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Abstract—We propose an original mechanism of sustained turbulence generation in gas and dust clouds,
the essence of which is the consistent provision of conditions for the emergence and maintenance of
convective instability in the cloud. We considered a quasi-stationary one-dimensional model of a self-
gravitating flat cloud with stellar radiation sources in its center. The material of the cloud is considered a
two-component two-speed continuous medium, the first component of which, gas, is transparent for stellar
radiation and is supposed to rest being in hydrostatic equilibrium, and the second one, dust, is optically
dense and is swept out by the pressure of stellar radiation to the periphery of the cloud. The dust is specified
as a set of spherical grains of a similar size (we made calculations for dust particles with radii of 0.05, 0.1,
and 0.15 μm). The processes of scattering and absorption of UV radiation by dust particles followed by
IR reradiation, with respect to which the medium is considered to be transparent, are taken into account.
Dust-driven stellar wind sweeps gas outwards from the center of the cloud, forming a cocoon-like structure
in the gas and dust. For the radiation flux corresponding to a concentration of one star with a luminosity of
about 5× 104 L� per square parsec on the plane of sources, sizes of the gas cocoon are equal to 0.2–0.4 pc,
and for the dust one they vary from tenths of a parsec to six parsecs. Gas and dust in the center of the
cavity are heated to temperatures of about 50–60 K in the model with graphite particles and up to 40 K
in the model with silicate dust, while the background equilibrium temperature outside the cavity is set
equal to 10 K. The characteristic dust expansion velocity is about 1–7 km s−1. Three structural elements
define the hierarchy of scales in the dust cocoon. The sizes of the central rarefied cavity, the dense shell
surrounding the cavity, and the thin layer inside the shell in which dust is settling provide the proportions
1 : {1–30} : {10−7–10−6}. The density differentials in the dust cocoon (cavity–shell) are much steeper
than in the gas one, dust forms multiple flows in the shell so that the dust caustics in the turning points
and in the accumulation layer have infinite dust concentration. We give arguments in favor of unstable
character of the inverse gas density distribution in the settled dust flow that can power turbulence constantly
sustained in the cloud. If this hypothesis is true, the proposed mechanism can explain turbulence in gas and
dust clouds on a scale of parsecs and subparsecs.
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1. INTRODUCTION

Star formation in protostellar clouds is governed
by a set of physical processes, and the key one among
them is turbulence [1, 2]. In order to prevent effectively
the gravitational contraction of a cloud, turbulence
should have energy exceeding the thermal energy of
the cloud material and this means that the turbulence
should be near- or supersonic [3–5].

Observations show that gas in interstellar clouds
is actually turbulized, with the velocity of turbulent
flows being comparable to the sonic one [3, 6].

To maintain both near and supersonic turbulence,
permanent powerful energy sources are necessary.

*E-mail: ilya.g.kovalenko@gmail.com

Actually, supersonic turbulence is accompanied by
the formation of shock waves, beyond the fronts of
which the cloud hot matter is quickly cooled down
by de-excitation. The characteristic times of cooling
the cloud’s gas usually are much shorter than the
characteristic dynamical time of the process, the time
of free contraction of the cloud [1], therefore turbulent
motions should quickly attenuate without consistent
energy supply.

In the vast majority of papers, different mecha-
nisms are viewed as possible sources of turbulence:
both inner for the physical systems studied (vari-
ous hydrodynamic or magnetic rotation instabilities,
self-gravitation and accretion of contracting gas fil-
aments) and those of external influence (ionization
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fronts, shock waves from supernova outbursts, jet
outflows, acceleration of the matter by stellar winds,
etc.) [1, 7].

The turbulence maintenance mechanisms of ther-
mal origin, in which inhomogeneous heating of a
stratified medium serves as a cause of turbulence, are
studied to a far lesser extent. In the case of a perma-
nent source of heating from below and a possibility
to cool down because of volume radiation, convective
motions should emerge in the medium.

For the purpose of the turbulence thermal mech-
anism, a number of conditions should be fulfilled si-
multaneously: (1) there should be sources of heat-
ing radiation; (2) heating should be inhomogeneous,
consequently, the material of the cloud should be an
optically dense medium; (3) the energy of heating ra-
diation transmitted by stars should be partially trans-
formed into excited turbulent motions and partially
removed from the system; (4) the gas in the cloud
should be stratified.

Point (1) is realized if there are bright young stars
in the cloud. The intermediary between cloud’s gas
and radiation can be interstellar dust. Heating UV
radiation of young O and B stars is most effectively
absorbed or scattered not by atoms or molecules of
gas but by dust particles [8]. At the same time, the
cooling of the cloud is most effective in the IR range,
for which the cloud material is almost transparent.
Thus, points (2) and (3) can be fulfilled in the case of
gas and dust clouds. The cloud material can be strat-
ified, e.g., due to its own gravity; consequently, the
effect, if any, should manifest itself on Jeans scales.
Therefore, the conditions of point (4) are fulfilled for
massive self-gravitating clouds.

It is necessary to have an optical-dynamical refer-
ence model of a self-gravitating optically dense gas
and dust medium to develop a theory on thermal
turbulence in interstellar clouds.

As a first step, it is natural to consider a model
in which the material distribution in the cloud is as-
sumed to be in a steady state. In [9] a cloud hydro-
static model is designed in which dust is considered
“frozen-in” into surrounding gas; the cloud itself is
viewed as a gas and dust flat layer of indefinite extent.

In the present paper, we develop a hydrostatic
model in order to take into account possible relative
motions of gas and dust. The state of the medium
is no more assumed to be static, although, the flow
is considered steady-state, i.e., the model turns from
hydrostatic into hydrodynamic, but describing the
steady flow. We hold on to the planar geometry of the
cloud, accepted in [9]. The choice of this geometry is
largely determined by relative simplicity of radiation
transfer calculation and, naturally, limits the class
of the objects studied to extended flat clouds. As is

shown below, the unstable nature of the material dis-
tribution in the cloud, predicted within the framework
of the planar model, should also occur in the cases of
other geometries of the cloud. In next papers, we will
continue to develop the model in order to consider the
finitude of cloud dimensions.

Notice that flows of dust-driven wind have been
studied by different authors to analyze the structure of
circumstellar dust shells and atmospheres of giants,
C stars, and long-period variables [10–15], T Tauri
stars [16] or brown dwarfs [17, 18]. All those prob-
lems concerned small scales in which self-gravity
was inconsiderable. Larger linear scales (1–10 pc)
and, consequently, masses (of the order of 104 M�)
correspond to gas and dust winds in emission neb-
ulae. Although Ochesendorf et al. [19, 20] noted the
importance of self-gravity, they did not take it into
consideration in their models. Different scenarios of
keeping the interstellar gas in balance, of gas ac-
celeration or turbulization through radiation pressure
on the dust frozen in gas on even larger scales (of
the order of stellar cluster scales) have been inves-
tigated in many papers [21–23], but as a rule, the
analysis is semiqualitative without calculating a de-
tailed structure of the flow. Gas dynamical instabil-
ities occurring through the force impact of radiation
on a gas and dust medium have been known since
Field‘s paper [24]. Numerical modelling confirms the
turbulence emergence due to the instability develop-
ment [17, 18, 25]. However, the influence of radia-
tion pressure, gas and dust relative motion, and self-
gravitation have not been simultaneously considered
in any paper in which different scenarios of turbu-
lence generation in interstellar clouds are discussed.
A problem similar to that considered in the present
paper has not been set so far.

Section 2 introduces the formulation of the prob-
lem and the construction of the cloud physical model.
We discuss in detail the processes of interaction of gas
with dust and with radiation, establish basic equa-
tions of radiation hydrodynamics: the equations of hy-
drostatic equilibrium for gas, the equations of motion
for dust, and also the equations of radiation transfer
and radiative equilibrium. In Section 3 we give basic
equations of the model in the dimensionless form,
which is convenient for numerical integration, list
basic parameters of the model, and describe bound-
ary conditions and the procedure of calculation. The
results of the numerical calculations for different pa-
rameters are presented in Section 4, Section 5 is
dedicated to the discussion of the obtained results.
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2. PHYSICAL MODEL OF A GAS AND
DUST CLOUD

2.1. General Assumptions and Simplifications
in the Model

The H II regions in the vicinity of OB stars filled
with warm or hot ionized gas with a temperature of
about 107 K in the center of a rarified cavity can
serve as the best example of the objects in which gas
and dust flows, accelerated by the stellar radiation
pressure, form and, to some extent, as the prototypes
for our model of gas and dust stellar wind in clouds.
The H II regions also contain cool dense shells of gas
and dust with temperatures of 10–100 K, radiating
in the IR range. Characteristic bubble sizes of about
1–20 pc in dense clouds with gas concentrations of
approximately 102–106 cm−3 are reached at lumi-
nosities of central stars, the sources of gas and dust
wind, of the order of L/L� � 105 [26].

Observations of the H II bubbles in the IR range
show a considerable amount of dust in them. Almost
all the H II regions known in the Galaxy have maxi-
mum IR radiation at a wavelength λ ≈ 100 μm which
indicates the presence of dust with a temperature of
about 30 K [26].

As a characteristic object, let us consider the
emission nebula Sh2-292, which is a gas and dust
cloud of a round shape surrounding a massive young
bright B0e star HD 53367 with a luminosity of
1.7 × 105 L� [27]. The object Sh2-292 is a part of
the nebula IC 2177 (Seagull nebula), its transverse
dimension is at least 3 pc.

A color image of the nebula1 obtained at the
La Silla observatory and published by ESO in 2012
gives an idea of the nebula structure. Strong ultra-
violet radiation from the star ionizes the nebula gas.
In the H II regions, the gas emits in lines (bright red
colors in the nebula image), and the dust scatters the
radiation (consequently, light blue colors). Regions
of luminous half-transparent cloud material alternate
with extended black dust bands. The nebula photo
makes it possible to distinguish details of different
scales in the gas and dust which are typical of a
turbulized medium.

Let us emphasize that in the present paper we did
not aim to construct a model of any specific object. In
the first place, we are interested in physical mecha-
nisms of self-supporting turbulence generation. This
allows us to simplify the model by avoiding consider-
ation of specific details which are not essential to be
taken into account when analyzing general physical
mechanisms. For example, we rule out electromag-
netic action at a distance between the particles of the
medium.

1http://www.eso.org/public/news/eso1237/

The electric charge of dust particles is important
for dynamics. Indeed, under the influence of strong
ionizing radiation of the star, a dust particle acquires
a charge Z of tens to thousands units depending on
its size and chemical composition [20].

In a magnetic field, the charged dust particle per-
forms Larmor motion along the magnetic field lines.
In the case of a strong magnetic field with energy
density comparable to the thermal or kinetic energy of
stellar wind particles, one should expect indications of
anisotropy in the shape of the H II bubble. However,
many emission nebulae have near-spherical shapes
(the above-mentioned nebula Sh2-292, nebulae
RCW 82 and RCW 120 [19]), which means that
either magnetic field lines are directed radially and the
magnetic field does not influence the radial scattering
of the particles or the intensity of the magnetic field
is low. This allows us to rule out the Lorentz force
magnetic component in our model.

The electric component of the Lorentz force man-
ifesting itself through Coulomb friction can turn out
to be more significant for the charged particle motion
in an ionized medium. The calculations from [20]
with the formulae following from the kinetic theory of
ionized gases (see, e.g., [28]) show that for particles
with a charge Z ≈ 200 and 2000 in a medium with a
characteristic temperature T ∼ 50 K and a concen-
tration nH ∼ 10 cm−3 at a distance of 0.1 pc from
a star with a luminosity of about 105 L�, Coulomb
friction for a silicate particle about 103 times exceeds
the collisional one. In such conditions, the relaxation
length (a characteristic distance at which the charged
dust particle loses its initial speed and comes to equi-
librium with the medium) amounts to thousandths
of a parsec. It means that the dust particles should
be considered freezed-in into the matter, and the gas
and dust matter should not be separated into two
components. We have already studied such a one-
fluid model of gas and dust wind in [9]. Here we would
like to investigate possible effects associated with the
separation of gas and dust motions.

The paper [20] is worth noting, where the authors
cast doubt on theoretical estimates of the Coulomb
friction value. The authors noted a high degree of
uncertainty (with an accuracy up to one order) of the
experimental results in estimating the photoioniza-
tion efficiency, and the effect of spontaneous electric
polarization of thin films (materials which model cos-
mic dust particles in laboratory experiments), which
considerably improves the work function [29]. Finally,
the authors’ comparison of their numerical model-
ing results with and without consideration of the
Coulomb constituent of the friction force showed a
discrepancy between observations and calculations
with Coulomb friction and, vice versa, agreement be-
tween observations and the model without Coulomb
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friction. Consistent with the paper [20], we take into
account the Coulomb constituent of the friction force
as a value which does not considerably differ from
the collisional constituent: we assign the ratio of the
Coulomb force to the collisional force in the interval
of 0–3. Simplifications that we used—the neglect
of effects associated with strong ionization of gas
(immediate radiation pressure on gas, weak Coulomb
friction)—actually indicate that the present model is
constructed for H I clouds.

2.2. Geometry and Physicochemical Composition
of the Cloud in the Model

We view the cloud as a gas and dust layer of indef-
inite extent being in the state of dynamic equilibrium
and inhomogeneous along the z coordinate, which
we agree to call vertical. We consider the cloud to
be reflection symmetric with respect to the equatorial
plane z = 0, and this allows us to restrict the solution
for only one half of the cloud over its width.

We consider the gas and dust medium in the
cloud as a double-component and double-velocity
fluid which is characterized by mass densities of
gas ρg and dust ρd, and by the velocities vg and vd

respectively. In doing so, we consider the gas more
massive (ρg � ρd) and motionless (vg = 0).

We consider the gas constituent of the cloud as
an ideal gas with the adiabatic index γ = 5/3. We
assume the gas to be in the atomic hydrogen form, the
distribution by species (molecular hydrogen, helium,
etc.) is not taken into account.

The mass of the cloud is regarded large if com-
pared to the mass of radiating stars, we thus take into
consideration only the proper gravitational field of the
cloud.

We suppose that radiation sources are situated
at the center of the cloud in the plane z = 0 and
are uniformly distributed along the plane and emit
isotropically.

It is supposed that the dust under the radiation
pressure of the sources is swept out from the center of
the cloud to the periphery. It is implied, however, that
the dust is either generated in the center of the cloud
by old giant stars or swept out from the dust shell pre-
served during the star formation process. We suppose
that such a dust outflow outward from the center of
the cloud is stationary. At the same time, the gas is
considered transparent relative to the radiation from
the sources, and the radiation influence immediately
on the gas particles is inconsiderable. The radiation
influence on the gas is indirect and due to the fric-
tion of the swept-out dust and the gas. In directions
perpendicular to the z axis, we suppose equilibrium,
i.e., the balance of the pressure and self-gravitation
forces. Gradients along the mentioned directions are

considered small if compared to the corresponding
gradient along z, which allows us to disregard them
and consider the gas to be homogeneous along di-
rections perpendicular to z. This, in fact, corresponds
to the Jeans approximation. By this means, we finally
assume the gas to be quiescent.

Notice that the medium is collisional enough to
provide equalizing of the gas and dust temperature
at times which are small if compared to the time of
passing the halfwidth of the cloud by a dust grain
tdyn ∼ 106 Myr (the detailed estimation of the so-
called dynamical time of the problem tdyn is given in
Section 4.2). If one takes Td = 30 K as the charac-
teristic temperature of a dust grain in our model, the
gas temperature Tg = 100 K and gas concentration
ng = 102–106 cm−3, then the characteristic time of
the equalizing of gas and dust temperatures for a
graphite grain with a radius of 0.1 μm amounts to [30]

trel ≈
E

dE

dt

≈ 4πa3ρgrainCTd

3ng

√
8kBTg

πmg
πa2 2kB (Tg − Td)

≈ (3 × 10−8–3 × 10−4) tdyn

= (3 × 10−2–3 × 102) yr.

(1)

Here E is the thermal energy of the dust grain, C is
the specific heat capacity of graphite, which equals
1.39 × 104 erg/(g×K) for T ∼ 100 K, ρgrain is the
density of the dust grain, which usually varies in the
range of 1.8–3.5 g/cm3 [31].

A notable imbalance in gas and dust tempera-
tures can be seen either at short distances near dust
sources (however, with regard to estimate (1), the
characteristic length will be equal to one calculation
grid cell) or far on the periphery of the gaseous cloud,
where gas concentration is small.

In this connection, we consider the temperature of
both components similar and equal to T .

2.3. Interaction between Radiation and the Matter
of the Cloud

The optical part of the model is a solution of the
problem on radiative transfer of energy. As an opti-
cally dense medium, we have a set of dust particles
of a certain size and chemical composition being illu-
minated by a beam of light with preset intensity and
frequency.

The interaction between radiation and dust will be
viewed in the two-channel approximation. We sup-
pose that the maximum of stellar radiation falls within
the ultraviolet range, the dust component for which
has a considerable optical depth; therefore, the UV
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radiation transfer is calculated with regard to its in-
teraction with dust. Then the energy gained in this
process is partially converted into translational mo-
tion energy, which is taken into consideration in the
model with the pressure of the radiation on the dust,
and is partially radiated in the IR range, relative to
which the medium is considered to be transparent.

It is natural to set the boundary conditions in
terms of optical depth τ , which we will measure from
the center of the cloud z = 0, in the following way. As
the radiation source is situated in the center of the
cloud, then apart from the direct radiation from the
source F0, which fall onto the the inner boundary of
the cloud (τ = 0), the reflected diffuse radiation from
the other part of the cloud will affect the matter:

F ↓
0 (τ = 0) = F ↑

0 (τ = 0). (2)

Here with the up and down arrows, we denote the
upward (in the negative z direction) and the down-
ward (in the positive z direction) flows of the diffuse
radiation respectively.2

The outer boundary (τ = τh) of the cloud is con-
sidered absolutely black, i.e., the radiation freely es-
capes the boundary, which corresponds to the ab-
sence of diffuse radiation sources from outside:

F ↑
0 (τ = τh) = 0. (3)

Intensity of scattering radiation will depend only on
the z coordinate and the direction of radiation prop-
agation, characterized by a zenith angle θ, i.e., the
angle between the direction of radiation propagation
and the z axis.

Thus, in order to determine the variation of inten-
sity of the radiation passing through the absorbing,
scattering, and radiating medium consisting of plane-
parallel layers, it is necessary to solve the equation

μ
dIν

dτ
= −Iν +

ω

2

1∫
−1

Iν(μ, μ′; τ) p(μ, μ′) dμ′ + εν ,

(4)
where Iν = Iν(τ) is the target intensity of radiation
at a frequency ν; p(μ, μ′) is the scattering indicatrix
characterizing the scattering of the radiation which
comes from the direction μ′ = cosϑ′ in the direction
μ = cosϑ;

ω =
σν

σν + kν
(5)

is an albedo of a single scattering, determining the
possibility that a photon will be scattered but not

2When determining the direction of the flows, we follow the
tradition accepted in atmospheric optics, where the flow from
the source is considered downward.

absorbed; σν and kν are the coefficients of scattering
and absorption respectively, which add up to the at-
tenuation coefficient αν = σν + kν ;

εν(τ) =
1
2
F0 δ(μ − μ0) e−τ/μ0 (6)

is the radiation coefficient with regard to the radiation
from the star as the only UV radiation source in the
model; μ0 is the cosine of the angle between the
normal to the surface and the direction of incidence
of the photons from the source.

We will determine the certain values of the coef-
ficients of attenuation, scattering, and absorption by
Mie theory [32].

To be specific, let us assume that the dust is rep-
resented in graphite particles of a similar size a0 and
mass md, as this is the most widely spread material
of dust particles in the interstellar medium [33]. For
comparison, we present the results of a single calcu-
lation of the gas and dust cloud structure for the case
of silicate particles.

To determine the coefficients of attenuation, ab-
sorption, and scattering, it is necessary to know the
size distribution function of dust particles. The size
distribution function of dust particles for a monodis-
perse compound appears as follows:

amin∫
amax

n(a)da =

amin∫
amax

nd δ(a − a0) da, (7)

here nd is a complete concentration of dust particles.
In order to accurately determine the contribution

of the diffuse constituent of radiation into the interac-
tion of the radiation and the medium, it is necessary
to preset the scattering indicatrix. We are considering
particles with sizes of 0.2 μm at most, comparable
to the UV radiation wavelength. In this case, the
Henyey–Greenstein phase function [34] can be cho-
sen as an approximation for the scattering indicatrix:

p cos ϑ =
1 − g2

HG

(1 + g2
HG − 2gHG cos ϑ)3/2

, (8)

where the parameter 0 ≤ |gHG| ≤ 1 characterizes the
degree of slenderness of the indicatrix forward: the
closer it is to unity, the greater the slenderness is.

Proper infrared radiation of the dust particles cools
them down carrying thermal energy away by reradi-
ated photons. It is possible to determine the temper-
ature of the “dust–gas” mixture from the balance of
energy income and outflow.

The rate of heating of a dust grain [8]

dE+

dt
=

∞∫
0

kνJν dν, (9)
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here Jν is the average intensity of radiation at a preset
frequency ν, which is averaged over all directions.
The absorption efficiency varies comparatively little
with frequency, and the equation can be written in the
following way:

dE+

dt
≈ kJ, (10)

where k is the coefficient of absorption of stellar radia-
tion by dust at some effective frequency which, in our
case, corresponds to the frequency of UV radiation.
The dust particle is cooled down by radiation from its
entire surface. For spherical particles, the cooling rate
equals [8]

dE−

dt
=

∞∫
0

kν Bν(T ) dν ≈ k∗
σSB

π
T 4, (11)

where Bν(T ) is the Planck function, σSB is the
Stefan–Boltzmann constant, k∗ is the coefficient of
proper radiation of the particle.

Eventually, the total energy absorbed by the matter
in thermal equilibrium is equal to the total energy
radiated by it, i.e., the radiative equilibrium condition
is fulfilled [35]:

∞∫
0

kνJν dν =

∞∫
0

kν Bν(T ) dν. (12)

In our review, where we simultaneously consider
two effects—the heating by the UV radiation and
the cooling by the radiation in the IR range of the
spectrum—the equation of radiative energy balance
can be written in the following way:

kJ = k∗
σSB

π
T 4. (13)

Notice that apart from stellar radiation, there are
other heating sources in the interstellar medium, for
example, cosmic rays. At low temperatures of the or-
der of 10 K, the dissipation in turbulent gas can serve
as the dominating heating source [36]. The radiation
in lines serves as the gas cooling source owing to
collisions of its atoms and photons. Thus, additional
sources and sinks of energy should be taken into
consideration in balance equation (13). We know that
if there is no energy source in the center of a dense
cloud, its typical temperatures Tb ≈ 10–20 K [8, 37].
It is the case when thermal radiation from the cloud
would be determined with this typical temperature.
In this case, the balance equation can be written as
follows:

kJ + Wb = k∗
σSB

π
T 4, (14)

where the summand Wb = k∗
σSB

π
T 4

b is the loss by

proper radiation of dust at the equilibrium back-
ground temperature Tb in thermal balance conditions
with the absence of a stellar radiation source.

In the present model, the dust is an intermediary
between the radiation and gas. In the extreme case,
when there is no dust at all, gas becomes absolutely
transparent for radiation and we consider it as adia-
batic.

2.4. Interaction of the Gas and Dust Components
of the Cloud

Resistance force from the surrounding medium in-
fluences a moving dust grain. The friction force con-
sists of the collisional and Coulomb constituents [28].

In the case when the dust grain velocity is consid-
erably lower than the thermal velocity of gas atoms,
the friction force is directly proportional to the mass
velocity of dust particles, in the reverse extreme case
it is quadratic in velocity. Finally, the friction force can
be written in the following way [38]:

Fd = (1 + ξ)nga
2Δv

√
128π

9
kBTmg + π2m2

g (Δv)2,

(15)
here ng is the gas concentration, kB is the Boltz-
mann constant, ξ is the ratio between the Coulomb
and collisional constituents of the friction force,
Δv = vg − vd = −vd is the relative velocity of com-
ponent motions.

It is convenient to introduce a fiction coefficient β,
which is determined by the relation

Fd

md
= β Δv. (16)

The equation of the dust grain motion which is af-
fected by the friction force caused by gas is written
in the form

dvd

dt
= β Δv. (17)

On the other hand, in view of (16), equation (17) can
be written as

ρd
dvd

dt
= Fdnd.

In this case, the equation of motion of a unit volume
gas particle is

ρg
dvg

dt
= −Fdnd.

Hence, the acceleration for gas can be written as
follows:

dvg

dt
= −β Δv

ρd

ρg
. (18)
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2.5. Radiation Hydrodynamics

The matter in the cloud on the scale of the problem
can be considered as a continuous medium.

If the gas in the cloud is in hydrostatic equilibrium,
the weight of the overlying gas layers is resisted by the
dust friction force and gas pressure.

The gas pressure is estimated from the ideal gas
law

Pg =
ρgkBT

mg
, (19)

where mg is the average mass of a gas particle.
The equation which determines the condition of

force balance for the gaseous component along the

vertical coordinate, taking the gravitational and fric-
tion forces into account (18), can be written in the
form:

− 1
ρg

dPg(z)
dz

− dΦ(z)
dz

+
β vd(z) ρd(z)

ρg(z)
= 0. (20)

The dust is viewed as a component that does not
have proper pressure. Equilibrium vertical motion of
dust is determined by the gravitational force, friction,
and radiation pressure. The equation of dust motion
regarding (17) appears as follows:

vd(z)
dvd(z)

dz
= −dΦ(z)

dz
+

4π
c ρd(z)

∞∫
0

(
k(z, ν) + (1 − gHG)σ(z, ν)

)
H(z, ν) dν − β vd(z). (21)

Above, k(z, ν) ≡ kν , σ(z, ν) ≡ σν , and H(z, ν) is the
entire flux of radiation.

Here the friction coefficient β in accordance with
(15) and (16) is determined as

β =
(1 + ξ)πa2mgng(z)

md

⎛
⎝(

8
√

2cs(z)
3
√

πγ

)2

+ v2
d(z)

⎞
⎠

1
2

,

(22)
where the speed of sound in polytropic gas is
cs(z) =

√
γPg(z)/ρg(z).

Gravitational potential Φ(z) can be found from
Poisson’s equation

d2Φ(z)
dz2

= 4πG
(
ρg(z) + ρd(z)

)
. (23)

For dust, one should add the continuity equation,
which in a stationary case reduces to the law of con-
servation of dust mass flux

ρd(z) vd(z) = Qd = const. (24)

We close the system with the equation of radiative
transfer (4), which determines the variation of radi-
ation intensity when passing through an absorbing,
scattering, and radiating medium. Knowing the radi-
ation intensity in the medium Iν(z), we can calculate
the average intensity Jν(z) and the radiation flux
Hν(z) as the zero and first momenta of intensity over
μ respectively.

3. MATHEMATICAL MODEL

3.1. Basic Equations and Control Parameters
of the Model

Let us make the physical variables of the problem
dimensionless in the following way:

ρ̃g =
ρg

ρg0
, ρ̃d =

ρd

ρg0
, ṽd =

vd

cs0
,

P̃g =
Pg

ρg0c
2
s0

, Φ̃ =
Φ
c2
s0

, z̃ =
z

λJ
,

T̃ =
T

T0
, c̃s =

cs

cs0
, α̃ =

α

α0
,

k̃ =
k

α0
, k̃∗ =

k∗
α0

, σ̃ =
σ

α0
,

H̃ =
H

H0
.

(25)

Further, we drop the index ν for all the optical values,
as we take into account the transfer at one frequency
only. In system (25), all the values marked with the
index “0” are taken as the corresponding character-
istic physical variables; the precise determination of
these values through dimensionless control parame-
ters of the problem is given below. Along with this, the
characteristic temperature and mass density of gas
are associated with the characteristic speed of sound
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and gas concentration:

T0 =
c2
s0mg

γkB
, ρg0 = mgng0. (26)

We introduce the characteristic flux H0 as the flux of
thermal energy radiated from some surface with the
temperature T0:

H0 = σSBT 4
0 . (27)

The value

α0 =
3πρg0

2λρgrain
(28)

has the meaning of the inverse mean free path of a
photon. Here λ = c/ν is a wavelength of the source
radiation. The Jeans scale is determined by the rela-
tion

λJ =
cs0√

4πGρg0

. (29)

With regard of the introduced designations, the
system of equations for dimensionless variables re-
duces to the form

0 = − 1
ρ̃g

dP̃g

dz̃
− dΦ̃

dz̃
+ β̃

ρ̃d

ρ̃g
ṽd,

ṽd
dṽd

dz̃
= −dΦ̃

dz̃
+ τ0R

(
k̃ + (1 − gHG)σ̃

)
H̃

ρ̃d
− β̃ṽd,

d2Φ̃
dz̃2

= ρ̃g + ρ̃d, ρ̃dṽd = Q̃d, P̃g =
ρ̃gT̃

γ
,

(30)

dH̃

τ0dτ̃
= J̃ − S̃, πk̃J̃ + k̃∗T̃ 4

b = k̃∗T̃ 4,

S̃ =
ω

2

1∫∫
−1

Ĩ(μ, μ′; τ̃ ) p(μ, μ′) dμ′ dμ +
F̃0

2
e
− τ

μ0 ,

τ̃ =
∫ z̃

0
α̃ dz̃, ω =

σ̃

σ̃ + k̃
,

σ̃ = ρ̃d Qs(x,m)/x, α̃ = ρ̃d Qext(x,m)/x,

k̃ = ρ̃d Qa(x,m)/x, k̃∗ = ρ̃d Qa(x∗,m)/x∗.

(31)
Here S̃ is the dimensionless source function. The
efficiency factors of attenuation Qext, absorption Qa,
and scattering Qs of the radiation by the medium can
be calculated with the standard formulae [39]. We

characterize the dimensionless radius of a dust grain
with the diffraction parameter [39]

x =
2πa

λ
. (32)

The value x∗ is determined similarly to (32), where λ
is substituted by the wavelength of the proper radia-
tion of a dust grain λ∗. The size of the dust grain a
is chosen in the range of 0.05–0.15 μm. Correspond-
ingly, for the ultraviolet radiation with a wavelength
of 0.22 μm, we have x = 1.4–4.3. For the proper ra-
diation of the dust grain, the wavelength of which we
set in the long-wave infrared range λ∗ = 100 μm that
corresponds to dust grain temperatures of 10–40 K,
we have x∗ = 0.002x. For the size range under con-
sideration, we assume the asymmetry parameter gHG

to be 0.23–0.68.
The complex refractive index of the dust

grain m for different wavelengths is chosen to be
m = 2.1+i×1.5 [40] and m∗ = 10.39+i×9.592 [41]
for the graphite particle, and m = 1.707 + i × 0.166,
m∗ = 2.723 + i × 0.240 [42] for the silicate particle.

Apart from the two microscopic spatial scales a
and λ (and λ∗ too), there are two macroscopic spatial
scales in the problem: gravitational λJ and optical
lph = α−1

0 (mean free path of a photon). The ratio
of these scales determines the dimensionless control
parameter of the problem

τ0 =
λJ

lph
= α0λJ , (33)

which has the meaning of characteristic optical
depth of the cloud. For graphite particles with the
indicated sizes, the gas concentration considered in
our model ng0 ∼ 102–106 sm−3, the characteristic
mass proportion of the dust and gas components
ρd0/ρg0 ≈ 0.01, and the speed of sound in the gas
cs0 ≈ 105 sm s−1, the characteristic optical depth τ0

takes on values from 120 to 12 000. In our calculations
we assumed τ0 = 120 both for graphite and silicate
particles.

Other dimensionless parameter, which we further
call radiative number,

R =
4πσSBm3

gc
6
s0

γ4k4
Bng0c

, (34)

characterizes the relative contribution of the radiation
pressure force. By definition, this parameter is the
ratio of the radiation energy in a cylinder of a height
equal to the mean free path of a photon lph to the
thermal energy in a cylinder of a height equal to the
Jeans length λJ. The force of the radiation pressure
depends on the mean free path. If lph > zh, where
zh is the halfwidth of the cloud, which actually equals
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to the Jeans scale, then the radiation freely escapes
the medium not making a force impact on the cloud
matter. With lph smaller than the cloud halfwidth,
the radiation will exert force pressure on the matter,
which is determined by the collisions of the photons
and particles of the medium. Notice that the radiative
number R can be expressed in terms of the radiation
Boltzmann number Bo known from the heat transfer
theory, which determines the role of convective energy
transfer in the direction of the flow compared to the
radiative energy transfer [43]:

R =
4π
c

cs0

γ − 1
1

Bo
. (35)

If one assumes the characteristic temperature T0 =
100 K, the gas concentration in the aforementioned
range 102–106 cm−3, and the gas particle mass to
be mg = 1.67 × 10−24 g, then the radiative number R

will be within the range of 102 to 106.
The parameter characterizing the source of radi-

ation is the flux of a source located in the origin of
coordinates, normalized to the thermal energy flux
radiated from some surface with a temperature T0:

F̃0 = F0/σSBT 4
0 . (36)

Dimensionless radiation flux from the source F̃0
was selected in such a way so that the contribution of
the summand with the radiation pressure τ0Rα̃H̃/ρ̃d

in the dynamic balance equation was approximately
1–100. Otherwise, either the radiation pressure is
small, and then the dynamical effect of the radiation
is accidental and the model under consideration is
no more of interest, or the pressure is so great that
a stationary state of equilibrium is missing. For the
dimensionless flux F̃0 = 2 × 10−3 which is typical in
our calculations, expressed in terms of dimensional
values over a double-sided area of 1 pc2 on the source
plane, we obtain a source luminosity of the order of
5 × 104 L�. In other words, calculation of the planar
source luminosity implies integration over a thin layer
surrounding the plane of sources.

Let us estimate the order of another dimensionless
parameter of the problem, the dust flux Q̃d. For the
accepted ratio between the dust and gas masses and
the initial speed of sound cs0, we obtain Qd ≈ 0.01.
The rate of the dust outflow from the source ṽd0 is also
a free parameter of the model. In the calculations, it
was set of the order of unity.

We make the friction coefficient β dimensionless
by dividing it by the characteristic dynamical time of
the problem

tdyn =
λJ

cs0
= (4πGmgng0)

−1/2

� 0.845 × 1014
( ng0

102 cm−3

)−1/2
s.

(37)

The dust grain mass md included into determination
of the friction coefficient (22) can be calculated in the
following way:

md =
4
3
πa3ρgrain

� 9.34 × 10−15

(
a

0.1 μm

)3 (
ρgrain

2.23 g
sm3

)
g.

(38)
The dust grain density ρgrain usually varies in the
range of 1.8–3.5 g/sm3 [31]. In our model, we choose
the value which is characteristic of a graphite particle
and is equal to 2.23 g/sm3. We determine β̃ from (22)
using (37) and (38):

β̃(z̃, ṽd) ≡ βtdyn

= β̃0 ρ̃g(z̃) c̃s(z̃)

(
a

0.1 μm

)−1 (
1 +

(
ṽd(z̃)
ζ c̃s(z̃)

)2
) 1

2

,

ζ =
8
√

2
3
√

πγ
,

(39)
where the coefficient β̃0 is actually one of the control
parameters of the model and is equal to

β̃0 � 77.9

(
1 + ξ

) (
ng0

102 sm−3

)1/2

×
(

cs0

105 sm
s

)(
ρgrain

2.23 g
sm3

)−1

.

(40)

In those cases when influence of the friction coeffi-
cient on the character of the flow is investigated, we
vary the parameter ξ, which determines the Coulomb
friction contribution into the entire friction force, in
the range of 0–3, and set it equal to zero in all other
cases.

As a result, we have six dimensionless control
parameters of the model: τ0, R, F̃0, Q̃d, ṽd0, and β̃0.
Setting τ0 and R from (28), (29), (33), and (34),
we find the normalization constants ng0 and cs0, and
reconstruct T0 and ρg0 from (26).

3.2. Boundary Conditions

The whole system of equations (30)–(31) is di-
vided into two subsystems: hydrodynamic (30) and
optical (31). For the hydrodynamic subsystem, we
solve a Cauchy problem with the following boundary
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conditions in the origin of coordinates:

ρ̃g(z̃ = 0) = 1, ρ̃d(z̃ = 0) =
Q̃d

ṽd0
,

ṽd(z̃ = 0) = ṽd0,

Φ̃(z̃ = 0) = 0,
dΦ̃
dz̃

(z̃ = 0) = 0.

(41)

For the optical system, we solve a boundary value
problem with boundary conditions (2) and (3).

The condition T̃ (z̃ = 0) is not laid on temperature.
We calculate the temperature distribution with height
including the temperature in the origin of coordi-
nates, by means of iteration, solving both subsystems
together (see next subsection). The pressure at the
point z̃ = 0 is calculated with the formula

P̃ (z̃ = 0) =
1
γ

T̃ (z̃ = 0). (42)

3.3. Calculation Procedure

In the calculation model, the two sources of heat-
ing radiation are considered: a point source located
in the origin of coordinates and corresponding to
the star radiation and a background radiation source
distributed along z̃ and maintaining the equilibrium
temperature T̃b = 0.1 in the whole cloud in the ab-
sence of a point source.

In general, temperature distribution which pro-
vides the equilibrium is not known in advance. Thus,
using some initial approximation of temperature dis-
tribution, let us plot the relation T̃ (z̃) so that the
radiation field will satisfy energy balance equation
(14) by means of iteration. As an initial distribution
for the iterations, we assign T̃ (z̃) = T̃b.

Specifically, the calculation procedure reduces to
the following. For some initial temperature distri-
bution approximation, in the absence of a radiation
source we solve hydrodynamic subsystem (30), from
which we find the distribution of dust and gas den-
sities. Using the obtained densities, we find optical
parameters of the problem for an inhomogeneous
medium: the optical depth τi and the albedo of a
single scattering ωi in a layer with the coordinates
[z̃i, z̃i+1]. For the obtained parameters, we solve the
radiation transfer equation in the δ-Eddington ap-
proximation [34, 44, 45] and find the temperature
anew from the radiative equilibrium equation. Upon
that, the iteration process is repeated until the tem-
perature distribution converges to some steady one
(see Fig. 1).

The condition for the termination of the iteration
process is a small value of misclosure, which is de-
termined through the difference between temperature

=>

| |

Fig. 1. Iteration procedure of solution of radiative hydro-
dynamics equation system of (30)–(31).

distributions in two neighboring iterations, n and
(n + 1):

ξn =

N∑
i=1

|T̃ n+1(z̃i) − T̃ n(z̃i)|

N∑
i=1

|T̃ n(z̃i)|
. (43)

Iterations are repeated until the condition ξ ≤ εξ is
satisfied, where εξ is some preset accuracy. In our
calculations, we confined ourselves to the accuracy
εξ = 10−4.

The motion of dust as a collisionless medium al-
lows the possibility of multiple flows emerging near
the turning points. In our model, as shown in Sec-
tion 4, that dust motion is found steady in which
interpenetrating flows are formed, converging to the
dust accumulation layer.

In the present paper, we confine ourselves to con-
sideration of an transitional stage when the return
flows have not been formed yet, and in this case the
dust motion can be considered as single-flow. Thus,
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Fig. 2. Diagram of the distributions of the gravitational
force Fg and the radiation pressure force Frad with
height z (upper figure). The radiation source is in the
origin of coordinates. The dashed lines Frad1 and Frad2

show the radiation pressure forces for the medium with
a negligible concentration of dust, and the solid curves
F ext

rad1 and F ext
rad2—for the case of a finite concentration.

Stable equilibrium points on the phase plane correspond
to the crossing of the curves (lower figure).

here we describe the dust as a single-fluid and single-
velocity continuum.

In every iteration temperature step, an additional
condition of a breakpoint is laid in the hydrodynamic
block, corresponding to approaching the first turning
point z̃T in the dust flow, in the vicinity of which
the condition |ṽd| ≤ εv is fulfilled. As soon as this
inequality is satisfied, the calculation in the hydrody-
namic block is terminated. We accepted εv = 10−2 in
our calculations.

The calculation can be continued beyond the first
turning point. In this region, the gas is in equilib-
rium maintained by the forces of proper pressure and
gravitation. Since the gas is transparent for radiation
when there is no dust, and does not radiate itself, it is
not necessary to calculate its temperature distribution
and we consider it isothermal.

4. RESULTS OF NUMERICAL MODELLING

4.1. Structure of the Flow: Qualitative Scheme,
Turning and Equilibrium Points

Two special states of dust particle motion in the
medium can be distinguished from all the possible.
In the turning point, the velocity of a dust grain is

zero and the acceleration is different from zero. In
the equilibrium state (the accumulation point), both
velocity and acceleration vanish simultaneously. The
location of the turning points is defined by the law of
particle motion and can not be determined from the
comparison of the effect of forces only. To find a turn-
ing point, it is needed to integrate the whole system
of differential equations. Conversely, the presence or
absence of equilibrium points and their location can
be determined by comparing only two forces which do
not depend on dust particle velocity: the gravitational
force and the force of radiation pressure.

The geometry of the problem is such that the
gravitational force monotonously grows with height z
as the entire gravitational mass of the cloud accumu-
lates in the interval from 0 to zh and asymptotically
reaches the constant value |Fg(∞)| (the curve |Fg|
in Fig. 2), because the mass in every vertical cross-
section of the cloud is finite. In the extreme case, when
the dust concentration is vanishingly small and the
dust does not cause shielding of the radiation, the
radiation pressure force, affecting every dust particle,
is constant in height (the dashed lines Frad1 and Frad2
in Fig. 2). Two cases are possible then depending
on the relation between Frad and |Fg(∞)|. In the
case Frad > |Fg(∞)|, the example of which is the
dashed straight line Frad1 with no intersection points
with the curve |Fg| (see Fig. 2), the dust particle
escapes to infinity even in the presence of friction.
If Frad < |Fg(∞)|, then the curves Frad2 and |Fg| in
Fig. 2 will have an intersection point, which corre-
sponds to the equilibrium state. It can be seen from
the figure that the difference of forces which arises
when a dust particle deviates from the equilibrium
state is of a restoring force character and, conse-
quently, this equilibrium state is stable. If we take
the dust final concentration into account now, the
shielding effect will result in the fact that the radiation
force will decrease monotonously with height. Then,
the final distribution of concentration will be found,
at which the curves corresponding to the radiation
pressure force and gravitational force will have an
intersection point (F ext

rad1 and |Fg| in Fig. 2). The
friction force does not affect the fact of the presence of
equilibrium and the location of equilibrium points but
can change the kind of the critical point. With friction
force increase, a stable focus converts into a stable
node. Figure 2 (at the bottom) shows both types of
the critical points.

4.2. Characteristic Time Scales. Calculation of the
Flow Structure in the Single-Flow Approximation

The flow can be considered stable when the flow
parameters (velocity, concentration) in every point z
do not change with time. In the presence of the
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accumulation layer, the flow can be stable everywhere
outside this layer, while the dust concentration grows
with time in the layer itself. Transition to a stable
flow takes formally infinite time; however, during
this process several stages can be separated out,
each of which exhibits its own time. The dynamical
time tdyn, which we determine as the time of the
dust grain motion from the source to the first turning
point, characterizes the transitional stage, at which
the dust cocoon forms. For the characteristic values
of dust velocity in our problem vd ∼ 4–6 km s−1

and the cocoon scale zT ∼ 0.2–6 pc, where zT is
the coordinate of the first turning point, we have
tdyn ∼ 3 × 104–1.5 × 106 yr as the dynamical time.
Thus, at times of the order of fractions of million years,
the primary flow of the outflow from the source inside
the cocoon forms, but the flow itself stays single-
flow. At times greater than dynamical, the reverse
flows emerge, a region of multiple flows (a shell) and
an accumulation layer inside the shell are gradually
forming. The flow can be roughly considered stable
if the mass menv of the dust accumulated in the
shell is much greater than the mass of the dust
in the primary flow mprim. The corresponding time
of relaxation to the steady state is, consequently,

trel ∼
menv

mprim
tdyn � tdyn. We consider the transi-

tional stage.
It can be predicted, however, that the multiflow-

ness in the shell and settling of the dust in the layer
would result in a situation where the dust completely
shields the radiation out of the accumulation layer. It
means that the turning point on the outer edge of the
shell should approach the accumulation point, and
the shell will be narrower at the relaxation stage than
that at the transitional stage, which we calculate here.

4.3. Vertical Structure of the Gas and Dust Cloud
for Different Parameters of the Model.

Numerical Calculations
The most physically significant dynamical and

thermal effects of the interaction between heating
radiation and matter manifest themselves in the
conditions when such an interaction is great. The
heating will be considerable when the true absorption
of the UV radiation by the dust k̃/ρ̃d is more intense
than the absorption of the proper radiation of the dust
grain k̃∗/ρ̃d. Figure 3 shows that in our model this
condition is fulfilled for the whole acceptable range
of dust grain sizes. Apart from that, the condition of
the validity of the considered model is the required
transparency of the medium to the proper cooling
radiation of the dust. Figure 3 also shows that it is
important to take scattering into consideration, as it
makes the contribution which is approximately equal

Fig. 3. Dependences of the opacity on the particle size for
graphite and silicate particles.

to the contribution of the absorption into the entire
attenuation of radiation by the medium.

At first, let us consider the dependence of the flow
structure on the dust particle size (Fig. 4). The radii
of the dust particles varied from a = 0.05 to 0.15 μm
in increments of 0.05 μm.

The following features of the flow can be dis-
tinguished qualitatively. Influenced by the radiation
pressure force, which dominates other forces in the
central regions of the cloud (Figs. 4e and 4f), dust
particles accelerate to great speeds, which in some
parts of the flow are equal to more than ten speeds
of sound (Fig. 4c) and sweep out the gas from the
central regions (Fig. 4b). A heated cavity, which is
both gas and dust depleted, is left in the center of
the cloud. With distance from the center, the dust
grains decelerate because of the friction, the radiation
pressure force due to the shielding by the dust, and
also because of the increasing gravitational force, and
finally they stop at some point with the coordinate z̃T

and turn back.
At the initial stage, at distances z ∼ 0.2 pc from

the center, in the regions where gas concentration is
high (see Fig. 4b), the dust is overdamped (i.e., the
approximate equation of the accelerating force of the
radiation pressure and the decelerating gravitational
force is fulfilled, Figs. 4e and 4f) and moves with a
relatively small acceleration. Upon the emission of the
gas from the gaseous cocoon at z > 0.2 pc, it be-
comes rarified and, correspondingly, the friction force
abruptly decreases. Still, the gravitational force is not
big enough to resist the radiation pressure, and the
dust particle accelerates fast. Optical parameters for
dust grains with sizes a = 0.1 and 0.15 μm are such
that the acceleration f̃rad created by the radiation
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Fig. 4. Distributions with height z: (a) dust concentration; (b) gas concentration; (c) dust velocity normalized to the local
speed of sound in the gas (solid curves) and also the absolute dimensionless dust velocity ṽd (dashed curves); (d) temperature;
(e) accelerations created by the gravitational (f̃g, dashed curve), friction (f̃fric, thin solid curve), and radiation pressure (f̃rad, dash-
dotted curve) forces, the determination of the accelerations is given in system (30), and also the total acceleration f̃total (thick solid
curve) which a dust particle undergoes, for distribution 2; (f) the same for distribution 3. In the point of the balance of the radiation
pressure force and gravitational force (the point A), the dust accumulation layer should set in. Radiation number R = 2 × 103,
coefficient β̃0 = 45, dust mass flux Q̃d = 0.015, radiation flux F̃0 = 2 × 10−3. The distributions are constructed for three different
dust particle sizes. The distribution of gas concentration for model 1 is constructed in the region spreading beyond the turning point.
The legend on panel (a) gives the optical depths τ for all the three distributions. On panel (b), the values of the Jeans length λJ are
marked (see (29)) for all the three distributions.

pressure turns out higher for the bigger dust grains.
Consequently, big dust grains accelerate faster, and
due to the dust-mass flow conservation in the dust
cocoon, the concentration of them is lower than that
of the small dust grains, they shield the radiation
weaker because of that and move away for long dis-
tances.

With the relaxation to the steady-state, the dust in
the cloud will form the structure similar to a cocoon

with the halfwidth z̃T, in which the main mass of the
dust will be concentrated in the shell in the region of
reciprocating movements between the first two turn-
ing points.

Finally, the dust particles should accumulate in the
point A, which is the balance of the gravitational force
and the radiation pressure (see Figs. 4e and 4e)), in
the steady static equilibrium.

Since we consider the early stage of the cocoon
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formation, and the reverse dust flows in the shell are
not taken into consideration, the contribution of the
shell to the shielding of the source radiation at big
z̃ is underestimated, which means that the cocoon
is too stretched at this transitional stage of the flow.
As the shell forms at the stage of relaxation to the
steady flow, the z̃T and z̃A values will decrease. Thus,
the dust cocoon size z̃T and the height z̃A of the
accumulation point in the numerical calculations of
the present paper should be taken as upper estimates.

The gas as well as the dust forms the distribution
with a dip of density in the center and a maximum at
some finite height. Though, compared to the dust, the
density gradients in the gas cocoon are not so big;
along with this, the cavity originating in the gas and
the gas shell have approximately similar sizes. As a
halfwidth of the gas layer, it is natural to assume such
a height z̃h which contains the main mass of the gas
(for instance, 99% of the total amount) within the
interval [−z̃h, z̃h]. Then two different configurations
are possible, when the halfwidth of the dust cocoon
z̃T in the cloud either coincides with the halfwidth of
the gas layer (curve 1) or exceeds it (curves 2 and 3).
Moreover, the difference in scales can reach big val-
ues, 10–30 times. In this case, in the profile of the
dust shell, the density peak can be distinctly visible
in the region of the gas shell location.

Notice that in Fig. 4 we provide gas concentration
distributions stretching beyond the boundaries of the
dust cocoon, further we confine ourselves to present-
ing the distributions inside the cocoon only.

The most physically interesting effect appearing
from Fig. 4, in our opinion, is the inverse gas distribu-
tion with height, by which we mean such a distribu-
tion when a colder heavy fluid is in the field of gravity
above a heated and lighter fluid. With such a distribu-
tion, the gas entropy S ∼ ln(T/ργ−1) decreases with
height and, in accordance with the Schwarzschild
criterion, is convectively unstable [46]. However, the
medium considered in our model is an open system
due to the interaction of the dust component with
the external radiation, and therefore it is not correct
to apply the Schwarzschild criterion to this system.
Although, if one takes into consideration a real mul-
tidimensional cloud and accepts that owing to one or
another dynamical processes the dust can inhomoge-
neously redistribute along the directions perpendicu-
lar to the height of the cloud, then it can be noticed
that the conditions for the emergence of convective
instability should occur. Let us assume that the dust
from some column of the gas is completely transferred
to a neighboring gas column. Then the initial gas
column will become completely transparent to the ra-
diation, lose its supporting dust friction force and the
equilibrium, and, consequently, begin to contract in
height tending to retrieve the equilibrium. With such

one-dimensional adiabatic contraction, the entropy of
every gas particle preserves as well as the arrange-
ment of the gas particles in height. It means that if
initially dS/dz < 0 at the equilibrium loss moment,
then this inequality remains true as well after the
transition of the gas to the equilibrium state, such
a distribution is convectively unstable with certainty.
Thus, in a more general multidimensional optical-
dynamical model of the gas and dust cloud, we may
expect development of convective motions. More-
over, we may expect the convection not to attenuate,
as gas redistributions will not eliminate the cause
of convective instability occurrence and the reasons
for emerging the convection: the radiation from the
source is kept permanent, and the dust cannot be
carried beyond the cloud by the radiation pressure.

Notice that earlier we have discovered the con-
vectively unstable distributions of the gas in a more
particular model, in which the freezing-in of the dust
in the gas was supposed [9]. This model corresponds
to the extreme case β → ∞, Qd → 0. In the present
model, the inverse distribution preserves as well with
the finite friction coefficients, which can be seen both
from Fig. 4 and from Fig. 5, which shows the distri-
butions for different values of the friction coefficients.

The radiation parameter R characterizes the rela-
tive contribution of the radiation pressure force. Fig-
ure 6 shows that with the increase of R (this corre-
sponds to the radiation pressure increase) and with
all other conditions being equal, the turning point
shifts toward the region of great heights, but the gas
distribution is of low sensitivity to the R variations.

Figure 7 illustrates the influence of the radiation
flux F̃0 from the source on the character of the dis-
tributions. With the increase of the radiation flux, the
gas and dust are more strongly heated, at the same
time the gradients in the gas concentration distribu-
tion slightly increase.

Figure 8 shows the distributions for different dust
flux values. The diagrams demonstrate that the more
dust is injected to the cloud by the source, the
stronger the gas is entrained by the dust (curves 2
and 3). The outflows with little dust make more
gradual distributions but the dust can be carried away
to the cloud periphery. This is caused by the weaker
shielding of the radiation by the dust.

Figure 9 shows that the initial velocity of the out-
flow is not an essential parameter in the model. The
process of dust dispersion is practically inertialess,
and the velocity field is determined by the balance of
forces. The dust velocity at small initial distances (of
the order of one hundredth of the dust cocoon size)
is adjusted to the settled equilibrium distribution of
velocity.
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Fig. 5. Distributions with height z of the dust concentration (top left), gas concentration (top right), temperature (bottom
right), and the dust velocity (bottom left) normalized to the local speed of sound in the gas (solid curves) as well as the absolute
dimensionless dust velocity ṽd (dashed curves). The radiation number R = 2 × 103, dust mass flux Q̃d = 0.015, incident
radiation flux F̃0 = 2 × 10−3, dust particle size a = 0.1 μm. The distributions are constructed for three different values of β̃0.

Finally, Fig. 10 demonstrates the different behav-
ior of the graphite and silicate particles. The silicate
particles, as dielectrics, interact with the radiation
weaker than the graphite particles, which are of elec-
trical origin similar to metals. Correspondingly, dust
cocoons with silicate particles are more compact.

5. DISCUSSION AND CONCLUSIONS
In the present paper, we developed a hydrodynamic

model of a self-gravitating gas and dust interstellar
cloud threaded with the radiation of the stars located
in its center. The model is based on the following
assumptions:

(1) the cloud consists of cold gas and cold dust
with the characteristic temperatures in the range of
10–60 K;

(2) dust particles interact with the radiation field
of the stars located in the center of the cloud, and
accelerate to supersonic speeds of 1–7 km s−1 under
the influence of radiation pressure;

(3) the radiation transfer on the dust is taken into
consideration and is calculated in the δ-Eddington
approximation;

(4) the dust is monodisperse;

(5) the gas is transparent to the radiation, its equi-
librium is provided by the balance of the forces of the
cloud self-gravity, gas pressure, and is supported by
the friction force from the dust in motion;

(6) the dust is produced by the sources in the center
of the cloud and moves from the center to the pe-
riphery, while the gas rests in the hydrostatic equi-
librium.

Let us note the following general results of calcu-
lations.

(1) The key characteristic determining the struc-
ture of the gas and dust cloud threaded with the stellar
radiation is the optical depth of the dust component.

If the dust is rarified and its optical depth is small,
the radiation of the stars can sweep it outside the
cloud. If dust concentration is high, a dust cocoon
forms in the center of the cloud, i.e., a layer of a finite
thickness in which all the dust contributed by the
stellar sources is concentrated.

In the structure of the dust cocoon, we can dis-
tinguish three major structural elements, which are
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Fig. 6. Distributions of the dust concentration (top left), gas concentration (top right), temperature (bottom right), and the
dust velocity (bottom left) normalized to the local speed of sound in the gas (solid curves) as well as the absolute dimensionless
dust velocity ṽd (dashed curves). The coefficient β̃0 = 45, dust mass flux Q̃d = 0.015, incident radiation flux F̃0 = 2 × 10−3,
dust particle size a = 0.1 μm. The distributions are constructed for three different values of the radiation number R.

characterized by the scale hierarchy. The first ele-
ment, a cavity, is the inner part of the cocoon, embrac-
ing the spacial interval from the cocoon center to the
shell and filled with dust and gas of low concentration.
In this part of the cloud, a single-flow regime of the
dust outflow from the cloud center to the periphery is
realized. The characteristic sizes of the cavity are from
several hundredths to tenths of a parsec depending
on the parameters of the model. The cavity size can
be both comparable by the order of magnitude to the
size of the cocoon itself and much smaller than the
cocoon.

The second structural element of the cocoon is a
shell located near its surface and filled with dust with a
concentration that is hundreds, thousands, and more
times greater than the dust concentration in the cav-
ity. Dust flows in the shell are multiple. The boundary
separating the cavity and the shell is the point of the
second turning in the dust flow, which is the closest
one to the cocoon center of all the numerous turning
points.

The characteristic thickness of the dust shell lenv
is tenths of the cross-section size of the cocoon de-
pending on the power of the dust wind or, if the wind
is strong, the cocoon consists of the shell almost

completely. Although in the model corresponding to
the steady multiple flows at the relaxation stage, we
expect a considerable decrease of the shell size, as the
contribution of the dense accumulating layer to the
radiation shielding will be taken into consideration.

The third structural element is an infinitely thin
layer, in which the dust deposits and, formally, the
dust concentration in this layer becomes infinite.
Physically the thickness of the accumulating layer
will be small but not zero. The thickness is primarily
restricted by the diffusive bleeding of the dust layer.
Let us take into account the dust grain diffusion as an
ensemble of Brownian particles, which has not been
considered earlier. In the vicinity of the equilibrium
point, the resultant of the two forces—self-gravitation
and radiation pressure—has the character of a restor-
ing force, which is linear in small shift Δz relative to
the equilibrium position: ΔF = −mdω

2
0Δz. Here ω0

is the particle oscillation frequency in the vicinity of
the equilibrium position, characterizing the degree
of stiffness of the restoring force. In the stationary
case, for the ensemble of particles the Boltzmann
distribution settles: nd ∼ exp (−mdω

2
0z

2/2kBT ). It
follows from here that the halfwidth of the particle
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Fig. 7. Distributions of the dust concentration (top left), gas concentration (top right), temperature (bottom right), and the
dust velocity (bottom left) normalized to the local speed of sound in the gas (solid curves) as well as the absolute dimensionless
dust velocity ṽd (dashed curves). The radiation number R = 1.2 × 104, coefficient β̃0 = 45, dust mass flux Q̃d = 0.015, dust
particle size a = 0.1 μm. The distributions are constructed for three different values of radiation flux F̃0.

accumulation layer near the equilibrium position is
equal to lA = (2kBT/mdω2

0)
1/2.

The table shows the numerical calculations for
particles of different sizes for the distributions given
in Fig. 4. It follows from the table that the thickness
of the dust accumulation layer is lA ≈ 10−7 pc.

Finally, we have the following proportions:
lcav : lenv : lA ≈ 1 : {1–30} : {10−7–10−6}.

All three elements of the cocoon contain a finite
mass of dust. In the model that we used, the dust is
generated by the sources in the center of the cloud,
passes through the cavity and shell, and finally settles

Parameters of the particle accumulation layer for the
graphite particles

a, μm T , K ω0, s−1 lA, pc

0.05 17.3 83 × 10−12 0.44 × 10−7

0.1 15.8 1.8 × 10−12 4.8 × 10−7

0.15 16.1 1.0 × 10−12 1.2 × 10−7

in the accumulation layer. In the approximation of a
stationary flow, the masses of the dust in the cavity
and shell are permanent, and the mass of the dust in
the accumulation layer grows with time. The latter
formally contradicts the assumption on the stationar-
ity of the flow, although at the times when the mass
of the dust in the accumulation layer stays small
compared to the mass of the dust in other parts of the
cocoon, the variation of this mass can be neglected,
and then the stationary approximation is justified. The
second condition of the applicability of the stationary
model is the slowness of the process of dust accumu-
lation in the accumulation layer in comparison with
the characteristic time of the flow relaxation to the
settled regime.

(2) All the stated conclusions concerning the co-
coon structure also remain valid for the model of
a cloud with the more realistic spherical geometry.
Actually, the presence or absence of the accumulation
point and its spacial position are determined by the
balance of the gravitational and radiation pressure
forces. In the planar geometry, both forces have sim-
ilar asymptotics at infinity (approach to a constant),
and the balance is mainly determined only by the
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Fig. 8. Distributions of the dust concentration (top left), gas concentration (top right), temperature (bottom right), and the dust
velocity (bottom left) normalized to the local speed of sound in the gas (solid curves) as well as the absolute dimensionless dust
velocity ṽd (dashed curves). The radiation number R = 2 × 103, coefficient β̃0 = 45, incident radiation flux F̃0 = 2 × 10−3,
dust particle size a = 0.1 μm. The distributions are constructed for three different values of dust flux Q̃d.

relation between these asymptotic constant values
of the forces. In the spherical geometry, both forces
will decrease with distance according to the inverse
square law, and thus the balance of the forces will
as well mainly be determined only by the relation
between constant multipliers of these asymptotic de-
pendences. Along with this, however, owing to weak-
ening of the forces with distance in the spherical
geometry, the dust particle acceleration and, corre-
spondingly, the cocoon sizes will turn out smaller
than those in the present planar model. On the other
side, to escape the gravity well in the spherical case,
the dust particle needs to break a potential barrier of
a finite height, while in the planar case the potential
barrier height is infinite. Thus, in the spherical case,
the dust wind with the dust outflow to infinity is
possible, while in the planar case the dust occurs to
be closed inside the cocoon.

(3) Infinite dust concentration values in the turn-
ing points and accumulation layer, which are ob-
tained within the present model framework, are deter-
mined by the specific character of the dust component
monodispersity approximation. Actually, the dust is
polydisperse, and dust particles of different sizes will

Fig. 9. Distributions of the dimensionless absolute ṽd

(dashed line) and relative vd/cs (solid line) velocities for
two different initial velocities vd0. The radiation number
R = 2 × 103, dust mass flux Q̃d = 0.015, radiation flux
F̃0 = 2 × 10−3, dust particle size a = 0.1 μm, coefficient
β̃0 = 70. The turning point is located beyond the figure
and has the coordinate z̃T = 0.46 pc.

turn/accumulate in different points throughout the
height of the cloud. As a consequence, in the shell
a smooth distribution of dust concentration will be
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Fig. 10. Distributions of the dust concentration (top left), gas concentration (top right), temperature (bottom right), and the
dust velocity (bottom left) normalized to the local speed of sound in the gas (solid curves) as well as the absolute dimensionless
dust velocity ṽd (dashed curves) for the silicate (curve 2) and graphite (curve 1) dust particles. The radiation number
R = 2 × 103, coefficient β̃0 = 45, radiation flux F̃0 = 2 × 10−3, dust mass flux Q̃d = 0.015, dust particle size a = 0.1 μm.

observed instead of sharp peaks. Moreover, it is ob-
vious that the spacial variations in the dust particle
distribution by sizes will appear in the cloud. This
conclusion can be proved with observations. A similar
dust particle distribution by sizes is observed in the
Galaxy disk [47], which is possibly determined by
dynamical processes, e.g., by the influence of spiral
arms. More detailed observations allow us to notice
specific features of such distributions: particle sizes
grow toward the edge of the Galaxy [48] and with
distance from the disk plane [49], and this agrees with
what we obtain in our model (Fig. 4).

(4) The picture will be more complicated if we
take into account the actual non-one-dimensionality
of the flow. According to simple qualitative reasoning
given in Section 4.2, the gas and dust cocoon with
the inverse distribution of gas density and tempera-
ture, which we obtained from our calculations, should
be convectively unstable and, consequently, with the
development of instability its structure will be reor-
ganized. In particular, the thin dust shell and all the
more the accumulation layer will be converted into a
vortex pall extended in thickness and with distribution
profiles of average concentrations strongly smoothed

along the vertical coordinate. If our assumption on
the development of instability in the cloud in the
case of inverse gas distributions under the influence
of dust wind turns out to be right, then one can
expect that the turbulence origin in gas and dust
interstellar clouds on a scale of parsecs and subpar-
secs can be explained with this mechanism. The two-
dimensional numerical calculations of non-stationary
flows of stellar wind in dust circumstellar shells, indi-
cating the development of instability similar to con-
vective, count in favor of this assumption [15, 17, 18].
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