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Abstract. A multi-fluid model for a hydrogen-helium mixture chromosphere, well above the temperature minimum and near
in an ionization-diffusion layer in the (solar) chromosphere tsut below10* K (Geiss 1982). For this the recent fractionation
presented. The purpose of this model is to serve as a backgroonudiels, which allowed for the first time a detailed quantitative
for fractionation models calculating the abundance variationsadmparison with the measurements, assumed the trace gases to
minor species from the photosphere to the solar wind. The ediffuse on a background of hydrogen and to be ionized by the
phasis will be on the determination of the (mean) flow velocityV-photons coming from the higher layers of the chromosphere
in that ionization layer. The equations of continuity and mand transition region: von Steiger & Geiss (1989) and Marsch
mentum of every component, neutral and (singly) ionized fet al. (1995) were able to explain the fractionation in the slow
both elements, will be solved together with an energy equatiaind, while recently Peter (1996) found a velocity-dependence
including heating and radiative losses. Special attention will lbé the fractionation, which leads to the understanding of the
paid to the ionization and the elastic collisions as well as to regaP-effect in the slovandthe fast wind within the same model.
nant charge exchange. One of the main results is the connectionFor a more advanced fractionation model, capable of ex-
of the particle flux through the chromosphere with the ioniz@laining also other phenomena like the strong enrichments of
tion rate, i.e. with the photon flux in the UV. Furthermore theagnesium in polar plumes (observations e.g. of Widing &
abundance variations of helium are discussed with the res@ildman 1992) or the “absolute” fractionation, i. e. the fraction-
that the ion-neutral separation processes leading to the fractiation in relation to hydrogen (measurements of von Steiger et
ation of the minor elements cannot explain the fractionation af. 1995), a sophisticated model for the main gas, i.e. the back-
helium as measured in the solar wind. ground, is needed. This paper offers just such a model.

The aim is to define the background for a fractionation
Key words: Sun: chromosphere — Sun: abundances — solar wimgdel, which can describe the abundance variation from the
photosphere to the solar wind or corona. There are two ma-
jor constraints for such a main gas model: on the one hand the
1. Introduction flow of the material has to be treated self-consistently, because

The elemental abundances vary from the photosphere of the fra_ctionation co_nnect_s the abunda_nces_on solar surface with
to the interplanetary space. A comparison of spectroscopic 6 25€ 1IN the solar wind. Since the fractlonathn processes are Ip-
servations in the photosphere with in-situ measurements in edinthe chror_nosph.ere one has to describe the source region
solar wind or spectroscopic observations in the corona cleafl the solar wind including the plas_ma flow.
show, that elements with a first ionization potential (FIP) be- On the other hand such a main gas model has to be also
low 10 eV are enriched in relation to those with higher FIP. TH@e model atmosphere for t_he chromosph_ere. In the last two
factor of enhancement varies from 2 (fast wind) over 4 (Slowacades many com_prehenswe atmospherlg mo‘?'e's were pub-
wind) up to 10 (polar plumes) depending on the respective“ hed, e.g. the C,O““”‘_J‘_‘m atmosphere by Gingerich & de Jager
observed structure. See Anders & Grevesse (1989), von Ste 8), the semi-empirical modgl of Vgrnazza'et al. (;981.) or
et al. (1995), Knoux & Somov (1992), Ehoux (1995) and the one of Fontenla et al. (1990) mclu_dmg ambipolar diffusion.
Meyer (1996) for collections of the measurements and a revi_gHt all these mode_:ls assume a stafic atmosphere and do not
of different attempts to describe this so-called FIP-effect the§clude a self-consistent treatment of the flow. ,
retically. of course, a co_mplete model comblnlng the source region
Itis now widely accepted that the basic mechanism for fral the solar wind with the upper atmospheric layers, would be

tionation of elements is driven by anion-neutral separationintﬂﬁée ultimate goal. Yet, it IS very compllcate_d to combine an
exact treatment of the radiative transport with the plasma dy-

Send offprint requests télardi Peter namics and thermodynamics, and therefore one has to simplify
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3000, Boulder, CO 80307-3000, USA model for the description of a solar-wind-related phenomenon,
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the main emphasis will be on the flows. Radiative transpoglobal (]:!iPhOIaSr structure (@) coronal funnels in coronal holes
will not be included, but special attention will be paid on the orye sy -
ionization of the material. Thus the present madeiota full
atmospheric model for the chromosphere, but it may serve well
as a background for the minor ion fractionation.

Another aim of this paper is to elucidate the special role o

helium: its abundance, which is about 10% in the photosphere,

varies from some percent in the “quiet” solar wind (Schwenn A N N
1990) to up to 40% in the driver gas of flare-induced interplan- . / N
etary shocks (Hirschberg et al. 1970, Borrini et al. 1982). With / h N
an abundance of 10% and an atomic weight four times higher :

than hydrogen, helium contributes about one fourth to the to- UV-

tal mass and can thus not be treated as a trace gas, i.e. as@storonal loops photons

particles, but must be included in the main gas, with collisional
coupling to the hydrogen. As it turns out, the wide variations of /
the helium abundances cannot be understood on the basis of a
ionization-diffusion model for a thin layer in the chromosphere.
The models presented in this paper are an extension of the
main gas model of Marsch et al. (1995), who only considered
diffusion and (photo-) ionization. In the present models also (©) ionization layer
the effects of e.g. the absorption of the ionizing radiation, the in the chromosphere
recombination and the gravitation are considered. This will rery. 1a—d.Sketch of the geometry in the source regions of the fast and
move the problems of their simple main gas model, like thgow wind. (see text).
infinite proton speed at the bottom. Additionally an energy equa-
tionis solved to determine the temperature structure. This makes
possible to study the influence of the flows on the temperature As the main aim of this paper is to study in detail the source
profile. region of the solar wind, the application oftionarymodel is
In the next section at first the assumed geometry and i¢gggested also by recent ULYSSES results: Barnes et al. (1995)
basic assumptions as used in the model are presented, befofeund, that the particle flux density in the fast solar wind (nor-
Sect. 3 the model equations are established. This section disdized to 1 AU) is nearly constant, regardless of heliocentric
describes the ionization and elastic collisions as well as heatitaygitude, latitude and distance or time in the solar cycle. Thus
radiative cooling and heat flux. Before discussing the resuitshe interest is in aneanbehaviour, it is justified, given the
for a pure hydrogen gas in Sect. 5 an analytical approximatigieadiness of the fast wind, to apply stationary conditions also
for this case will be presented in Sect. 4. At least the effectsiofthe chromosphere.
helium will be considered in Sect. 6 and the resulting abundance
variations will be discussed. Sect. 7 summarizes the resultszgi_ Geometry
the paper.

neutrals

ions

altitude s

ionization laye

— 200 km -=—
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Concerning the geometry of the source regions of the solar wind,

for the fast and the slow wind the following two pictures may

be applicable (see Fig. 1).

As is suggested e.g. bydHfiltergrams, the chromosphere is a

highly structured region, and it is highly _variable on long timeL Fast solar wind

scales of some days (e.g. chromospheric network) as well as on

short timescales of minutes and seconds (e. g. spicules or brightween the super-granulation cells vertical magnetic field

points). Thus the first conclusion would be that a stationagynerges, which widens up to form the so called canopy and

description of the atmosphere is impossible. build up the coronal funnels (Dowdy 1986; Fig. 1a). A possi-
Nevertheless, stationary and steady models, like thosebd$ scenario is that the fast wind leaves the sun through these

Vernazza et al. (1981), contributed a lot to the understandifugnnels. At the bottom of the funnels, in the chromosphere, the

of the relevant processes in the atmosphere. Even if the chrgnetic field is vertical and a one-dimensional stratification is

mosphere is in a highly non-stationary state, a stationary modegood approximation (see Fig. 1c)

should give us a basic idea of the relevant processes by describ-The velocity in the bottom region of the funnel can be cal-

ing a “mean chromosphere”, which probably does not exist @ulated in the following way: At the earth’s orbit, at 1 AU,

the real solar atmosphere. This philosophy corresponds with the particle flux density in the high speed wind®s oy ~

one of climate models: without resolving the weather, these cain0'2 m=2s~! (Schwenn 1990). Mapping this flux back to

describe some of the basic mechanisms leading to the globalthe-chromosphere, by using the geometry factors of the spher-

haviour of e.g. the temperature runs in the earth’s atmospheal expansion froml R, to 1AU ~ 215 R (1/21%), the

2. Geometry and assumptions
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over-spherical expansion in the fast wind (1/7 after Kopp &ture and density. The moment expansion is closed by assuming
Holzer 1976) and the partial filling of the solar surface bthe pressure (of an ideal gas) to be isotropies n kg T', and
coronal funnels#£ 2% after Athay 1981), leads to a particlehat the classical formulation of the heat flux proportional to the
flux at the bottom of the funnels, i.e. in the chromosphere, tfmperature gradient can be used (Sect. 3.3). In Sect. 3.4 and
D hromo ~ 3-101 m—2s~1, Using the density 0§-10' m~—2 at 3.5 numerical solutions of the equations are described and the
8000 K from the atmosphere model of Vernazza et al. (198bpundary conditions are formulated.

this flux leads to a velocity of the order bf ~ 500 m/s.

3.1. Multi-fluid transport equations

2. Slow solar wind In the formulation of Marsch et al. (1995) the stationagua-

In this case the situation is much more complicated. But ofiens of continuity and momentuior a specieg read as
possible scenario may be the following: at the top of large coro-

nal loops material is accumulated because of a continuous fidw (75 uy) = Z (%'/j njr =g’ nj)v 1)
into the loop at its footpoints (see Fig. 1b). Thus from time to 3’

time the loops in the equatorial streamer belt have to open and 1 7

let the accumulated material go out into interplanetary spa¢e, - V)u; + — V(vf nj) + =% V(c? ne) — g =
forming the variable slow wind (see the recent SOHO observa- " Te

tions of Sheeley etal. 1997). In the chromospheric lower partof _ ” —u) — nj .

the loop, which is small compared to the whole loop, the condi- Z ik 2 ; (g —uy) ()
tions are locally comparable to those at the base of the coronal .

funnels. Z wik (uj — uk) X b.

Even if these are very simplifying scenarios they do account
for the basic geometric properties as known today. In both cas@sre n; andw; denote the particle density and the velocity
a one-dimensional stratified atmospheric layer can be assurgeghe specieg. The sources and sinks for the particle flux
to exist in the chromosphere, if the interest is in its the me@@nsity;n; u;, are due to ionization and recombination with the

behaviour as the source region of the solar wind. respective rates; ;.
Inthis paperthe indicés j, and;’ are used. Whenevémand
2.2. Assumptions jarefound, aninteraction of the the type: < j, kispresent,

i.e. the particles stay the same, e.g. as in elastic collisipns.
Besides the so far discussed assumptions — time stationagyd & represent different elementg.and k are used also in
homogeneous vertical magnetic field and one-dimensional stk case of resonant charge exchange, e, ¢gdiH<« H*, H,
ification — some more obvious assumptions are made. because before and after the interaction the same particles are
The material in the chromosphere is ionized by the UV rgresent, just with exchanged identity. In a reactive interaction
diation coming from higher layers. This radiation is (partly) alje. g. ionization), the particles before and after the interaction
sorbed in the chromosphere (see Sect. 3.2). This is a strong sifie-not the same, but they can change their state of excitation or
plification — normally the full problem of the radiative transionization. Because they are from the same element, the same
port has to be considered. But up to now no models are availajglgger is used, with or without a primg:and;’. In contrast to
which can handle the radiative transpamtithe plasma dynam- Marsch et al. (1996) we do not ugeand j* becausej and
ics self-consistently. As a first step this paper concentrates prare more general: e.g. the continuity equation (1) is valid
the latter aspects, an approach which leads to a simplificatfen both, neutrals and ions. If we would have usednd jT,
in the treatment of the radiation. we would have to distinguish between the case of neutrals and
In the chromosphere the thermal coupling between the difns, because there is no symmetry between the ionization and
ferent species is still strong enough to equilibrate temperaturggsombination rate. Additionally and j’ can also be used to
Thus only one energy equation is used to describe the therrdescribe excitation and de-excitation processes.
dynamics. Additionally, in this energy equation the effects of The sound speed and the ion-acoustic speed are given by
heating and radiative cooling are simply parameterized as fumg- = (kBTj/mJ—)l/Z andc; = (kBTe/mj)1/2 respectively,

tions of the temperature and density (see Sect. 3.3). with Boltzmann's constantg, the temperaturd’; and the
Finally it should be stated that the plasma is assumed todt@mic massn;. In the present case of equal temperatures,
quasi-neutral and bear no net current. T, = T, these two speeds are equal, = v;. Z; denotes

the charge number of the specigsndg is the graV|tat|onaI
acceleration.

The exchange of momentum between the species is due to
For the description of the transport in plasma a (stationary) fivgastic collisions and ionization/recombination with the respec-
moment-approximation of Boltzmann’s equation will be usetive rates/;, andv; ; (see Sect. 3.2). The influence of the mag-
(seee.g. Schunk, 1975). Inthe energy balance heating and rangic field can be formulated in an analogous way with a “mag-
tive cooling are included as parameterized functions of tempeetic” frequencyw;, = Q; Zy ni/n.. HereQ); = Z;e B/m;

3. Model equations



1072 H. Peter & E. Marsch: Hydrogen-helium background for fractionation models

is the gyro-frequency with the elementary chargand the at chromospheric temperatures Wf* K by some orders of

magnetic field strengtii3. The direction of the magnetic fieldmagnitude: following Lotz (1967) the corresponding rate is

is given byb = B/B. Both the elastic collision frequenciesyl(frl)') ~ 7810551

and the “magnetic” frequencies obey the symmetry relations \jith the photoionization rate and the typical diffusion ve-

M Ny Vik = Tk g Vi @AM nj wie = my ng Wi locity as mentioned in Sect. 2.1 one can define an ionization
The termoec ;7 j(u; — uj;¢) in (2) describes the momen-jength

tum that a particle which is created or destroyed (by ioniza-

tion/recombination) adds or subtracts to the momentum of thg, = U/%ion, (6)

species (see e.g. Geiss &I 1986). This was neglected

in the model of Marsch et al. (1995) because the ioniz@hich is of the order of 50 km. Thus the thickness of the ioniza-

tion/recombination rates are some orders of magnitude smafiep layer of hydrogen is somewhat smaller than the gravitational

than the momentum transport due to resonant charge exchaggale height in the chromosphere (300 km), but not negligibly

compare (9) and Table 2 with Table 1. But as it can be seen iffnall.

mediately from (2) this term can become importantif the density As in models for the earth’s ionosphere (see e.g. Banks &

of either the neutral or the ionized species becomes very Id¥@ckarts, 1973), the chromosphere is assumed to be irradiated

Thus this term is considered in all numerical solutions. from above by UV-photons originating in the transition region
In the derivation of the momentum equation (2) the mass @&nd corona. In the considered layer these photons are absorbed

the electrons was assumed to be much smaller than the madB i€ ionization process. As a consequence, the ionization rate

the ions,m. < m;, and quasi-neutrality and zero-current wa@ill vary with depth in the atmosphere. The below presented

presumed, description of this variation of the ionization rate follows the
one given in the analytical model of Peter & Marsch (1997).
Ne = Zj Zing, MNelUe = Zj Zin;u;. (3)  For a further discussion of the assumptions leading to (7) see

. e iy _ their paper. The change of the ionizing radiative ffuaver the
yze (ij? |)p/(zlar) ;9 Izc:gfa{ilslr?\/lx/sh?(:“r/\er?atsﬂbge; (;;e I>c<>it§()j i; th gistance d is proportional to the flux itself and the density
NefiBLe)/ (€T ), P of the absorbing material:¢ddx n¢ ds. If the cross section

derivation of (2). for photoionization i dtob | h
As outlined in Sect. 2.2 the temperature is assumed to e P otoionization is assumed o be nearly constant over the
L . evant wavelength band, then one can apply the same relation

the same for all specie$, = T, = Tj. For this only oneenergy

. . tothe ionizationrate: if is the vertical coordinate, the respective
equat!onhas to be solved. I_:oII(_)wmg Schunk (1975) the ener%)ﬁotoionization rates of hydrogen and helium are determined by
equation for the electrons is given by

3 5 i"Vni = On Yni Nn, (7)
(e ) (SneknT) +Snekp TV u+Voq = £ (4) s

where the indices andi stand for the neutral and ionized com-
ponents of the respective elements. This corresponds to the pro-
_ 2 (a2 _ cesses as found in the earth’s ionosphere (see e.g. the textbook
€= zj: V22 veenem (u; —ue)® + H — L, ®) of Banks & Kockarts 1973). The latter equation for the ioniza-
tion rate has to be solved together with the transport equations
namely elastic collisions with the heavy ions, heating and cogt), (2) and (4).
ing. Often also the heat flux-q is comprehended as a source  The cross sections for photoionization as needed in the de-
or sink of energy. These processes are discussed in more detgibtion of the ionization rate (7) are taken from Vernazza et
in Sect. 3.3. al. (1981). The mean values (see Peter & Marsch 1997) can be
estimated as

The sources and sinks in the energy balance are due to

3.2. lonization, recombination and collisions hydrogen &y [m?] = 5.5-10~22

(8)

In th(_e chromos_,phere the_ma_ter!al l:?ecomes (first) |_on|;ed, ang,afium The [m?] = 5.2:10~22.
thus in the particle dynamics ionization and recombination play

an important role. Additionally elastic collisions are of impor-  This treatment of the ionization rate and photon flux is justan
tance, particularly in the nearly neutral regions of the atmapproximation: on the one hand the cross sections and the pho-
sphere where diffusion may be of relevance. ton flux depend on the wavelength, on the other hand the exited
states of the hydrogen atom are neglected. Thus in a complete
atmospheric model one would have to solve not only two conti-
nuity and momentum equations in the case of a pure hydrogen
In the atmospheric layer considered here the most importgals, but 26 if e.g. a 12-level hydrogen atom is described (two
process isphotoionization for which the rate for hydrogen for every level and two for the protons). Additionally one would

is abouwﬁlpph') ~ 0.014s™!' (von Steiger & Geiss 1989). have to solve properly the rate equation for the photon flux as a
This process overwhelms ionization due to electron collisiofisnction of wavelength.

lonization
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Table 1. Collisional rates in a hydrogen-helium mixture consistin@.3. Energy sources and sinks

of neutral and (first) ionized components, andn,16 denote the . .

temperature in0* K and the particle density i0'¢ m~? respectively The energy sources and sinks are of great |mportanpe for the

(from Geiss & Birgi, 1986 and von Steiger & Geiss, 1989). energy balance in the lower atmosphere. The most important
processes are mechanical heating and radiative losses. The loss

of kinetic energy (of the electrons) due to collisional ionization

isi Vik .- [ . o
‘ collision el CH dominant can be neglected in the lower chromosphere, because it is not
Vi k frequency. Nk,16 interaction .. y .

efficient at those low temperatures. However, in a model which

H p 1187,/% (1 — 0.125log T4)? RCE includes the transition region this process would have to be taken
He H 330773 hard spheres  into account.
He p 267 induced dipole
Het H 4.71 induced dipole )
He p 25007, %/ Coulomb Heating
He He" 3447,/ (1 -0.1481ogT4)>  RCE The exact determination of the heating rate is an unresolved
e e 182my, /me T, */ Coulomb problem. For that reason mostly parameterizations are used.

Following Ulmschneider & Kalkofen (1977) the heating in
the lower chromosphere is due to the damping of shocks. Priest
Thishasbeendonee.g. by Vernazzaetal. (1981) or Fonte{dl882) gave some heuristic arguments that in this case the heat-
etal. (1990). But they solved these equations just for the singiieg rate behaves lik& « p/T"/? and is exponentially damped.
fluid hydrostatic case, i.e. for zero velocities, and thus did nbhis result corresponds to the behavioutfbfas described by
have to solve the momentum equations. In contrast, in tRe@sner et al. (1978).
present paper the emphasis is on the diffusion and flow of the With parameter values taken from the references mentioned
material. To avoid the problem of combining the radiative trangbove, giving a damping length of about 3000 km and an en-
port with the plasma dynamics we use the practical approadigy flux of5-10° W/m? at the bottom of the chromosphere, the
described above, where we consider a “mean” or “effectiveé@sulting heating rate is
hydrogen atom. A more complete model including radiative 3 1/2
transport would probably result in a (slightly) different profild? [W/m"] = 0.2np16 Ty"" exp(—s/3000 km). (10)
of the ionization rate with depth, but this should not change t'ﬂ?nce more

: , np.16 andTy are the density in0'* m=3 and the
main results for the plasma dynamics. ;

temperature in0* K respectively.

Recombination Radiative cooling

The respective rates for the recombination are simply taken frgfsiges heat conduction radiative cooling is the most important
von Steiger & Geiss (1989). energy loss process. Although the radiation is emitted by the
atoms and ions, this process is a loss mechanism for the energy

- -3 1] _ —2/3 . o : .
hydrogen Yo [107787H] = 43T, ne 6, (9) ©f the electrons, since the excitation of the atoms and ions is
helium e+ e [10-3s~1] = 2.1 70672 Ne.16. due to eIeptrqn collisions and thus the required energy is taken
from the kinetic energy of the electrons.
HereT denotes the temperatureli6* K andn, 14 the particle If the ra_die_1tior_1 is not treated se_lf-consistently, an _ap_proxi-
density in106 m=3. mate description is required. For this purpose the radiative loss

function L is often assumed to be a power law of the tempera-
ture. A great variety of work has been done on this subject.

The description in the present paper will follow the work of
As this paper deals with a mixture of hydrogen and helium, eaBgres et al. (1982). For chromospheric temperatures they give
being either neutral or (singly) ionized, the following processéie following parameterization:

Elastic collisions

in the elastic collisions have to be considered: hard sphere CB' _5 3 X

. . . ; o 107°W = A, 11
lisions (between neutrals), induced dipole interaction (ions anJ /] fle,16 1,16 & 24 (11)
neutrals) and Coulomb-collisions (ions). The respective colli- a= 795 x=11.7 : 044 <T, < 0.8
sional rates are derived in various textbooks, e.g. in Burgd¥§h a=196, y= 615 : 08 <T,< 2

(1969). For the collisions between the neutral and ionized parti-

cles of hydrogen as well as helium the resonant charge exchaagebefore, the indicess and, indicate that the density has to

(RCE) is the most important process. The respective cross see€taken in units of0'® m—3 and the temperature ir0* K.

tions can be found in Banks (1966). It should be noted that this treatment is a little problematic,
In this paper the (parameterized) collisional rates as givbacause the main assumption going into (11) is to describe an

in Geiss & Birgi (1986) and von Steiger & Geiss (1989) areptically thin plasma. But this may not be true at low temper-

used. These are listed in Table 1. atures. However, Kuin & Poland (1991) showed that for the
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optically thick plasma of a loop a similar (though corrected)umerical treatment it is better to use the particle flux densities
radiative loss function can be used. ¢; = n; u; instead of the velocities, whetg is the component

of the velocityu; along the coordinate. This is because for
very low densities the flux remains finite while the velocity can
become extremely high due to numerical errors.

Instead of describing the heat flux vector by a heat flux moment First of all the energy equation (4), which is of second order,
equation, it is assumed to be proportional to the temperatwvil be divided into two equations of first order. For this purpose
gradient, i.e. a new variabley = —x, T”, with . from (15), is introduced,

ge = —ke VT, (12) T = —q/ke, a7

Heat flux

/ /

Following Geiss & Rirgi (1986) this long known relation can ¢/ = ¢ + (”C 0 ¢c> o kp T + §¢c ke L. 8)
be derived by assuming a subsonic flow, an isotropic pressure ne 2 de 2 K

and time stationarity. In this case the heat flux equation for tE%causezg and¢’, can be written in terms of the variables but

e

electrons can be reduced to not their derivatives (see below), the energy equations thus attain
5 - the required form (16).
g kB pe VIT = —1Me VeeGe, (13) Before re-formulating the continuity and momentum equa-
with the dimensionless number tions the following abbreviations are introduced:
13 ~n, 4
= —V2— =. 14) N; = Y75 Mt — Vit ),
n Xk:lofne_'_li (14) j ;(JJ 3 G 1)
- : I Vjk Yis’

For a plasma consisting only of neutral and singly ionized pat; = 3 #k(¢k nj—dine) + Y njij_(fbj’ nj — ¢jn),
ticles, as considered in the present paper, the quasi-neutrality k i
render_sn a constanty = 1.3\/54.r.0.8 ~ 2.64. . . Q; = M, — [g +(1+2;) (vf.)’] n; — (¢;/nj)Nj,

Using the value for the collisional ratg. as given in Ta- 5 N
ble 1, the simplified heat flux equation (13) leads directly to thé&i = Zjv; e
relation (12) with the thermal conductivity along the magneticS' o 2
field being i = v — (¢i/ng)".
k. — 0.0593 T°/2 W/(m K) (15) The derivative of the squared sound speed is give(bﬁy =

¢ ' 4 ' ksT'/m; = —(ksq)/(m; k). All these abbreviations are

This relations, o< T°/? together with (12) is also known asfunctions of the variables itself but not of their derivatives!
Spitzer’s law. Now the equations of continuity and momentum can be writ-

Itis justinteresting to note that this conductivity in the chraen in compact form as
mosphere at0* K is of the same order as in the air on the earth, N 19
at room temperature! A (19)

In this paper the conductivity across the magnetic field js _ < R, o (20)

not considered, because it is some orders of magnitude smalter  S;  S; ¢

thans.. Given the strong magnetlcﬁeldst: 10-100 Gau[_S,_ Because of the quasi-neutrality condition (3) this system of
the electrons are strongly magnetized and despite of CO"'S'OeQilations can always be written in the standard form (16).
constrained to move along field lines. In the case of a pure hydrogen plasma the system (19) and
(20) reads
3.4. Formulation of the transport equations appropriate for | ,
numerical treatment u = Nu, oy = —Nu, 21)

I !
In this section the transport equations (1), (2) and (4) will b&! — Qu/Sn, 1y = Qp/(Sp+ Ryp).
formulated for one spatial dimension along the magnetic fielidis straight forward to obtain the system for the hydrogen-
(see Sect. 2.1) and in a way appropriate for the numerical trefa¢lium mixture. The corresponding eight equations are just a
ment. As the aim is to use standard numerical routines solvilittje longer.
a system of differential equations of first order, the equations

have to be written in the form 'ty = Nu, ¢, = —Nu,
vi = f(y),s), (16) 1= u o — Qp(Spe+ + Rpge+) — e+ Rp
Su’ P SpShet + Shet Rp + SpRiet
wherey; stands for the densities, velocities and temperatures of " / pOHet T SHet T T Op et (22)
the respective elements. Ptte = Nues  Pger = —Nae,
Here as in the following the primé, denotes the deriva- , OHe ;o et (Sp+Rp) — QpRyger

. . . . . n = —= ), n — .
tive with respect to the vertical coordinate Concerning the "He = g He" ™ S Set + Stet Rp + SpRiget
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It is easily proven, that for vanishing helium component3able 2. Boundary conditions used for the hydrogen-helium mixture.

i.e. the densities and fluxes of He and*Hare set to zero, this The conditions marked with an asterisk, *, are not needed for a pure

system results in the system (21) for a pure hydrogen gas. hydrogen gas. In the calculations the given values are used, unless
It should be noted that in both systems, in (21) and (22), f&ed otherwise.

use was made of the conservation of flux. It would have been

easy to replace one of the two continuity equations for each ele-10P: 51> otion rate ymp =0014s" .
ment respectively. But as one aim of this model isiébermine Ve e+ = 0.0044S *
the total flux for every element, the full system is solved, while relative velocity (un/up)’ =0
no absolute number of the flux is given as a boundary condition urte/Utret)" =0 *
heat flux g~ 0.01W/nt

(see Sect. 3.5).

For the complete model the ionization equations (7), oRettom: temperature T =8000K
for each element, and the energy equations (17), (18) have to be total density Nu =810""m~*
solved together with the continuity and momentum equations helium abundance ~ Ny./Nu =0.1 *
(21) or (22). This means that in the case of a pure hydrogen gas degree of ionization np/nn = 0.018 .
seven first order differential equations have to be solved. In the Mte+ /Tie B 0.00053
case of a hydrogen-helium mixture this number is twelve. equal velocities e .

UHe = UHe+

As this system has the explicit form (16), numerical standare
routines to solve a system of ordinary differential equations
can be applied. In the present case the roudd2RAF from  solution the solving routine was much more stable when using
the NAG-library was used. This routine allows the supply afe weaker condition. But in the end the numerical solution
an approximate first-guess solution, automatic addition of grigsults in invariably equal velocities at the top, aug/u, = 1
points and a flexible formulation of the boundary conditiongsee Fig. 3).
To solve the differential equations it uses a deferred correction The heat flux at the top of the layer, where the temperature

technique and a Newton iteration. reaches about-10* K, is chosen according to Hansteen et al.
(1993), leading to about 0.01 W#nby using (15). This value is
3.5. Boundary conditions somewhat arbitrary, as it is not well known, but only calculated

in models and not measured directly. However, the numerical

To solve the above mentioned first ord