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Abstract. Several consequences of the passage of the solahe galactic plane and along the spiral arms and is composed
system through dense interstellar molecular clouds are disef a dense, neutral and molecular material, embedded in an
cussed. These clouds, dense (more than 10G%ncold ambient warm and tenuous medium (for an overview of the
(10-50K) and extended (larger than 1pc), are charactercomposition of the ISM, see McKee, 1995). Roughly half
ized by a gas-to-dust mass ratio of about 100, by a spethe ISM mass is confined to discrete clouds occupying only
cific power grain size spectrum (grain radii usually cover the ~ 1-2% of the galactic disk volume. The dense component
range 0.001-3 micron) and by an average dust-to-gas numbeonsists of cold atomic HI clouds'(~ 100K) and giant
density ratio of about 1012, Frequently these clouds contain molecular clouds (GMC)X{ ~ 10— 20 K) with clumpy sub-
small-scale (10-100 AU) condensations with gas concentrastructure. These clouds have irregular shapes and overall di-
tions ranging up to 10cm=3. At their casual passage over mensions and densities ranging frobdD— 50 pc and from
the solar system they exert pressures very much enhancetD— 100 cnt 23 (HI) and about of 1000 ci? (GMC clouds),
with respect to today’s standards. Under these conditions itespectively. Cores of GMC and clumps within GMC are
will occur that the Earth is exposed directly to the interstellar denser (more than #Gnd 18 cm3, correspondingly), but
flow. they occupy only~ 0.1 and~ 1% of the GMC volume, re-

It is shown first that even close to the Sun, at 1 AU, the spectively (Allen, 2000).
cloud’s matter is only partly ionized and should mainly inter- ~ The possibility of solar encounters with dense interstel-
act with the solar wind by charge exchange processes. Dusér clouds (IC) with particle concentrations about 10
particles of the cloud serve as a source of neutrals, generateth00 cnt® and more, is of great interest in view of its possi-
by the solar UV irradiation of dust grains, causing the evap-ble effects upon the Earth. The question of whether dense IC
oration of icy materials. The release of neutral atoms fromwould prevent the solar wind (SW) from reaching the Earth
dust grains is then followed by strong influences on the so-with the result of cloud material directly impacting the ter-
lar wind plasma flow. The behavior of the neutral gas inflow restrial atmosphere, as well as many other aspects of this
parameters is investigated by a 2-D hydrodynamic approacltomplex problem were already discussed in the literature of
to model the interaction processes. Because of a reductiothe past (Fahr, 1968a, b; Talbot and Newman, 1977; Holzer,
of the heliospheric dimension down to 1 AU, direct influence 1977; Fahr, 1980; Ripken and Fahr, 1981; Zank and Frisch,
of the cloud’s matter to the terrestrial environment and atmo-1999; Scherer, 2000; Scherer et al. 2002, and references
sphere could be envisaged. therein). Such a scenario is considered as possibly trigger-
ing global glaciations, depositions 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 and Allen, 1997). It
should also be added that in fact the correlation between pe-
riods of glaciations and long-time variations in the accretion

. . : . rate of interplanetary dust particles onto the Earth is revealed
The interstellar medium (ISM) in our galaxy, a mixture of (Farley and Patterson, 1995).

as and dust is known to be highly inhomogeneous with re- )
9 ghly 9 The mean travel time between encounters of the Sun

spect to density and temperature. It tends to concentrate near. . ; . .
P y P with IC, a key parameter in the discussed situation, has been

Correspondence tdA. G. Yeghikyan estimated in many works (e.g. Talbot and Newman, 1977;
(aray@astro.uni-bonn.de) Scoville and Sanders, 1986; Clube and Napier, 1986), with
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the help of available observational data on the distributionthe basis of a Monte-Carlo simulation, and constructed self-
of neutral and molecular hydrogen in the galaxy and refinedconsistenly, but time-independently, the gas dynamic model
statistical analysis. Summarizing, the results of such estimaef interaction, without taking into account processes of pho-
tions may be represented as follows: toionization. Pauls et al. (1995) used a time-dependent hy-

drodynamical model to describe the mutual influence of the
, (1) two components, but the effects of photoionization and grav-

ity were also ignored. This code was also used to investigate

velocity of the Sun relative to the IC, that is the quadratic fonment with a density of ”%U”al hydr%ggn increased from
mean of the cloud-cloud velocity dispersion and the solar pefhe present valug; ~0.1cnm° to 10cnT™, i.e. by a factor

culiar velocity. It is straightforward to estimagaoughly as ~ ©f 100 (Zank and Frisch, 1999). o
Results of 5-fluid hydrodynamic model calculations in

5= 1 @) which for the first time all dynamically relevant particle pop-

T D?.N’ ulations were self-consistently taken into account, namely

solar wind- and LISM-protons, neutral hydrogen atoms,

whereDc is the radius of the IC an&¥ is the number den-  pick-up ions due to charge exchange and photoionization
sity of clouds. Adopting mean values for the paramel®rg  processes of the atoms, galactic and anomalous cosmic ray
andN (2 and 5pc, and 1510~ and 014- 10 °pc3forthe  particles (GCR and ACR), are shown in Fahr et al. (2000).
HI and GMC, respectively, (Talbot and Newman, 1977), asAs shown on the basis of this model, an increase in the LISM
well as for thev ~20km/s, (Scoville and Sanders, 1986), H-atom density by a factor of 10 (to 1 cr®) pushes the ter-
one may finally find 27 Myr and 460 Myr as the mean travel mination shock inward to a region close to Saturn’s orbit
time between encounters of the Sun with the neutral HI-(Scherer, 2000). Solar gravity was also ignored in this model,
and molecular kclouds, respectively. Scoville and Sanders pecause only regions with heliocentric distances larger than
(1986) have mentioned that the actual time between colli-3 AU, i.e. outside the corresponding accretion radiuésee
sions with GMC will be~ 2 times larger £ 1 Gyr), while below, Sect. 4), were considered.

Clube and Napier (1986) have argued for shorter periods, of But the influence of both gravity and photoionization on
about 700 Myr. the neutral hydrogen flow into the heliosphere seems to be
Thus, one may conclude that neutral HI clouds, havingimportant for quantitative determinations of the flow param-

a mean density of 10 to 100 cr, and a radius of about a eters at regions near the Earth's orbit. Because the kinetic
few pc, are objects frequently encountered by the Sun durtreatment requires very time-consuming numerical codes,
ing its galactic journey (more than 100 times since its birthwe, therefore, prefer a hydrodynamic modelling here. The
~ 4.6 Gyr ago), while the more dense GMC must have beerprevailing physical conditions in the reduced heliosphere
encountered just a few times. suggest that the idealized hydrodynamic equations with the
Nevertheless, Yabushita and Allen (1983), Yabushita andnclusion of the effects of gravity and ionization can be used
Allen (1989) and Yabushita and Allen (1997) have pointed here (Whang, 1996). Thus, to describe the behavior of neu-
out that just such a rare passage through the core of the GM&als outside of the reduced heliosphere one may use a sim-
may have substantially depleted the oxygen of the Earth’ple gasdynamic interaction model, where the system of fluid
atmosphere to cause the bio-mass extinction at the Cretaequations both for neutral material and solar wind plasma
ceous/Tertiary boundary, and only such a cataclysmic (notire decoupled (see Whang, 1996), but gravity and photoion-
catastrophic) event is compatible with a well-known high ization are taken into account. Such an approach was used to
concentration of iridium in a clay layer at this boundary. Fi- study the time—indepedent flow parameters in the heliosphere
nally, Wimmer-Schweingruber and Bochsler (2000) have re-(Whang, 1996).
cently interpreted an implanted gas sticking in surface layers In this paper we use the closed system of fluid equations
of lunar soil grains as a record due to the encounter with gpresented by Whang (1996) to calculate a 2-D gas dynamic
dense interstellar cloud. time-dependent simulation of neutral flow parameters when
To investigate the behavior of neutral matter inside a he-the heliosphere is drastically reduced down to a dimension of
liopause, which is a separatrix between the solar wind andabout 1 AU or less, as a consequence of the increased density
the ambient interstellar medium, the interaction of the solarof countermoving IC, i.e. 100-1000 times greater than at
wind with the countermoving flow usually is treated as the present. According to the above mentioned estimates, the
problem of the penetration of neutral atoms from the localSun during its life has encountered more than one hundred
ISM (LISM) into the heliosphere (see Zank, 1999, for a re- times such HI clouds, while only a few denser GMC (i.e.
cent review). To incorporate as many relevant processes of; > 10° cm~3) might have been met.
the interaction between two counterstreaming flows as possi- Not included in the present model are external magnetic
ble recent models were based on numerical multifluid hydro-field influences on the heliospheric structure: even at a 10-
dynamical simulations (Baranov and Malama, 1993; Pauldfold increased field strength its pressure cannot be compa-
et al., 1995; Fahr et al., 2000). The first authors followedrable to the dynamic pressure of the IC with moderate den-
a semi-kinetic approach, treating the neutral component orsity n» = 100 cnt 3 (Parker, 1963). Moreover, such magnetic
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fields are attributed, in general, to the more dense GMC, butere, rg is an inner solar reference distance, where the un-
not to HI clouds (Heiles et al., 1991). perturbed solar wind has a densityo and a velocityV,,o,

It should be noted here, that in its early history, the Sunrespectively. The unperturbed ISM is characterized by a den-
was probably more active than it is now (Guinan and Ribassity px and a velocityVy relative to the solar system,,
2002, and references therein). To be more correct, the Surlenotes the termination shock distance from the Sun. The
some 4.6 Gyr ago, had an initial luminosity ©f70% of the ~ expected termination shock of the solar wind is located at:
present Sun and was about 200K cooler, but perhaps had a
UV enhancement in the range ®f150-250 nm by a factor 3K (y)puwo
of 2 during the first few 1Byr (Zahnle and Walker, 1982). "*" = "%\ T4¢, ¢y, Vo, )

The values for the earlier solar wind intensity are more un-

certain. They are based on observational studies of stellawhere C;sy is the Bernoulli constant of the ionized ISM
winds from young solar type stars with different ages anddiven by:
indicate that the winds of the young Sun could possibly be 1 y —1Py
100-1000 times more intense than at present (Lammer et alCisy = €pn |:—V,3 + ——:| .
2002). Finally, Sackmann and Boothroyd (2003) quite re- 2 vy PH
cently have shown that the current accurate helioseismic data Equations (1-3) are valid in the subsonic case (the Mach
are consistent with high-precision solar evolutionary models,number of the relative IC motion is less than 1). Similar, but
which predict more luminous Sun with a stronger wind than more complicated expressions for the supersonic motion of
envisaged by the standard model at first 1-2 Gyr since thehe IC can be found in the cited paper (Fahr, 2000).

origin of the Sun. Such power (2-3 orders of magnitude) Now on the basis of the above heliospheric dimensions the
of the solar wind encountering HI clouds would enlarge theheliopause geometry is determined by:

heliosphere beyond 10 AU and greatly increase the ioniza-

tion degree of neutral matter at 1 AU, without consequencesk(¢) = Rof(¢), (6)

for the Earth, which itself would be considerably powered
by very strong solar output. Dense GMC probably would be
able to suppress the powerful solar wind inside 1 AU due to
stronger dynamic counterpressure.

In the following we will adopt the present parameters
of the solar output, which is valid for the most frequent

©)

whereRy = ry,, ¢ = m — 6, and6 is the angle between
the streamline and the direction of the Sun’s motion. The
function f(¢) can be modeled based on existing analytical
approximations (Fahr et al., 1988; Ratkiewicz, 1992; Wilkin,
1996). We have used the function given by Wilkin (1996),

events under consideration (encounters with IC during lastg(¢) = Ry cscg[3(1 — ¢ cotg)] )
2-3 Gyr), while more specific models should be developed
for the more earlier ones. 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
2 How to envisage the interaction with an interstellar ~ Passage over the heliopause will the neutral ISM H-atom gas
cloud ? then become strongly subject to charge exchange processes
with the solar wind protons, which here in this paper we do
As is evident from arguments gi\/en in the previous sectionnot intend to consistently describe. Nevertheless, we can ar-
neutral interstellar cloud matter, when approaching the Solague that the size and shape of the heliopause derived with the
System, systematically becomes more ionized by photoioneguations above, practically are not influenced by the pick-
ization due to continuous action of the solar EUV radiation. Up ions created from ionization of neutral atoms occurring
On the other hand, at ISM H-atom densities of the order ofbetween the Sun and the heliopause/termination shock. This
ng = 107 — 103cm3, the free passage of a 1 keV proton is due to the fact that H-atoms undergoing charge exchange
(|e solar wind proton) is restricted by Charge exchange redn the innerheliospheric region with a supersonic solar wind
actions to a mean free path of less thap = (nyoey) ! = produce H-pick-up ions which not only act upon the solar
2.(1071 — 1072) AU. At such solar distances of less than Wind by momentum loading, but also by their pressure gradi-
1 AU the interstellar matter is, however, essentially photoion-ent. It can then be shown (see Fahr and Chashei, 2002; Fahr,
ized. Hence, at these small distances, in a first-order view, a#002; Fahr and Rucinski, 2002) that the effect of H-pick-up
interaction of the solar wind protons with the ionized com- ions, behaving nearly isothermal with the solar wind expan-
ponent of the ISM, rather than with the neutral ISM compo- Sion, is just to cancel these two oppositely directed forces and
nent, occurs. Adopting an H-ionization degkeef the ISM to guarantee a nearly undecelerated solar wind flow, keeping
at the border of the plasma-plasma interaction configurationthe effective ram pressure at a constant level. In this region
one can then estimate a corresponding stand-off distance downstream of the termination shock the charge-exchange

of the resulting heliopause by (Fahr, 2000): processes of H-atoms with solar wind protons are anyway

of nearly no dynamical and thermodynamical impact, since

12 0w0 Vw0 in this subsonic plasma region H-pick-up ions hardly can be
= ror'sh

depy Vy ) distinguished from original solar wind protons. Thus our
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4 Model of the neutral gas flow

We approximate the situation as follows: let the Sun be in
* * * * * 8 the origin of a system of cylindrical coordinates{, z), and
let the axis of symmetry be antiparallel to the motion of the
Sun, that is the countermoving cloud matter flows from left to
- 12 the right (Fig. 1), i.e. into the positivedirection. The Sun
g affects the circumsolar flow by means of gravitation, solar
‘ wind plasma flow and solar radiation.
L o R Y As is mentioned in Sect. 2, except for the interaction inter-
o e face (within the range of a few free paths of the solar wind
r : - 105 protons with respect to IC H-atoms, say 1 AU at 100€ém
' ' and less for larger densities of neutrals), the steady-state neu-
-15 -1 -0.5 0 05 1 15 tral flow is completely shielded from the direct solar wind
influence.

2, AU Effects of the hydrodynamical motion of the inflow upon
the ionization state of the gas will be examined below. It
ciated to linestyles, corresponding to density values im&nirhe Sh,OUId be underlined here that we have focused our COI’I'S.IdeI’-
Earth’s orbit is shown by the dotted semi-circle. Values of the in- ation to completely neutral Inf|OW matter and to _IC o_lensmes
put parameters aret; = 100cnt3, V; = 26km/s,7; = 100Kk.  Of, and greater than, 100 cth This is enough to justify the
Bo = By, 1 = O.1. hydrodynamic approximation as close to the Sun as 1 AU,

because at these densities the mean free path of the particles
is less than 1 AU due to collisions between them with cross
sections of more than 18°cn?.
conclusion is that neutral H-atoms penetrating into the he- To describe the behavior of the neutral flow, as a first step,
liosphere, even though not treated quantitatively here, can bene can choose simply a single-fluid model, which is a set
expected nearly not to change the heliospheric configurationof conservation laws for mass-momentum-energy-flows with
the right sides containing the corresponding source terms due
to gravitation and ionization (e.g. Whang, 1996):

L {15 r, AU

Fig. 1. Isodensity contours in the — z plane. Contours are asso-

ap
m + V(pV) = —Bp (8)
3 To what extent would the circumsolar cloud be neu- 3(pV) GM
tral: the static case % + VIl =pl- M)V(T) — BpV 9)
d

E GM
The degree of ionization of the interstellar gas surrounding 3r | VIVIE+ P = p(L=)VV (=) = BE. - (10)

the Sun has been determined for modest densities in earlier yere , v and P are density, velocity and scalar pres-
works of_W|II|ams (1965_) and Krasnobae\{ (197_1) under the g ,re of neutral hydrogen, respectivelyy, = pV; Vi + P §
assumptions that there is no hydrodynamic motion (LISM atynq g —
rest with respect to the Sun) and effects of the solar wind are ) _ .
negligible. These authors have shown similar results for thé@! €N€rgy per unit volume, respectively,= /(r* + z%) is
density range: = 1 — 500cnT3: gradual decrease in the the heliospheric distance in a cylindrical coordinate system
ionization degree with solar distance up to a few 1000 AU,(r’ £,z) with symmetry axisz, y = 5/3 is the specific heat

in accordance with simple estimation of the thickness of thefatio for monatomic hydrogen gas,is a factor denoting the
transition regiond ~ (a - n)~1, wherea = 6- 10~8cn? ratio of the repulsion force by soldy, radiation to the gravi-

is the photoionization cross section of HI. In a more denset@tional attraction force, anf andG are the solar mass and
molecular environment, existing in the cores of GMC andthe gravitational constant, respectively. The total ionization
their clumpy substructures, with densities of aboftd@ 3, rate of neutrgl hydrqgen atom by. charge exc_:hange ionization
a sharper photodissociation region should be developed du@nd Py photoionization is approximately defined by (Whang,

ikl
3pV2 + % are the HD-stress tensor and the to-

to the fact that photodestruction of the k& produced by 1996):
photon absorption in UV lines by, comparedita?—3 orders . E2

: . B = Bo(—)", (11)
of magnitude larger cross sections. R

Yabushita and Allen (1983) have argued that if the Sunwith 8o = .. = 7.6810~’ s~. The photoionization ratg,
should ever have passed through such dense core of GM@&self is equal to 8 10~8s~1 at the same reference poin.
(ng = 10°), then as much oxygen as is now present in theln the following we will usegy = By according to the above
terrestrial atmosphere could have been removed, due to wateondition that neutral flow material in the region described
formation. in this paper is completely shielded from solar wind protons.
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Fig. 2. Top: number density of the IC H-atom flow versus axial distanyse a radial coordinate = 1 AU. n; = 100 cm‘3, V; = 26 km/s,

T; = 100K. Bg = By, u = 0.1, the spatial resolution along theaxis is 0.5 AU. The role of gravity is illustrated by the presenGe# 0)

and absenced = 0) of the gravitational field of the Sun, shown by red and blue curves, respectively. The density distribution in the cold
kinetic model (see text) with the same input parameters is shown by the green curve. Bottom, left: axial component of velocidyfeersus

the same parameters as in the top. Bottom, right: density distribution in downstream region, calculated for different photoionization rates is
shown by red g, = 8- 10-8s71), green (5 10-8) and blue (3 10~8) curves, respectively.

. . . 2
The flow of neutral hydrogen in the heliosphere is assumed gl/R +§13/r
to be symmetrical about theaxis, so the results shown here , _ _ q12l'/R 3+ q92/R 2+ q2g3/111r (15)
can be rotated with respect to thexis. , I'/R 3+f13/ R 2+¢13/W

For an axis-symmetrical case, when all derivatives; in q22U'/R® + q3rT/R® + 4/ R® + q3(q4 + P) /qur
vanish, using dimensionless variables where
p=p/pii=u/Vi,0=v/Vi.P=P/p;VE, [ol=nGM (16)
. - R2V.
E=E/E.i=1Vi/3 h=Borf/Vi.Z=2/hF =r/h, poRV

is constant due to our choice gf
whereu andv are the corresponding components of velocity  The initial data describe an inner cavity with a shape given

V, this system has a standard vector form of a hyperbolic sepy Eq. (7) and density,,, and a counterstreaming unidirec-
of partial differential equations (LeVeque et al., 1998) with tjonal homogeneous inflow of gas.

relevant source terms on the right sides given in the form: With the adopted valuess /m, = 5cn3, p;/m, = 100
and/or 1000 cm3 (m,, is the proton mass),, = 400 km/s
q: +A(@); +B(@), = ¥(r,z,1,0). (12)  andV; = 26km/s, we have solved the above system by

means of the well-known LeVeque’'s code CLAWPACK
When, omitting the tilde on top of the variables for the rest (LeVeque et al., 1998), based on Godunov's method with

of the paper, we obtain high-order correction terms, on a uniform grid 2680. Here
we present results for the most important cases with coun-
1Y q1 termoving IC densities;; ~ 100cnT3 and temperatures
q= pu | _ | q2 ’ (13) T; ~ 100K, as shown in Figs. 1-3. Our choicelofis based
pv q3 on the fact that a dynamical timescale~ D/ Vy ~ 20yris
E q4 much less than a heating timescaje which can be defined
0@ s as ¥YB ~ 1/B,/(D)? ~ 4000yr, whereD ~ 100 AU is the
2/g14 P g2q3/q1 characteristic dimension.
A@ = qzng]?,/ql B@ = Elga+P | (14) Length units are in units of the ionizational length scale

q2(qa + P)/q1 q3(qa + P)/q1 which is equal to 0.46 AU for the adopted parameters, and
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Fig. 3. Number density, axial and transverse components of velocity, and total energy of the IC H-atoms flow versus axiakdistance
radial coordinate = 1 AU. Input parameters are the same as in Fig. 2.bst 0 and 1, shown by red and blue curves, respectively.

for the calculational domain used this corresponds to a spaeontrast of the tail with respect to the surrounding region.
tial resolution of 0.5 AU along the-axis. The models have It is clearly seen in Fig. 2 (right bottom), where the density
been integrated forward in time until a steady configurationdistribution for the standard casey(= 8- 10-8s 1) is com-
is reached (usually corresponding to a few hundred years). pared with that calculated for lower ratgg = 5 - 108 and

In Fig. 1, the isodensity contours as functions of coor- 3-10~8s~1. The lower the photoionization rate is, the larger
dinatesr andz are shown, while in Fig. 2 the distribution is the density enhancement downstream, in accordance with
of density and axial component of velocity versus axial dis-the authors cited above.
tancez is represented at the corresponding radial coordinate The optical depth in thd., hydrogen line, even at the
r=1AU. 1 AU, would always be greater than 1 foy ~ 100 cnt 3,

In Fig. 2, we compare the calculated distribution of density At the same time an influence of diffuse scattefgdpho-
for different cases (gravitating, non-gravitating and loweredtons would be negligible. The point is that only the first
photoionization rates) with that of a cold (collisionless) ki- scattering of the solak, photon contributes to the radiation
netic model (e.g. Holzer, 1977, his Eq. 21) for the same inputpressure, because multiply scattered photons become more
parameters anfl = B, = 8-10-8s~1. The density increase or less isotropic and do not contribute significantly to the mo-
close to the Sun is evidently caused by gravity (cf. the casesnentum transfer anymore, i.e. their net effect would be zero.
G # 0 andG = 0in Fig. 2), whereas the strong density The solarL, profile has about a A width, whereas the IC
enhancement in the downstream region shown by the “coldH atom in the front of the flow, with a radial velocity com-
model is typical for all collisionless models, with the singu- ponent of 40 km/s would scatter photons, shifted only®.2
lar behavior of density in the tail close to the axis. It should from the center of the line (Holzer, 1977). It evidently means
be noted here that the enhancement of the density in th¢hat the deeper layers of the flow will not receive direct solar
downstream flow is revealed in all 2-D hydrodynamic calcu- L, radiation due to the absence of any considerable velocity
lations of axisymmetric accretion flow without (Hunt, 1971; gradient. Thugt = 0.1 seems to be a fairly correct approx-
Shima et al., 1985) and with counterpressure due to the stelldmation. Nevertheless, to qualitatively reveal the differences
wind (Shima et al., 1986). As their results show, increasingbetween the optically thick and optically thin cases (in other
the distance from the central body and the Mach number ofvords, between isotropic and non-isotropic diffuse radiation
the flow causes the density enhancement downstream to déields), the results for valugs equal to 0 and 1, respectively,
crease and to approach only a few units at an accretion radiugre shown in Fig. 3 (which, of course, also corresponds to the
rg = 2GM/V2 (Hunt, 1971). There is no point of infinite cases with and without gravity, shown in Fig. 2).
density on the axis (Shima et al., 1985). At the same time For the present inflow density of about 0.1¢Hour re-
these authors have not taken into account any processes likailts coincide with that of the single-fluid model of Whang
photoionization, which is partly capable of suppressing the(1996) (withg = B..), but we can’t compare them at 1 AU
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with Zank and Frisch (1999), because these authors have praseems sufficient to draw the qualitative conclusions that are
sented results for an IC density of about 10Gywhen our  presented.

approach is not valid at 1 AU. In addition, Zank and Frisch
(1999) have not taken into account gravity, which is impor-
tant for the simple reason that only wh@&n> r,, the flow

is unaffected by gravitation (Talbot and Newman, 1977). For
V; = 26km/s one finds, = 2.6 AU. It means that the case
of Bondi’s flow with p =~ p; (r,/R)¥? andV? ~ 2GM/R is
applicable inside the distaneg (see Fig. 2).

We can now estimate the amount of neutral gas accrete
by the Earth (an interaction between the charged particle%
and the magnetosphere is more complicated, and we simpl
assume here that all of them will be deflected). By order
of magnitude accuracy one may write for the amount of ac-
creted matter (Butler et al., 1978):

5 Effects of neutral molecules generated by irradiated
dusty grains

In Sect. 4, we have assumed that only sinks are present for the
neutral H-atom flow without any sources. On the other hand,
y direct analogy with comets one can’t exclude gas-loading
f the flow by neutral gas, generated via gas-desorption from
ust grains, present in the cloud’s matter and dynamically in-
orporated into the IC gas. Since these particles are likely
to be very fast rotators (Spitzer, 1978), one can assume that
the distribution of desorbed molecules is isotropic with re-
spect to sublimated dust grains. It means that gas-loaded
dM/dt ~ nR,%: Vel -n-mp(g/s), flow should be predominantly controlled by the source term,
i.e. the conservation of mass (Eq. 8), and consequently, as a
first approximation, the corresponding terms in Eqgs. (9) and
(10) can be neglected, as first pointed out by Biermann et al.
(1967) in the case of the interaction between the solar wind
and comets. Thus, only Eg. (8) needs to be rewritten as

whereRg 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 of about 40 km/s. It is
clear that there is an annual variationWp,; between 10 to
70 km/s due to the orbital velocity of the Earth, equal to about
30.km/s. An average value of 40 km/s, _thgref_ore, wou_ld bea_P L V(V) = —Bo + Zymy, (17)
quite reasonable. Due to many uncertainties involved in thed?

downstream region, where the direct influence of the solawhere Z, is a total gas production rate in units
wind protons is essential, we have used an upstream densityiol- s~*.cm=3, and m, is a mass of newly-created
value at 1 AU. For example, far; ~ 100cnT3, using calcu-  molecules.  Takinggy = Be and assuming a time-
lated values ofi (about 100 cm?, see Fig. 2), one finds that independent injection rate inside some < R., we then
during the pass-over time of about 1 million years the Earthobtain that the flow may be affected, 24t ~ B - n;, that
may accrete about-210'6 ¢ per one passage. The calculated is when the rate of gas-desorption is comparable to the rate
value is by two orders of magnitude less than that estimateaf photoionization. The question of whether a population of
in Butler et al. (1978), because lower relative velocities of thedust grains in the matter of dense clouds exists, which may
encounter (about 2km/s with corresponding~ 400 AU ) cause such a mass-injection rate, is the subject of the follow-
were considered. ing discussion.

It is a quite accurate result up to a factor of 2 in the case Dust grains when entering into the inner solar system will,
of a perpendicular inflow to the ecliptic plane, and is a lower at first, evaporate their volatile mantles, which according
limit in other cases, because we have not taken into accourtb generally assumed “core-mantle” models (e.g. Williams,
here the density enhancement insidestheWe can qualita- 1993, see below), depending on environment conditions, pre-
tively argue that such behavior would be the case even at thdominantly consist of icy water (about 80-90%® and
downstream side of the density maximum, because nowher&0-20% CO, CH, NHs, etc., by the number of molecules).
in the heliosphere does a sink mechanism for neutral atom®ue to consecutive photodissociation of water and some
other than photoionization exist (electron impact ionization other species, under the influence of the Sun’s irradiation,
at 1 AU would be negligible). Newly-created fast neutrals new hydrogen atoms should be inevitably created (see, e.g.
(due to charge exchange with solar wind protons) may alsd~ahr et al., 1981). From now on, we will use a vaporization
be accreted by the Earth. The quantitative investigation ottheory describing a sublimation from solid to gas, developed
such a scenario will be addressed in a forthcoming paper. to calculate the evaporation rate of cometary nuclear ices, as

It should be pointed out that the results of our hydrody-the comet approaches the Sun (Delsemme, 1982). The total
namic model close to the downwind axis may be affected byproduction rate of gas per 1 particly = Z - 47 2, in units
some numerical problems related to the mesh size. Moremol-s~1, depends strongly on the dust grain surface temper-
over, for IC modest densities of 100 cn1 3, hydrodynamic  ature 7, and latent heat per molecule for the vaporization,
treatment, as is mentioned above, is not fully valid for the rotation rate, albedo, chemical composition, etc. HZiejs
distances less than 1 AU. On the other hand, for the same dighe gas production rate per unit area, at 1 AU.
tances, the differences between the hydrodynamic and cold Results of theoretical calculations &fz, presented in
kinetic models (Fig. 2, top, right) are of the order of a fac- the above cited paper (Delsemme, 1982) are given for dif-
tor of 2.5. Since uncertainties related to the uncertainty offerent ices at 1 AU, per unit area of the perfectly absorb-
the L, radiation transport are also of about a factor of 5 ing, nonrotating nucleus. For the mentioned dominant com-
or less (Fig. 3, top, left), the approximation that is obtainedponents HO, CO and CH the values of gas production
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Table 1. Production rates for different grain mantle radii

S Zo dg Zy h
(um) (mol/s) (mol/cri/s)
0.5 31.104 37-10°14 2.0-106 35
3.0 11-10°8 8.3.10716 16-10°6 25
30. 11-108 50.10721 99.10010 35

nj Rmax .Bg ‘g ZEg
100cnT3  100AU 8-109¢m3.s71  10®molicné/s

rate Zg for rotating particles (that is with a factor of 1/4 Maiolino et al., 2001; Maiolino and Natta, 2002). Strictly
since the total area of the sphere is 4 times its cross secspeaking, large dust grains with volatile icy mantles, grown
tion) are 0.42, 3.2 and 2.6, respectively, in adequate unitainder the conditions of the dense core of the GMC, are ab-
108 mol-cm2.s71. Corresponding steady-state effective sent in the usual diffuse clouds, but they may be present in
temperatures of the grains, as well as heliocentric distancea dense small-scale (5—-10 AU) structure, which probably is a
R. beyond which the vaporization rate becomes negligi-general property of the ISM (Frisch, 1996; Sciama, 2000, and
ble, are equal to 195K, 50K, 39K, and 2.5AU, 38 AU references therein). Nevertheless, to be on the conservative
and 62.5 AU, respectively. Other components have correside, we place a limit only on the GMC cases.

Sponding values within the same I‘ange. In faCt, observa- We can now estimate the gas production rate. Three pop_
tions of real comets show at 1AU the valugg =~ 1-  ylations of dust particles were analysed with different grain
10'®mol- cm~2- s~* apply both for production rates of water mantle sizes, namely, 0.5, 3 and 3, respectively. If the
(comet P/Encke, albedd.7) and atomic hydrogen (comet total dust-to-gas ratio is known from the extinction proper-
Bennett 1970 II, albede0.7) (Delsemme, 1982). Optical ties of the molecular ices, one may then calculate the grain
propel’ties of interstellar dust pal’ticles cause an albedo Withi%urface area per hydrogen partic'e averaged over the men-
the narrow range of 0.5-0.7 (Mathis, 1996). Strictly speak-tioned power law size distribution. For example, for parti-

ing, the thermal behavior of dust must be determined selfjes withs < 0.7um (e.g. Rawlings et al., 1992; Smith et al.,
consistently with that of gas and dust dynamics. In principle,19ggy 7. 42

T; may be obtained through a detailed solution of the equay,
tion of conservation of energy, including heating and cool- o5 e have extrapolated this value by means of the slope
ing mechanisms. Due to the many uncertainties involved, to, _ 5 5 o flattened power law distribution (Maiolino et
qualitatively describe the mass-loading by newly generatedy; 5001: Majolino and Natta, 2002). Data for the largest

neutral molecules, appearing as the result of vaporization of;_ population were taken from Rowan-Robinson (1992)

in_flowing dust grains, we havg adopted a simple heliocentric,,4 are consistent with — 3.5. Results are summarized
distance-dependence according to

in Table 1, where gas production ratésare calculated for
aratioZ/Zr = 1074, which corresponds to the distance
R = Rmax = 100 AU. Itis clearly seen that (at the same dis-

regardless of the type of newly-created neutral molecules iéahnce)_ th_e ra_te of gas-desorptl?gpre_dsonll?ates the rate of
concerned. All the species evaporate with adopted gas prg2lotoionizationg, - n; 8- 10~ cm™==. s

),dg - s2 >~ 2.6- 10722, wheres is in cm and the slope
= 3.5 is used to calculate th&,. For 3um-sized parti-

Z=2p- (%)% (18)

duction rateZz ~ 10%mol/cn/s at 1 AU. Mass-loading Thus, all three possible kinds of entering dust populations
of the flow only takes place within a limited regidtmin < may affect the flow, especially the density behavior inside
R < Rmax To calculate the total gas production raie = the solar system, which is illustrated in Fig. 4, where modest

Zo-dg - n; (in units mol- s~ - cm™3) it is necessary to know Vvalues of the ratieo = Z; - m,/fo/pi = 1 and 10 at 1AU
the dust-to-gas density rati) = ny/n;, depending on the Wwere used.
grain size distribution law and grain radij which is a non- At the same time such high gas production rates imply fast
trivial problem. For order of magnitude estimations we haveand complete sublimation of micron-sized particles long be-
used the model of core-mantle grains with a power law sizefore they may reach the distance of 1 AU, because all of them
distribution only contain a limited number of molecule species, frozen in
_h the mantle. In that case alwaggin > 1 AU is valid, so the
na(s) ocs (19)  final effect would depend on the grain size distribution law.
the same form as is widely used to model the extinction On the other hand, the value> 10° is characteristic ev-
curve in the general ISM (Mathis et al., 1977; Kim et al., erywhere for the first two kinds of particles, or even for all
1994; Mathis, 1996; Bhatt, 1986; Rowan-Robinson, 1992;of them, when one recalculates the data of Rowan-Robinson
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Neutral Hydrogen Density . Neutral Hydrogen Density

, Fig. 4. Number densities, axial and ra-
e — dial components of velocity of the neu-
5;**/ E tral gas-loaded flow versus axial dis-
tansez, at a radial coordinate = 1
are shown by red curves. Hemg =
2. AU 10°cm™3, V; = 26km/s,T; = 100K,
Bo=PBp=8108s1 w=1at1AU
and Rmin = 1AU, respectively. For
comparison, results for the case with-
out gas-loading also are shown by blue
curves. At the top right panel different
cases, without gas-loading, with gas-
loading atw = 1 and gas-loading at
o = 10 are shown by blue, red and
green curves, respectively. Everywhere
n=0.1.

nH, cm—=3
nH, cm—=3

u, km/s
v, km/s

(1992) with a flattened slopk = 2.5. It means that de- record of such an event about 65 Myr ago.
creased values of thgg by the factor of 100-1000 may About 1% of dropped-out matter is dust, with probable re-
cause different situations, wheax >~ 1 AU. fractory organic species in the mantle (roughly half the ma-

It should be noted here, that the above values ofthare terial). It would cause an annual accretion rate of dust of
calculated for pure species (Delsemme, 1982), while an in2bout 1. 10'3g/yr (corresponding to the case without gas-
fluence of a solid phase matrix, where they are frozen-in, mayoading), which, by order of magnitude, is less than the
be essential. For example, desorption of methane trapped i@Mount necessary to rapidly cool the Earth (Yabushita and
amorphous water ice is greatly suppressed by this effect; théllen, 1985, and references therein). On the other hand, in
critical sublimation temperature of 50K for pure CH in-  the case with gas-loading, even the small values ef 1 or
creases tav 150K for the case of Cldfrozen-in an HO 10, by 2-3 orders of magnitude less than the maximum pos-
matrix (Hiraoka et al., 1998). In other words, thermal des-Sible value which allows the gas-loading, = 10°, would

orption of the “dirty” ice may be different with the result of 9réatly increase neutral hydrogen fluxes at the Earth, up to
a strongly reduced evaporation rate. 103 atoms/srf/s, which is greater by 7 orders of magni-

. . . tude, than at present. This highly reactive hydrogen could
This case for methane may be important because its abun- . . . >

. ) L reach stratospheric heights at 40-50 km by direct inflow and
dance in the icy mantles of dust grains in molecular clouds,

unlike in comets, is more than 20% of water (Yeghikyan accumulate to levels that may be relevant for ozone deple-

et al., 2001), while the evaporation rate (at the correspondin%ﬁr?]’a?g?l:lgﬁ;”tlag)é)égag_sgzsg\:\?snk? é?f;Teq%%g)n the terrestrial

critical sublimation temperatures) is 6 times greater than for

water (Delsemme, 1982). Further theoretical and laboratory
work which investigates ice mixture sublimations at different
temperature regime is needed to define more precisely their

influence on the dust-gas flow dynamics near the Earth. | this paper we have shown that efficient dust evaporation
Thus, we conclude that gas-loading of the gas flow by theprocesses increase the inflow density and push the heliopause
dust molecules evaporated from the dust grains may perhapdown to the Earth, with the result that counterstreaming
also increase the total amount of gaseous matter accretd material directly influences the Earth. Investigation of
by the Earth. For the density of incoming flow of about the ionization structure of the inflowing material shows that
10° cm~2 and for conditions, shown in Fig. 4, they are about cloud matter near the Earth is only weakly ionized. At IC
3-1071, 6-10?1 and 7.10%2 g, per 1 passage through the dense H-atom densities of the order afy = 107> — 10°cm™3, in-
core of GMC for the cases without gas-loading, gas-loadingcoming matter when approaching the Sun, but yet outside the
atw = 1 and gas-loading ab = 10, respectively. Such reduced heliopause, is only subject to photoionization pro-
amount of accreted neutral gas is quite enough to completelgesses which simplify the hydrodynamic model of the flow.
remove all 44 - 10* oxygen atoms (in the form of £ of Thus, we have carried out the time-dependent simulation of
the present atmosphere, by the mechanism of Yabushita anteutral flow parameters by means of the 2-D gas dynamic
Allen (1983) mentioned in Sect. 3. In a more recent papemumerical code, which takes into account both photoioniza-
Yabushita and Allen (1997) have pointed out that the reducedion and gravity of the Sun. These processes are important to
abundance of oxygen contained in ancient amber may be guantitatively estimate the total amount of neutral material,

Conclusions
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accreted from the cloud by the Earth during the pass-ovecClube, S. V. M. and Napier, W. M.: Giants comets and the Galaxy:
time of about 1 million years. We have estimated this amount implications of the terrestrial record, in: “The Galaxy and the
to be greater than-ZOleg per 1 passage, about 1% of which Solar System”, (Eds) Smoluchowski, R., Bahcall, J. N., and Mat-
is in the form of dust (IO “dirty” ice or silicate grains, or tews, M. S., The Univ. Arizona Press, Tucson, 69-82, 1986.

both) with probable refractory organic species in the mantlePe/semme, A. H.: Chemical composition of cometary nuclei, in:
(Yeghikyan et al., 2001). It may be important as a source of Comets, (Ed) Wilkening, L. L., Univ. Arizona Press, Tucson,

L. . . Arizona, 85-130, 1982.
accumulated prebiotic material on the Earth during the man'Fahr, H. J.: On the influence of neutral interstellar matter on the

ifold passages of the solar system through similar interstellar upper atmosphere, Astrophys. Space Sci., 2, 474-495, 1968a.

clouds. . Fahr, H. J.: Neutral corpuscular energy flux by charge-transfer col-
We have also shown that large dust grains of the cloud, lisions in the vicinity of the Sun, Astrophys. Space Sci., 2, 496—

when present in countable abundance, serve as a source 0f503, 1968b.

neutrals, generated by the solar UV irradiation of dust par-Fahr, H. J.: Aspekte zur Wechselwirkung von Sternen mit dichten

ticles, followed by a strong influence on the gas flow, by interstellaren Gaswolken, Mitt. Astron. Gesellschaft, 47, 233—

mass loading. It is shown that all kinds of dust grain popula-  276,1980. _ _ _

tions with large icy mantles (grain radii are 0.5, 3 and.30 Fahr, H.: Formation of the Heliospheric Boundaries and the In-

respectively), discussed in the literature, are able to signifi- 9uced Dynamics of the Solar System: A Multifiuid View, in:

i “The Outer Heliosphere: Beyond the Planets”, (Eds) Scherer, K.,
cantly gas-load the neutral gas flow with the result of a more Fichtner, H., and Marsch, E., Copernicus, Katlenburg-Lindau
than one order of magnitude increase in the gas density of ¢7_g9 5000 T ’ ’

neutrals near the Earth, as compared with the case withoUtanr, 4. 3.: Solar wind heating by an embedded quasi-isothermal
gas-loading. pick-up ion fluid, Ann. Geophysicae, 20, 1509-1518, 2002.

Finally, it should be mentioned that work is in progress Fahr, H. J. and Chashei, I.: On the thermodynamics of MHD wave-
to incorporate into the model both the solar wind flow inter-  heated solar wind protons, Astron. Astrophys., 395, 991-1000,
actions and changes in chemistry in the inflowing gas and 2002.

dust, bearing in mind probable contaminations of the Earth’s7ahr, H. J. and Rucinski, D.: Modification of properties and dy-
atmosphere. namics of distant solar wind due to its interaction with neutral

interstellar gas, Nonlin. Proc. Geophys., 9, 377-384, 2002.
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