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ABSTRACT

In this study, we explore the impact of inhomogeneities in the spatial distribution
of interstellar dust on spatial scales of ≤ 1 au caused by ion shadowing forces on
the optical properties of diffuse interstellar medium (ISM) as well as on the dust
temperature. We show that recently proposed possibility that interstellar dust grains
in the diffuse ISM are grouped in spherical cloudlets (clumps) may significantly affect
the observed optical properties of the diffuse ISM in comparison to that calculated
under the commonly accepted assumption on the uniform dust/gas mixture if the
size of clumps & 0.1 au. We found that opacity of an arbitrary region of diffuse ISM
quickly decreases with growth of dusty clumps. We also studied the dependence of
opacity and dust temperature inside the dusty clumps on their size. We show that the
clumps larger than 0.1 au are opaque for far ultraviolet radiation. Dust temperature
exhibit a gradient inside a clump, decreasing from the edge to the center by several
degrees for a clump of a size of 0.1 au and larger. We argue that dust temperatures and
high opacity within clumps larger than 0.1 au may facilitate somewhat more efficient
synthesis of molecules on surfaces of interstellar grains in the diffuse ISM than it was
anticipated previously. On the other hand, the presence of clumps with sizes below
0.1 au makes small or negligible influence on the optical properties of the diffuse ISM
in comparison to the case with uniform dust/gas mixture.

Key words: ISM: clouds – (ISM:) dust, extinction – ISM: structure – astrochemistry
– radiative transfer – instabilities

1 INTRODUCTION

Interstellar medium (ISM) in the Galaxy is known to be in-
homogeneous at various spatial scales. Average properties
of the largest–scale inhomogeneity represented by different
phases of the ISM are studied observationally and theoret-
ically already for several decades, and, as of today, estab-
lished relatively well (Field et al. 1969; McKee & Ostriker
1977; Snow & McCall 2006). One of the ISM phases is dif-
fuse interstellar medium, which is characterized by moderate
temperatures (≤ 100 K) and densities (nH ≤ 102 cm−3), as
well as low extinction against visible light and diffuse inter-
stellar ultraviolet (UV) field (AV ≤ 1m) (Snow & McCall
2006). Low gas densities and transparency for UV field

⋆ E-mail: Andrey.Ostrovsky@urfu.ru
† Visiting Leading Researcher

makes the diffuse medium a hostile environment for inter-
stellar molecules. Despite this, a number of molecules, in-
cluding polyatomic, is found in the diffuse ISM to date (e.g.,
Thiel et al. 2017; Liszt et al. 2018; Gerin et al. 2019). Ob-
served abundances of many species in diffuse ISM reach rel-
atively high values that cannot be explained without invok-
ing assumptions on various small–scale energetic processes
that presumably occur in the diffuse ISM (e.g., Gredel et al.
1993; Godard et al. 2012, 2014). Some of the processes,
in turn, can lead to the formation of small–scale inhomo-
geneities of the diffuse ISM. Indeed, there is growing ob-
servational evidence that density of diffuse gas can vary
significantly on small spatial scales below 1 pc (see e.g.,
Stanimirović & Zweibel 2018).

It was shown theoretically that homogeneous dusty
plasmas are intrinsically unstable (Morfill & Tsytovich
2000; Bingham & Tsytovich 2001; Tsytovich & Watanabe
2003). The instability is triggered by attractive ion ‘shad-
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2 A. B. Ostrovskii et al.

owing’ forces between grains, induced due to plasma ab-
sorption on the grain surfaces (Tsytovich et al. 2008).
Tsytovich et al. (2014) showed that in astrophysical environ-
ments this leads to the formation of stable compact clumps
of dust, with the grain number density orders of magni-
tude higher than in a homogeneous case. Since virtually
all dust particles are in the clumps, the interstellar gas be-
tween clumps is almost dust-free. As shown in Ivlev et al.
(2018), such a small–scale inhomogeneous dust distribu-
tion represented by dusty clumps may play an important
role in chemical evolution of the diffuse ISM. In compari-
son to the ‘standard’ case of uniform mixture of gas and
dust, in the ‘clumpy’ medium, formation of molecular hy-
drogen via surface processes may proceed up to an order
of magnitude faster (Ivlev et al. 2018). Obviously, possi-
ble presence of dusty clumps in the diffuse ISM must af-
fect not only kinetics of the H → H2 transition, but also
chemistry of other molecular species — a problem yet to
be explored. Next, since interstellar dust particles are the
principal agent that determines the opacity of the medium
against visible and UV radiation, clumpy dust distribution
must result in different optical properties of the diffuse ISM
in comparison to the uniform gas/dust mixture. Different
studies demonstrate that clumping decreases the effective
medium opacity (see Városi & Dwek 1999; Conway et al.
2018). Scicluna & Siebenmorgen (2015) show that the ob-
served extinction curve flatten in the clumpy medium with
optically thick clumps. Quantitative evaluation of optical
properties of the clumpy diffuse ISM is thus important
for two reasons. First, it is needed for further studies of
chemistry in diffuse ISM, as photochemical processes play
a crucial role there. As noted by van Dishoeck (1994), the
molecules in diffuse regions and translucent clouds can dis-
sociate in the medium between clumps and survive within
the clumps. Indeed, the calculations of Spaans (1996) for
the interstellar cloud models with AV = 1—5m demonstrate
that C+ is present mainly in the medium between clumps
while the clumps contain CO molecules. Also optical prop-
erties of dusty clump significantly affect the clump thermal
balance and its temperature (see e.g. Cubick et al. 2008).
This should influence the rates of gas and grain chemical
reactions and desorption processes. Second, it is important
to constrain the properties of the proposed compact dusty
clumps that do not contradict the well–known average opti-
cal properties of diffuse ISM (interstellar extinction on the
line of sight in the first place).

A number of researches worked on the problem of ra-
diative transfer in inhomogeneous clumpy medium. The nu-
merical models include those that utilize the Monte-Carlo
methods (see e.g. Witt & Gordon 1996; Wolf et al. 1998;
Witt & Gordon 2000) or treat the radiative transfer in
the clumpy medium as a stochastic process (e.g. Boisse
1990; Hegmann & Kegel 2003). The analytical approxima-
tions that take into account the scattering of radiation by
clumps treat clumps as large grains or mega-grains (e.g.
Neufeld 1991; Hobson & Scheuer 1993; Hobson & Padman
1993; Városi & Dwek 1999). A simpler model is introduced
by Natta & Panagia (1984), which provides simple analytic
approximations for the effective optical depth of the clumpy
medium without taking into account the scattering and as-
suming an empty medium between clumps. Városi & Dwek
(1999) show that the results that can be obtained with mega-

grains and Natta & Panagia (1984) approximations are
in a good agreement. Moreover, Scicluna & Siebenmorgen
(2015)demonstrate that for relatively small effective opti-
cal depths, which are characteristic of diffuse ISM medium,
the effect of clumps on the extinction curve due to scatter-
ing can be neglected. The model of Natta & Panagia (1984)
has been discussed by Nenkova et al. (2002); Nenkova et al.
(2008) and extended by Conway et al. (2018) whose formal-
ism takes into account different possible distributions of the
clump properties.

In this study, we use the formalism of Conway et al.
(2018) to explore the impact of compact dusty clumps pro-
posed in Tsytovich et al. (2014) on the optical extinction of
diffuse ISM as it will be observed within the diffuse region
and by a distant observer. Tsytovich et al. (2014) gives an
upper limit on the size of dusty clumps. Thus in this paper,
we explore the dependence of optical extinction and phys-
ical conditions inside the clumps on the clump size. Since
diffuse regions can be of different geometries, and due to
the fact that geometry is important for radiative transfer,
we explore several cases: spherical region, cylindrical region
which may be considered as an approximation to the fila-
mentary shape, and an infinite plane-parallel slab of finite
thickness. Also we perform calculations of thermal balance
of a spherical dusty clump in the clumpy model of diffuse
region, which is important for studies of chemical evolution
in clumpy medium.

2 MODEL DESCRIPTION

We consider a region of the diffuse ISM isotropically illumi-
nated by external starlight with intensity I0 integrated over
V-band and mean intensity 4πJ0 =

∫
Ω

I0 dΩ = 4πI0, where
Ω — solid angle from which external starlight illuminates
the region and that is equal to 4π in our case (see Figure 1).
There are no internal radiation sources in the region. As
a reference, we consider the model with homogeneous dust
spatial distribution. We investigate how the region parame-
ters such as an extinction of external radiation field and dust
temperature, which are important for astrochemical mod-
elling, will change if all dust grains in the reference model
will be grouped in spherical clumps. We consider only spher-
ical clumps embedded in the diffuse ISM region (denoted by
dotted line in Figure 1b) that can have arbitrary geometries.
Hereafter, the model of ISM in the region with homogeneous
dust distribution will be referred to the homogeneous model,
while the model of ISM region with clumps will be referred
to the clumpy model.

The following are the main input parameters for these
models.

• A
obs
V
= −1.086 ln (Iout/I0) — starlight extinction in V-

band for the homogeneous model for a distant observer
which detects the radiation with intensity Iout. This parame-
ter characterizes the medium optical properties along a spe-
cific line of sight only. No assumptions on the geometry of
diffuse region are invoked here. In this study we focus on
the diffuse molecular medium. The diffuse molecular ISM is
characterized by A

obs
V

≃ 0.3 — 1m (Snow & McCall 2006). In

this study, we consider A
obs
V
= 0.3 and 1.086m. Note, that we

consider A
obs
V

as some typical value for the region obtained
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along a line of sight. The orientation and position of this
line of sight with respect to the region borders depend on
the region geometry and distant observer position. We will
consider different geometries in Section 4.

• Vc/V — clump volume filling factor that is the ratio of
the total volume of dusty clumps in the region to the entire
region volume. This factor can be estimated taking into ac-
count equality of the total dust mass in the homogeneous
and clumpy models

md nd V = md n
c
d

Vc , (1)

V

Vc
=

n
c
d

nd
, (2)

where md — mass of a dust grain particle; nd and n
c
d
—

dust particles number density for the homogeneous and
clumpy model (dust particles number density in clumps
only), respectively. Tsytovich et al. (2014) estimate maxi-
mum n

c
d
/nd ≃ 107 at the clump centre. The dust number den-

sity radial distribution within a clump depends significantly
on the dust charge, ion, and electron densities at the clump
centre which are the free parameters of Tsytovich et al.
(2014) model. For simplicity, we assume that the dust num-
ber density within a clump is constant and n

c
d
/nd = 106,

which corresponds to the average dust number density in a
clump. We, therefore, will consider the models with Vc/V =
10−6. In Appendix 6, we estimate that the optical properties
of clumpy medium do not change significantly if one con-
sider non-uniform dust density distribution within clumps.
The spatial distribution of clumps in the clumpy model is
assumed to be uniform.

• np = nH+nH2 = 100 cm−3 — total hydrogen number den-
sity in the region (Snow & McCall 2006; Goldsmith 2013).

• Rc — typical radius of dusty clumps in the clumpy
model. According to Tsytovich et al. (2014), Rc depends on
physical conditions and dust grain properties in a diffuse
ISM region. In particular, the upper limit for clump radius
is inversely proportional to the gas number density in ISM.
From the estimates given by Tsytovich et al. (2014) for the
reflection nebula and warm neutral medium ISM phases, it
follows that the upper limit of the clump radius is ∼0.1 au
for np = 102 cm−3 and negatively charged grains. In the dif-
fuse molecular medium, the external radiation is intense and
hard enough so that the grains will be positively charged.
Considering that the upper limit of clump radius for pos-
itively charged grains is several times larger than for neg-
atively charged grains (Tsytovich et al. 2014) and the un-
certainties of Tsytovich et al. (2014) model parameters, we
set this limit to 1 au for the diffuse ISM conditions consid-
ered in this study. Taking into account possible variations of
physical conditions and the size distribution of dust grains
in a diffuse ISM region, one can expect that the clump radii
distribution within a region will be non-uniform. However,
the exact shape of this distribution is unknown. We there-
fore assume that all clumps within the ISM region have the
same size and consider Rc ≤ 1 au.

Using the parameters above and the ratio between the to-
tal hydrogen column density, NH, and A

obs
V

of NH/A
obs
V
=

1.8×1021 cm−2mag−1 from Bohlin et al. (1978) 1, one can

1 obtained with typical RV = 3.1 (Schultz & Wiemer 1975)

I0
I0

I0

I0

I0 IoutJ

external radiation field
I0

I0

I0

I0

I0 Iout

J

external radiation field

distant observer

distant observer

dusty clump

diffuse ISM region with clumps

diffuse ISM region with homogeneous dust distribution

b)

a)

L

cm

Figure 1. The general scheme of the diffuse ISM region models
considered in this study. The region is illuminated by isotropic
external radiation field with intensity I0. The black dot within the
region denotes an observer within the ISM region which detects
radiation with the mean intensity J passed through the region.
The distant observer detects the radiation passed through the
region along the path with length L with intensity Iout in the
homogeneous model (panel a) and I cm

out in the clumpy model (panel
b). Grey colour denotes the dust grains within the ISM region in
the homogeneous and clumpy models.

estimate the typical size of the diffuse ISM region along a
line of sight for a distant observer who detects Iout in the
homogeneous model, L, as

L =
NH

np
= 1.8 × 1021

A
obs
V

np
. (3)

The values of L are 1.75 and 6.33 pc for A
obs
V
= 0.3 and

1.086m, respectively.
To assess the optical depth of a single clump and of

the whole ISM region in the clumpy model in the follow-
ing sections we assume that the region size and the dust
mass within the region with clumps are the same as in the
homogeneous model.

3 OPACITY OF A SINGLE DUSTY CLUMP

In the clumpy model, chemical reactions on the dust grains
are determined by the radiation field density and dust tem-
perature within the dusty clumps which depend on the opac-

MNRAS 000, 1–13 (2018)



4 A. B. Ostrovskii et al.

Table 1. Optical properties of a single dusty clump depending
on its radius. 2Ac

V
= 2 × 1.086 τc — maximum value of starlight

extinction in V-band of a clump for a distant observer.

Rc, au τc 2Ac
V
, mag

0.1 0.09 0.2
0.5 0.45 0.98
1 0.9 1.96

ity of clumps for radiation. In this section, we estimate the
optical depth for extinction in the centre of a dusty clump
in V-band, τc, for clumps of different radii in the clumpy
model. We start from the following expressions (see e. g.
Tielens 2010)

τd =
A

obs
V

1.086
=

L∫
0

nd σd dr = nd σd L , (4)

τc =

Rc∫
0

n
c
d
σd dr = n

c
d
σd Rc , (5)

where τd — dust optical depth for extinction of external
starlight in V-band for the homogeneous model (see Figure 1
panel (a)); σd — effective dust extinction cross-section; nd

and n
c
d
— dust particles number density for the homogeneous

and clumpy model (dust particles number density in clumps
only), respectively. Note, that we use Rc in the integral upper
limit in equation (5) instead of 2Rc because we need the
optical depth to the centre of a clump.

Using equations (4) and (5), the following ratio can be
derived

τc

τd
=

n
c
d

nd

Rc

L
. (6)

Combining equations (2), (3), and (6) we get the fol-
lowing final expression

τc = τd
V

Vc

Rc

L
= 6.03 × 10−22

Rc np
V

Vc
, (7)

which can be used to calculate τc for given values of np , Rc

and Vc/V .
Note that τc does not depend on the geometry of the

diffuse ISM region in the clumpy model and A
obs
V

. From Ta-
ble 1, it is seen that τc is close to unity for the clumps with
radii of about 1 au. Absorption efficiency (see e. g. Tielens
2010) depends on the radiation wavelength, λ, as λ−x where
1 < x < 2. Together with our estimates of τc in V-band, this
implies that a single clump with Rc > 0.1 au can be opaque
for external ultraviolet radiation but still transparent for self
infrared radiation.

4 OPACITY OF DIFFUSE ISM REGION IN

THE HOMOGENEOUS AND CLUMPY

MODELS

Modelling of chemical processes in the interstellar medium
requires the value of radiation field energy density u for pho-
tochemical reactions:

u =
4π

c
J , (8)

where J is the mean intensity and c is the speed of
light. In practice, rate coefficients for photo-processes are
parametrized through the extinction in V-band (see e.g.
Wakelam et al. 2012). Thus, in order to model the chemi-
cal composition of a diffuse ISM region it is necessary to
estimate extinction of external starlight within this region.

We estimate the extinction of external starlight in V-
band, AV, as it will be seen by the observer located within
the ISM region (see also Natta & Panagia (1984))

AV = −1.086 ln

(
4πJ

4πJ0

)
= −1.086 ln

©
«

1

4πI0

∫
Ω

I(Ω) dΩ
ª®
¬
, (9)

where I(Ω) and J are, respectively, intensity and mean inten-
sity of incident radiation integrated over V-band seen by the
observer within the ISM region. The extinction of this kind
can not be measured directly by a distant observer. Note
that in the clumpy model case, we assume that the observer
in the ISM region is not within a clump. In the case if the
observer is within a clump, the extinction is a sum of ex-
tinctions by the clump 1.086τc and extinction of the clumpy
medium obtained in this Section (see below). We stress that,
as in the case of astrochemical models, we consider photons
from all directions but not from some given direction. In the
spherical coordinate system (r, θ, φ) centred at the observer
within the ISM region, equation (9) becomes

AV = −1.086 ln
©
«

1

4πI0

2π∫
0

π∫
0

I(θ, φ) sin θ dθ dφ
ª®®¬
. (10)

In the case of the homogeneous model, assuming that
the propagating radiation does not affect the dust extinc-
tion, the intensity of radiation through the medium can be
calculated as

I(θ, φ) = I0 exp (−τ(θ, φ)) , (11)

where τ(θ, φ) is an optical depth for extinction for a given
line of sight. The optical depth τ(θ, φ) can be estimated from
the following ratio

τ(θ, φ)
s(θ, φ) =

τd

L
=

A
obs
V

1.086 L
, (12)

where s(θ, φ) is the distance between the observer within
the ISM region and the region border along a given line of
sight. Taking into account equations (10), (11), and (12), the
extinction of the external radiation field in the homogeneous
model, A

h
V
, can be expressed as

A
h
V = −1.086 ln

©
«

1

4π

2π∫
0

π∫
0

exp

[
−

A
obs
V

1.086 L
s(θ, φ)

]
sin θ dθ dφ

ª®®¬
.

(13)

Following Natta & Panagia (1984), the intensity of ra-
diation through the clumpy medium can be calculated as

I(θ, φ) = I0 exp (−τ̃(θ, φ)) , (14)

where τ̃(θ, φ) is an effective optical depth for extinction cor-
responding to the optical depth of a uniform layer which

MNRAS 000, 1–13 (2018)
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would cause the same extinction as the actual ISM re-
gion with clumps on a given line of sight. As it was noted
by Nenkova et al. (2008), equation (14) is valid only in a
statistical sense as the intensity I(θ, φ) is an average over
an ensemble of all possible clump positions along the same
line of sight. Natta & Panagia (1984) suggested that in the
case of random clump positions one can use Poisson distri-
bution to estimate exp (τ̃(θ, φ)). Conway et al. (2018) gener-
alized the formulation from Natta & Panagia (1984) to the
case of a medium comprised of a mixture of clumps with dif-
ferent properties and taking into account the clump geom-
etry. With Monte-Carlo simulations, Conway et al. (2018)
show that their formalism provides the estimates of clumpy
medium absorption with the accuracy of better than 15 per
cent for Vc/V . 0.1. We consider significantly lower value of
Vc/V = 10−6 and, therefore, the formalism of Conway et al.
(2018) should provide us the accurate estimates of the ISM
region extinction. Below, we estimate the accuracy of this
formalism with Monte-Carlo calculations for the region pa-
rameters that have not been considered in Monte-Carlo cal-
culations of Conway et al. (2018) (see Section 4.1). Employ-
ing equation (23) of Conway et al. (2018), equation (14) can
be transformed into

I(θ, φ) = I0 exp
[
−N(θ, φ)

(
1 −

〈
e
−2τc

〉)]
, (15)

where N(θ, φ) is the average number of clumps along a given
line of sight;

〈
e
−2τc

〉
is the average of e

−2τc over a clump
projected area in the case of spherical clumps or over a
clump projected area and all clump orientations for non-
spherical clumps. The averaging in

〈
e
−2τc

〉
should be per-

formed for rays that originate in the observer’s position
within the ISM region, pass through a clump and are not
exactly parallel. However, one can assume that these rays
are parallel taking into account that the clump radius is sig-
nificantly smaller than the region size and, thus, most of
the clumps have a small angular size. For parallel rays, we
can use equation (35b) from Conway et al. (2018) (see also
Ignace & Churchwell 2004) and approximate

〈
e
−2τc

〉
as〈

e
−2τc

〉
=

2

(2τc)2
[1 − (1 + 2τc) exp(−2τc)] . (16)

Conway et al. (2018) show that τ̃(θ, φ) and τ(θ, φ) are related
through the clumping correction factor

K(τc) =
τ̃(θ, φ)
τ(θ, φ) =

1 −
〈
e
−2τc

〉
〈2τc〉

=

=

3

2

1

2τc

(
1 − 2

(2τc)2
(1 − (1 + 2τc) exp (−2τc))

)
, (17)

where 〈2τc〉 is 2τc averaged in the same way as〈
e
−2τc

〉
and can be approximated with equation (35a)

from Conway et al. (2018), assuming that the rays passing
through clumps are parallel. The correction factor K(τc) is
always ≤ 1 and does not depend on the region geometry and
size.

The average number of clumps on a given line of sight
can be estimated as (see e.g. Conway et al. 2018)

N(θ, φ) =
s(θ,φ)∫
0

nc A dr =

s(θ,φ)∫
0

nc πR
2
c dr , (18)

where nc — number density of clumps in the ISM region;
A —clump area perpendicular to a line of sight.

The clumps number density and total number of clumps
in the diffuse ISM region, Nc, can be found using the follow-
ing relation based on (1)

md nd V = md n
c
d

Nc
4

3
πR

3
c . (19)

From equations (2) and (19), we find clumps number density

nc =
Nc

V
=

3

4πR
3
c

Vc

V
. (20)

With (20) and taking into account the uniform clump spatial
distribution, equation (18) becomes

N(θ, φ) = 3

4Rc

Vc

V

s(θ,φ)∫
0

dr =
3

4Rc

Vc

V
s(θ, φ) . (21)

Using (10), (15), and (21) we find the following final
expression for extinction within the diffuse ISM region with
uniformly distributed spherical clumps

A
cm
V = −1.086×

ln
©«

1

4π

2π∫
0

π∫
0

exp

[
− 3

4Rc

Vc

V

(
1 −

〈
e
−2τc

〉)
s(θ, φ)

]
sin θ dθ dφ

ª®®
¬
,

(22)

where τc and
〈
e
−2τc

〉
are given by equations (7) and (16),

respectively. The equations (13) and (22) can be applied for
an arbitrary geometry of the ISM region and the observer
position within the region, which are determined by s(θ, φ).
The geometry of diffuse ISM regions is unknown. In the gen-
eral case of arbitrary ISM region shape, the calculations of
A

h
V

and A
cm
V

can be carried out only numerically. However,
for simple geometries, analytical or semi-analytical estima-
tions are possible. Below, we derive expressions for A

h
V
and

A
cm
V

in the case of spherical, slab and filamentary geometries
of the diffuse ISM region.

4.1 Sphere with radius L/2.

Spherical region is the simplest approximation for a cloud-
like object. We consider the spherical ISM region with radius
of L/2.

For the observer located in the region centre, the ana-
lytical result for A

h
V

and A
cm
V

can be readily obtained as the
distance from the observer to the region border does not de-
pend on the direction and s(θ, φ) = L/2 yielding A

h
V
= A

obs
V

/2
and

A
cm
V = 1.086 × 3L

8Rc

Vc

V

(
1 −

〈
e
−2τc

〉)
. (23)

Therefore, the extinction in the homogeneous model is A
h
V
=

0.15 and 0.543m for A
obs
V
= 0.3 and 1.086m, respectively. From

Figure 2 and Table 3 (see Appendix), it is seen that the ex-
tinction within the ISM region decreases when all dust grains
are grouped in clumps. The decrease reaches a factor of 1.8
for Rc = 1 au in comparison to the homogeneous model.
The effect of clumps on the extinction within the region is
significantly less pronounced in the case of smaller clumps.

MNRAS 000, 1–13 (2018)



6 A. B. Ostrovskii et al.

The difference between extinction in the clumpy and ho-
mogeneous model is less than 5 per cent for clumps with
Rc < 0.1 au. The optical depth of the largest clumps is ∼ 1

(see Section 3), and, therefore, A
cm
V

is determined mainly by
the average number of clumps and is always lower than the
extinction of the homogeneous medium (see Conway et al.
2018). Thus, low extinction in our clumpy model for the
largest clumps is related to low average number of clumps on
a line of sight N which, for example, is of 0.49 for Rc = 1 au
and A

obs
V
= 1.086m. The value of A

cm
V

increases with decreas-
ing clump radius because the average number of clumps on
a line sight in our model is inversely proportional to Rc. As
clumps become optically thin and their number on a line of
sight increases with decreasing Rc, the medium absorption
properties approach the smooth-density limit in accordance
to the results of Conway et al. (2018).

In order to check our analytical estimates of A
cm
V

, we car-
ried out Monte-Carlo calculations of the opacity of clumpy
medium. We considered the rays directed from the region
centre. The rays direction was random and the number of
rays, Nrays, was of the order of 104—105. The initial intensity
of radiation along a ray was assumed to be one arbitrary
unit. In the case, if the ray intersects a clump, the radia-
tion intensity along this ray became Ii = Ii exp(−2τcd/(2Rc)),
where d is the distance that the ray passed through the
clump. The spatial distribution of clumps was random and
uniform within the sphere with radius L/2. The number of
clumps in the clumpy model is large (> 3× 1011) that makes
Monte-Carlo calculations computationally intensive. For the
sake of calculations speed, the clump positions were gener-
ated with the default 64 bit variant of random number gen-
erator from the PCG family2. The resulting value of A

cm
V

was estimated as

A
cm
V = −1.086 ln

©
«

Nph∑
i=1

Ii

Nrays

ª®®®®
¬
, (24)

where summation goes over the rays. The results of Monte-
Carlo simulations are shown in Figure 2. The difference be-
tween Monte Carlo analytical estimates is no more than 4
percent for the largest clump radius considered in this study.
Such a difference is significantly lower than the uncertainty
in the A

obs
V

values for diffuse ISM or in the clump parameters.
Therefore, we conclude that Conway et al. (2018) formalism
allows us to obtain a good estimate of the clumpy medium
optical properties.

4.2 Infinite slab with thickness L

In this section, we estimate the extinction calculated for the
observer in the middle plane of an infinite plane parallel
slab with thickness L (see Figure 3, panel a)). In this case,
s(θ, φ) = L/(2 cos θ). Replacing x = 1/cos θ, the extinction of

2 http://www.pcg-random.org

Sphere, AV
obs = 0.3m

Sphere, AV
obs = 1.086m

Slab, AV
obs = 0.3m

Slab, AV
obs = 1.086m

Cylinder, AV
obs = 0.3m

Cylinder, AV
obs = 1.086m

Monte-Carlo, Sphere, AV
obs = 0.3m

Monte-Carlo, Sphere, AV
obs = 1.086m

0.0 0.2 0.4 0.6 0.8 1.0
0.5

0.6

0.7

0.8

0.9

1.0

Clump radius, au

A
Vc
m
A
Vh

Figure 2. The ratio of extinction in the clumpy and homoge-
neous ISM region models as a function of clump size, for a given
Aobs
V

and different region geometries: in the centre of spherical re-
gion (black), in the midplane of infinite slab (red), and on the
axis of infinite cylinder (yellow). Analytical estimates are shown
along with the Monte-Carlo simulation results for the spherical
region only (green). Dispersion of Monte-Carlo simulations does
not exceed 5 per cent.

L
/2

Z

s( )q j,q

L
/2

Z

q

a)

b)

s( )q j,

Figure 3. Geometry of diffuse region with clumps. (a) Plane
parallel slab with thickness L. (b) Infinite cylinder with radius
L/2. The black dot denotes the observer within the diffuse region.

the external radiation field in the middle plane is

A
h
V = −1.086 ln

©
«

∞∫
1

exp

[
−

A
obs
V

2.172
x

]
dx

x2

ª®
¬
=

= −1.086 ln [exp(−k) − k E1(k)]

k ≡
A

obs
V

2.172
,

(25)

A
cm
V = −1.086 ln

©«
∞∫

1

exp

[
− 3L

8Rc

Vc

V

(
1 −

〈
e
−2τc

〉)
x

]
dx

x2

ª®
¬
=

= −1.086 ln [exp(−t) − t E1(t)]

t ≡ 3L

8Rc

Vc

V

(
1 −

〈
e
−2τc

〉)
,

(26)
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where E1 is the first exponential integral. The values of A
h
V

for A
obs
V
= 0.3 and 1.086m are 0.45 and 1.21m, respectively.

As in the case of a spherical ISM region, the extinction
in clumpy model is lower than in the homogeneous model
(see Figure 2). The decrease of extinction due to clumps
is only slightly lower than in the case of spherical region
and it approaches 30 per cent for Rc = 1 au, in comparison
to the homogeneous model. At the same time, slab geom-
etry shields external radiation field most effectively among
considered geometries in a sense that the absolute values of
extinction are higher for all clump radii among considered
geometries (see Table 3).

4.3 Infinite cylinder with radius L/2

An infinite cylinder can be considered as representative of
filamentary diffuse ISM region. We calculate the extinction
for the observer located on the axis of infinite cylinder with
radius L/2 (see Figure 3, panel b)). In this case, s(θ, φ) =
L/(2 sin θ). Replacing x = 1/sin θ, extinction of the external
radiation field on the cylinder axis is

A
h
V = −1.086 ln

©
«

∞∫
1

exp

[
−

A
obs
V

2.172
x

]
dx

x2
√

x2 − 1

ª®¬
,

(27)

A
cm
V = −1.086 ln

©
«

∞∫
1

exp

[
− 3L

8Rc

Vc

V

(
1 −

〈
e
−2τc

〉)
x

]
dx

x2
√

x2 − 1

ª®
¬
.

(28)

Integration in (27) and (28) can be performed numerically.
For the homogeneous model, one get A

h
V
= 0.22 and 0.74m for

A
obs
V
= 0.3 and 1.086m, respectively. The difference between

A
h
V

and A
cm
V

is almost the same as in the case of spherical
ISM region (see Figure 2 and Table 3). In the case of fila-
mentary region model, A

cm
V

is lower than A
h
V

by ∼ 40 per
cent for Rc = 1 au.

4.4 Extinction off the region symmetry centre

In the previous Sections, we considered the extinction for
the observer situated in the region symmetry centre, plane,
and axis. In this Section, we estimate how extinction varies if
the observer is not in this position. We make these estimates
using the infinite slab region model. For the slab geometry,
one can obtain the analytical expression for the extinction
for the observer located off the slab central plane from (26):

A
cm
V (α) = −1.086 (ln[exp(−t(1 + α)) − t(1 + α) E1(t(1 + α))+

exp(−t(1 − α)) − t(1 − α) E1(t(1 − α))] + ln[0.5]) ,
(29)

where α is the fraction of L/2 defined so that the observer
is located at the distance αL/2 from the slab central plane.
From this expression, we estimated how the value of A

cm
V

changes if it is calculated off the slab central plane. We ob-
tained that A

cm
V

decreases by no more than 10 per cent at
half way from the region central plane to its border (see Fig-
ure 4). The difference between extinction at the central and

Rc = 0.01 au, AV
obs = 0.3m

Rc = 0.01 au, AV
obs = 1.086m

Rc = 0.1 au, AV
obs = 1.086m

Rc = 1 au, AV
obs = 1.086m

0.0 0.2 0.4 0.6 0.8 1.0

0.5

0.6

0.7

0.8

0.9

1.0

Fraction of slab thickness

A
Vc
m
(α
)

A
Vc
m
(0
)

Figure 4. The ratio of extinction of external stellar radiation
field at different distances from the infinite slab central plane to
the extinction at the slab central plane in the clumpy model for
different clump radii and Aobs

V
. Fraction of slab thickness in z-

direction α is equal to 1 at slab border and to 0 at slab central
plane.

border parts of the diffuse region decreases as the region be-
comes more transparent due to increasing clump size and/or
decreasing A

obs
V

.
We expect that the difference between A

cm
V

in and off
the ISM region symmetry centre for other region geometries
considered in this study will be similar or even lower than
for the slab as the slab has maximum opacity among the
other geometries. Therefore, we assume that the estimates
of extinction in the region symmetry centre are applicable
for the chemical modelling in the most positions within the
diffuse ISM region of any geometry considered in this study.

4.5 Effective extinction for a distant observer

We also calculated the effective extinction of the whole ISM
region with clumps as it will be seen for a distant observer
located outside of the ISM region A

eff
V
= −1.086 ln

(
I
cm
out/I0

)
,

where I
cm
out is the intensity of the emission passed through

the clumpy ISM region along the path with length L and
detected by the distant observer (see Figure 1). Note, that
I
cm
out and, thus, A

eff
V

make statistical sense only being an
average over many realizations of random clump positions
along the same line of sight and expected to be close to
an average over many line of sights within the observations
beam passing through a medium with the same proper-
ties (see Conway et al. 2018). The value of A

eff
V

can be di-

rectly compared with A
obs
V

. With equation (22) and setting
s(θ, φ) = L δ(0, 0), where δ is the Dirac function, the value of
A

eff
V

can be estimated as

A
eff
V = 1.086 × 3L

4Rc

Vc

V

(
1 −

〈
e
−2τc

〉)
. (30)

Table 2 shows that, as in the case of an observer within
the ISM region, A

eff
V

is lower than A
obs
V

by ∼ 40 per cent
for Rc = 1 au. The diffuse region with clumps with Rc <

0.1 au is practically indistinguishable from the diffuse region
with homogeneous dust distribution for a distant observer
in terms of absolute values of visible extinction.
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8 A. B. Ostrovskii et al.

Table 2. Effective extinction of stellar background emission in
V -band in the clumpy model as it will be observed by a distant
observer.

Rc, au Aeff
V

(Aobs
V
= 0.3m) Aeff

V
(Aobs

V
= 1.086m)

0.1 0.27 1.01
0.5 0.22 0.81
1 0.18 0.65

5 DUST TEMPERATURE RADIAL

DISTRIBUTION IN A SINGLE CLUMP

Our calculations show that the optical depth from the edge
to the centre of clump is close to unity for clumps with
Rc ≃ 1 au. Such clumps are opaque for external UV radia-
tion and the dust temperature inside these clumps should be
lower than dust temperature in the homogeneous medium.
In this Section, we estimate the dust temperature within
clumps assuming that the dust density distribution within
clumps is constant. Note that in Appendix 6 we show, that
the difference in dust temperatures in model with constant
and non-uniform dust density distributions within clumps
does not exceed 0.5 K.

We made the numerical calculations of the dust tem-
perature distribution inside a clump with hyperion Monte-
Carlo radiative transfer code (Robitaille 2011) allowing
3D radiative transfer taking into account multiple scatter-
ing. Hyperion computes the dust equilibrium temperature
with Lucy (1999) iterative method. The clump model of
Tsytovich et al. (2014) is developed for grains all of the same
radius, a. The properties of dust grains, including its size, are
important parameter for the dust temperature calculations.
It is unknown how grain particles with different sizes will be
distributed within and/or among clumps. One can speculate
that the grain particles of different sizes may be contained
within the same clump or that they may break into differ-
ent clumps with each clump harbouring only the grains with
some given size (see, e.g. Section 9 in Tsytovich et al. 2014).
Therefore, for the dust temperature calculations, we used
two sets of grain properties. We assumed that all grains in-
side a clump have a similar size of a = 0.03 µm, which is con-
sistent with the grain radius values used by Tsytovich et al.
(2014) for their estimations of clump properties. The optical
properties for grains with this radius were computed with
the wrapper program3 for the Bohren & Huffman (1983)
code using refractive indices from Draine (2003) and abun-
dances from Weingartner & Draine (2001). In addition to
the case of same-size grains, we also estimated the im-
pact of optical properties of dust grains on their temper-
ature in clumps for the case of grain size distribution taken
from Weingartner & Draine (2001)4. It is important to note
that the dust mass density within a clump has been ad-
justed so that the optical depth at 5500 Å calculated with
equation (5) for a given dust extinction cross-section was
equal to the optical depth calculated with equation (7). The
clump optical depth in the case of grains with a = 0.03 µm
is higher by a factor of ∼ 4 in the UV range (< 0.3 µm) than

3 https://github.com/hyperion-rt/bhmie
4 http://docs.hyperion-rt.org/en/stable/dust/d03.html

dust model with RV = 3.1

the optical depth calculated with optical properties from
Weingartner & Draine (2001) (see Figure 5). The calcula-
tions were performed using a spherical polar grid contain-
ing 500, 2, and 2 cells in the radial, polar and azimuthal
direction, respectively. The cells widths in the radial direc-
tion were logarithmically decreased with distance from the
clump centre. We set the number of photons packets to 108

and the number of iterations to 100. The dust temperature
variations between several last iterations did not exceed 1
per cent. The spectrum of the interstellar radiation field
was taken from Mathis et al. (1983). The calculations were
performed for both unattenuated interstellar radiation field
and attenuated interstellar field with intensity decreased by
a factor of exp(−τ) where the optical depth τ has been cal-
culated using optical properties from Weingartner & Draine
(2001) and normalized to be equal to A

cm
V

/1.086 at 5500 Å
with A

cm
V

taken from Section 4.1. The calculations for the
unattenuated interstellar radiation field are used to asses
the maximum dust temperature within clumps.

In order to assess the influence of clumps, we also es-
timated the dust temperature in the spherical diffuse ISM
region with homogeneous dust distribution and for the dust
optical properties from Weingartner & Draine (2001). The
model parameters were the same as in the case of calcula-
tions of dust temperature within clumps except the region
size, which was calculated using the expression (3), and dust
mass density, set so that the optical depth for extinction
at 5500 Å calculated with (4) was equal to A

obs
V

/1.086. We
obtained that the dust temperatures in the homogeneous
model are in the range of 16—18 K. These results are in a
good agreement with the observational estimates (see e.g.
Boulanger et al. 1996; Reach et al. 2017).

In figure 6, it is seen that the dust temperature in
clumps with Rc = 1 au calculated for the unattenuated
interstellar radiation field decreases to the clump centre
by several degrees of K and can reach 14—16 K. The
dust temperature in the central regions of clumps with
Rc = 1 au is, thus, somewhat lower than in the homoge-
neous diffuse region. The gradient of dust temperature de-
creases with decreasing clump radius and practically van-
ishes for clumps with Rc < 0.1 au. This result does not de-
pend on whether one uses the optical properties calculated
for a single dust grain radius of a = 0.03 µm or proper-
ties from Weingartner & Draine (2001). Note, that we do
not take into account stochastic heating which can affect
the dust temperature distribution within clumps. However,
according to Cuppen et al. (e.g. 2006) the dust tempera-
ture variations due to stochastic heating do not depend
significantly on the extinction for the grains with sizes of
& 0.02 µm. Therefore, for grains with sizes typically consid-
ered in astrochemical models (∼ 0.1) µm, the dust tempera-
ture radial distribution in a clump does not depend signifi-
cantly on the grain stochastic heating.

The dust temperatures estimated for the attenuated in-
terstellar field are lower by no more than ∼ 2 K than those
calculated for the unattenuated interstellar field (see green
thick line in Figure 6). The largest difference is for smallest
clumps when the extinction inside a clump itself is compa-
rable to the extinction by clumpy medium surrounding the
clump.

As it was noted by Tsytovich et al. (2014, equation
(42)), the ratio of the clump radius to the mean free path
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Figure 5. Dependence of the clump optical depth for extinction
on wavelength for Rc = 0.1 au. Blue solid line: optical depth calcu-
lated assuming that all dust grains have a radius of a = 0.03 µm.
Orange dashed line: optical depth calculated with dust grain sizes
distribution and optical properties from Weingartner & Draine
(2001). Vertical red dotted line denotes wavelength of 5500 Å.

of atoms/molecules due to collisions with dust grains is of
the order of unity. The exact value of this ratio for the dif-
fuse ISM conditions can not be derived due to uncertainties
of input parameters of Tsytovich et al. (2014) model. The
efficiency of gas cooling strongly depends on the value of
this ratio. If this ratio exceeds unity then the grain-gas cou-
pling should be effective and the gas temperature inside a
clump should be very close to the dust temperature (see also
Ivlev et al. 2018). On the other hand, if this ratio is close to
unity or slightly lower then the gas cooling due to collisions
with grains should be less effective and the gas temperature
inside a clump can be higher than the dust temperature.

6 DISCUSSION AND CONCLUSIONS

We made analytical and numerical estimates of opti-
cal properties and dust temperatures in diffuse interstel-
lar medium for the case gas—dust instability predicted
by Tsytovich et al. (2014). Note that our analytical esti-
mates of optical properties for clumpy medium can be used
for the physical conditions that differ from those of diffuse
interstellar medium. Tsytovich et al. (2014) assumed that
the clumps are optically thin based on the estimates of scat-
tering cross-section for dust grains. Our calculations show
that the clumps with radii & 0.1 au are optically thin in the
visible range but can be optically thick for far UV radiation.
As it is shown by Scicluna & Siebenmorgen (2015), the pres-
ence of optically thick clumps can affect the observed extinc-
tion law. The comparison of observed and model extinction
laws can provide important constraints on the clump model
parameters. However, in the current study, we can not pre-
dict exact effects of clumps on the extinction law as it re-
quires substantial modifications of (Tsytovich et al. 2014)
model in order to take grain size distribution into account
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Figure 6. Dust temperature profiles within clumps with differ-
ent radius. Blue solid line: dust temperature calculated assuming
that all dust grains have a radius of a = 0.03 µm with unat-
tenuated external starlight. Orange dashed line: dust temper-
ature calculated with dust grain sizes distribution and optical
properties from Weingartner & Draine (2001) with unattenuated
external starlight. Green thick solid line: dust temperature cal-
culated with dust grain sizes distribution and optical properties
from Weingartner & Draine (2001) with external starlight atten-
uated by the clumpy medium.
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which should be a subject for future studies. Our calcula-
tions show that, when all dust grains in the homogeneous
ISM region become grouped in large (∼ 1 au) clumps, the
region observed extinction decreases by a factor of 1.5. How-
ever the resulted clumpy region opacity still remains within
the extinction limits defined by (Snow & McCall 2006) for
the molecular diffuse ISM. This decrease can be compen-
sated by increasing the clumpy region length along a line of
sight L by a factor of 1.5 (see equation (30)). The maximum
clumpy region size with the effective extinction of 1m along
a line of sight achieves 9.5 pc for the largest clumps. To
our knowledge, there are no observational data that allow
us to conclude whether such a region size is feasible. The
decrease can also be compensated by increasing an amount
of dust in the region by a factor of 1.5 assuming that this
increasing leads to a higher number of clumps in the region.
Available gas-phase element abundances (see e.g. Sofia 2004)
are lower by several orders of magnitude than required for
an additional increase of the dust mass by a factor of 1.5.
Therefore, the observed extinction can not be reproduced in
the medium model with large clumps only by depletion of
elements from the gas phase. Our results were derived from
the observational estimates of the dust extinction without
assumptions on the dust cross-sections for absorption and
scattering. It should be noted also that our estimates do not
take into account a diffuse radiation field produced due to
scattering on clumps. Based on the results of Boisse (1990,
Figure 3a) we expect that the diffuse scattered radiation will
not alter significantly our estimates.

The dust temperature within clumps with radii & 0.1 au
does not exceed 20 K and can reach ∼ 14 K in central
clump regions, significantly lower than the dust tempera-
ture in the diffuse ISM region with homogeneous dust dis-
tribution. Moreover, the total extinction within a clump is
a sum of extinctions in the clump itself and in the clumpy
medium surrounding the clump. This total extinction can
be higher than the extinction within the homogeneous dif-
fuse ISM medium by a factor of 2 reaching 1.3m. Such ex-
tinction and low temperatures permit formation of ice on
a grain surface which can affect optical properties of the
medium and chemical processes in it. For example, due to
exponential dependence of thermal desorption rate on the
dust temperature the difference of temperature of 3 K be-
tween the clumpy and homogeneous models will lead to dif-
ference in the thermal desorption rate for H2

5 of a factor
of 50 for the dust temperature of 15 K. The time needed for
ice formation is of an order of a hundred thousand years (see
e.g. Vasyunin & Herbst 2013). Our estimates show that the
characteristic time for a dust grain particle to diffuse from
clump centre to clump border exceeds several tens of thou-
sand years for clump radii > 0.1 au and reaches millions of
years for clumps with radii ∼ 1 au (see Appendix), which is
comparable to a lifetime of diffuse regions. The characteristic
time for the gas particles to cross a clump is of ∼ 5 yr for 0.1
au clumps and reaches 500 years for clumps with radii ∼ 1

au (see Appendix) that is comparable to the characteristic
time of gas particles accretion onto the grain surface. This
means that dust grains can reside in cold regions of a clump
for a time sufficient for formation of icy mantles on its sur-

5 H2 binding energy is of 314 K

face. Together with increased gas density inside clumps (see
e.g. Ivlev et al. 2018), this makes clumps efficient ‘chemi-
cal reactors’ that could enrich diffuse ISM with products
of grain surface chemical synthesis. Molecules formed in ice
mantles can be released into the gas phase via non-thermal
processes such as chemical desorption or photodesorption.
The molecules released from the grain surface can be de-
stroyed then by the external stellar radiation field in the
inter-clump medium which, as it follows from our calcula-
tions for different ISM region geometries, can be significantly
stronger than the radiation field within the diffuse ISM re-
gion with the homogeneous dust distribution. For example,
the CO photodissociation rate, which exponentially depends
on the medium extinction, can be higher by 70 per cent in
the gas between clumps in comparison to the homogeneous
model. The stronger radiation field within the diffuse ISM
region with clumps can also lead to a higher ionization de-
gree in the medium within the region in comparison to the
region with the homogeneous dust distribution. Thus, it is
not immediately clear if the possible assembly of dust into
small clumps in diffuse ISM should enrich or make more
poor its chemical composition in comparison to the case of
uniform diffuse ISM. Overall, our calculations show that the
conditions in the diffuse ISM region with clumps larger than
0.1 au can affect rates of chemical processes when compared
to the case of the homogeneous dust distribution. The ex-
act effects of the presence of clumps on the diffuse region
chemical composition should be studied by means of astro-
chemical modelling which also can be used to put additional
constraints on the clump properties.

As it was shown by Wang et al. (2014), the flat ex-
tinction in far mid-infrared range observed towards dif-
fuse regions can be explained by the presence of micron-
sized grains. According to study of Hoang et al. (2019) such
large dust grains can be destroyed by suprathermal rotation
driven by radiative torques. Thus, potentially it can be prob-
lematic to explain the presence of large grains in the diffuse
medium with intensive radiation field. However, the calcu-
lations of Hoang (2019) show that such grains are able to
survive when the radiation intensity is lower or the local gas
density is higher than the average ones for the diffuse ISM.
The clumps with radii > 0.1 au can provide such conditions.
Moreover, these micron-sized grains within the cold regions
of the dusty clumps can be covered by a water ice. The
clumps can also harbour the micron-sized water ice grains.
The depletion of oxygen by micron-sized grain covered by
thick water ice and/or by micron-sized water ice grains in
the diffuse ISM has been proposed as one of possible solu-
tions to so-called ‘O crisis’ (see e.g. Wang et al. 2015). To
study the possibility of presence of large grains within the
clumps, the model of Tsytovich et al. (2014) should be mod-
ified in order to take into account the grain size distribution.

The clumps with sizes below 0.1 au are optically thin
for visible and UV radiation. The dust temperature within
these clumps is similar to the dust temperature in the dif-
fuse ISM region with the homogeneous dust distribution.
The extinction in V-band of diffuse ISM region with such
clumps for both a distant observer and observer within the
region is practically the same as in the diffuse ISM region
with homogeneous dust distribution. We conclude that the
presence of small clumps with radii < 0.1 au within diffuse
ISM region does not have observed implications in terms
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of both the absolute value of extinction and, as we expect
based on the results of Scicluna & Siebenmorgen (2015) for
optically thin clumps, the extinction curve shape. We expect
that the presence of such clumps in the medium can affect
the chemical processes only via the mechanism considered
by Ivlev et al. (2018).
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APPENDIX

Effects of non-uniform dust density distribution in

clumps

To quantify effects of non-uniform density distribution on
the extinction we fitted with fourth-degree polynomial, P(r),
the dust density distribution obtained by Tsytovich et al.
(2014) for positively charged grains and normalized ion den-
sity of 0.5, which corresponds to maximum variations of the
dust within clumps. This fit then has been used to calculate〈
e
−2τc

〉
based on equation (35b) from Conway et al. (2018)

as follows:

〈
e
−2τc

〉
= 2
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exp
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«
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¬
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×

×

√
1−ρ2∫
0

P

(
1 + l
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dl


ρdρ, (31)
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where τc

(
1∫

0

P(l)dl

)−1

is a factor which normalizes non-

uniform clump density so that optical to the clump cen-
tre equals to one obtained with the uniform dust density
distribution in clump using equation (5). The maximum dif-
ference of

〈
e
−2τc

〉
and, therefore, in extinction between the

model with uniform and non-uniform clump density is of 30
per cent corresponding to largest clumps. Such a difference
is lower than the difference in extinction between the clumpy
and homogeneous models for large clumps. For the clumps
with radii < 0.1 au this difference does not exceed 2 per cent.

The dust temperatures calculated with non-uniform
dust density within clumps (see Figure 7) in the same man-
ner as in Section 5 do not differ from those obtained for the
uniform dust density distribution within clumps by more
than 0.5 K. Again, this difference is lower than the one be-
tween the clumpy and homogeneous models.

From these estimates, it follows that variations of the
dust density distribution within clumps do not alter our con-
clusions on the optical properties and dust temperature in
clumpy medium.

Grain and gas diffusion time

The characteristic time τdiff for a dust grain to diffuse from
the centre of a clump of radius Rc to its border can be esti-
mated from the relation

R
2
c = 6 D τdiff , (32)

Here, D is the self-diffusion coefficient of a grain. The
value of D is obtained from the expression of the self-
diffusion coefficient of a heavy particle in a light gas
(see e.g. equation (14.2.1) in Chapman & Cowling (1953);
Lifshitz & Pitaevskii (1981)):

D =
3

8
√

2π a2 np

√
kBT

µmH
, (33)

where a — dust grain radius; µ — molecular mass; mH —
hydrogen atom mass; T — gas particles temperature within
a clump which assumed to be equal to the dust temperature.

Then, for np = 102 cm−3, T = 20 K, a = 0.1 × 10−4 cm,
µ = 1.5, grain diffusion time from the centre of the clump to
its edge is τdiff ∼ 24 kyr and 2.4 Myr for Rc = 0.1 and 1 au,
respectively.

The time for gas particles to diffuse across a
whole clump of radius Rc, τg, can be estimated as
(Chapman & Cowling 1953):

τg =
1

6
(2Rc)2

8

3
σnH

√
2πµmH

kBT
, (34)

where σ ∼ 10−15 cm2 is the gas-kinetic cross section of H
atoms mutual collisions, and nH is the gas density within
a clump (see Ivlev et al. 2018). The gas density within a
clump is the ambient gas density of 100 cm−3 enhanced by
a factor of ≃ Tgas/T , where Tgas is the gas temperature in the
medium between clumps (see Ivlev et al. 2018). Assuming
T = 20 and Tgas = 100 K, one can obtain that τg = 5 and 480
yr for Rc = 0.1 and 1 au, respectively.
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Figure 7. Dust temperature profiles within clumps with dif-
ferent radius and non-uniform dust density distribution within
clumps. The calculations were performed with unattenuated ex-
ternal starlight. Blue solid line: dust temperature calculated as-
suming that all dust grains have a radius of a = 0.03 µm. Orange
dashed line: dust temperature calculated with dust grain sizes
distribution and optical properties from Weingartner & Draine
(2001).

Extinction in the clumpy ISM region model

Here in Table 3, for convenience, we present numerical values
of extinction in the clumpy model for some clump radii and
for A

obs
V

and region geometry considered in this study.
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Table 3. Optical properties of diffuse ISM region with clumps
for different region geometries, clump radii and Aobs

V
.

Rc, au Acm
V

(Aobs
V
= 0.3m) Acm

V
(Aobs

V
= 1.086m )

Spherical region with radius L/2

0.1 0.14 0.51
0.5 0.11 0.41
1 0.09 0.33

Infinite slab with thickness L

0.1 0.43 1.16
0.5 0.37 0.99
1 0.3 0.82

Infinite cylinder with radius L/2

0.1 0.21 0.70
0.5 0.17 0.57
1 0.13 0.46

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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