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Abstract. The problem of passages of the Solar System through dense, dusty and cold interstellar gas clouds is discussed.
A considerable number of such encounters must have already occurred in the past and these events must have pushed the
heliosphere inward to the region of the terrestrial planets, provided a number density of the cloud’s material of the order of,
or greater than, 1000 cm−3, and relative velocities of about 20 km s−1 prevail. Under these conditions it will happen that the
Earth is directly exposed to the interstellar flow. Neutral interstellar hydrogen and proton densities at the Earth’s orbit are
calculated under conditions of the heliosphere with the heliopause reduced to dimensions smaller than 1 AU. A simple two-
fluids treatment of the incoming flow, ionized by the solar UV only, is proposed here and the amount of neutral interstellar
hydrogen is assessed which is accreted by the Earth’s atmosphere during one passage. The behavior of the flow variables is
investigated by a 2D-hydrodynamic approach to model the interaction processes. Because of a reduction of the heliospheric
dimension down to 1 AU, direct influence of the cloud’s matter to the terrestrial environment and atmospheric chemistry must
be envisaged. This will be briefly discussed in the paper.
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1. Introduction

The interstellar medium (ISM) in our Galaxy, a mixture of
plasma, gas and dust, is known to be highly inhomogeneous
with respect to density and temperature. It tends to concentrate
near the Galactic plane and along the spiral arms and appears
as a dense, neutral and molecular material, embedded in an am-
bient warm and tenuous medium (for an overview of the com-
position of the ISM, see McKee 1995). Roughly half the ISM
mass is confined to discrete clouds occupying only ∼1 ÷ 2%
of the Galactic disk volume. The dense component consists of
cold atomic H  clouds (T ∼ 100 K) and giant molecular clouds
(GMC) (T ∼ 10 ÷ 20 K) with a clumpy substructure. These
clouds have irregular shapes and overall dimensions ranging
from 0.01–50 pc and densities from 10–100 cm−3 (H ) and of
about 1000 cm−3 (GMC clouds), respectively. Cores of GMC
and clumps within GMC are even denser (more than 1000 up
to 105 cm−3), but they occupy only ∼0.1 and ∼1% of the GMC
volume, respectively (Allen 2000).

The possibility of solar encounters with dense interstellar
clouds (IC) with particle concentrations about 10 ÷ 1000 cm−3
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and more, is of great interest in view of its possible effects upon
the Earth. The question of whether dense IC would prevent
the solar wind (SW) from reaching the Earth with the result
of cloud material directly impacting onto the terrestrial atmo-
sphere, as well as many other aspects of this complex prob-
lem, were already discussed in the literature of the past (Fahr
1968a,b; Talbot & Newman 1977; Holzer 1977; Ripken & Fahr
1981; Zank & Frisch 1999; Scherer 2000; Scherer et al. 2002;
Frisch et al. 2002 and references therein). Such a scenario is
considered as possibly triggering global glaciations, deposi-
tions of a prebiotic material on the primordial Earth, possible
ecological repercussions for the Earth due to an accretion of the
cloud’s matter, and of course, bio-mass extinction (Yabushita &
Allen 1997).

It is straightforward to estimate that neutral H  clouds, hav-
ing a mean density of 10 to a few 100 cm−3, and a radius of
about a few pc, are objects frequently encountered by the Sun
during its galactic journey (more than 100 times since its birth
∼4.6 Gyr ago), while even the more dense GMC’s must have
been encountered at least a few times (Yeghikyan & Fahr 2003
and references therein).

Nevertheless Yabushita & Allen (1983, 1989, 1997) have
pointed out that just such rare passages through the cores of

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20034609

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20034609


764 A. Yeghikyan and H. Fahr: The passage of the Sun through dense clouds. I.

the GMC’s may have happened and have the effects of sub-
stantially depleting the oxygen of the Earth’s atmosphere and
e.g. causing the bio-mass extinction at the Cretaceous/Tertiary
boundary. Furthermore only such a cataclysmic (not catas-
trophic) event is compatible with the well known high concen-
tration of iridium in a clay layer at this boundary, 65 Myr ago,
whereas cometary impacts could not have deposited enough
iridium-containing material. Finally, Wimmer-Schweingruber
& Bochsler (2000) have recently interpreted an implanted gas
in surface layers of lunar soil grains as a record due to the en-
counter with a dense interstellar cloud.

To investigate the behavior of neutral matter inside the he-
liopause, which is a separatrix between the solar wind and the
ambient interstellar medium, the interaction of the solar wind
with the countermoving flow usually is treated as the problem
of the penetration of neutral atoms from the local ISM (LISM)
into the heliosphere (see Fahr 2003 for a recent review).

It is clear that an influence of both gravity and photoioniza-
tion on the neutral hydrogen flow into the heliosphere should
be important for quantitative determinations of the flow param-
eters at regions near the Earth’s orbit (Yeghikyan & Fahr 2003).
The prevailing physical conditions in the reduced heliosphere
suggest that the idealized hydrodynamic equations with the in-
clusion of effects of gravity and ionization can be used here
(Yeghikyan & Fahr 2003). To the contrast, the kinetic treatment
requires very time-consuming numerical codes and we there-
fore prefer a hydrodynamic modelling here, which is justified
for IC densities of, and greater than, a few 100 cm−3 (see e.g.
Yeghikyan & Fahr 2003). Thus, to describe the behavior of the
flow outside of the heliosphere, here reduced to regions inside
of 1 AU, one may use a simple gasdynamic interaction model,
where the system of fluid equations for neutral material and
solar wind plasma are dynamically decoupled (e.g. see Whang
1996), but for the outer flow gravity and, instead of charge ex-
change between H-ions and H-atoms, photoionization is taken
into account here.

In this paper we use the closed system of fluid Euler equa-
tions to calculate a 2D gasdynamic time-dependent simulation
of neutral and ionized flow parameters when the heliosphere
is drastically reduced down to a dimension of about 1 AU or
less (Yeghikyan & Fahr 2003), as consequence of the increased
LISM-ram pressure connected with a density of the counter-
moving IC material, i.e. 100–1000 times greater than at present.
According to the above mentioned estimates the Sun during its
life has encountered such H  clouds more than one hundred
times, while only a few denser GMC’s (i.e. ni > 103 cm−3)
may have been met.

Not included in the present model are external magnetic
field influences on the heliospheric structure; but it turns out
that even at a 10-fold increased field strength (Heiles et al.
1991) its magnetic pressure cannot be comparable to the dy-
namic pressure of the IC resulting at a moderate density n =
100 cm−3 (Parker 1963).

It should be noted here, that in its early history, the Sun was
probably more active than it is now (Guinan & Ribas 2002 and
references therein). To be more correct, the Sun, some 4.6 Gyr
ago, had an initial luminosity of ∼70% of the present Sun and
was about 200 K cooler, but perhaps had a UV enhancement

with respect to the present day UV irradiation in the range
≈150–250 nm by a factor 2 during the first few 108 yr (Zahnle
& Walker 1982). The values for the earlier solar wind inten-
sity are more uncertain. They are based on observational stud-
ies of stellar winds from young solar type T-Tauri stars with
different ages and indicate that the winds of the young Sun
could possibly have been 100–1000 times more intense than
at the present epoch (Lammer et al. 2002). Finally, Sackmann
& Boothroyd (2003) quite recently have shown that the current
accurate helioseismic data are consistent with high-precision
solar evolutionary models, which predict a more luminous Sun
with a stronger wind than envisaged by the standard model at
the first 1–2 Gyr after the origin of the Sun. Such powers (2–
3 orders of magnitude) of the earlier solar wind encountering
with HI cloud would have enlarged the heliosphere to beyond
10 AU and greatly caused an increase of the ionization degree
of neutral matter at 1 AU. Dense GMC probably would be able
to suppress the powerful solar wind inside 1 AU due to stronger
dynamic counterpressures.

In the following calculations we will adopt the present pa-
rameters of the solar output, which are valid for the most recent
events under consideration (encounters with IC during last 2–
3 Gyr), while more specific models should be developed for the
more earlier ones.

2. The adequate view of the interaction
with an interstellar cloud

The encounter of the solar system with a dense interstellar
cloud would of course lead to a strongly time-dependent re-
action of its extended heliospheric plasma structures as they
exist for instance at present. When the extended heliosphere
with an upwind extension of about 150 AU will first get into
contact with the predominantly neutral gas material of an ap-
proaching cloud, then at the first period of the encounter the
extended supersonic and subsonic solar wind will be neutral-
ized by heavy charge exchange with incoming neutral H-atoms.
As a consequence of this event energetic neutral atoms with
energies of the order of 1 keV will be produced which radi-
ally run outwards from the heliosphere into the arriving cloud
material. By elastic H-H collisions these energetic atoms will
have strongly heated up the cloud material upon arrival at the
heliopause. A strong pressure gradient will thus be produced
which on the axis reduces the inflow velocity of the cloud ma-
terial and pushes the cloud gas away from the stagnation point
to the flanks of the heliopause which in addition due to the in-
creasing outer interstellar ram pressure shrinks to very small
dimensions.

Here we do not intend to consistently describe this strongly
time-dependent adaptation history, but we shall presume that
eventually a nearly stationary counterflow configuration will
have established with the main cloud material becoming de-
viated around a strongly reduced heliopause (see illustrative
representation in Fig. 1). This resulting heliopause configura-
tion we predefine by assuming that it is determined by pres-
sure equilibrium between the strongly coupled inner solar wind
plasma flow and the outer interstellar flow constituted by ion-
ized cloud material.
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Fig. 1. Qualitative view of the streamlines of the neutral (solid lines)
and ionized (dashed lines) flow of the IC wind in the presence of the
solar wind, compressed in the upwind direction to inside of 1 AU.
The Sun is in the origin of the coordinate system. The heliopause is
shown by the dotted line and the Earth’s orbit (shown by solid circle)
is outside of it in the upwind direction.

As is evident from arguments given in the previous section,
neutral interstellar cloud matter, when approaching the Solar
System, systematically becomes more ionized by photoioniza-
tion due to the solar EUV radiation. On the other hand, at ISM
H-atom densities of the order of nH = 102 ÷ 103 cm−3 the free
passage of a 1 keV proton (i.e. solar wind proton) is restricted
by intensive charge exchange reactions to a mean free path of
less than λex = (nHσex)−1 = 2 · (10−1 ÷ 10−2) AU. At such solar
distances of less than 1 AU the interstellar matter is, however,
essentially photoionized. Hence at these small distances, in a
first-order view, an interaction of the solar wind protons with
the ionized component of the ISM, rather than with the neutral
ISM component occurs. Adopting an H-ionization degree ε of
the ISM at the border of the plasma-plasma interaction config-
uration, one can thus denote the density of “hydrodynamically”
interacting interstellar protons by np = ε · nH and on the basis
of a Parker-type plasma-plasma interaction configuration (see
Parker 1963) can estimate a corresponding stand-off distance L
of the resulting heliopause by (Fahr 2000):

L2 = r0rsh

√
ρw0

4ερH

Vw0

VH
· (1)

Here r0 is an inner solar reference distance where the unper-
turbed solar wind has a density ρw0 and a velocity Vw0, re-
spectively. The unperturbed ISM is characterized by a mean
density ρH and a velocity VH relative to the solar system. rsh de-
notes the termination shock distance from the Sun which by
physical reasons in any case should be smaller than L. The ex-
pected termination shock of the solar wind is located at:

rsh = r0

√
3K(γ)ρw0

4CISM
Vw0, (2)

where CISM is the Bernoulli constant of the ionized ISM
given by:

CISM = ερH

[
1
2

V2
H +
γ − 1
γ

PH

ρH

]
· (3)

Equations (1)–(3) are valid in the subsonic case (i.e. if the Mach
number of the relative IC motion is less than 1). Similar, but
more complicated expressions for the supersonic motion of the
IC one can find in the cited paper Fahr (2000).

Now on the basis of the above heliospheric dimensions and,
with the assumption of a Parker-type plasma-plasma interac-
tion configuration, the heliopause geometry is determined by:

R(φ) = R0 f (φ), (4)

where R0 = L, φ = π−θ, and θ is the angle between the stream-
line and the direction of the Sun’s motion. The function f (φ)
can be modeled based on existing analytical representations for
the above addressed configuration (Fahr et al. 1988; Ratkiewicz
1992; Wilkin 1996). We have used the function given by Wilkin
(1996),

R(φ) = R0 csc φ[3(1 − φ cotφ)], (5)

and can now start our calculations assuming that the IC when
approaching the Solar System, but yet outside the heliopause, is
only subject to solar photoionization processes. Only after pas-
sage over the heliopause the neutral ISM H-atom gas will then
become strongly subject to charge exchange processes with the
solar wind protons. Here in this paper we do not intend to con-
sistently describe this inner region.

Nevertheless we can argue that the size and shape of
the heliopause derived with the equations above, practically
are not influenced by the pickup ions created from ioniza-
tion of neutral atoms occurring between the Sun and the he-
liopause/termination shock. This is due to the fact that H-atoms
undergoing charge exchange in the innerheliospheric region
with a supersonic solar wind produce H-pick-up ions which
not only act upon the solar wind by momentum loading but
also by their pressure gradient. It can then be shown (see Fahr
& Rucinski 2002; Fahr 2002; Fahr & Chashei 2002) that the
effect of H-pick-up ions, since behaving nearly isothermal with
the solar wind expansion, is just nothing else as to bring these
two oppositely directed forces to cancellation and to guarantee
an essentially undecelerated solar wind flow and then to keep
the ram pressure at a nearly constant level. In this region down-
stream of the termination shock the charge-exchange processes
of H-atoms with solar wind protons anyway are of nearly no
dynamical and thermodynamical effects since in this subsonic
plasma region H-pick-up ions hardly can be differentiated from
original solar wind protons. Taking these two facts together our
conclusion thus is that neutral H-atoms penetrating into the
inner and outer heliosphere, even though not treated quanti-
tatively here, can be expected nearly not to change the helio-
spheric configuration compared to that one taken into account
here.

3. Change of the ionization degree and chemical
state in the circumsolar flow

If the Sun were at rest with respect to the LISM, then a sta-
tionary state requires that a local equilibrium prevails up to dis-
tances where locally photo-dissociation (photo-ionization) and
recombination rates cancel. The degree of ionization of the in-
terstellar gas surrounding the Sun at rest has been determined
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for modest densities in earlier works of Williams (1965) and
Krasnobaev (1971) using the assumptions, that there is no hy-
drodynamic motion of the LISM and effects of the solar wind
are negligible. These authors have shown similar results for the
density range 1 cm−3 ≤ n ≤ 500 cm−3: gradual decrease of
the ionization degree with solar distance up to a few 1000 AU,
in accordance with a simple estimation of the thickness of the
transition region, d ∼ (a · n)−1, where a = 6 × 10−18 cm2 is the
photoionization cross section of H . In more dense molecular
environments, existing in the cores of GMC and their clumpy
substructures, with densities of about 105 cm−3, an analogous
photodissociation region should be developed due to the fact
that photodestruction of the H2 is produced by photon absorp-
tion in UV lines by, 2 ÷ 3 orders of magnitude larger cross-
sections compared to photoionization.

In contrast to the static case, if the Sun is moving, then from
the upwind direction fresh molecular (neutral) hydrogen mate-
rial of the IC is permanently approaching the solar system, and
thus the extent Lc of the dissociation (ionization) cavity in up-
wind direction is defined as the upwind distance where the rate
of freshly convection-imported hydrogen molecules (atoms)
equals the local photodissociation (photoionization) rate. This,
evidently, leads to the following expression for Lc (the index
c corresponding to the case of molecular m = molecular, and
to the case of atomic n = neutral atoms, respectively, (see for
analogy Fahr 2003):

Lc �
4β0,cr2

0

3VH
, (6)

where β0,m (β0,n) is the solar photodissociation (photoioniza-
tion) rate at some reference distance r0. The photoionization
rate β0,n is equal to 8×10−8 s−1 at the reference point rE = 1 AU
(Fahr et al. 2000). The dissociation of molecular hydrogen is
complicated due to different possible branches of solar photon
interaction with H2 molecules: the direct photodissociation rate
is 3 × 10−7 s−1 at 1 AU for the moderate solar activity condi-
tions, while the rates for photoionization of H2 and photodis-
sociation with ionization are by order of magnitude less than
the dominant direct photodissociation rate (Gruntman 1996).
Thus one finds Lm � 2.4 AU and Ln � 0.61 AU for the cases
of molecular and atomic flow, respectively. Hence the state of
the material when arriving at the Earth’s orbit is essentially not
changed with respect to the interstellar conditions. A treatment
of molecular hydrogen as a new fluid in addition to atoms and
ions will be addressed in a forthcoming paper, so below we will
assume that the flow is initially completely atomic at infinity.

A second ionization source may perhaps merit some brief
consideration in this context, namely energetic neutral H-atoms
coming radially outwards from the inner heliosphere as keV –
energetic transcharged solar wind protons. In fact interstellar
H-atoms penetrating into the inner supersonic solar wind re-
gion there undergo charge exchange processes with solar wind
protons. This leads to the phenomenon of the neutralized so-
lar wind as discussed by Blum & Fahr (1970); Gruntman et al.
(1990); Bleszynski et al. (1992); Gruntman (1994). One im-
portant influence of such neutralized solar wind protons on the
approaching interstellar plasma flow was discussed already by
Gruntman (1982). In our present case of strongly enhanced

neutral gas densities one may thus also study the effects of such
energetic atoms on the incoming interstellar H-atoms and pro-
tons. It in fact turns out that such atoms are strongly interacting
with the dense proton layer outside of the heliopause by heat-
ing protons up there. But due to the fact that proton densities
of np ∼ 103 cm−3 are met these energetic neutrals are effec-
tively absorbed by charge exchange with background protons
over mean free paths of λex = (np · σex)−1 ∼ 0.1 AU. This
means these atoms cannot penetrate deeply into the incoming
medium and there contribute to the ionization of incoming IC
H-atoms.

4. Model of the neutral gas flow

We approximate the situation as follows: let the Sun be in the
origin of a system of cylindrical coordinates (r, ζ, z), and let the
axis of symmetry z be antiparallel to the motion of the Sun,
that is the countermoving cloud’s matter flows from negative
z-values to positive ones. Such a picture schematically is illus-
trated in Fig. 1, where the streamlines of the interstellar neutral
and ionized wind passing around the strongly reduced helio-
sphere are shown.

The Sun affects the circumsolar flow by means of gravita-
tion and ionizing solar radiation. As is mentioned in Sect. 2, ex-
cept for the interaction interface (within the range of less than
0.1 AU, of a few mean free paths of solar wind protons with re-
spect to charge-exchange with IC H-atoms, at IC densities un-
der consideration), the steady-state neutral flow is completely
shielded from the direct solar wind influence (see illustration
given by Fig. 1).

Effects of the hydrodynamical motion of the inflow upon
the ionization state of the gas will be examined below. It should
be underlined here that we have focused our consideration to a
completely neutral inflow material and to IC densities of, and
greater than, 1000 cm−3. This is enough to justify the hydro-
dynamic approximation all over in upwind side excluding the
region with the heliocentric distances less than a few 0.1 AU,
because at these densities the mean free path of the particles
is less than 0.1 AU and Knudsen numbers are of the order of
Kn ∼ thydro/tcoll ∼ 10, where thydro and tcoll are the characteristic
hydrodynamic and collision times, respectively.

To describe the behavior of the flow one can choose a two-
fluid model of hydrogen atoms and protons, which is an ex-
tension of one-fluid model of Whang (1996) and Yeghikyan
& Fahr (2003). Therefore a set of conservation laws for mass-
momentum-energy-flows with the right-sides containing corre-
sponding source terms due to gravitation, photoionization and
the mutual charge-exchange, can be written in the form

∂ρ j

∂t
+ ∇(ρ jV j) = S ρ, j (7)

∂(ρ jV j)

∂t
+ ∇Π j = ρ j(1 − µ j)∇

(GM
R

)
+ S V, j (8)

∂E j

∂t
+ ∇[V j(E j + P j)] = ρ j(1 − µ j)V j∇

(GM
R

)
+ S E, j. (9)

Here ρ j, V j and P j are density, velocity and scalar pressure
of the species j = n (neutral hydrogen) and j = p (protons),
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respectively, Πlk, j = ρ jVlVk + P jδlk, and E j =
1
2ρ jV2

j +
P j

γ−1
are the HD-stress tensor and the total energy per unit volume,
respectively, R =

√
(r2 + z2) is the solar distance in a cylindri-

cal coordinate system (r, ζ, z) with symmetry axis z, γ = 5/3 is
the ratio of specific heats for monatomic hydrogen gas, µ j is a
factor denoting the ratio of the repulsion force by solar Lα ra-
diation to the gravitational attraction force (µ j = 0 for j = p)
and M and G are the solar mass and the gravitational constant,
respectively.

The source terms in Eqs. (7)–(9) result from the interaction
of the flow components with the gravitational and radiational
fields of the Sun and in addition from their mutual conversion
due to charge-exchange. Taking all of this together leads to the
following source terms:

S ρ,n = −βphiρn + ρ
2
pα/mp, (10)

S ρ,p = βphiρn − ρ2
pα/mp, (11)

S V,n = −βphiρnVn − ν−ceρn(Vn − Vp) + ρ2
pα/mp, (12)

S V,p = βphiρnVn + ν
−
ceρn(Vn − Vp) − ρ2

pα/mp, (13)

S E,n = −βphiEn + ν
−
ce(Ep − En), (14)

S E,p = βphiEn − ν+ce(Ep − En), (15)

where charge-exchange collision rates of hydrogen atoms and
protons are given by ν−ce = σce · vrelnp and ν+ce = σce · vrelnn,

respectively, vrel =

√
3.76 × 108(Tp + Tn) + (Vn − Vp)2, (in

cm/s), σce = [2.1 × 10−7–9.2 × 10−9ln(vrel)]2 (σce in cm2), np

and nn are number density for protons and neutral atoms, re-
spectively (Fahr et al. 2000), and α = 4.0 × 10−10/T 0.8

p (e.g.
Osterbrock 1989) is a photorecombination coefficient in a re-
combination process of protons with electrons (assumed that
np ∼ ne).

The ionization rate of neutral hydrogen atom by photoion-
ization for optically thin case is approximately defined as

βphi = β0

( rE

R

)2
, (16)

with β0 = β0,phi = 8 × 10−8 s−1, that is by about one order of
magnitude less than the ionization rate due to charge exchange
with solar protons (i.e. inside the heliosphere), β0,ce, which is
equal to 7.68 × 10−7 s−1 at the same reference point rE (Fahr
et al. 2000). In the following we will use β0 = β0,phi according
to the above condition that neutral flow material in the region
described in this paper is completely shielded from solar wind
protons.

The flow is assumed to be symmetrical with respect to the
z-axis, so the results shown here can be rotated by an azimuthal
angle ζ with respect to the z-axis.

For an axis-symmetrical case, when all derivatives in ζ van-
ish, using dimensionless variables and omitting “ j indices”, we
introduce

ρ̃ = ρ/ρi, ũ = u/Vi, ṽ = v/Vi, P̃ = P/ρiV
2
i ,

Ẽ = E/Ei, t̃ = tVi/λ, λ = β0r2
E/Vi, z̃ = z/λ, r̃ = r/λ,

where u and v are the corresponding components of velocity V.
This system has a standard vector form of a hyperbolic set of

partial differential equations (LeVeque et al. 1998) with rele-
vant source terms on the right sides given in the form:

qt + A(q)z + B(q)r = Ψ(r, z, t, q). (17)

The explicit expressions for the A, B and Ψ and other details
can be found in Yeghikyan & Fahr (2003).

The initial data describe an inner cavity with shape given
by Eq. (5), and the neutral flow number density from Fahr
(1968a). The boundary conditions are treated like in Fahr et al.
(2000), that is an inflow of completely neutral material from
the left boundary, the bottom boundary (i.e. the axis) is a “re-
flecting” boundary by symmetry reasons and the top and right
boundaries are outflow boundaries (zero-order extrapolation).
We have limited our calculations here to the upwind side only,
up to the reduced heliosphere, before the heliopause: it should
be born in mind that the condition inside the heliosphere has no
influence on the supersonic flow outside in this region.

With the adopted values ρE/mp = 5cm−3, ρi/mp =

1000 cm−3 (mp is the proton mass), Vw = 400 km s−1 and
Vi = 26 km s−1, we have solved the above system by means of
the LeVeque’s code CLAWPACK (LeVeque et al. 1998), based
on Godunov’s method with high-order correction terms, on a
uniform grid with 160 × 60 points. Here we present results for
the most important cases with IC densities ni ∼ 1000 cm−3

and temperatures Ti � 100 K as shown in Figs. 2 and 3. Our
choice of Ti is based on the fact that the dynamical timescale
τd ∼ D/VH ∼ 20 yr is much less than a photoionization
timescale τphi, which can be defined as 1/β ∼ 1/βphi/D2 ∼
4000 yr, where D ∼ 100 AU is the characteristic dimension.
In turn τphi is less than any timescale, related with an injection
rate of energy into the flow, far from the Sun in the upwind
direction, and caused, apparently only by photoionization.

Length units are in units of the ionizational length scale λ,
which is equal to 0.46 AU for the adopted parameters, and for
the used calculational domain this corresponds to a spatial res-
olution of 0.2 AU along the z-axis. All model calculations have
been carried out as time proceeds until asymptotically a steady
configuration is reached (corresponding to a few hundred years
in real time).

In Fig. 2 the iso-density and iso-velocity contours of hy-
drogen atoms and protons as functions of coordinates r and z
are shown, while in Fig. 3 the distributions of density and axial
components of velocity are represented versus axial distanse z
at the corresponding radial coordinate r = 0. Transverse veloc-
ity components due to symmetry reasons disappear at the axis.
For that reason we display these components at an axis-line
shifted by 1 AU (that is at r = 1 AU and zmin ≤ z ≤ zmax).

In Fig. 3 we compare the calculated distribution of
density for different (gravitating, not-gravitating) cases with
that of cold (collisionless) kinetic model (e.g. see Holzer
1977, his Eq. (21)) for the same input parameters and
β = βphi = 8 × 10−8 s−1. The density decrease (increase) for the
atoms (protons) close to the Sun is evidently caused by the pho-
toionization, while the role of the gravity is visible only inside
the region, limited by a so called accretion radius rg = 2GM/V2

i
(Hunt 1971) (cf. the cases G � 0 and G = 0 in Fig. 3). A good
coincidence of the density distribution in the cold kinetic and
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Fig. 2. Iso-density and axial velocity contours for the hydrogen atoms and protons in the r−z plane. Contours are labeled by values in units cm−3

and km s−1 respectively. Values of the input parameters are: ni = 1000 cm−3,Vi = 26 km s−1, Ti = 100 K. β0 = βphi, µ = 0.1.

Fig. 3. Number densities of the IC H-atom and proton flow versus axial distanse z, at radial coordinate r = 0 (transverse velocities are shown
at r = 1 AU). Solid and dotted lines are used to distinguish between atoms and protons, respectively. ni = 1000 cm−3, Vi = 26 km s−1,
Ti = 100 K. β0 = βphi, µ = 0.1, the spatial resolution along the z-axis is 0.2 AU. The role of gravity is illustrated by the presence and absence
of the gravitational field of the Sun, shown in the bottom, right, by solid and dotted (for atoms and protons, G � 0) and by dash-dotted and
long-dashed lines (for atoms and protons, G = 0), respectively. The density distributions in the cold kinetic model (see text) with the same input
parameters are also shown in the top, left and bottom, right, by the dashed lines.

hydrodynamic models justifies our hydrodynamic approach in
the calculational domain.

The optical depth in the Ly − α-hydrogen line even at the
1 AU would always be greater than 1 for ni � 100 cm−3. At the
same time a contribution of diffusely scattered Ly−α photons to

the repulsion force would be nearly negligible. The case is that
only the first scattering of the solar Ly − α photon contributes
to the radiation pressure, because multiply scattered photons
are more or less isotropic and thus do not contribute signifi-
cantly to the momentum transfer anymore – the net effect thus
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would be nearly zero. The solar Ly − α profile has about 1 Å
FWHM width, whereas the IC H atom of the flow with a ra-
dial velocity component of 40 km s−1 would scatter photons,
shifted only of 0.2 Å from a center of the line (Holzer 1977).
It evidently means that the distant regions of the flow with re-
spect to the Sun will not receive direct solar Ly − α radiation
due to absence of any considerable velocity gradient and con-
sequent absorption. Thus µ = 0.1 seems to be an appropriate
approximation.

It is clear that only when R ≥ rg, the flow is unaffected
by gravitation (Talbot & Newman 1977). For Vi = 26 km s−1

one finds rg = 2.6 AU. It means, that the case of Bondi’s flow
with ρ � ρi(rg/R)3/2 and V2 � 2GM/R is applicable inside the
distance rg (see Fig. 3).

We can now estimate the amount of neutral gas, accreted
by the Earth (an interaction between the charged particles and
the magnetosphere is more complicated, and we simply assume
here, that all of them will be deflected). By order of magni-
tude accuracy one may write for the amount of accreted matter
(Butler et al. 1978): dM/dt � πR2

E · Vrel · n · mp (g s−1), where
RE is the Earth’s radius, which practically coincides with the
Earth’s accretion radius at relative velocity of the H-atom with
respect to the Earth Vrel of about 40 km s−1. It is clear that there
is an annual variation in Vrel between 10 to 70 km s−1 due to the
orbital velocity of the Earth, equal to about 30 km s−1. An av-
erage value of 40 km s−1 therefore would be quite reasonable.
Due to the many uncertainties involved in the downstream re-
gion, where the direct influence of the solar wind protons is
essential we have used an upstream density value at 1 AU. For
example, for ni � 1000 cm−3, using calculated values of n at
1 AU (about 800 cm−3, see Figs. 2 and 3), one finds that dur-
ing the pass-over time of about 1 million years the Earth may
accrete about 2 × 1017 g per one passage.

The calculated value n by one order of magnitude less than
estimated in Butler et al. (1978), because lower relative ve-
locities of the encounter (about 2 km s−1 with corresponding
rg ∼ 400 AU) and the case without photoionization of the neu-
tral flow were considered.

It should be highlighted here that nowhere in the helio-
sphere exists a sink mechanism for neutral atoms other than
photoionization (electron impact ionization at 1 AU would
be negligible). Newly created fast neutrals (due to charge ex-
change with solar wind protons) also may be accreted by the
Earth. The quantitative investigation of such model will be ad-
dressed in a forthcoming paper.

A responce of the terrestrial atmosphere to such an
amount of accreted neutral hydrogen gas may be essential.
Neutral hydrogen fluxes at the Earth would increase up to
1010 atoms/sm2/s (nH = 103 cm−3), which is greater by 4 or-
ders of magnitude than at present. This highly reactive hydro-
gen could reach stratospheric heights at 40–50 km by direct
inflow and accumulate to levels that may be relevant for oxy-
gen locking, ozone depletion etc., and inevitably cause strong
influences to the terrestrial atmosphere in general, and to the
terrestrial climate in particular (Fahr 1968a,b; Bzowski et al.
1996; Frisch et al. 2002).

Besides Yabushita & Allen (1983) have argued that if the
Sun should ever have passed through the dense core of a GMC

(nH = 105 cm−3), then as much oxygen as is now present in the
terrestrial atmosphere could have been removed due to water
formation. In the recent paper Yabushita & Allen (1997) have
pointed out that the reduced abundance of oxygen indicated by
oxygen contained in ancient amber may be a record of such an
event 65 Myr ago.

Finally, one can show (Yeghikyan & Fahr 2003a) that in
the case of a countermoving GMC with usual density of nH =

103 cm−3 there would be a considerable decrease of the ozon
concentration in the mesosphere.

5. Conclusions

In this paper we have discussed a problem of passages of the
Solar System through dense interstellar gas clouds with non
negligible dust content. We have shown that such clouds in-
crease the inflow density and push the heliopause down to the
Earth with the result that counterstreaming IC material directly
influences the Earth. In contrast to the static case, when the
Sun is moving, then from the upwind direction fresh molecular
(neutral) hydrogen material of the IC is permanently approach-
ing the solar system, and thus the extent of the dissociation
(ionization) cavity in upwind direction is defined as a distance
where the rate of freshly imported hydrogen molecules (atoms)
equals the local photodissociation (photoionization) rate. It is
shown that close to the Sun, at 1 AU, the cloud’s matter is pre-
dominantly neutral and is completely shielded from the direct
solar wind influence. At IC H-atom densities of the order of
nH = 103 cm−3 and more, incoming matter when approaching
the Sun, but yet outside the reduced heliopause, is only subject
to photoionization processes which simplify the hydrodynamic
model of the flow.

We have used a simple two-fluid treatment of the incom-
ing flow, ionized by the solar UV, and a mutual conversion
of hydrogen atoms and protons due to charge exchange pro-
cess has been taken into account. The time-dependent simula-
tion of flow parameters we have carried out by means of the
2D-gasdynamic numerical code which takes into account both
photoionization and gravity of the Sun, as well as the men-
tioned charge-exchange process. These processes are important
to quantitatively estimate the total amount of neutral material,
accreted from the cloud by the Earth during the pass-over time
of about 1 million years. We have estimated this amount to
be greater than 2 × 1017 g per 1 passage. About 1% of which
is in the form of dust (H2O “dirty” ice or silicate grains, or
both) with probable refractory organic species in the mantle
(Yeghikyan et al. 2001). It may be important as a source of ac-
cumulated prebiotic material on the Earth during manyfold pas-
sages of the Solar System through similar interstellar clouds.

Terrestrial atmospheric responce to the inflow of the greatly
enhanced fluxes of neutral hydrogen atoms may be consider-
able and definitely worthwhile to be studied. An appropriate
discussion is presented separately (Yeghikyan & Fahr 2003a).
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