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Abstract. A fraction of the interstellar atoms crosses the inteacquire the same motion as the ions and are diverted away from
face between the solar wind and the ionized component of the heliosphere. The filtration factor is the ratio between the in-
local interstellar medium (the heliospheric interface), and eterstellar atom density inside the heliosphere, at a distance from
ters the heliosphere. The number of penetrating atoms depetmgsSun large enough for the direct solar wind and EUV ioniza-
on the strength of the atom-plasma interaction, i.e. on the attion to be negligible, and the initial interstellar neutral density
type. outside the heliosphere, in the unperturbed interstellar medium.
In this paper we consider the penetration of the interstdlhe filtration factor is then a measurement of the coupling with
lar oxygen atoms, and we study in detail the influence of thige plasma. Since such modifications depend on the type of
electron impact ionization. It is shown that this process leadsatbom through the charge-exchange cross-section, the relative
a significant interstellar O-atom density decrease in the heatdmindances and the velocity distributions of different species
(by the termination shock) solar wind. A comparison betweémside the heliosphere are different from the original interstellar
oxygen and hydrogen shows that in the heliosphere these @bmndances and velocity distributions.
elements have abundances, temperatures and velocities that difinterstellar hydrogen and helium are mostinteresting among
fer from the corresponding interstellar parameters. On the batis interstellar atoms due to their large cosmic abundances and
of these new model results, we compare the interstellar Ol/thle availability of observations. There has been recently an in-
ratio measured by the HST with the ratio inside the heliosphemeasing interest in heavier elements of the LIC, in particular O,
which can be deduced from SWICS/Ulysg#s andH+ pick- N, Ne, C. Thisinterestin minor species is now growing due tothe
up data. recent successful detection of pick-up and ACR ions, with the
Ulysses and Voyager spacecraft respectively. Oxygen is of par-
Key words: methods: numerical — atomic processes — hydrteular interest, because it is one of the most perturbed elements
dynamics — Sun: solar wind — ISM: atoms — ISM: abundancetue to its large charge exchange cross section with the protons.
Very recently, Gruntman & Fahr (1998) proposed a mapping of
the heliopause in the oxygen i@ reson ance line (83.4 nm).
1. Introduction O_+ i_n th_e heliospheric interface is strongly connected with the
distribution of neutral oxygen.
Our solar system is moving through a partially ionized inter- Numerical modeling ofinterstellar oxygen penetrationin the
stellar cloud. The ionized fraction of this local interstellar clougleliosphere (Fahr et al., 1995; Izmodenov et al., 1997; Kausch
(LIC) interacts with the expanding solar wind and forms thg Fahr, 1997) shows that the fraction of neutral oxygen pen-
LIC-Solar Wind interface (or heliospheric interface). Interstektrating into the heliosphere is rather high. It varies between
lar atoms penetrate deeply in the heliosphere where they costrl90% on the upwind side depending on the interstellar pa-
be observed directly as atoms, pick-up ions or anomalous cggmeters and which theoretical model is actually used for the
mic rays (ACR) and indirectly through backscattering of thgnalysis. The above models included the effects of direct charge-
solar radiation. However, gas-dynamical parameters of thesghange) + H* — O* + H, reverse charge exchange re-
neutrals suffer significant modifications during the crossing gttion H + O+ — H* + O and photoionization. Izmodenov
the heliospheric interface. In particular, the flux of neutral ator‘@s al. (1997) Compared oxygen ion fluxes in the Vicinity of the
may decrease during the crossing of the heliospheric interfaggn deduced from the Ulysses measurements (Gloeckler et al.,
This phenomenon, called *filtration” is due to the coupling of993) with recent nearby stars spectroscopic HST observations
the atoms with the plasma in the interface, i.e. some of the atopgixhe neutral oxygen to neutral hydrogen ratio in the Local
Send offprint requests 1. Izmodenov Cloud (Linsky et al., 1995). The comparison has been made on

* Permanently at Moscow State University, Department of Aeromile basis of the solution of the Boltzmann equation for inter-
chanics and Gas dynamics, Faculty of Mechanics and Mathemafi¢gllar atoms by means of a Monte-Carlo method. It has been
(izmod@ipmnet.ru) shown that an additional filtration of atomic oxygen is required
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to reconcile these two types of observations on the basis of the io—7 :

kinetic model. c I — ]
Electron impact ionization in the heated post-shocked solar. I ]
wind was considered by Izmodenov et al. as possibly respors
sible for the stronger filtration of the interstellar oxygen in thes
heliospheric interface. The influence of electron impact on in& 1 - — - ]
terstellar oxygen filtering has been taken into account for th& - ~
first time by Fahr et al. (1995). These authors have done it ig r Y 1
a simplified way, by multiplying the charge-exchange cross< /
section by a number larger than one, this number being takeh s
constant throughout the whole interface, which is equivalent tg 1o 102 58 1o’
the implicit assumption that the electron impact ionization rate” Electron temperature, K

does notvary as a funct|or1 ,Of temperature. . . Fig. 1. Electron impact ionization rates for oxygen (solid curve) and
Here we calculate explicitly the interstellar oxygen filtratioRy qrogen (dashed curve) as functions of electron temperature.
with and without electron impact ionization in the frame of the

two-shock heliospheric interface model of Baranov & Malama

(1993, 1995, 1996). To compute the interstellar oxygen densihe goals of the present paper. In our calculations we use the
in the interface, we use a Monte-Carlo method with the splittingore simple formula of Lotz (1967):

of the trajectories developed by Malama (1991).
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Because the mean free path of the interstellar atoms is coqfa-(E (BA) — b e A
parable with the characteristic size of the interface, the kinetjg ™" “X +
Boltzmann’s equation has to be solved (see Eqg. 1 in Izmodenov

et al. 1997). The equation takes into account the solar gravita- €€ a,b.cq1,¢2, P1,P> are constant numbers. For oxygen
tion, the direct charge exchanger H+ — O+ +H, thereverse (r€SP- hydrogen); = 2(1),q> = 6(0), P = 13.6(13.6), P, =
charge exchangdl + O+ — H* + O, the photoionization and 28-5(0),;a = 2.8(4.0),b = 0.92(0.6),c = 0-19(}9'56)' A and
the electron impact ionization. E, are functions of the electron temperatuyes -1, Fq(\) =

KT, ?
The study of the influence of the electron impact ioniz::uiovy‘!f’o 6;” dt,andg = %.
on the interstellar hydrogen atom filtration has been done self- We assume that the plasma picks up the new oxygen ions
consistently on the basis of the two-shock heliospheric interfacemediately after their creation by ionization processes, i.e.
model by Baranov & Malama (1996). It is shown in this workonized atoms acquire immediately the velocity and the temper-
that hydrogen filtration due to electron impact ionization is neture of the solar wind. In these conditions, the number density
significant. However, these authors have discovered that eletions obeys the continuity equation. The ionization balance
tron impact ionization influences the plasma flow in the regidghat probably prevails in the unperturbed medium determines
between the termination shock (TS) and the heliopause (Hfe number density of oxygen ions at the outer boundary.
Indeed, when electron impact ionization is taken into account, The boundary conditions for the proton number density,
there appears a strong density gradient in the whole regiontloé bulk velocity and the Mach number of the solar wind
compressed solar wind (see Fig. 3 in Baranov & Malama 1996}. the Earth’s orbit are taken as,p = 7em 3, Vp =

For oxygen the situation is different, because due to its smafio km s~!, My = 10.
cosmic abundance neutral oxygen doesn't influence the plasmaln the unperturbed LIC we us&, ;;c = 25kms™t,
flow. At the same time the electron impact ionization rate d, ;¢ = 5600 K. These values are close to the most recent
electron temperatures relevant to the interface is larger for oxieterminations of interstellar He parameters obtained by Witte
gen than for hydrogen (Fig. 1), because these elements haveethal. (1996) with the GAS instrument on Ulysses. These au-
same first ionization potentid , but oxygen has two electronsthors give an interstellar helium veloci?g.6 +1.1 kms~! and
on the outer orbit and six electrons on the inner orbit (the secamthelium temperature GR00 + 700 K. Our numerical experi-
ionization potential is also rather s all for oxygen). ments show that the increase of the interstellar temperature up to
Lotz (1967) has proposed an empirical formula with threg700 K and the interstellar velocity up to 25.6 kmfsthat cor-

free parameters as arepresentation of experimental results oméispond to the temperature and velocity deduced from ground-
electronimpactionization cross-section. More recently, Arnabésed and UV spectra of nearby stars observations (Lallement,
& Rothenflug (1985) have presented a representation of Brot#96), doesn’t change the structure of the interface significantly.
et al. (1978) measurements of the cross section for O atoms.The interstellar H atom number densityy rrc =
Comparisons between their formula with Lotz (1967) formula2 cm =2 has been deduced by Gloeckler et al. (1997) using
show that there is a small difference, which is unimportant the new SWICS pick-up results and an interstellar HI/Hel ratio
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Fig. 2. Neutral oxygen number den-
sity in the upwind direction for pri-
‘ ‘ ‘ ‘ 1 ‘ ‘ ‘ ‘ mary interstellar atoms - population
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of 13 + 1 (the average value of the ratio towards the nearlzan be obtained from the present results by simply multiplying
white dwarfs). by the appropriate constant.
Unfortunately there are no direct ways to measure the cir-
cumsolar interstellar electron (or proton) density. There have
been measurements of the average electron density in the LIGkoResults of model calculations

ward nearby stars. However, resulting dens_it;es range from O|if stellar atoms in the heliosphere can be divided into four
(-0.04,+0.14ym™" up t0 0.3 (-0.14, +0.3)m ™" depending on yiterant nopulations depending on which region of the inter-
the ions used for the diagnostics or on which line-of-sight {§.¢ they originate from. Indeed, after charge-exchange with

probed (e_.g., Lallement & Fe_rlet, 1997)' The most precise, tefe, protons, parameters of the newly created (secondary) atoms
perature independent value is 0.11chtoward the star Capella strongly depend on the local plasma parameters. The helio-

(Wood & Linsky, 1997). In addition, what is measured is alWaySoneric interface can be divided into 4 regions with very dif-

averaged over large distances, while the ionization degree in i 1asma properties: the supersonic solar wind up to the TS
local interstellar medium is very likely highly variable and Oufregion 1), the compressed and heated solar wind in the region

of ionization equilibrium (e.g., Vallerga, 1998). Therefore therﬁetween the TS and HP (region 2), the compressed interstellar
is a need for indirect observations which can bring stringe dium between the HP and the BS (region 3) and the unper-

constraints on the plasma density and on the shape and S'Zﬁjﬂ;ed interstellar medium (region 4). In correspondence with

) 3 o L ese regions, we divide the interstellar neutrals into 4 popula-
ton number density.07 cm™", which is upper limit recently <

given by Izmodenov et al. (1999). These authors have tried 10 g 5 gisplays number densities of all populations of inter-
reconcile the SWICS Ulysses pick-up ion dafa — o Mea- ey atoms as a function of heliocentric distance in the di-
surements, and low-frequencies radio emissions on the basig oo, anti-parallel to the interstellar flow vector (the upwind

thetwo—shock_heliosphericinterface model,a_nd_have Con(f'u_dcﬁﬂaction). Curves 1 on the figure correspond to calculations
that the most I|kel¥) value for the proton d(;,\nsny in the LIC is iflc1yding electron impact ionization. The comparison of these
the rangd).0d cm ™" < np 1o < 0.07cm ™", _curves with dashed lines (where the electron impact ionization
The simulations were performed for a number density Qf )t taken into account) shows that the main effect of the elec-
tron impact ionization appears in the compressed solar wind
T_h|s cgrresponds toaratio OT oxygen to hydrogen n_umber dem]- the region between the TS and the BS). Indeed, accord-
sities 72-27c of 4.8 '_10__4 (Linsky et al., 1995). This is the j,q 1 the Baranov-Malama model, the solar wind plasma is
most recent determination of Ol/HI relative abundance Megwostly heated in this region. It is assumed in the model that
surements in the LIC. Since the influence of the oxygen on tBactrons and protons have the same temperature. The temper-
protons and H atoms is negligible, in the case of a different Olg re reaches—2 - 106 K in the compressed solar wind. For

abundance ratio, oxygen atoms and ions density distributiqﬂﬁnary interstellar atoms (population 4, Fig. 2a) the effect of
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additional filtration due to electron impact ionization is about(O1)Lic —48.10~%
9%. For secondary interstellar population (population 3, Fig. 2B HI) .1

the effectis even larger, about 15% of additional fiItration.The%‘ecenﬂy on the basis of SWICS/Ulysses oxygen pick-up ion
two interstellar populations are the densest in the heIiosphqigtal Gloeckler & Geiss (1999) have concluded that the neu-

and thus their filtration is the most important number. Figs. 2¢; oxygen and hydrogen number densities in the outer helio-
and 2d show number densities of hot oxygen born between g}ﬁhere are equal toy 1, (OI) = (7.8 +£1.4)-10~% cm 3 and

_TS and the HP (_populatio_n 2),and en(_argetic oxygen atoms b‘?zrﬂEL(HI) — 0.115 £ 0.025 cm—3 respectively.
in the supersonic solar wind (population 1). Itis seen from the Tha neutral oxygen to neutral hydrogen ratio in the inter-

comparison of curve 1 and curve 2 in Fig. 2¢ that the numbggiar medium is linked to the ratio in the heliosphere by:
density of population 2 increases due to the electron impact.

At the HP the increase is about factor of two. As a matter 6{ODueL _ ao  n(O)Lic B
fact, electron impact ionization increases the number densityefH ) ger ~ ag n(HI)Lic
oxygen ions, and reverse charge exchaligeO™ — HT+0O Herea is the filtration factor.

leads to additional hot oxygen neutrals. Using SWICS/Ulysses results by Gloeckler & Geiss (1999)

Fig. 2 shows also the distributions of interstellar hydrogef,q HST data by Linsky et al. (1995) we conclude that
populations in the heliospheric interface. It can be seen when

comparing O and H curves that the “oxygen wall” (the increasers < 20 916 3

in density of population 3, Fig. 2b) is less pronounced than the QH

“hydrogen wall”. However, the ratio of oxygen number densityith the mean valu€< = 1.46.

of population 3 at the TS (the TS is about at 100 AU Upwind) to From the results presented in Sect.3 we conclude that
the interstellar number density is almost the same as for hydray = 0.475 andao = 0.7. Thus the ratiog® = 1.47 is in

gen. It is also interesting to note that due to the larger oxygparfect agreement with the mean value from Gloeckler & Geiss
mass the maximum density in the oxygen “wall” is closer to tH@998) and Linsky et al. (1995) results. Now, how sensitive is
HP than for hydrogen. Nevertheless, the density of primary ithis calculated ratio to the ionization fractiég{% of the cir-
terstellar atoms (population 4) in the outer heliosphere (Fig.@msolar gas? A parametric study of the interstellar hydrogen
and the filtration factor (the ratio of atom number density in thfétration has been done by Izmodenov et al. (1999) which an-
out r heliosphere to atom number density in the LIC) of oxygeswers this question in case of H (i.e. models and filtrations were
are larger than for hydrogen. The filtration factors are equal¢omputed for various values of the ionization fraction). A sim-
0.7 and 0.475 for oxygen and hydrogen correspondently. Ther research could be done for interstellar oxygen. However,
is due to the smaller charge-exchange cross section for oxygdemodenov et al. (1999) have shown that a large increase (from
Larger primary oxygen penetration into the heliosphere with a:l;M = % to “2LI¢ — 1) of the ionization fraction of the

NH,LIC

most the same penetration for the secondary interstellar athﬁgﬁr%smar gas changes the hydrogen filtration factor by only
could lead to significant difference between the properties of thgus. For this reason we think that the rate will not be
interstellar oxygen and hydrogen in the heliosphere, becausegbg; sensitive to interstellar ionization. Now, the OI/HI filtra-
secondary atoms are more heated and decelerated. Hopefily ratio (3) has a rather large uncertainty (about 50%). As a
this difference will be measured in future experiments. consequence it seems impossible at the present time to use the
interstellar oxygen as a very good diagnostics of the interstellar
proton number density and the interstellar magnetic field, as it
has been done for hydrogen (Izmodenov et al., 1999). New and
more precise experimental data are needed to do it.

The most accurate comparison between interstellar and helio-In the present calculations we have used two-shock helio-
spheric oxygen makes use of Hubble Space Telescope (HSpheric interface model by Baranov & Malama (1993, 1995,
nearby star observations on one hand, and Ulysses SWICS 1996). The possible existence of a one-shock heliospheric in-
pick-up data on the other. The most appropriate HST datatérface is also discussed in the literature. Indeed, in the case of
the solar environment are those of Linsky et al. (1995). Theaeather strong interstellar magnetic field;(;c > 2.1 uG for
authors have measured both neutral oxygen and neutral hydipz;c = 0.04 cm™?) the speed of the fast magneto-sonic wave
gen column densities along the line-of-sight towards the starthe LIC is larger than the relative Sun-LIC velocity. In this
Capella. Towards this target located at 12 pc, only one velocigse the interstellar flow is sub-magnetosonic flow and there
cloud component produces interstellar absorption lines, the as@o bow shock. Gayley et al. (1997) have modified the equa-
corresponding to our Local Cloud (Lallement & Bertin, 1992}ion of state of the gas to simulate the effect of an interstellar
As a consequence, relative abundances deduced from colunmagnetic field. For their one-shock model the authors also have
density calculations towards this star directly apply to the LIQualitatively the same picture: the hydrogen wall, the filtration
(and not to companion clouds) and are the most representativanothe heliospheric interface. However, there are quantitative
the extra-heliospheric gas. According to the Linsky et al. dadifferences with the two-shock models. Moreover, Williams et
the neutral oxygen to neutral hydrogen ratio OI/HI is knowal. (1997), Baranov et al. (1998) have shown that there are non-
with a rather small uncertainty of the order 10%: negligible differences between kinetic and multi-fluid models.

4. Comparison of Ol/HI interstellar and heliospheric ratios
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Thus, using one-shock or two-shock multifluid model (versus to allow a determination of the interstellar plasma density
kinetic Monte-Carlo model) could lead to some quantitative (but in an independent way.
not qualitative!!!) changes.

Acknowledgementsie thank our referee J. Linsky for his valuable

5. Conclusions comments, his help for the rewording of the paper and the improve-

We have investigated the effect of the electron impact ionizati
on the filtration of the interstellar oxygen in the heliospheri
interface. On the basis of the investigation we conclude:

gignts he suggested. This work has been done in the frame of INTAS
%ooperative project “The heliosphere in the Local Interstellar Cloud”

and partly supported by the International Space Science Institute in
Bern. V.I. has been also supported by the MENESR (France), ISSI

1. Electron impact ionization acts on the interstellar oxygdiVitzerland) and by RFBR Grants N. 98-01-00955, 98-02-16759. We
Iso thank Daniel Rucinski for fruitful discussions and Yury Malama

penetrating in the heliosphere and leads to non-negligi Ie' .« Monte-Carlo code

additional filtration of the oxygen atoms in the region of the '

compressed and heated solar wind.

. In our model, about 70% of interstellar oxygen penetraReferences

in the heliosphere through the heliospheric interface. Fgf4.q M., Rothenflug R., 1985, A&AS 60, 425

the same solar and interstellar parameters only 47.5%gfianov V.B., Malama Yu.G., 1993, JGR 98, 15157

interstellar hydrogen penetrate in the heliosphere. Thus Wgranov V.B., Malama Yu.G., 1995, JGR 101, 14755

conclude that the heliospheric relative abundance of Ol garanov V.B., Malama Yu.G., 1996, Space Sci. Rev 78, 305

Hl is larger than the interstellar abundance. Baranov V.B., Izmodenov V.V., Malama Yu.G., 1998, JGR 103, A5,

. As it has been discussed in Sect. 3, the electron impact 9575

ionization leads to the increase of the number density Bfook E., Harrison M.F.A., Smith A.C.H., 1978, J. Phys. B: Atom.

hot energetic neutrals (population 2) in the compressed so- Molec. Phys vol. 11, No. 17, 3115

lar wind (comparison of curves 1 and 2 in Fig. 2c). Thi§a"" H.J., Osterbart, O., Rucinski D., 1995, A&A 294, 584

is a consequence of the reverse charge-exchange reactiByey K-G. Zank G.P., Pauls H.L., Frisch P.C., Welty D.E., 1997,
. ApJ 487, 259

(H + 0" — H* + O and could be important for the he-5 0eckler G- Geiss J. 1999, in press

liopause mapping in the oxygen igh” resonance line re- Gloeckler G Geiss J Balsiéer H., etal., 1993, Sci 261, 70

cently proposed by Gruntman & Fahr (1998). Gloeckler G., Fisk L. A., Geiss J., 1997, Nat 386, 374

. Only 30% of interstellar O atoms in the heliosphere are s&§nuntman M., Fahr H.J., 1998, GRL 25, No.8, 1261

ondary atoms, while for hydrogen they are about 70%. Theséhodenov V.V., Malama Yu.G., Lallement R., 1997, A&A 317, 193
secondary interstellar atoms are created in the region lmodenov V.V, Geiss J., Lallement R., et al., 1999, JGR, in press
tween the BS and the TS by charge-exchange with the hedf@dsch T., Fahr H.J., 1997, A&A 325, 828

and stopped interstellar protons. The secondary atoms hbgéement R., 1996, Space Sci. Rev. 78, 361

a smaller velocity and a larger temperature compared wifllement R., Bertin P., 1992, A&A 266, 479

the primary atoms. As a consequence, in the heliospher@lementR., Ferlet R., 1097, A&A 324, 1105

interstellar oxygen atoms have a larger temperature an{!”?fkyll‘" Diplas A., Wood B.E., et al., 1995, ApJ 451, 335

smaller velocity than interstellar hydrogen atoms otz W., 1967, zeitschriftdr Physik 206, 205
y ydrog ' Malama Yu.G, 1991, Ap&SS 176, 21

- The comparison of the HST-GHRS spectroscopic data \Rjjiams .., Hall D.T., Pauls H.L., Zank G.P., 1997, ApJ 476, 366

Capella (Linsky et al., 1995) with heliospheric pick-up i0Ryjtte M., Banaszkiewicz M., Rosenbauer H., 1996, Space Sci. Rev.
measurements shows a rather good agreement between datag 2gg

and theory. However, the accuracy of the filtration factarllerga J., 1998, ApJ 497, 921
ratio derived from the experimental data is still too uncertaitood B.E., Linsky J.L., 1997, ApJ 474, L39



	Introduction
	Model
	Results of model calculations
	Comparison of OI/HI interstellar and heliospheric ratios
	Conclusions

