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Abstract—In this work we analyze the effect of gas-dust clumps, possibly formed in the interstellar medium
due to instability, described in [10], on the chemical evolution of the diffuse interstellar medium. For this pur-
pose we calculate chemical evolution with common parameters of diffuse interstellar medium (ISM). It is
shown that abundances of most observed molecules are higher in a model of the diffuse medium with clumps
than in a model with homogeneous dust distribution. In some cases it leads to better agreement of modelling
abundances and their relations with observational data. But at the same time, it does not mean that the
hypothesis about inhomogenous dust distribution can qualitatively improve the agreement between model-
ling and observational data on the chemical composition of the diffuse interstellar medium. The best-fit range
of values of the physical characteristics of the medium is wider under the assumption that dust can form com-
pact gas-dust clumps and is not uniformly mixed with gas. Results described in this work show that small-
scale (<1 au) inhomogeneities of the interstellar medium can be important for its chemical evolution.

DOI: 10.1134/S1063772920090061

1. INTRODUCTION

Diffuse atomic and molecular clouds are of great
interest in studies of the interstellar medium. It is
believed that they represent an intermediate stage in
formation of cold dense clouds and further stages of
star formation [1, 2].

The diffuse interstellar clouds are characterized by
low gas temperatures (30—100 K) and relatively low
gas densities (10—500 cm™3) (see Table 1 in [3]). These

clouds have a visual extinction <1” and are thus quite
transparent to the ambient interstellar radiation. The
analysis of diffuse cloud observations can be compli-
cated due to confusion arising when a studied line-of-
sight crosses a number of the diffuse clouds or a mix-
ture of different types of clouds. As a result, modern
knowledge of the physical and chemical processes in
the diffuse clouds is incomplete.

According to observations, the abundances of a
number of molecular species in the diffuse clouds
exceed those predicted by models of diffuse clouds and
are more consistent with ones in dense molecular
clouds (see, for example, [4—9] and others). These
high abundances are unexpected in the diffuse clouds
where the interstellar radiation field plays a large role
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in the chemical processes and dissociates molecules
efficiently.

Therefore, the models, which traditionally assume
homogeneous gas and dust spatial distribution,
encounter a number of difficulties in reproducing the
observed molecular abundances. However, it was
recently shown that there is a previously unknown spe-
cialtype of instability (ion shielding or “ion shadowing
force”) which occurs in both diffuse and dense cloud
conditions in the presence of an external radiation
field and/or other mechanisms supporting ionization
processes in the medium [10]. This instability can lead
to the inhomogeneous distribution of dust particles
over the cloud volume and formation of compact
clumps where interstellar dust is concentrated. In this
case, there is no dust between clumps.

In this work, we analyze the chemical evolution of
the diffuse molecular cloud in the model that includes
“clumps”—compact cold gas-dust clouds with a

radius of R, <1 au, where all interstellar dust grains
are concentrated. Estimates of the dust temperature in
clumps were taken from [11]. Based on estimates from
[10, 12], we assume that the gas temperature in clumps
is equal to dust temperature and thus significantly
lower than gas temperature in the case of the medium
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without clumps. The cold gas in clumps is in hydro-
static equilibrium with surrounding hotter environ-
ment and thus denser than in the case of the medium
without clumps. This affects the chemical processes
on dust particles surface as the rate of atoms and mol-
ecules accretion on dust surface in clumps is higher
than in the case of homogeneous gas and dust spatial
distribution. It is therefore interesting to investigate
whether the presence of clumps in the diffuse cloud
significantly affects the chemical evolution of the
cloud and allows to mitigate the difference between
the model and observed molecular abundances in the
diffuse clouds.

This paper is organized as follows. Section 2 is ded-
icated to a brief description of the compact gas and
dust clumps formation mechanism. This section also
contains the details of the chemical model, including
the method to account for the presence of clumps in
the medium. Section 3 describes the results of our
model calculations. Finally, in Section 4, we discuss
the obtained results, compare it with the observational
data, and formulate conclusions of the study.

2. THE MODEL DESCRIPTION
2.1. “Clumpy” Model of the Diffuse Molecular Cloud

In work [10] it is shown that gas-dust medium is
unstable in the presence of ionization mechanisms
(for example, ultraviolet (UV) radiation fields, cosmic
rays) and can form compact dusty clouds (“clumps”)
with sizes varying from fractions to tens of astronomi-
cal units. In this subsection, we briefly discuss the
main points of the theory of the compact clumps for-
mation of and its effects that are important for the
chemical evolution of the medium.

According to [10], the formation of clumps can be
explained by the instability in a plasma mixed with
dust particles [13—15]. This instability is caused by the
attractive shadowing force that is a result of collective
interactions between dust particles in a gaseous
medium. Both ionized and neutral gas components
can contribute to the shadowing forces. Ions recom-
bining with electrons on the dust particles surface
always lead to occurrence of attraction between dust
particles, while the direction of the force between dust
particles caused by interaction with neutral atoms and
molecules depends on the difference between dust and

gas temperatures. If the gas temperature, 7, is higher

than the dust temperature, Ty, , then dust particles
will attract to each other due to interaction with neu-

tral gas, or will push away if 7, < Ty, [16]. In the dif-

gas

fuse cloud regions where the gas temperature 7,

gas
exceeds 100 K while the dust temperature 7T}, does
not exceed 20 K, the neutral shadowing causes attrac-
tion between dust particles [12].

A dust particle in the low-temperature plasma with
mild UV radiation acquires a negative charge. The bal-
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ance between ion and electron flows on the dust parti-
cle surface determines its stationary charge. This
charge becomes positive in the presence of a signifi-
cant UV field. The mechanism leading to the forma-
tion of instability in the medium acts in a similar way
for both the negative and positive dust particles
charge.

The shadowing forces compress dust into the com-
pact clumps, where an equilibrium is achieved via
mutual electrostatic repulsion between charged dust
particles. The dust density inside a clump can be many
orders of magnitude higher than the average dust den-
sity in the case of homogeneous distribution of dust
particles. For example, the maximum value of ratio of
the dust density inside the clump to the dust density in
the homogeneous case reaches ~107 assuming the size
of dust grain particle ~0.03 um. Dust particles do not
stick together inside clumps despite such a high local
density due to the strong electrostatic repulsion
between equally charged dust particles.

The gas temperature in clumps becomes equal to
the temperature of dust since the dust density in
clumps is high. This can be explained by the fact that
the gas inside clumps is cooled due to frequent colli-
sions with dust, which in turn is cooled by its own ther-
mal radiation [10]. The gas in clumps is in pressure
equilibrium with hotter environment around the
clumps and thus the gas density gas within the clumps
is higher than the one between clumps.

According to [10], for the typical properties of the
diffuse cloud (gas density ~100 cm—3, gas temperature

~100 K, visual extinction ~1"), clump sizes do not
exceed 1 au. Average dust density in such clumps is 6—
7 orders of magnitude higher than the average dust
density in the environment before the formation of
clumps [12]. Average distance between such clumps,

L, is ~3 njl/ng times larger than their characteristic
size R., which in turn is inversely proportional to the

local gas density. Here, ngl is the number density of

dust inside a clump, and ng is the average number den-
sity of dust particles in the homogeneous medium
(this refers to the case when there are no clumps in the
diffuse cloud). In the clumpy model, local gas density

inside the clumps increases by 7.,/ Ty, times with
respect to the gas density outside the clumps, where
T, is the gas temperature outside the clumps, 7}, is

gas
the dust temperature in the clumps. The total gas vol-
ume within clumps is ~107° of the gas volume in the
entire diffuse cloud, and the distance between clumps
is approximately 102 times larger than their size. There
is almost no dust between clumps and the gas density
between clumps almost does not change (does not
depend) due to formation of clumps, i.e., it is equal to
the gas density in the case of the homogeneous dust

ASTRONOMY REPORTS  Vol. 64

No. 8 2020



IMPACT OF THE SMALL-SCALE SPATIAL DISTRIBUTION 695

and gas distribution in the diffuse cloud (“homoge-
neous” case, see detailed discussion in [12]).

2.2. Modification of the Standard Astrochemical Model
Jfor Calculations of the Chemical Evolution
of the Diffuse Cloud with Clumps

In the diffuse cloud with homogeneous dust and
gas spatial distribution, the gas temperature is higher
than dust temperature [3]. The gas and dust tempera-
tures inside clumps become equal due to high density
of dust particles and the efficient exchange of energy
between gas and dust. This affects the chemical pro-
cesses on surfaces of dust particles: the rate of accre-
tion of atoms and molecules on the dust surface inside

clumps is 4/ 1,/ T, times higher than in the case of the
diffuse cloud without clumps. Since all dust grains are
concentrated inside clumps and the gas in clumps is
cold, chemical processes on the dust surface occur
under conditions which are characteristic for clumps,
i.e. at a higher density and lower temperature of the gas
around dust grains, even though there is the hot gas in
the medium between clumps. The calculations of the
chemical evolution of the diffuse cloud with clumps
can be carried out using the standard astrochemical
model (for example, the MONACO model [17] or
similar models) with slight modifications assuming
that the characteristic time of gas mixing between
clumps and interclump medium is shorter than the
characteristic time of atomic and molecular abun-
dance changes due to chemical reactions in the gas
phase between clumps. One of the modifications is
that the rate of accretion of atoms and molecules on
the dust grains surface in the model with clumps

should be increased by a factor of /7, /T in compari-
son to the standard model that describes the diffuse
cloud homogeneous dust and gas distribution. The
other modification is that the gas temperature must be
equal to the dust temperature in clumps during the
calculations. The next section provides a detailed
description of the used model parameters.

2.3. Methods for Calculations
of the Chemical Composition

We used the MONACO computational code [17],
which implements the rate equations method and can
be used to calculate the chemical composition in the
gas phase and on the dust surface under the non-sta-
tionary conditions. This code calculates changes in
relative abundance for each atom or molecule over
selected period of time. The chemical kinetics data-
base from [17] is used that includes 638 molecules and
6002 reactions 216 of which are reactions on the dust
surface.

The interactions between gas and dust treated by
the model include the accretion of neutral species on
the dust surface, thermal desorption and photode-
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Table 1. Initial chemical composition for the models of the
diffuse cloud. Abundances are calculated relative to the total
number of hydrogen nuclei (H) per unit volume [20]

Atom Abundance relative to ny
H 1.0
He 8.5 % 1072
N 6.8 X 1072
o) 49 %1074
C+ 2.7 %1074
S+ 1.3 x 107
Si+ 3.2 x 107
Fe+ 3.2x 1073
Na+ 1.7 x 107°
Mg+ 3.9 x 1073
Cl+ 3.2x 1077
P+ 2.6 x 1077
F+ 3.6 x 1078

sorption of species from the dust surface and dissocia-
tive ion recombination on a charged dust particle. The
dust particle in the model is a homogeneous sphere
with a size of 0.1 um consisting of amorphous silicate;
dust-to-gas mass ratio in the model is of 1%. The
probability of adsorption of species on the dust surface
is assumed to be 100%, efficiency of the reactive
(chemical) desorption is of 1%. Desorption energies of
atoms and molecules (except for atomic oxygen) from
the dust surface were taken from [18]. The desorption
energy of atomic oxygen was taken from [19].

The initial chemical composition presented in
Table 1 was taken from [20]. Abundances of species are
given relative to the total number of hydrogen nuclei
per unit volume. The medium is taken to be electri-
cally neutral.

2.4. Physical Parameters of the Models

The main parameters of our models are the number
density of hydrogen atoms, which characterizes the
density of the gas phase of the considered medium,
dust and gas temperatures, optical extinction charac-
terizing the absorption of interstellar radiation, cosmic
rays ionization rate and intensity of the diffuse UV
radiation field. The physical parameters used in this
study to model the diffuse cloud with homogeneous
dust and gas spatial distribution are presented in
Table 2. The chosen gas and dust temperatures as well
as the gas density correspond to the typical estimates
for the diffuse clouds and are taken from [3, 21], cos-
mic rays ionization rate is taken from [22].

To model the chemical evolution of the diffuse
cloud with clumps we used the estimates of the dust
temperature and visual extinction for both the cloud
and clumps within the cloud from [11]. In accordance
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Table 2. Physical properties used in the model of diffuse
cloud with homogeneous dust and gas spatial distribution.
n—gas number density in the diffuse cloud; 7,—gas tem-
perature; 7y —dust temperature; A, —visual extinction of
the cloud; & —ionization rate; y,,,, —intensity of UV radia-
tion field in Drain units

Object " Kl k| E,s7!
em3|8 7Y Y mag ’ Xuv
Homogeneous | 100 | 100 | 18 | 0.5 | 1.3 x 107'¢| 1.0
model

to [11], we considered two types of models with,
respectively, clump sizes of 0.1 and 1 au.

The clump model described in [10] assumes that all
dust grains, which are uniformly mixed with gas in the
homogeneous model of the diffuse cloud, become col-
lected inside clumps in the clumpy model. Thus, the
mass and surface area of dust particles are the same in
all three diffuse cloud models considered in this study
which are the model without clumps, and two models
with clumps having sizes of 0.1 and 1.0 au. At the same
time, we assume that there is an active mixing of gas
between clumps and the interclump medium in the
diffuse cloud models with clumps. The visual extinc-
tion of the diffuse cloud in the models with clumps
depends on the diffuse cloud extinction in the model
with homogeneous dust and gas spatial distribution. In
the framework of this study, we used the visual extinc-
tion of the diffuse cloud with homogeneous dust and
gas distribution 4, = 1”. Since the gas volume in the
interclump medium is 10° times larger than the gas
volume inside clumps, we neglect the gas-phase
chemical reactions under physical conditions in
clumps. Moreover, as we assume that all dust is con-
centrated inside clumps, the chemistry on the dust
particles surface is calculated for the physical condi-
tions inside clumps. The parameters of models of the
diffuse cloud with clumps are given in Table 3. In sum-
mary, the chemical evolution in the gas phase of the
diffuse cloud with clumps is calculated with tempera-
ture, density and extinction of gas outside clumps
while the chemical processes on the dust particles sur-
face are calculated for conditions inside clumps. The
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conditions inside clumps are indicated by upper index
“c” in Table 3. Also it should be noted that the rates of
photoprocesses on the surface of dust particles includ-
ing photodesorption are calculated for the extinction

value that is a sum of 4, and A4, , where Aj, is the visual
extinction inside clumps.

3. RESULTS
3.1. Relative Abundances of Molecules

Currently at least 63 molecules have been detected
in the diffuse medium (see [3] and references therein).
Figures 1—3 show the results of the chemical evolution
modeling for only 58 of them because PH; and ArH*
molecules are not included in the used chemical
model, and the chemistry of chlorine-bearing mole-
cules (HCI, HCI*, and H,Cl") in the model is highly
incomplete. Selected molecules were divided into
6 groups depending on their composition for a better
understanding of figures: CH-compounds (Fig. 1,
Group 1), nitrogen-bearing molecules (Fig. 1, Group 2),
sulfur-bearing molecules (Fig. 2, Group 3), pho-
sphorus, fluorine and silicon compounds (Fig. 2,
Group 4), complex organic molecules and their pre-
cursors (Fig. 3, Group 5), and other molecules,
including molecular hydrogen H,, CO molecule,
water H,O, simple ions and carbon chains without
hydrogen (Fig. 3, Group 6).

One can see from figures that the abundances of
molecules belonging to different groups behave differ-
ently in the models with and without clumps. Group 1
molecules, simple carbon-bearing molecules contain-
ing many compounds with carbon chains, show a sig-
nificant (2—3 orders of magnitude) increase of the
maximum abundances in the models with clumps
comparing to the model without clumps. Moreover,
the maximum abundances of most of these molecules
slightly increase with an increase of the clump size
from 0.1 to 1.0 au. Formaldehyde H,CO is the excep-
tion, its maximum abundance in the model with large
clumps is smaller by one order of magnitude than in
the model with small clumps, and approximately
equal to the abundance in the model without clumps.

Behavior of the nitrogen-bearing molecules from
Group 2 is opposite to the one for molecules of Group 1.

Table 3. Physical properties of the models of the diffuse cloud with clumps. n—gas number density in the diffuse cloud;

T,—gas temperature between clumps; Tgc —gas temperature inside clumps; TdC —dust temperature; A{} —visual extinction for

a clump calculated from its edge to its center; 4, —the average extinction in the center of the diffuse cloud with clumps for
the case when the total amount of dust on the line of sight in the homogeneous diffuse cloud model corresponds to visual

extinction for an external observer of 4, = 1.086"; §—ionization rate; , —intensity of UV radiation field in Drain units

Object n,em™ | T, K TS ,K | Tf K | A, mag | Ay, mag E,s7! Xuv

Model with clumps R, = 0.1 au 100 100 17.4 17.4 0.1 024 | 1.30 x 1071 1.0
Model with clumps R, = 1.0 au 100 100 15.7 15.7 0.98 0.15 |1.30x 10716 1.0
ASTRONOMY REPORTS  Vol. 64 No.8 2020
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Fig. 1. Time dependent change of relative molecular abundances for different models of the diffuse cloud: the model without
clumps (on the left panels), with clumps of radius of 0.1 au (on the central panels), with clumps of radius of 1.0 au (on the right

panels). Evolution time from 10* to 107 years. Group 1 (upper row) and Group 2 (lower row) of molecules.

Both maximum abundances of these molecules and
evolution of abundances with time almost do not dif-
fer in all three diffuse cloud models. Even though it is
still possible to talk about the increase of molecular
abundances in the models with clumps in comparison
to the model without clumps, the increase of maxi-
mum abundances does not exceed a factor of 2—3.
Such changes in abundances can hardly be called sig-
nificant because they are less than the accuracy of
astrochemical modeling [23] as well as the accuracy of
the molecular abundance estimates from observations.

ASTRONOMY REPORTS Vol.64 No.8 2020

Sulfur-bearing molecules from Group 3 behave, in
general, similarly to nitrogen-bearing molecules. HS,
NS, and CS molecules are the exceptions whose max-
imum abundances in the models with clumps increase
by 1.5—2 orders of magnitude comparing to the model
without clumps. The maximum abundances of other
molecules from Group 3 vary within an order of mag-
nitude from model to model. It should be noted that
the chemistry of sulfur compounds in our chemical
model does not include recent improvements pro-
posed in [24]. Therefore, the conclusion about low
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Fig. 2. Time dependent change of relative molecular abundances for different models of the diffuse cloud: the model without
clumps (on the left panels), with clumps of radius of 0.1 au (on the central panels), with clumps of radius of 1.0 au (on the right

panels). Evolution time from 10*to 107 years. Group 3 (upper row) and Group 4 (lower row) of molecules.

impact of clumps presence on sulfur-bearing mole-
cules should be taken with caution.

Group 4 includes phosphorus and fluorine molec-
ular compounds as well as silicon monoxide SiO. The
presence clumps also has a negligible effect on the
chemical evolution of molecules from this group. One
can see in Fig. 2 that maximum abundances of all
Group 4 molecules change by less than a factor of 2—
3. PO molecule is some kind of exception whose min-
imum abundance in the models with clumps becomes
an order of magnitude higher than in the model with-
out clumps. It is interesting to note that our model

abundances of PN, PO, CP, and HCP molecules are
lower by 4—5 orders of magnitude than in the “best-
fit” model of phosphorus chemistry in the diffuse
medium published in [25]. However, in the model of
[25], relatively high abundances of phosphorus-bear-
ing molecules are achieved only at visual extinction
values A4, equal to or greater than 3.0™. The authors of
[25] explain the choice of relatively high visual extinc-
tion value A4, which is typical for a translucent clouds,
assuming that at line of sight there can be regions of
denser medium where in reality, apparently, there are
phosphorus-bearing molecules with high molecular

ASTRONOMY REPORTS  Vol. 64
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Fig. 3. Time dependent change of relative molecular abundances for different models of the diffuse cloud: the model without
clumps (on the left panels), with clumps of radius of 0.1 au (on the central panels), with clumps of radius of 1.0 au (on the right

panels). Evolution time from 10*to 107 years. Group 5 (upper row) and Group 6 (lower row) of molecules.

abundances with respect to hydrogen. At the same
time, the phosphorus-bearing molecule abundances

obtained in [25] for A, = 1" (authors do not consider
smaller values) approach the model values obtained in
our work.

Group 5 includes complex organic molecules and
their precursors—compounds whose detection in the
diffuse medium perhaps was the most unexpected.
The presence or absence of clumps in the diffuse cloud
does not affect significantly the chemical evolution of
complex molecules as for molecules from the previous
group. It is seen in Fig. 3, that both the models of dif-
Vol. 64 No.8
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fuse cloud with and without clumps considered in this
study do not explain the observed abundances of com-
plex molecules with the exception for methanol
CH;0H, which model abundance is close to the
observed one. Apparently, the failure of diffuse cloud
models to reproduce the observed abundances of
complex organic molecules indicates that these mole-
cules form in a denser gas of translucent clouds that
can present on a line of sight in observations of diffuse
clouds. Methanol is the exception to this rule because
its formation on the dust particles surface is effective
even at dust temperatures characteristic for diffuse
molecular clouds.
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Finally, Group 6 includes molecules which are
chemically dissimilar. As the consequence of this dis-
similarity, their evolution in models with and without
clumps proceeds differently.

One should note the difference in rates of atomic to
molecular hydrogen conversion in all three models of
the diffuse cloud. As it is seen in Fig. 3, the time of
atomic to molecular hydrogen transition in the models
with clumps is higher by more than an order of magni-
tude in comparison to the model without clumps. This
fact is important for the chemical evolution of other
molecules as the presence of molecular hydrogen is
necessary for the occurrence of effective ion-molecu-
lar chemistry in gas phase. Moreover, the H — H,
transition time indicates in favor of the scenario of
giant molecular clouds formation in large-scale turbu-
lent flows (see more discussion in [12]).

The presence or absence of clumps does not sig-
nificantly affect the other molecules from Group 6,
the changes of their abundance does not exceed an
order of magnitude. C; molecule is the exception to
this as its maximum abundance in the models with
clumps increases by 3 orders of magnitude comparing
with the model without clumps. C; is found in many
observations of a diffuse medium. Apparently, it is not
surprising as the relatively high abundance of this mol-
ecule was achieved even in our model of the diffuse
cloud without clumps characterized by a low gas den-
sity and low visual extinction. The presence of clumps
is the necessary condition for C; to achieve the high
abundance relative to hydrogen in the diffuse cloud.

Table 4 shows maximum model abundances of
molecules that have been detected in the diffuse
clouds. Right column of Table 4 shows molecular
abundances obtained from observations of diffuse
clouds. In such observations, the same line-of-sight
may cross many regions that are not evolutionary
related to each other. In this situation, it seems point-
less for us to determine the “time of the best agree-
ment” between the model and observations as it is
often done during modeling of individual objects in
star formation regions. For this reason, we perform
comparison of the observational data with the maxi-
mum model abundances despite that they are reached
at different points in time instead of comparison of
observations with the molecular abundances set calcu-
lated for one “best-fit” point in time.

One can see from Table 4, that the model without
clumps reproduces abundances of 10 molecules within
an order of magnitude, and both the models with
clumps reproduce abundances of 12 out of 28 mole-
cules for which we were able to summarize the obser-
vational data. Agreement between models and obser-
vational data is far from the complete one and the
presence of clumps in the model only slightly improves
it. The maximum abundances of most molecules in
our model with low gas density and visual extinction
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are several orders of magnitude lower than values
obtained from observations.

3.2. Ratios of Molecular Abundances

Ratios of molecular abundances are often deter-
mined from observations more accurately than the rel-
ative molecular abundances. Therefore, for better
understanding of how clumps affect the diffuse cloud
chemical evolution, we also analyzed the effect of
clumps on the abundance ratios. The abundance
ratios calculated in all three diffuse cloud models con-
sidered in this study are given in Tables 5—7 along with
observed estimates of ratios obtained for sightlines
toward different sources from literature. The studies
from which the observed abundance ratios were taken
are given in the last column of Tables 5—7. The depen-
dence of our calculated abundance ratios on time is
shown in Figs. 4—6. All ratios are randomly divided
into 5 groups.

In all three considered diffuse cloud models, there
are abundance ratios whose values differ significantly
from the observed values. For example, the differences
can reach 10 orders of magnitude for C,H/C,H,
HC;N/HCN, and SO,/HCO" ratios. This can be
related to the fact that the conditions in a given
observed object can differ from the typical ones used
in our calculations and derived based on observations
of many objects.

Our results show that the models with clumps
match the observations better than the model without
clumps. The agreement between the models and
observations becomes better with increasing clump
radius. As seen from Tables 5—7, the models without
clumps predict 16 abundance ratios that are consistent
with the observational data. In the models with
clumps of various radii, there were 20 ratios that
match the observations: 16 of them are the same as
in the model without clumps and 4 additional ratios
are C,H/HCO", HCN/C,H, CS/HCN, and OH/CH
(see Tables 6 and 7).

The model C,H;N/HC;N, CS/HCS"*, CS/C,H,
SO/H,S, H,0*/H;0*, OH*/H,0*, and HS/H,S
ratios become better consistent to observations with

increasing clump radius. The minimum difference
between the model and observed values of all these

ratios except HS/H,S is achieved 10°—10° years of the
diffuse cloud chemical evolution. The model HS/H,S
ratio matches the observations best in the time range

of10°~10° years (see Table 7).

It should be noted that for some ratios the agree-
ment between the model and observed values is a bit
worse in the models with clumps than in the model
without clumps. The model HS/H,S ratio corre-
sponds to the observed one equally good at all consid-
ered timescales of the chemical evolution of the diffuse
cloud without clumps (the observed ratio and the ratio

ASTRONOMY REPORTS Vol. 64
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Table 4. The molecular abundances in the diffuse cloud models without clumps and with clumps with R. = 0.1 and 1.0 au
in comparison to the observed abundances in the diffuse clouds. The molecules in bold are those with the model abun-
dances that are close to the observed ones. Only molecules with observed relative abundance estimates existing in the liter-
ature are presented. Observational data is taken from [4—7, 25, 27—34]

Model with clumps

Model with clumps

Molecule Model without clumps R =0.1au R =1.0au Observations
C2H 1.60E—11 2.15E—10 4.00E—10 2.90E—08
C3H 2.97E—-16 1.I7E—14 2.53E—14 2.00E—10
C3H2 1.55E—16 3.92E—15 7.36E—15 1.40E—09
C3 1.20E—12 2.441E—11 4.380E—11 1.10E—09
CN 3.43E-10 3.36E—10 2.72E—10 1.50E—08
HCN 2.97E—11 7.83E—11 7.66E—11 0.30E—08
HNC 2.16E—11 7.47E-11 7.60E—11 7.00E—10
CS 5.16E—13 5.64E—12 9.92E—12 1.42E—-09
SO 1.91E—14 5.43E—14 1.15E—13 4.52E—10
H2S 6.07E—14 7.86E—14 6.45E—14 2.44E—09
CH 3.23E-10 2.50E—09 4.80E—09 1.96E—08
CH+ 5.93E—12 1.43E—11 2.79E—11 4.18E—09
NH3 3.54E-10 5.98E—10 5.19E—-10 3.00E—09
H2CO 6.40E—12 1.00E—11 2.05E—12 0.40E—08
NH 1.60E—-10 3.92E-10 4.01E-10 4.95E—-09
OH 3.99E-08 7.00E—08 6.77E—08 1.00E—07
co 7.16E—06 6.90E—06 3.45E—06 5.35E-06
HCO+ 3.66E—11 1.36E—10 1.50E—10 0.30E—08
CH3CN 1.32E-19 1.83E-18 2.44E—-18 <0.40E—10
CH3O0H 6.85E—12 9.27E—12 1.50E—12 8.10E—08*
N2H+ 5.16E—15 5.22E—15 4.57E-15 <0.40E—11
HS 5.98E—13 4.33E—12 1.1I6E—11 4.96E—09
HS+ 3.56E—14 7.64E—14 7.57E—14 1.16E—09
CH2 7.26E—12 1.32E—-10 4.96E—10 1.60E—08
NH2 3.35E-10 6.53E—10 6.48E—10 4.00E—09
H20 8.65E—09 1.74E—08 1.65E—08 2.40E—08
H30+ 2.36E-10 5.60E—10 5.78E—10 2.50E—09
HF 2.89E—-08 3.27E—08 3.31E-08 1.40E—08
PN 1.45E—14 3.42E—-14 4.40E—14 <4.90E—11
PO 5.86E—13 1.51E—12 1.47E—12 <5.00E—10
CP 5.71E—15 1.37E—14 8.30E—15 <2.60E—09

*According to [26], the obtained values of the methanol relative abundance are overestimated due to a possibly underestimated value of
column density of molecular hydrogen.

in the model without clumps are 1.25 and 3.20,
respectively, see Table 5). The models with clumps

with R, = 0.1 and 1.0 au explain the observed HS/H,S

ratio only at time points of 10° and 10° years (see
Tables 6 and 7). CS/H,S and CS/SO ratios in the
model without clumps are in good agreement with the

ASTRONOMY REPORTS Vol.64 No.8

2020

observed ones (6.0 and 1.7, respectively) at timescale

of 10°~10° years, while, in the model with 10" au, the
agreement is achieved only at 10° and 10° years,
respectively (see Table 7). This discrepancy with
observations can be related to incompleteness of the
data for chemistry of sulfur-bearing compounds [24].
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Table 5. The abundance ratio values in the model of the diffuse cloud without clumps for different moments in time in
comparison with the observed ratios in the diffuse clouds. The ratios in bold are those with values which are close to the

observed ones

Ratio 10° years 10° years 10’ years 10® years Observation Source
C2H/HCO+ 2.26E—001 2.36E—001 2.09E-001 4.39E—001 1.45E+001 [4]
C2H/C3H 7.70E+004 8.77E+004 5.61E+004 5.40E+004 2.00E+002 [35]
C3H2/HCO+ 1.75E—-006 1.59E—006 2.29E—-006 4.24E—006 7.00E—001 [4]
C4H/C2H 3.21E-009 4.20E—009 2.49E—008 7.14E—008 1.00E+000 [35]
CN/HCN 1.71E+001 1.74E+001 1.35E+001 1.02E+001 6.80E+000 [5]
HCN/C2H 1.80E+001 1.69E+001 9.83E+000 1.86E+000 8.00E—002 [5]
HCN/HCO+ 4.05E+000 3.99E+000 2.05E+000 8.14E-001 1.97E+000 [5]
HCN/HNC 2.11E+000 2.06E+000 1.71E+000 1.38E+000 5.00E+000 [35]
HC3N/HCN 5.30E—-011 5.17E-011 6.38E—011 1.46E—010 4.00E—001 [35]
C2H3N/HC3N 1.96E—001 3.79E—001 9.64E+000 3.03E+001 4.00E+000 [35]
CS/HCO+ 2.09E—-003 2.27E—-003 5.78E—003 1.41E—002 2.00E+000 [6]
CS/HCN 5.16E—004 5.69E—-004 2.81E—003 1.73E—002 7.00E—001 [6]
CS/H2S 1.32E—-001 1.39E-001 9.52E-001 7.91E+000 6.00E+000 [6]
CS/SO 2.14E+001 9.17E+000 8.32E+000 2.70E+001 1.70E+000 [6]
CS/HCS+ 2.37E+002 1.28E+002 3.53E+001 3.55E+001 1.33E+001 [6]
CS/C2H 9.27E—003 9.62E—003 2.77E—002 3.22E-002 1.30E—-001 [6]
SO/HCO+ 9.78E—005 2.48E—-004 6.94E—004 5.24E—-004 9.00E—001 [6]
SO/H2S 6.19E—003 1.52E—-002 1.14E—-001 2.93E-001 2.40E—001 [7]
SO2/HCO+ 1.80E—011 5.01E-011 2.98E—010 4.19E-010 5.00E—001 [6]
H2S/HCO+ 1.58E—002 1.63E—002 6.07E—003 1.79E—-003 2.70E—001 [6]
HCS+/HCO+ 8.81E—006 1.77E—-005 1.64E—-004 3.97E—004 1.30E—-001 [6]
OH/CH 2.86E+002 1.87E+002 1.85E+002 1.24E+002 3.00E+000 [35]
NH3/CS 3.99E+004 3.74E+004 5.49E+003 6.39E+002 1.00E+000 [28]
NH3/H2CO 9.13E+002 9.52E+002 2.18E+002 5.15E+001 4.00E—001 [28]
H2CO/CS 4.38E+001 3.93E+001 2.52E+001 1.24E+001 2.30E+000 [28]
H20 9.13E+002 9.89E+001 1.22E+001 4.35E+000 1.50E+000 [8]
OH+/H20+ 1.12E+002 4.96E+001 7.15E+000 2.90E+000 4.00E+000 [8]
OH+/H30+ 1.02E+005 4.90E+003 8.76E+001 1.26E+001 6.00E+000 [8]
HS/H2S 2.06E—-001 5.55E—-001 3.20E+000 9.16E+000 1.25E+000 [7]
HS+/CH 5.60E—005 3.29E—004 2.29E—-003 6.01E—003 2.80E—001 [9]
HOC+/HCO+ 2.65E+000 2.62E+000 2.13E+000 1.79E+000 1.50E—002 [36]
HCO+/HF 4.15E-003 5.00E—-004 4.34E—004 1.26E—003 2.50E-001 [36]
HOC+/HF 1.10E-002 1.31E-003 9.26E—004 2.26E—003 4.00E—003 [36]
CF+/HF 1.32E—002 1.28E—002 1.41E—-002 1.51E-002 1.70E—002 [36]

In the model of the diffuse cloud without clumps,
many abundance ratios reach stationary values
quickly. The examples of such ratios are CN/HCN,
C;H,/HCO*, HNC/HCN, and CS/HCO" in Fig. 4,
SO/HCO*, HCS*/HCO™, and SO/H,S in Fig. 5, and
HS*/CH™ in Fig. 6. In the models with clumps, the
values of these ratios not only decrease or increase but
also show a noticeable change over time in comparison
to the model without clumps. Such a behavior of

molecular abundance ratios in the models with clumps
allows one to implement the chemical clock method
more widely and efficiently.

In general, in terms of agreement between the
model and observations, the presence of clumps in the
diffuse cloud does not affect negatively the chemical
evolution of the cloud, and in some cases it even helps
to achieve better agreement between the model and
observed values.
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Table 6. The abundance ratio values in the model of the diffuse cloud with clumps with the radius R. = 0.1 au for different
moments in time in comparison with the observed ratios in the diffuse clouds. The ratios in bold are those with values which

are close to the observed ones

Ratio 10° years 10° years 10’ years 10® years Observation Source
C2H/HCO+ 7.67E—002 1.74E—001 1.19E+000 1.58E+000 1.45E+001 [4]
C2H/C3H 2.64E+004 3.21E+004 2.10E+004 1.83E+004 2.00E+002 [35]
C3H2/HCO+ 1.75E—006 2.93E—-006 1.99E—-005 2.87E—005 7.00E—001 [4]
C4H/C2H 8.00E—009 4.61E—008 3.31E—-007 4.35E—007 1.00E+000 [35]
CN/HCN 1.02E+001 7.43E+000 4.58E+000 4.37E+000 6.80E+000 [5]
HCN/C2H 4.30E+001 9.23E+000 5.01E—001 3.64E—001 8.00E—002 [5]
HCN/HCO+ 3.30E+000 1.61E+000 5.96E—001 5.75E-001 1.97E+000 [5]
HCN/HNC 2.06E+000 1.52E+000 1.07E+000 1.05E+000 5.00E+000 [35]
HC3N/HCN 1.74E—011 3.14E—011 5.15E—-010 7.58E—010 4.00E—001 [35]
C2H3N/HC3N 1.43E+000 4.19E+001 3.63E+001 3.09E+001 4.00E+000 [35]
CS/HCO+ 7.85E—004 4.89E—-003 3.12E—002 4.14E—-002 2.00E+000 [6]
CS/HCN 2.38E—004 3.04E—-003 5.23E—002 7.21E-002 7.00E—-001 [6]
CS/H2S 9.62E—002 1.80E+000 5.00E+001 7.18E+001 6.00E+000 [6]
CS/SO 6.02E+000 1.61E+001 9.38E+001 1.04E+002 1.70E+000 [6]
CS/HCS+ 5.84E+001 2.28E+001 2.41E+001 2.42E+001 1.33E+001 [6]
CS/C2H 1.02E—002 2.80E—002 2.62E—002 2.62E—002 1.30E—-001 [6]
SO/HCO+ 1.31E—-004 3.03E-004 3.33E-004 3.98E—004 9.00E—001 [6]
SO/H2S 1.60E—002 1.11E-001 5.33E—-001 6.91E—001 2.40E—001 [7]
SO2/HCO+ 2.16E—011 1.28E—010 2.84E—010 3.49E-010 5.00E—001 [6]
H2S/HCO+ 8.16E—003 2.72E—003 6.24E—004 5.77E—-004 2.70E—001 [6]
HCS+/HCO+ 1.34E—005 2.14E—004 1.29E—-003 1.71E—003 1.30E—-001 [6]
OH/CH 2.80E+002 1.61E+002 3.72E+001 2.79E+001 3.00E+000 [35]
NH3/CS 8.91E+004 4.73E+003 1.54E+002 1.05SE+002 1.00E+000 [28]
NH3/H2CO 8.24E+002 2.32E+002 6.38E+001 5.91E+001 4.00E—001 [28]
H2CO/CS 1.08E+002 2.04E+001 2.41E+000 1.77E+000 2.30E+000 [28]
H20 6.38E+001 6.74E+000 1.53E+000 1.35E+000 1.50E+000 [8]
OH+/H20+ 3.15E+001 4.17E+000 1.38E+000 1.28E+000 4.00E+000 [8]
OH+/H30+ 2.01E+003 2.81E+001 2.11E+000 1.72E+000 6.00E+000 [8]
HS/H2S 6.88E—001 4.83E+000 3.91E+001 5.51E+001 1.25E+000 [7]
HS+/CH 4.72E—004 3.81E—-003 6.62E—003 5.33E—003 2.80E—001 [9]
HOC+/HCO+ 2.61E+000 2.02E+000 1.56E+000 1.54E+000 1.50E—002 [36]
HCO+/HF 8.86E—004 9.25E-004 3.80E—003 4.17E—003 2.50E—001 [36]
HOC+/HF 2.31E-003 1.87E—003 5.94E—003 6.40E—003 4.00E—003 [36]
CF+/HF 1.34E—-002 1.47E—002 1.61E—002 1.62E—002 1.70E—002 [36]

4. DISCUSSION AND CONCLUSIONS

In this work, we consider the model of diffuse
molecular cloud characterized by low gas density
(ny =100 cm™) and visual extinction, which is very
important for the cloud chemical evolution. The typi-
cal line-of-sight visual extinction for the diffuse cloud

is of 4, = 1", but in our chemical model we consider

the halved value of 4, = 0.5" because it is assumed

ASTRONOMY REPORTS Vol.64 No.8 2020

that the diffuse cloud is illuminated by UV radiation
from all sides. Under the chosen physical conditions
the chemical model without clumps expectedly pre-
dicts the abundance values for many molecules that
are lower by many orders of magnitude than those esti-
mated from observations. The main goal of this work
was to study whether the presence of compact gas-dust
clumps in the diffuse cloud, which existence is pre-
dicted in [10], can lead to the significant increase of
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Table 7. The abundance ratio values in the model of the diffuse cloud with clumps with the radius R. = 1.0 au for different
moments in time in comparison with the observed ratios in the diffuse clouds. The ratios in bold are those with values which

are close to the observed ones

Ratio 10° years 10° years 107 years 10® years Observation Source
C2H/HCO+ 5.62E—002 4.28E—-001 2.63E+000 2.67E+000 1.45E+001 [4]
C2H/C3H 2.51E+004 3.75E+004 1.59E+004 1.58E+004 2.00E+002 [35]
C3H2/HCO+ 1.26E—006 4.64E—006 4.81E—005 4.91E-005 7.00E—001 [4]
C4H/C2H 1.43E—008 8.66E—008 5.29E-007 5.34E—-007 1.00E+000 [35]
CN/HCN 8.30E+000 4.91E+000 3.55E+000 3.55E+000 6.80E+000 [5]
HCN/C2H 4.81E+001 1.70E+000 1.94E-001 1.91E-001 8.00E—002 [5]
HCN/HCO+ 2.70E+000 7.27E-001 5.11E—-001 5.11E-001 1.97E+000 [5]
HCN/HNC 1.95E+000 1.21E+000 1.01E+000 1.01E+000 5.00E+000 [35]
HC3N/HCN 8.11E—012 8.63E—011 1.20E—009 1.22E—009 4.00E—001 [35]
C2H3N/HC3N 1.29E+001 7.14E+001 2.63E+001 2.61E+001 4.00E+000 [35]
CS/HCO+ 1.03E—003 1.10E—002 6.51E—002 6.62E—002 2.00E+000 [6]
CS/HCN 3.81E—-004 1.52E—-002 1.28E—-001 1.30E-001 7.00E—001 [6]
CS/H2S 1.89E—001 1.35E+001 1.51E+002 1.54E+002 6.00E+000 [6]
CS/SO 5.07E+000 4.82E+001 8.71E+001 8.63E+001 1.70E+000 [6]
CS/HCS+ 2.31E+001 1.98E+001 2.05E+001 2.05E+001 1.33E+001 [6]
CS/C2H 1.83E-002 2.58E—-002 2.48E—002 2.48E—002 1.30E—001 [6]
SO/HCO+ 2.03E—004 2.29E—004 7.48E—004 7.67E—004 9.00E—001 [6]
SO/H2S 3.72E-002 2.79E-001 1.73E+000 1.78E+000 2.40E—-001 [7]
SO2/HCO+ 3.90E—-011 1.35E—-010 5.54E—-010 5.68E—010 5.00E—001 [6]
H2S/HCO+ 5.45E—003 8.19E—004 4.31E-004 4.31E-004 2.70E—001 [6]
HCS+/HCO+ 4.45E—-005 5.56E—004 3.18E—003 3.23E—-003 1.30E—-001 [6]
OH/CH 2.39E+002 8.19E+001 1.43E+001 1.41E+001 3.00E+000 [35]
NH3/CS 5.12E+004 6.81E+002 5.33E+001 5.23E+001 1.00E+000 [28]
NH3/H2CO 2.03E+003 4.48E+002 2.54E+002 2.53E+002 4.00E—-001 [28]
H2CO/CS 2.52E+001 1.52E+000 2.10E—001 2.07E—001 2.30E+000 [28]
H20 2.37E+001 2.66E+000 1.09E+000 1.09E+000 1.50E+000 [8]
OH+/H20+ 1.30E+001 1.98E+000 1.14E+000 1.14E+000 4.00E+000 [8]
OH+/H30+ 3.08E+002 5.27E+000 1.25E+000 1.24E+000 6.00E+000 [8]
HS/H2S 1.77E+000 1.77E+001 1.75E+002 1.80E+002 1.25E+000 [7]
HS+/CH 1.17E—003 6.92E—003 1.78E—003 1.72E—-003 2.80E—001 [9]
HOC+/HCO+ 2.47E+000 1.69E+000 1.49E+000 1.49E+000 1.50E—002 [36]
HCO+/HF 5.69E—004 2.21E—003 4.53E—003 4.53E—003 2.50E—001 [36]
HOC+/HF 1.41E-003 3.75E-003 6.74E—003 6.75E—003 4.00E—003 [36]
CF+/HF 1.37E-002 1.57E-002 1.64E—002 1.64E—002 1.70E—002 [36]

the maximum abundances of molecules whose
observed abundances are not explained by the model
without clumps. The results described in previous sec-
tion give a negative answer to this question in general.
Indeed, compact gas-dust clouds (“clumps”) affect
the abundances of a number of molecules and molec-
ular ions observed in the diffuse interstellar clouds,
and the maximum abundances of a number of mole-

cules in the models with clumps increase by 2—3
orders of magnitude in comparison to the model with-
out clumps. However, one can see from Table 4 that
even maximum abundances of molecules that have
increased by several orders of magnitude due to the
clumps presence are still lower than the observed ones
by several orders of magnitude. Moreover, there is a
significant number of molecules whose abundances

ASTRONOMY REPORTS  Vol. 64 No.8 2020



IMPACT OF THE SMALL-SCALE SPATIAL DISTRIBUTION 705
Group 1
Without clumps R.=0.1au R.=1.0au
1010 L TS I B pl MR ]010 AR B Cl T 1010 T C; T T
| — — C2H/HCO+ . L
— — C2H/C3
r — — C3H2/HCO+
| ——Ca {_Icz
[—A oA ] I ] I ]
1112 St 410 1 105k o .
L —_ ] N —— —_——_—— N = _—— ]
-
S T ——— - .
§100- [ R (V) 10°
=
0°5F ———_ 1105 =77 4107
S . ;J -
103 104 100 10° 107 10®8 10® 10* 10° 10° 107 108 10° 10* 10° 10® 107 10%
Time, years Time, years Time, years
Group 2
T J— Without clumps 1010 —rrrrrm— R =0lau 1010 e R.=10au
| —— HCN/HNC . L J L
-------- HNC/HCN
-------- HC3N/HCN 3
REREEES C2H3N/HC3N | |
I—<r: S L I
jo5p T T 1 105F 4 105" .

107°F 11075 1 1071 1
103 10* 10° 10 107 108 10° 10* 10° 10° 107 108 10° 10* 105 10° 107 108

Time, years

Time, years

Time, years

Fig. 4. Time dependent change of ratios of molecular abundances for different models of the diffuse cloud: the model without
clumps (on the left panels), with clumps of radius of 0.1 au (on the central panels), with clumps of radius of 1.0 au (on the right

panels). Evolution time from 10°to 10® years. Group 1 (upper row) and Group 2 (lower row) of molecules.

behave in almost exactly the same way in all consid-
ered models with and without clumps. Nonetheless,
there are two molecules whose abundances in the
models with clumps are close to the observed values:
HNC and CH. Also, the abundance of C; molecule,
which have been found in many studies of the diffuse
medium (that indicates its prevalence), is almost sat-
isfy the criterion of agreement with observations in the
models with clumps. Below we consider the features of
the chemical evolution of some representative mole-
cules that can be an example of how the presence of
clumps affects the evolution of the diffuse cloud
molecular composition.
ASTRONOMY REPORTS  Vol. 64

No.8 2020

Group 1 of molecules described in previous section
(upper row in Fig. 1) includes simple carbon-bearing
molecules that form in the gas phase in ion-molecule
chemical reactions. Abundances of these molecules
increase during the late times of the cloud chemical
evolution in the models with clumps because these
abundances depend directly on the amount of molec-
ular hydrogen (H,) in the gas phase. As the H — H,
transition is faster by approximately an order of mag-
nitude in the models with clumps comparing to the
model without clumps, the hydrogen at late times of
the cloud evolution is predominantly in molecular and
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Fig. 5. Time dependent change of ratios of molecular abundances for different models of the diffuse cloud: the model without
clumps (on the left panels), with clumps of radius of 0.1 au (on the central panels), with clumps of radius of 1.0 au (on the right

panels). Evolution time from 10° to 108 years. Group 3 (upper row) and Group 4 (lower row) of molecules.

atomic form in, respectively, the models with and and the following reactions,
without clumps. The molecular hydrogen is important

for the formation of simple molecules from Group 1, C"+CH—>C; +H, (6)
and it can be illustrated by the following reactions
chain (Group 1 molecules are in bold): C;r +H, — C2HJr +H, @)
C" +H, - CH; + hv, (D C,H' + H, - C,H} + H, (8)
+ +
CH, +H, —» CH; +H, 2) C,H} +e¢ - CH+H, 9)
CH; +e¢ — CH, +H, A3) - C,+H + H (10)
— CH; + hv, (4)  Oxygen-bearing molecules form via similar reaction
—->CH+H+H (5) chains initiated by the highly active H; ion that forms
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Fig. 6. Time dependent change of ratios of molecular abundances for different models of the diffuse cloud: the model without
clumps (on the left panels), with clumps of radius of 0.1 au (on the central panels), with clumps of radius of 1.0 au (on the right

panels). Evolution time from 10° to 108 years. Group 5 of molecules.

from the molecular hydrogen as a result of interaction
with cosmic rays:

H, +CRP - Hj +e¢, (11)
H; +e” — Hj +H, (12)
H; + O — OH" + H,, (13)
OH" +H, - H,0" + H, (14)
H,0" + H, - H;0" + H, (15)
H,0"+e” > OH+H+H, (16)
C"+0OH - CO" +H, (17)
CO"+H, - HCO +H. (18)

Finally, complex molecules form from the simpler
ones. For example:

CH; +O0 - H,CO + H. (19)

We suppose that the reactions given above sufficiently
illustrate the importance of H, molecule for the chem-
istry of simple compounds, therefore, for brevity we
do not give similar reaction chains for other mole-
cules.

Group 2 (lower row in Fig. 1) of molecules includes
simple nitrogen-bearing molecules. The presence of
gas-dust clumps in the model almost does not affect
abundances of these molecules in comparison with
molecules from Group 1. This is related to features of
the chemistry of simple nitrogen-bearing molecules.
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In particular, NH*, NH, NH,, and NH; molecules
form in the same chain of ion-molecule reactions and
dissociative recombination reactions:

NH; + H, - NH{,;, + H,

i=0..3 (20)

NH;‘H) +e — NH,;,, i=0..3. 1)

Wherein the first ion of the chain, N*, is formed by
cosmic-ray ionization of atomic nitrogen N already
presented in the model. The rate of this process does
not depend on the presence or absence of compact
gas-dust clumps in our model, and that explains the
independence of abundances of the listed simple
nitrogen-bearing molecules from the presence or
absence of clumps. The rates of the given reactions for
the listed Group 2 molecules are limited by the abun-
dance of nitrogen ions but not by the molecular hydro-
gen abundance. A similar discussion is valid for the
other molecules of Group 2 but one should note the
case of CN molecule. In order to explain the indepen-
dence of abundance of this molecule on the presence
of clumps, one need to take into account an increased
rate of photodissociation due to lower opacity of the
diffuse cloud with clumps in comparison the cloud
without clumps. The increased rate of CN destruction
in the model with clumps is compensated by the
increased rate of its formation in reactions between
atomic nitrogen and C, and CH molecules.

Group 3 of molecules contains sulfur-bearing mol-
ecules. The abundances of the following four mole-
cules from this group in the models with clumps
increase significantly in comparison with the model
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without clumps: HS, CS, NS, and SO. As in the case
of Group 1 molecules, the increase of abundances of
these four molecules in the models with clumps is also
due to the increased fraction of molecular hydrogen in
the gas phase during the late times of the chemical
cloud evolution in comparison with the model without
clumps:

S*+H, - H,S" +hv, (22)

H,S" + e  — HS, (23)
HS+N — NS +H, (24)
HS + 0 — SO + H. (25)

CS molecule is formed by the dissociative recombina-
tion of HCS™ ion, which also forms in ion-molecule
reactions involving molecular hydrogen. It is interest-
ing, that despite the fact that the CS and HS abun-
dances relative to hydrogen in the models with clumps
reach values of 10~!!, we still can not explain the
observed abundances of these molecules which are
higher by approximately two orders of magnitude than
the model ones.

Group 4 of molecules includes phosphorus-bear-
ing and fluorine-bearing molecules. Unfortunately,
our model includes only the basic chemistry of these
types of compounds, and, as can be seen in Fig. 2,
there are no significant differences in abundances of
these molecules between the models with and without
clumps. Therefore, we do not analyze features of their
formation in this work.

Group 5 of molecules represents complex organics
and associated ions. Methanol is the only one mole-
cule in this group that reaches the maximum relative
abundance of 10~!! that is high enough for the detec-
tion in observations. It is interesting, that this abun-
dance is achieved in the model with clumps of sizes of
0.1 au. In both the models without clumps and with
clumps of sizes of 1.0 au, the maximum methanol
abundance is less by one order of magnitude. Such a
behavior of methanol can be explained by the forma-
tion of methanol in the CO hydrogenation reactions
on the surface of dust particles. The accretion rate of
atoms and molecules from gas to dust surface in the
models with clumps is higher than in the model with-
out clumps. This increases the rate of methanol for-
mation. On the other hand, the extinction of external
radiation within the diffuse cloud in models with
clumps is lower than in the model without clumps.
Therefore, the rate of methanol destruction by ultravi-
olet photons is higher. In the model with clumps hav-
ing the size of 0.1 au, the balance between formation
and destruction of methanol is shifted in favor of for-
mation and, thus, the methanol abundance becomes
the highest one among all three diffuse cloud models.
In the model with clumps with size of 1.0 au, the bal-
ance is that the resulting maximum methanol abun-
dance is the same as in the model without clumps.

SOKOLOVA et al.

Group 6 of molecules includes molecules which
are chemically dissimilar. One can see in Fig. 3 that
abundances of most molecules in this group almost
the same in the models with and without clumps. The
exceptions are two important molecules, H, and C;,
whose abundances are higher in the models with
clumps than in the model without clumps. In the
model with clumps of different sizes, the formation of
molecular hydrogen on the surface of dust particles is
faster than in the model without clumps, and self-
shielding “protects” H, from rapid destruction in
more transparent diffuse cloud with clumps. There-
fore, the formation of molecular hydrogen from
atomic hydrogen is faster by an order of magnitude
than in the model without clumps [12]. Formation of
C; molecule in all models occurs due to the dissociative
recombination reaction of C;H™ ion, which in turn is
formed in the reaction with molecular hydrogen:

C"+C,H—>C; +H, (26)
Ci+H, > CH +H, (27)
CH +e- > C,+H. (28)

It can be noted, that formation of C; molecule is
turned out to be closely related to the abundance of
molecular hydrogen in the medium in two chain stages
at once: firstly, at the moment of C;H" ion formation

and, secondly, during the C,H molecule formation (in
more detail its formation is described in the discussion
of the chemical evolution of molecules from Group 1).
The C; molecular abundances in the models with
clumps approach the observed values, however they
are still lower by approximately one and a half orders
of magnitude than the observed values (see Table 4).
C; molecule is ubiquitous in observations of the dif-
fuse medium along various lines of sight [37]. This can
indicate that this molecule is efficiently formed under
the wide range of physical conditions characteristic for
both relatively dense “translucent” clouds and diffuse
molecular clouds considered in this work. In this case,
the high values of abundance of this molecule in a dif-
fuse cloud, which is characterized by low values of 4,
can be an indicator of the possible existence of com-
pact dust-dust clumps in the cloud.

Results described above show that compact gas-
dust clouds (clumps) with sizes of 0.1—1.0 au, which
possibly can be formed in the interstellar medium as
described in [10], have a limited effect on the chemical
evolution of molecules and ions observed along the
line of sight towards the diffuse interstellar clouds.
Even though the abundances of some molecules in the
models with clumps can increase by several orders of
magnitude, they do not approach abundance values
obtained from observations. The observed values are
still higher than the model ones by 2—3 orders of mag-
nitude. As the key factor which affects chemistry in the
diffuse and translucent clouds is the opacity of cloud
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(or visual extinction), we performed test calculations
with the same parameters as for the model without

clumps considered in this work but with 4, =2 and 3.
The results of these calculations show that the increase

of A, values has the significantly greater effect on
molecular abundances than the presence of clumps in
the model, and the significantly larger amount of
compounds have better agreement between the model
and observed abundances. Based on this fact we can
conclude that high abundances of a number of mole-
cules observed along the line of sights toward the dif-
fuse clouds are actually achieved not in the diffuse gas

itself (which is characterized by low density and 4, <
1), but most likely in the regions with denser gas,
located on the line of sight and surrounded by the dif-
fuse gas. This conclusion is consistent with several
other studies of the molecular composition of the dif-
fuse interstellar clouds (|3] and references therein).

Thus, according to the obtained results, the follow-
ing main conclusions can be made:

1. The inclusion of the compact gas-dust clouds
(clumps) into astrochemical models of the diffuse
molecular cloud leads to an increase in the model
abundances of a number of molecules in comparison
with the values obtained in the standard model of the
diffuse cloud, which assumes the homogeneous spatial
distribution of dust and gas. However, the increased
model abundances generally remain lower by 2—
3 orders of magnitude than the molecular abundances
obtained from observations of the diffuse clouds.

2. The diffuse cloud models with clumps with radii
of 0.1 and 1.0 au allow one to explain C,H/HCO"*,
HCN/C,H, CS/HCN, and OH/CH abundances
ratios. At the same time, in all three diffuse cloud
models with and without clumps, there are abundance
ratios that are equally bad in terms of matching the
observed values (C,H/C,H, HC;N/HCN, and
SO,/HCO"). However, in the model with 1 au
clumps, these ratios become higher and somewhat
more closer to the observational data than in the case
of models with smaller clumps or without clumps. For
a more accurate analysis of impact of the new model
on the chemical evolution of specific molecules, one
should make the simulations of the diffuse clouds with
parameters corresponding to those objects where
these molecules have been detected. This is an inter-
esting task for the following studies.

3. We performed the test calculations of models
that are completely similar to the diffuse cloud model
without clumps but with the visual extinction values

Ay = 2 and 3. It was found, that the increase of A,
values affects chemistry more than the inclusion of
clumps in the model, and allows one to reproduce a
greater number of observed molecular abundances,
but not all of them. This result confirms assumptions
made by a number of authors that the high abundances
of some molecules in the diffuse medium can not be
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explained by the model of the diffuse cloud itself,

which is characterized by low gas density and 4, , and
that the high observed abundances of some molecules
along the line of sight toward diffuse clouds arise in the
regions of denser and less transparent (translucent)
gas.

4. Nevertheless, clumps can be responsible for
higher molecular abundances because they speed up

the H — H, transition by an order of magnitude and
contribute to the faster formation of denser translucent
regions.
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