattering effi-

ciency by changing nﬁycool. We observe that shattering
in the CGM does not affect the grain size distribution in
the galaxy. In the CGM, a large value of nﬁ,ml means
more efficient shattering, which leads to more fragmenta-
tion of large grains. Thus, the abundance of large grains is
lower for larger nﬁmol. Moreover, since smaller grains are
more efficiently destroyed by sputtering, more production
of small grains by shattering leads to more efficient sput-
tering. This interplay between shattering and sputtering
decreases the total dust abundance as observed in the case

of ng,cool =1 cm™? in figure 3(b).

4 Discussion
4.1 Reddening curves

For the purpose of an observational test, we use the redden-
ing curves observed for a sample of Mg 11 absorbers, which
are considered to trace a gas component in the CGM (see
the Introduction). We calculate the reddening curve using
the method described in section 2.4 of Hirashita & Lan
(2021) (see also Hirashita & Lin 2020). Because the ob-
served reddening curves were derived from a large galaxy
sample, we assume that they reflect an averaged property
of galaxies to which our models with the above ranges of
the parameters are applicable. We provide a brief sum-
mary for the calculation procedure in what follows.

We define the reddening as the relative dust extinction
at two wavelengths. The extinction at wavelength A, Ay

is described in units of magnitude, and is estimated as
A)\ = 1.086/<Lext (/\)/17’YLH]\7H'D7 (19)

where Kext(A) is the mass extinction coefficient as a func-
tion of wavelength A, and Ny is the column density of
hydrogen nuclei. We calculate the reddening curve, that
is, Ax — A\, as a function of A with A\g being the reference

wavelength. The mass extinction coefficient is estimated

as
* 1a? Qext (N, d

e = Jo T2 G o @)l (20)
fo smadsn(a)da

where Qext(\, a) is the extinction efficiency, and is cal-
culated using the Mie theory (Bohren & Huffman 1983).
The necessary grain property data are taken from astro-
nomical silicate (Weingartner & Draine 2001 and refer-
ences therein) and amorphous carbon (ACAR; Zubko et al.
1996). We also adopt s = 3.5 and 1.8 g cm™® from these
papers for astronomical silicate and amorphous carbon, re-
spectively. We do not use graphite, whose 2175 A feature
is not clearly seen in the actual observational data of Mg 11
absorbers (Hirashita & Lan 2021). As shown by Hirashita

& Lan (2021), while silicate explains more easily the rise of
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extinction toward shorter wavelengths, carbonaceous dust
fits better to the overall level of extinction. Thus, follow-
ing their approach, we mix silicate and amorphous carbon
with a mass ratio of 0.54:0.46, which is originally based on
a Milky Way model (Hirashita & Aoyama 2019). However,
the following results are not sensitive to the particular
choice of the ratio as long as the fractions of silicate and
carbonaceous dust are comparable.

We adopt Ao = i/(1 + z), where 7 is the i-band wave-
length (0.76 pm). We use the SDSS u, g, r, and i-band
data for Mgl absorbers at z = 1 and 2 in Ménard &
Fukugita (2012). We also apply a range of Ny = 10"
10%° em™2 for the typical column density of an Mg1r ab-
sorber (Lan & Fukugita 2017). The typical dust-to-gas ra-
tio of Mg1r1 absorbers is 60-80 per cent of the Milky Way
value (Ménard & Fukugita 2012); this high level is only
achieved at t ~ 10 Gyr in our model. Although the cosmic
ages at z =1 and 2 are younger than 10 Gyr, a smaller
value of 7sp would give a similarly high dust-to-gas ratio
at a younger age. Because of this degeneracy between s
and ¢, we use the results at ¢ =10 Gyr to focus on the most
dust-enriched case achieved in our model.

We find (not shown) that the fiducial model underpre-
dicts the reddening by an order of magnitude. Thus, we
only show the cases where the grain abundance in the CGM
is enhanced; that is, small a (efficient inflow) and long
Toput (inefficient sputtering) as shown in subsection 3.1. In
particular, sputtering cannot be stronger than the fidu-
cial model. Stronger sputtering also leads to more efficient
destruction of small grains than large ones, so that the re-
sulting reddening curves would be too flat. In figure 7, we
show the results for o = 0.1 (Panel a) and 7spue = 3 Gyr
(Panel b) with the other parameters fixed to the fiducial
values. We observe that the model with efficient inflow
could explain the observed reddening while that with ineffi-
cient sputtering underpredicts it. In fact, even the fiducial
model is inefficient in destroying large grains by sputtering
(figure 6a), so that the effect of weakening sputtering is lim-
ited. In contrast, an efficient inflow enriches the CGM to a
high dust-to-gas ratio not only because the galaxy is more
efficiently metal-enriched but also because the relatively
small gas mass in the CGM makes the dust enrichment
easier (subsection 3.1). Therefore, a strong inflow whose
time-scale is an order of magnitude shorter than the star
formation and outflow time-scales is favoured in explaining
the level of reddening observed for the CGM.

The above broad success in explaining the reddening
curves in Mg I1 absorbers means that our evolution model
of grain size distribution is capable of explaining the ac-
tually observed optical properties of dust in the CGM

within reasonable parameter ranges. We also emphasize
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Fig. 7. Reddening curves (i.e. extinction relative to the i-band extinction) at
z = 1 and 2 for the models with (a) & = 0.1, and (b) 7sput = 3 Gyr. The
other parameters are fixed to the fiducial values. The wavelength is shown
in the rest frame. We adopt the grain size distribution at ¢ = 10 Gyr as a
representative age when the central galaxy is enriched up to solar metallicity
in our model. The orange and light blue bars, connected by the lines in the
same color, present the ranges corresponding to N = 10°-10%° cm~2 in
the SDSS w, g, and r bands at z = 1 and 2, respectively, in our calculations.
We also show the observational data of Mgil absorbers at = = 1 and 2
(red diamonds and blue squares, respectively, with error bars) taken from
Ménard & Fukugita (2012), with the errors expanded by a factor of 3 for a
conservative comparison.

that the steepness of the observed reddening curves toward
shorter wavelengths is naturally explained by these mod-
els that show enhanced small grain abundances (especially,

the model with a = 0.1 as shown in figure 5a).

4.2 Possibilities of further improvement

Our model treats each of the galaxy and the CGM as a
one-zone object, neglecting spatial variations in each zone.
We further assume a fixed ratio for the dense and diffuse
phases and neglect possible time variations for the time-
scales or efficiencies of inflow, outflow, and dust processing.
Although this simplification serves to clarify the physical
role of each process involved, time variations caused by
hydrodynamical evolution of the ISM and CGM may be
important for the efficiencies of various dust evolution pro-

cesses.
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Hydrodynamic simulations provide a useful platform
where we treat dust evolution in a manner consistent
with the hydrodynamic evolution of galaxies (e.g., Bekki
2013; McKinnon et al. 2016; Aoyama et al. 2017). In par-
ticular, Hou et al. (2017) implemented a two-size grain
model in their isolated-galaxy simulations, and showed
that the grains in the CGM (out of the galactic disk) is bi-
ased to larger sizes. Since they did not include sputtering
in the CGM, the dominance of large grains in the CGM
should be due to an effect other than sputtering. They
interpreted this result as due to stellar feedback, which
tends to eject large grains produced by stars before they
are affected by interstellar processing. This effect cannot
be included in our model, since we assume that the dust
produced by stars is instantaneously mixed with the pre-
existing dust in the galaxy. Aoyama et al. (2018) included
sputtering in their cosmological hydrodynamic simulation,
and showed that the dust-to-metal ratio declines toward
large galactocentric radii in the CGM. They argued that
their radial profile of dust surface density is consistent with
those derived from reddening observations by Ménard et al.
(2010) and Peek et al. (2015). In fact, because of the uncer-
tainty in the observational data, it is difficult to constrain
Zu et al.

(2011), assuming a constant dust-to-metal ratio in a cos-

the sputtering process from the observations.

mological simulation, also reproduced the radial profile of
dust surface density. The dust-to-metal ratio in the CGM
they adopted is ~ 0.2, which is larger than our fiducial case,
but is well reproduced by the model with « ~ 0.1, and/or
with Teput ~ 3 Gyr (figures 2 and 3). These models (espe-
cially the one with « ~ 0.1) are favored by the observed
reddening curves (subsection 4.1).

Shattering in the CGM is still challenging to include in
hydrodynamic simulations because of limited spatial res-
olutions. Since shattering occurs in cool clumps whose
typical size is ~ 30 pc (Lan & Fukugita 2017), spatial reso-
lution is usually not enough in galaxy-scale hydrodynamic
simulations. The model in this paper could be used for a
subgrid model to be implemented in such simulations.

Hydrodynamic simulations could also be used to de-
termine the free parameters (table 1) adopted in this pa-
per. In reality, they could have dependence on the galaxy
mass. Also, the galaxy mass assembly history is important
to include. Cosmological hydrodynamic simulations would
provide a suitable platform on which we investigate these

issues.

5 Conclusions

We investigate the evolution of grain size distribution in
the CGM by constructing a model that describes the chem-

ical enrichment in the galaxy and the CGM. We include
the mass exchange between the galaxy and the CGM by
galactic inflows and outflows. We also utilize the evolution
model of grain size distribution developed in our previous
papers and extend it to describe the CGM dust. For dust
evolution processes, we include stellar dust production, SN
destruction, shattering, accretion, and coagulation for the
galaxy, while we consider sputtering and shattering in the
CGM.

We first present the evolution of the dust abundance in
the CGM, and find broadly consistent results with OH24
for the dependences on the processes (inflow, outflow, and
sputtering) that were also included in their dust mass evo-
lution model. We tend to underestimate the dust abun-
dance in the CGM compared with OH24, which is at-
tributed to different assumptions on the mass evolution in
the CGM. We newly find that shattering in the CGM has
an appreciable influence on the dust abundance because
small grains produced by shattering are easily destroyed
by sputtering.

After these predictions, we show our main results, that
is, the evolution of grain size distribution. We confirm
that the evolution of grain size distribution in the galaxy
is similar to our previous models that treated the galaxy
as a closed box. Therefore, the inclusion of the CGM does
not significantly affect the dust evolution in the galaxy.
The functional shape of the grain size distribution in the
CGM to some extent follows that in the galaxy, indicating
that the grain properties in the CGM are strongly affected
by interstellar dust processing. We also find, however, that
the slope of the grain size distribution in the CGM is sen-
sitive to dust processing in the CGM, that is, sputtering
and shattering. If sputtering is dominant over shattering
as is realized in the cases for inefficient dust enrichment
with large «, for efficient sputtering with short Tspus, or
for inefficient shattering with small ngcool, the grain size
distribution in the CGM is more biased to large grains
compared with that in the galaxy. In contrast, if shat-
tering is dominant over sputtering as in the opposite case
for a, Tsput or ng’cool, the grain size distribution is more
biased to small sizes compared with that in the galaxy.

To further predict observable features of the CGM dust,
we examine the reddening curve. We find that our fidu-
cial model underpredicts the reddening observed for a large
sample of background quasars by an order of magnitude.
This underprediction is effectively resolved by efficient in-
flow mainly because of higher dust abundance achieved.
The steepness of the reddening curve is also consistent with
the case of efficient inflow since the small-grain abundance
is enhanced.

Our results in this paper gives a basis on which the evo-
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lution of grain size distribution in more sophisticated cal-
culations such as hydrodynamic simulations is interpreted,
or on which subgrid models in hydrodynamic simulations
are developed. The grain size distributions in the CGM
calculated in this paper are also essential in predicting the
dust extinction in the CGM, which could cause a system-
atic bias for the colors of background objects. Our model
is also general enough to be applied to various popula-
tions of galaxies in the nearby Universe as well as at high
redshift. Future studies focused on a particular type of
galaxies using our model would be useful if we choose an
appropriate set of the relevant parameters governing the
dust enrichment in the CGM.
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