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Abstract. We present a parameter study of the corona—solar
wind system. The corona is heated by an energy flux from the
sun. This energy flux is lost as heat conductive flux into the
transition region and as solar wind energy flux. We consider
two-fluid models where most of the energy flux is deposited in
the proton gas. Heating of the inner corona leads to a significant
(electron) heat conductive flux into the transition region and a
relatively high coronal electron density. This gives a relatively
low coronal proton temperature, a large solar wind proton flux,
and arelatively low asymptotic flow speed. In rapidly expanding
flow geometries, where the thermal coupling between electrons
and protons is weaker, heating of the protons in the inner corona
may lead to a somewhat higher proton temperature, and higher
asymptotic flow speed, but in order to drive high speed solar
wind, a significant fraction of the energy flux from the sun must
be deposited in the outer corona, where the protons are colli-
sionless. In such a model only a small fraction of the energy
flux is lost as inward heat flux, the transition region pressure is
low, and the solar wind proton flux is quite small. The proton
temperature in the outer corona is high, and a larger fraction of
the energy flux deposited in the proton gas may be lost as solar
wind kinetic energy flux.
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1. Introduction

The formation of the solar corona and acceleration of the solar
wind was discussed by Hammer (1982a, b) and, more recently,
by Hansteen & Leer (1995) and Hansteen et al. (1997). In these
model studies an energy flux from the sun, deposited as heat in
the extended solar atmosphere, creates a hot corona and drives
the solar wind. The portion of the energy flux being conducted
into the chromosphere—corona transition region and the portion
lost as solar wind energy flux are determined primarily by the
location of the energy deposition. Heating of the inner corona
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leads to a large inward heat flux and a large transition region
pressure. For extended coronal heating most of the energy flux is
lost as solar wind gravitational and kinetic energy flux. Also the
ratio between gravitational and kinetic energy flux in the solar
wind depends upon where in the corona the energy is deposited.

In most studies of the solar wind the electrons play an impor-
tant role in the force and energy balance of the flow. In thermally
driven solar wind the asymptotic flow speed is generally small
compared to the velocities observed in quasi-steady high speed
solar wind streams in the ecliptic (e.g. Feldman et al. 1976) and
at high solar latitudes, by the Ulysses spacecraft (e.g. McComas
et al. 1995). In order to enhance the solar wind flow speed in
these models one may allow for Alfvén waves. They propagate
virtually undamped through the quasi-static corona and deposit
most of their energy flux well beyond the critical point (Hollweg
1973; Leer et al. 1982), thereby increasing the asymptotic flow
speed (Leer & Holzer 1980).

Low frequency Alfvén waves may propagate in the corona
and in the solar wind, but they are not a likely candidate for
transporting a significant energy flux into the corona from the
lower solar atmosphere; the low-frequency Alfvén waves are
reflected in the chromosphere—corona transition region. How-
ever, higher frequency Alfvén-mode waves, with a wavelength
that is shorter than the Alfvén speed scale height, may play an
important role in heating coronal holes (e.g. Parker 1991). Heat-
ing of the solar corona by relatively high frequency waves was
also the physical basis for the coronal heating function used by
McKenzie et al. (1995). They considered a model where all the
energy flux from the sun is deposited in the proton fluid, in the
inner corona. The proton heat conductive flux is taken to be zero,
and all the energy flux deposited in the protons is lost as solar
wind energy flux. As the solar wind mass flux is specified, the
asymptotic flow speed is determined by the energy flux that is
deposited in the corona. In the McKenzie et al. (1995) study the
energy flux is specified such that they obtain an asymptotic flow
speed that is charactristic of quasi-steady, high speed solar wind
streams. But in such a model, where the proton flux is specified
and all the energy flux deposited in the protons is lost in the
solar wind, “any” flow speed can be obtained. However, in the
Hansteen & Leer (1995) study, where proton heat conduction
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in the corona is taken into account, the asymptotic speed of the
solar wind does not exceed 750km s~

The proton heat conductive flux in the outer corona and in
the solar wind is certainly small, but in the very inner corona,
where the collisional rate(s) are larger than the expansion rate,
the heat flux in the proton gas and the collisional couplig to the
electrons (and the electron heat conductive loss) will contribute
to the transport of heat from the corona and into the transition re-
gion. This inward heat conductive flux determines the transition
region pressure and the electron density in the inner corona (e.g.
Withbroe 1988), and may therefore play a role in determining
the solar wind mass flux.

The goal of the present study is to illustrate how heating of
the coronal protons, relatively close to the sun, may produce high
speed solar wind, without the deposition of an additional (e.g.
Alfvén wave) energy flux in the outer solar wind. We consider
two-fluid models of the corona—solar wind system. The corona
is heated by a specified energy flux from the sun, and we study
the structure of the corona and the solar wind proton flux and
flow speed when we vary the amplitude of the energy flux from
the sun, the dissipation length, and the distribution of the energy
flux between electrons and protons. We make use of a “classical”
expression for the proton heat conductive flux in the very inner
corona, but the heat conduction coefficient is gradually reduced
outwards, into the region where the protons are collisionless.
We use a classical heat conductive flux for the electrons. It is
shown how heating of the corona, in a region where the protons
are collision-dominated, and in a region where the protons are
collisionless, leads to different coronal structure and different
solar wind outflow. We study both spherically symmetric flow
and rapidly expanding flow geometries.

2. Equations and assumptions

We consider an electron—proton corona and assume that the gas
is flowing radially without any temporal variations.

The equations for conservation of mass and momentum can
be written as

d
d (Apu) =0 (D
r
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du dp G Ms
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where r is heliocentric distance, A is the cross-section of the
radial flow tube, AB = constant, where B is the magnetic field
strength, p = n(myp + me) = nmy, is the mass density, where n
is the electron density and m., is the electron (proton) mass
(indices “e” and “p” are used for electrons and protons respec-
tively), u is the flow speed, p = p. + pp, = nk(T. +T}) is the
gas pressure, where k is Boltzmann’s constant, and T, is the
electron (proton) temperature, GG is the gravitational constant,
and Mg is the solar mass.
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The two energy conservation equations can be written as
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where g (p) is the electron (proton) heat conductive flux density,
fm is the “mechanical” energy flux density from the sun, y is the
fraction of this flux that is deposited in the proton gas, and E =
— eln ddzjf is the electric field. C, = — C is the energy transport
rate per unit volume from the protons to the electrons because

of Coulomb collisions, and is given by (Braginskii 1965)
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where

0=836x 10 m* K325 1. (6)

In this study we will discuss how the structure of the corona
as well as the solar wind proton flux and flow speed change
in models with significant coronal proton heating. The study is
performed for different amplitudes and dissipation lengths of the
mechanical energy flux as well as for different flow geometries.
We also change the proton heat conduction and the fraction of
the energy flux going into heating the electrons. The force on
the plasma associated with the propagation and damping of the
energy flux is neglected.

In the collision dominated quasi-static corona a classical
heat flux may be used to describe the heat conduction in the
proton gas. But already in the solar wind acceleration region,
where the protons are close to collisionless, this may be a signif-
icant overestimate of the actual heat flux. Olsen & Leer (1996)
showed that the proton heat conductive flux, found in an 8-
moment fluid description, decreases rapidly in the region where
the protongas becomes collisionless. This is quite close to the
sun, and as an extreme case one may set ¢, = 0 everywhere (cf.
McKenzie et al. 1995). Such a model may be used to illustrate
how the solar wind from a proton-heated corona is accelerated
to high asymptotic flow speeds, but in more realistic models the
electron—proton energy transfer and the heat conductive flux
into the chromosphere—corona transition region should also be
accounted for.

In a corona with comparable electron and proton heating,
the electron gas is considerably colder than the proton gas due
to the larger electron heat conductivity. A large fraction of the
energy flux deposited in the electron fluid is conducted into the
transition region, and the electron temperature will be relatively
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low. The solar wind from a corona where only the electrons are
heated, will have a lower speed than the wind from a corona
with proton heating. In this study we therefore consider models
where most of the energy flux from the sun is deposited in the
proton fluid. In these models the coronal proton temperature
may be large, and the asymptotic flow speed of the solar wind
should also be quite large. Models with low coronal electron
density should be optimal in producing a high coronal proton
temperature and high speed solar wind. We allow for heating
of the electrons, and to make the model as simple as possible
the spatial distribution of the electron heat input is taken to be
similar to the distribution of the proton heating.

In the corona and inner solar wind, where the collision time
is much shorter than the expansion time, we may use a classical
expression for the electron (proton) heat flux density:

5/2dTe)

Qe(p) = _“e(p)OTe(p) ds (7
where

—78x10°2 ! —32x10°% ! (®)
fie0 = 1 msK7/2° 0= msK7/2

We have chosen to use this expression for g. everywhere (cf.
Lie-Svendsen et al. 1997), but in the region where the proton
gas is collisionless g, must be reduced (cf. Olsen & Leer 1996).
Here, we replace xpo with

2
0 1 +exp (T_hRS)
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where h is a scale length over which the proton heat flux de-
creases. Notice that kp; = kpo at the inner boundary, while
the heat conductive flux in the proton gas is very small for
r > Rg + h.

The equations for electron density, flow speed, and electron
and proton temperature are solved from an inner boundary, in
the upper transition region, and out to = 1 AU. We specify the
temperature at the inner boundary; the inner boundary is taken to
be at a level in the upper transition region where we ensure that
the electrons and protons are thermally coupled. In the present
study the inner boundary is at a level where the temperature is
Th =700000 K.

In self consistent models of hydrogen outflow from the chro-
mosphere, through the transition region and corona, and into
interplanetary space, it is found that the transition region pres-
sure (and the electron density in the inner corona) is determined
by the heating of the transition layer and the heat conductive
flux from the corona (Hansteen & Leer 1995). When there is no
energy deposition in the transition region, and the solar wind
enthalpy flux at the inner boundary is small compared to the ra-
diative loss from the transition region, the pressure is, to a good
approximation, proportional to the inward heat conduction flux
density, —qo (Landini & Monsignori-Fossi 1973):
znokTo ~ C(—QO) (10)

where C is a constant.
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This approximation may be used in spherically symmetric
flow, but in a rapidly expanding flow, where the solar wind is
originating from a small area, the solar wind enthalpy flux at
the inner boundary (where T, = 700000 K) is larger than the
radiative loss from the transition region. At the inner boundary
we therefore have that

an

i.e. the inward heat flux balances the radiative loss and the in-
crease of the solar wind enthalpy flux in the transition region.
Then the electron density at the inner boundary is given by

—qo = 27’L()I€T()/C + 5kTh(nu)o,

—q0

KTy (Sup+ 2) (12

No
This is the boundary condition used in the present study. The
constant C'is set to

C=75%x10"sm .. (13)

Any mechanical heating of the transition region would be equiv-
alent to a larger inward heat conduction, and therefore increased
left side of Eq. (11). This leads to higher density, ng, or proton
flux density, (nu)y, or both.

In most of this study we will consider self consistent models,
where the electron density, n, at the inner boundary, is deter-
mined by Eq. (12). In contrast, in many model studies of the
corona—solar wind system the density at the inner boundary is
specified, independently of the inward heat flux. We will also
consider such models.

3. Results

3.1. Spherically symmetric flow

Let us first consider spherically symmetric flow, i.e. A o< 2.

The electron density at the inner boundary, oy = 1.0 Rg, where
To =700 000 K, satisfies Eq. (12). This means that the radiative
losses at and above the top of the chromosphere, as well as the
increase of the solar wind enthalpy flux through the transition
region, are balanced by the inward heat flux. This procedure
allows us to treat the formation of the corona and acceleration
of the solar wind in a self consistent manner.

We want to study models where the corona is heated rela-
tively close to the sun. We specify the mechanical energy flux
density from the sun, f,, at the inner boundary. The mechan-
ical energy flux, Fj,, in the A o 72 flow tube is transferred to
the corona as heat over a damping length H,:

Fn =Afm :AOfmoeXp(_(r_RS)/Hm)- (14)

This simple model of the coronal heating may not be realis-
tic, but model studies with different damping lengths, H,, and
different energy flux densities, fi9, should help us understand
how the location and amplitude of the coronal heating determine
the structure of the corona and the solar wind proton flux and
asymptotic flow speed. We choose a set of parameter values,
fmo = 100Wm~2, H, = 1.0Rs, y = 90%, and h = 0.3 Ry,
and vary them, one at a time, to see the effect of each parameter.
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Fig. 1. Results from the model with A o r* geometry. The proton heat conduction parameter is & = 0.3 Rs. The input mechanical energy flux
density is fmo = 100 W m™2, the protons get y = 90% of this energy flux, and the damping length, Hy,, is varied. In the left column the flow
speed, u, electron and proton temperatures, 7¢ and T}, and electron density, n, are plotted versus heliocentric distance, r, for H, = 0.4 Rg
(dashed line), Hn = 1.0 Rs (solid line) and Hy, = 2.0 Rs (dotted line). In the right column the top panel shows the flow speed, ug, (solid line)
and proton flux density, (nu)g, (dashed line) at r = 1 AU, the middle panel shows the electron density, no, at the inner boundary, r = 7o = Rs,
and the bottom panel shows the fraction of the energy flux from the sun that is lost as heat conductive flux into the inner boundary (solid line)

and as heat conductive flux at 7 = 1 AU (dashed line), versus Hy,.

3.1.1. Variation of the damping length, Hy,

We choose the base values for all the parameters, but vary the
damping length: The mechanical energy flux density from the
sunis fu0 = 100 W m~2, the protons get y = 90% of this energy
flux while the electrons get the remaining 10%, and the proton
heat conduction coefficient is given by Eq. (9) with h = 0.3 Rs.
The damping length, H,y,, is varied from 0.4 Rg to 2.0 Rs. The
results are plotted in Fig. 1.

The left column of Fig. 1 shows the flow speed, u, the elec-
tron and proton temperature, 7; and T}, and the electron density,
n, as a function of heliocentric distance, r, for H, = 0.4 Rg,

1.0 Rg, and 2.0 Rg. For the base values of the model parame-
ters, i.e. for H,, = 1.0 Rg, we find that the proton temperature
reaches a maximum of 4.8 x 10°K at r = 3.1 Rg. The electron
temperature maximum is only 9.3 x 103 K. The solar wind has
an asymptotic flow speed of about 550 kms~!, and the solar
wind proton flux density is 3.3 x 10?m~=2s~! at r = 1AU.
The proton gas is assumed to be adiabatic in the outer solar
wind, so the proton temperature is low, T;g = 2.4 X 10*K,
at the orbit of Earth. The electron temperature at r = 1 AU is
Te =13 x 10°K.
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We see that the proton temperature maximum increases with
increasing damping length, from 2.9 x 10°K for H,,, = 0.4 Rg
to 7.7 x 10°K for H,, = 2.0 Rs, whereas the coronal elec-
tron temperature does not vary significantly when the damping
length increases. A high coronal proton temperature is consis-
tent with a high asymptotic flow speed, and we find that it is
about 800 km s ! for H,, = 2.0 Rys.

The density decrease, with heliocentric distance, in the inner
corona is like the density fall-off in a static corona, and the
density profile gradually approaches an n o< 7~ 2-profile in the
outer solar wind. The differences in the electron density profiles,
displayed in the lower left panel, are caused by an increase of the
asymptotic flow speed and a decrease of the solar wind proton
flux with increasing damping length, H,.

The right column of Fig. 1 shows how some quantities
vary with the damping length, Hy,. The upper right panel
shows that the proton flux density at » = 1 AU decreases from
(nuwg = 4.7 x 102s7!'m~2 for H, = 0.4Rs to (nu)g =
2.2 x 102s7'm~2 for Hy,, = 2.0 Rs. The flow speed at the
orbit of Earth increases from ug = 240km s—! for H,, = 0.4 Rg
to ug = 790kms~! for H,, = 2.0 Rs. The decreasing proton
flux is consistent with an increase of the asymptotic flow speed
because most of the energy flux deposited in the extended corona
is lost as solar wind energy flux.

When the inner corona is heated, as itis when Hy,, = 0.4 Rg,
the protons loose energy through inward heat conduction and to
the electrons because of strong collisional coupling in the inner
region. The lower right panel in Fig. 1 shows that in this case
almost 30% of the energy flux deposited in the corona is trans-
ported back to the sun as heat conductive flux. The outward heat
conduction at 7 = 1 AU is negligible. One-third of the inward
heat flux goes into heating of the solar wind in the transition
region, while two-third is radiated away. This determines the
density at the inner boundary, ny, shown in the middle panel in
the right column, and for Hy,, = 0.4 Rgitisng = 7.4 x 1083 m=3.
For an increasing damping length the inward heat conduction
decreases rapidly. Since most of the inward heat conductive
flux is lost as radiation, n is approximately proportional to the
inward heat flux. When H, = 2.0 Rg the inward heat conduc-
tive flux is only 14% of the input mechanical energy flux, and
ng =3.7 x 103 m—3.

3.1.2. Variation of the energy input, fmo

We have now studied how variations of the damping length, Hy,,
affect the structure of the corona and the solar wind proton flux
and flow speed. Let us see what influence the amplitude of the
mechanical energy flux density, fi,0, has on the results. The other
model parameters are set to their base values: Hy, = 1.0 Rg,
h =0.3 Rs and y = 90%. The results are presented in Fig. 2.

The left column in Fig. 2 shows the flow speed, u, (up-
per panel), and the electron and proton temperature, 7. and
T,, (lower panel) versus heliocentric distance, r, for frno =
50Wm™2, fuo = 100Wm™2, and frno = 200 W m—2. We see
only small variations in these quantities when the energy flux
from the sun changes.
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The upper right panel in Fig. 2 shows that the solar wind
proton flux density at » = 1 AU, (nu)g, increases linearly from
1.6 x 10?57 'm~2t0 6.3 x 10"?s7 ' m~2 when fuo changes
from 50Wm~2 to 200Wm™2, and that the flow speed at
r = 1 AU, ug, increase from 510km s~ to 600kms~! in the
same range of fyo-values. The lower right panel shows that
the electron density at the inner boundary, ng, also increases
with fi0, but the inward heat conductive flux increases some-
what slower than linearly with f.,o, and this trend is reflected
in the increase of ng. For the increase of fy from 50 W m™2 to
200 W m~2 n increases from 3.3 x 103 m—3t0 6.4 x 103 m—3.
Fig. 2 shows that the solar wind proton flux is propotional to
the energy flux density, fio, whereas the variations in the tem-
perature profiles and in the solar wind flow speed are relatively
small.

3.1.3. Variation of the proton heat conduction, h

We know that the classical proton heat conductive flux is an
overestimate of the proton heat flux in the outer corona and in
the solar wind. In our model we allow for classical heat con-
duction in the inner corona, and make use of the parameter h
to reduce the heat conduction coefficient with increasing helio-
centric distance. Let us now study the effect of “cutting off” the
heat conduction in the proton gas, at different heliocentric dis-
tances, by varying this parameter from h = 0.1t02.0 Rg, i.e. we
go from a model with classical proton heat conduction only in
the very inner corona to a model with classical heat conduction
out to several solar radii. The other parameters are set to their
base values: fmo = 100Wm~2, H, = 1.0 Rg, and y = 90%.
The results are shown in Fig. 3.

The left column shows the flow speed, u, (upper panel) and
the electron and proton temperature, 7;, and T, (lower panel)
along the radial flow tube for A = 0.1 Rs, h = 0.3 Rs and
h = 2.0 Rs. We see that the temperature profiles are similar in
the very inner corona, but for the case with h = 2 Rg the proton
temperature reaches a maximum of 3.3 X 10° K, whereas in the
h = 0.1 Ry case the proton temperature reaches 8.2 x 10° K. In
this case a significant fraction of the energy flux is deposited in
the region where there is almost no proton heat conductive flux,
so the heat flux from the corona and into the inner boundary,
is reduced. Hence, the electron density at the inner boundary
is reduced, and the solar wind proton flux is reduced. As the
energy flux from the sun is fixed, fno = 100 W m~2, the asymp-
totic flow speed is increased, from 490 km s~ for h =2 Rs to
750kms~! for h = 0.1 Rg (see upper left panel). Notice that
the increase of h from 0.1 Rg to 0.3 Rg is enough to reduce the
asymptotic flow speed from 750 km s~ to 550 kms~!. A fur-
ther increase of h has a relatively small effect on the asymptotic
flow speed. The electron temperature profile is almost the same
in all cases.

The right column shows the flow speed, ug, and the proton
flux density, (nu)g, at 7 = 1 AU (upper panel) and the electron
density, ng, at the inner boundary (lower panel). Again we see
that there are significant changes for small values of h. With
classical proton heat conduction only in the inner corona, and
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Fig. 2. Results from the model with A o r* geometry. The proton heat conduction parameter is & = 0.3 Rs. The mechanical energy flux’
damping length is Hy = 1.0 Rs, y = 90% of the energy flux goes into the protons, and the input mechanical energy flux density, fno, is
varied. In the left column the flow speed, u, and the electron and proton temperatures, 7T: and T}, are plotted versus heliocentric distance, r, for
fmo = 50 W m ™2 (dashed line), fmo = 100 W m ™~ (solid line) and fmo = 200 W m ™~ (dotted line). In the right column the top panel shows the
flow speed, ug, (solid line) and proton flux density, (nu)g, (dashed line) at » = 1 AU, and the bottom panel shows the electron density, ng, at the

inner boundary, r = ro = Rs, versus fmo.

no proton heat flux in the outer corona, i.e. h small, the heat con-
ductive flux into the transition region is small, and the electron
density, ng, and the proton flux, (nu)g, are low, while the asymp-
totic flow speed is high. For A increasing from 0.1 to 2.0 Rg,
ug decreases from 750kms™! to 490 km s~! while (nu)g in-
creases from 2.4 x 10" s~ 'm~2t03.5 x 10"?s~'m~2 and ng
increases from 3.5 x 10 m3t0 5.3 x 103 m—3.

3.1.4. Variation of the proton heating, y

Now we will vary the energy distribution between protons and
electrons, which is determined by the parameter y. The other
parameters are set to their base values: f,o = 100W m~2, H,, =
1.0 Rs and h = 0.3 Rg. The results are shown in Fig. 4.

The left column shows the flow speed, u, (upper panel) and
the electron and proton temperatures, T¢ and 7T}, versus helio-
centric distance, r, for y = 50%, y = 90% and y = 100%. The
figure shows that an increase of y leads to an increase of the
maximum proton temperature and the asymptotic flow speed,
and a decrease of the maximum electron temperature, but the
flow speed profiles and temperature profiles in the corona, ob-
tained for y = 90% and y = 100%, are not very different. With
y = 100% the only heating of the electrons is by collisions with

protons. In this case the electrons become almost adiabatic at
r=1AU.

In the upper panel of the right column we show the solar
wind flow speed, ug, and the proton flux density, (nu)g, at the
orbit of Earth, versus y, and in the lower panel the electron
density, nyg, at the inner boundary is plotted, also as a function
of y. We see that both the flow speed and the proton flux density
at 7 = 1 AU increase when y increase from 50% to 100%. This
is possible because the inward heat conductive flux from the
corona decreases when y increases, and more of the energy flux
is available for driving the solar wind. For the parameters used
here the flow speed and proton flux do not change dramatically,
even for the relatively large variations in y. If we had varied y
in a model with a smaller h-value and a larger value of Hy,, we
would have found a larger variation in the flow speed and the
proton flux than in the model considered.

The lower panel of the right column shows the electron den-
sity, ng, at the inner boundary as a function of y. As the elec-
trons easily conduct heat into the transition region, n is largest
when a large fraction of the mechanical energy flux from the
sun is deposited in the electron fluid. For y = 50% we have that
no = 7.3 x 101> m—3, whereas for y = 100% we find that n is
reduced to 4.4 x 10> m~3. But the high density for y = 50%
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Fig. 3. Results from the model with A o 7> geometry. The input mechanical energy flux density is fmo = 100 W m ™2, the protons get y = 90%
of this energy flux, and the damping length is Hy, = 1.0 Rs. The proton heat conduction parameter, h, is varied. In the left column the flow speed,
u, and the electron and proton temperatures, 7 and 7}, are plotted versus heliocentric distance, r, for h = 0.1 Rs (dashed line), h = 0.3 Rs
(solid line) and h = 2.0 Rs (dotted line). In the right column the top panel shows the flow speed, ug, (solid line) and proton flux density, (nu)g,
(dashed line) at 7 = 1 AU, and the bottom panel shows the electron density, ng, at the inner boundary, r = o = Rs, versus h.

does not correspond to a large solar wind proton flux. The lower
mean temperature in the inner corona makes the density scale
height short, and the higher temperature in the y = 100% case
leads to a higher proton flux, in spite of the lower value of ny.

3.2. Rapidly expanding flow geometry

The results obtained for an A oc > geometry show that a small
damping length, say H,, ~ 0.5 Rg, does not produce high speed
solar wind. This result does not seem to be in agreement with
the results found by McKenzie et al. (1995). They considered a
two-fluid solar wind model, with proton heating and with no heat
conduction in the proton gas, and they used a rapidly expanding
flow geometry. Let us now study a model with their geometry
and their coronal heating function.

The expansion of their radial flow tube is givenby A oc B!
where

1

2
B(r) o« r3 * ala+1)?

15)

and a ~ 3.98 Rg, and their heating function is

1 dE, r — Rg
Q——A dr —QoeXP(— I ) (16)

In this model the expansion of the flow tube is approximately
a factor 8 larger than the expansion of an A o r? flow tube.
It should be pointed out that the characteristic length of vari-
ation, L, for the heating function is considerably shorter than
a charateristic length of variation for the corresponding energy
flux,

F, = —/ AQoexp(— TLRS> dr.

With the coronal heating function in Eq. (16), the mechanical
energy flux, Fj,, in the flow tube is damped more slowly in the
inner corona, and more rapidly in the outer corona than an energy
flux with a constant damping length, H,,. For L = 0.20, 0.30
and 0.50 Rg the energy flux from the sun, Fy,, is reduced by a
factor e overadistance H = 0.34,0.62 and 1.29 Rg respectively.

Notice that the energy flux density at the inner boundary in
this model is

1 (B
Ao /OO AQdr.

a7

Jmo = — (18)

3.2.1. Variation of the damping length, L

Alsoin this model the inner boundary is taken at a level where the
temperature is 7o = 700 000 K, and the electron density, ng, at
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Fig. 4. Results from the model with A o 7 geometry. The mechanical energy flux density at the inner boundary is frmo = 100 W m™2. The
mechanical energy flux” damping length is Hy, = 1.0 Rs, the proton heat conduction parameter i = 0.3 Rs, and the part of the energy flux
absorbed by the protons, y, is varied. In the left column the flow speed, u, and the electron and proton temperatures, 7 and T}, are plotted versus
heliocentric distance, r, for y = 50% (dashed line), y = 90% (solid line) and y = 100% (dotted line). In the right column the top panel shows
the flow speed, ug, (solid line) and proton flux density, (nu)g, (dashed line) at = 1 AU, and the bottom panel shows the electron density, no,

at the inner boundary, r = ro = Rs, versus .

the inner boundary is given by Eq. (12). The collisional coupling
is strong at the inner boundary. In the rapidly expanding flow,
considered here, the cross-section of the flow tube increases
with a factor 8 compared to the cross-section of a flow tube in
an A x r2 flow geometry, so we increase the base value of the
energy flux density at the inner boundary to fro = 800 Wm™2,
The base values for the other model parameters are L = 0.3 Rg,
Yy =90%, and h = 0.3 Rs. Let us first vary the damping length
L. The results are presented in Fig. 5.

The left coulmn of Fig. 5 shows flow speed, u, (upper panel)
and electron and proton temperature, 1t and 7}, (lower panel)
versus heliocentric distance, r, for L = 0.20 Rs, L = 0.30 Rs,
and L = 0.50 Rgs. For the base value, L = 0.3 Rg, the coronal
proton temperature reaches a maximum of 5.7 x 10 K. This is
sufficient to accelerate the flow to an asymptotic flow speed of
610km s~!. For the smaller L-value, L = 0.20 Rg, the proton
temperature is reduced and the solar wind reaches a lower speed,
ug = 440kms~!. For L = 0.50 Rs we find a maximum proton
temperature of 8.5 x 10%K and an asymptotic flow speed of
850km s~!. The electron temperature in the outer solar wind
changes when L is varied, but the changes of the coronal electron
temperature are small. We see that even for the smallest L value
the proton temperature reaches almost 5 x 10° K, and the solar

wind is accelerated to more than 400 km s ! at the orbit of Earth.
So heating close to the sun produces a higher flow speed in a
rapidly expanding flow geometry than in spherically symmetric
outflow.

In the upper right panel we show the flow speed, ug, and
proton flux, (nu)g, at » = 1 AU, versus the characteristic
length, L, and in the lower right panel we show the variation
of the coronal base electron density, ng. The tendencies are
the same as when we varied H,, in the spherically symmet-
ric flow (cf. Fig. 1): Extended coronal heating leads to higher
asymptotic flow speed, lower proton flux, and lower electron
density at the inner boundary. More specifically L = 0.20 Rg
gives ug = 440kms™!, (nu)g = 4.4 x 102s7'm~2 and ng =
9.1 x 108 m—3, whereas L = 0.50 Rg gives ug = 850km L,
(nwg =23 x102s "m2and ny = 5.4 x 1083 m~3.

For L = 0.4 — 0.5 Rg we obtain asymptotic flow speeds
that are in fairly good agreement with observations of quasi-
steady high speed solar wind (McComas et al. 1995; Phillips
et al. 1995), and the high coronal proton temperatures, consis-
tent with these high flow speeds, are in good agreement with the
proton temperatures derived from the Ly — « observations in
large coronal holes (Kohl et al. 1996). Notice that the large flow
speeds are obtained when a significant fraction of the energy
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Fig. 5. Results from the model with rapidly expanding geometry when the characteristic length, L, of the heating function, @, is varied. The input
mechanical energy flux density is fno = 800 Wm ™2, and y = 90% of this energy flux is absorbed by the protons. The proton heat conduction

parameter is h = 0.3 Rs. In the left column the radial profiles of the

flow speed, u, and the electron and proton temperature, ¢ and 7T}, are

shown for L = 0.2 Rs (dashed line), L = 0.3 Rs (solid line) and L = 0.5 Rs (dotted line). In the right column the top panel shows the speed at
the orbit of Earth, ug, (solid line) and proton flux density, (nu)g, (dashed line), and the bottom panel shows the electron density, no, at the inner

boundary, at r = ro = Rs, versus L.

flux from the sun is deposited in the region where the proton
heat conductive flux is small. Let us also illustrate the effect
of shifting the proton heating from the collision dominated re-
gion and into the collisionless region by holding L constant and
varying the parameter h.

3.2.2. Variation of the proton heat conduction, i

The parameter h determines how far into the corona the classical
expression can be used to describe the proton heat flux. For
r > Rg+h the proton heat flux is negligible. Let us now vary h.
The other parameters have their base values: fio = 800 W m ™2,
L =0.3 Rg, and y = 90%. The results are shown in Fig. 6.
The left column shows the flow speed, u, (upper panel) and
proton and electron temperature, T, and T¢, versus heliocentric
distance, r, from the inner boundary and out to the orbit of Earth.
We show results for 2~ = 0.1, 0.3, and 2.0 Rgs. For the base value,
h = 0.3 Rg, we find an asymptotic flow speed of 610km s~!
and a proton temperature maximum, at r ~ 2.0 Rg, of 5.7 x
10% K. A reduction of the region where proton heat conduction
is important, by reducing h from 0.3 Rg to 0.1 Rg, leads to an
enhanced coronal proton temperature, with a maximum of 8.2 x
10° K, and an enhanced asymptotic flow speed of 740kms~'.
An extension of the region where heat conduction in the proton

gas is important, by increasing h to 2.0 Rg, leads to a somewhat
lower and broader proton temperature maximum in the corona,
but the asymptotic flow speed is virtually unchanged.

In the right panel we show variations of some solar wind
and corona parameters, as a function of h. The flow speed, ug,
and the proton flux density, (nu)g, at » = 1 AU are shown in
the upper right panel. In the lower right panel we show the
electron density, ny, at the inner boundary. The asymptotic flow
speed decreases and the solar wind proton flux increases with
increasing values of h, but for h > 0.3 Rg the variations are
relatively small. The heat conductive flux into the transition
region is small in the case of small h-values, and the solar wind
proton flux is small. However, in this rapidly expanding flow the
electron density at the inner boundary is almost constant when
h is varied from 0.1 Rg to 2.0 Rs (lower right panel). Most of
the heat flux into the transition region goes into heating the
flow. Thus, the solar wind proton flux increases with increasing
h-values, but ng is almost unchanged.

These results show that we obtain more or less the same so-
lar wind proton flux and asymptotic flow speed when the coro-
nal protons are heated in a region where classical proton heat
conduction can distribute the heat within the proton gas. When
most of the heating takes place in a region where there is almost
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Fig. 6. Results from the model with rapidly expanding geometry. The mechanical energy flux density at the inner boundary is fmo = 800 W m 2.
The characteristic length, L, of the heating function, @, is L = 0.30 Rs, y = 90% of the energy flux goes into the protons, and the proton heat
conduction parameter h is varied. In the left column the flow speed, u, and the electron and proton temperatures, 7; and 7}, are plotted versus
heliocentric distance, r, for b = 0.1 Rs (dashed line), h = 0.3 Rs (solid line) and h = 2.0 Rs (dotted line). In the right column the top panel
shows the flow speed, ug, (solid line) and proton flux density, (nu)g, at = 1 AU, and the bottom panel shows the electron density, no, at the

inner boundary, r = o = Rs, versus h.

no proton heat conduction, and the coupling to the electrons is
weak, the solar wind proton flux is reduced, the maximum coro-
nal proton temperature is increased, and the asymptotic flow
speed of the solar wind is also increased.

3.3. Constant density at the inner boundary

In most model studies of the solar wind the electron density is
specified at an inner boundary, the coronal base, and it is not ad-
justed to the inward heat flux. Let us now consider such models
to see how sensitive the solar wind flow speed and proton flux
are to variations in the electron density at the inner boundary.

To make this as simple as possible, we set the proton heat flux
equal to zero, g, = 0, everywhere in the model. This assump-
tion leads to higher proton temperatures and higher flow speeds
than what we would get if a reasonable proton heat flux were in-
cluded. The inner boundary is, as in our previous models, placed
at ro = 1.0 Rg, where Ty = 700 000 K, and we let the protons
get y = 90% of the energy flux from the sun. We consider both
spherically symmetric flow, A o r?, where the energy flux den-
sity at the inner boundary is fo = 100 W m~2, and the rapidly
expanding flow geometry with fu,0 = 800 W m~2. The electron
densities at the inner boundary is in the range 2 x 10> m 3 to
2 x 10 m3.

The left column in Fig. 7 shows results for the A o 72-
model, the right column is for the rapidly expanding flow. The
variation of flow speed, ug, (upper panels) and proton flux den-
sity, (nu)g, (lower panels) at r = 1 AU with increasing damping
length, H,, or L, are plotted for three values of the coronal
base electron density, ng = 2.0 x 10¥m™3, 6.0 x 103 m—3,
and 2.0 x 10'* m~3. The results are qualitatively similar in these
two models: For a given electron density in the inner corona, the
asymptotic flow speed increases and the proton flux decreases
with increasing values of Hy, or L. This is the same result as we
found in the self-consistent models, where the electron density
atthe inner boundary was adjusted to the heat flux into the transi-
tion region (cf. Fig. 1 and Fig. 5); For a lower coronal base elec-
tron density the asymptotic flow speed is higher, and the solar
wind proton flux is lower. The main difference between the two
geometries is that in rapidly expanding flow one can obtain very
large asymptotic flow speeds even for small damping lengths.
For a coronal base density of ng = 2.0 x 10 m—3 we find
ug = 1120kms™! for L = 0.2 Rs. (L = 0.20 Rg corresponds
to a damping length for the energy flux of Hy, ~ 0.34 Rg.) For
the same coronal base electron density and Hy, = 0.40 Rg we
find ug = 570 km s~ in the A x r2-model.
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Fig. 7. Results from models where the electron density, ng, at the inner boundary, r» = ro = Rs, is specified; it is not determined by the inward
heat conductive flux. There is no proton heat conduction, and the protons get y = 90% of the energy flux. The left column shows results from
the model with A o 7 geometry and a mechanical energy flux from the sun of fmo = 100 W m 2. The right column shows results from
the model with a more rapidly expanding geometry and fno = 800 W m~2. The flow speed, ug, (top panels) and proton flux density, (nu)g,
(bottom panels) at r = 1 AU are plotted as functions of Hy, and L for ng = 2.0 x 10" m~3 (solid line), no = 6.0 x 10> m—3 (dashed line), and

no = 2.0 x 10" m~3 (dotted line).

On the other hand, when increasing the electron density by a
factor 10tong = 2.0 x 10'* m 3, only the large damping lengths
give high speed solar wind. The small damping lengths H,, =
0.4 Rs and L = 0.2 Rg give flow speeds at 7 = 1 AU of only
ug = 170kms~! and ug = 340kms™', respectively, but still
the large damping lengths, H,, = 2.0 Rg and L = 0.5 Rg give
speeds as high as ug = 860kms~! and ug = 950kms~!. The
flow speeds above 1000 km s~ are well above what is observed
in the quasi-steady wind, and it can be argued that these results
are not relevant for the solar wind. However, the model study
serves to illustrate how sensitive the speed of the solar wind may
be to the choices of the electron density in the inner corona.

In the rapidly expanding flow the expansion rate is larger
than the electron—proton collision rate in the inner corona when
the density is low. Then the thermal coupling between the elec-
trons and protons is very weak, and almost all the energy flux
deposited in the proton gas is lost in the solar wind. The solar
wind proton flux is small, due to the low density at the inner
boundary, and the asymptotic flow speed is large. The large
flow speed is consistent with a large proton temperature in the
corona. When the length scale, L, is decreased, a larger fraction
of the energy flux is deposited in the subsonic region of the flow.
Thus, the solar wind proton flux increases and the asymptotic
flow speed decreases. When the coronal base electron density

is decreased, the solar wind proton flux is also decreased, and
the asymptotic flow speed of the solar wind is increased. The
results in Fig. 7 show that the coronal base electron density is
very important for determining the fraction of the energy flux
from the sun that is lost as kinetic and gravitational solar wind
energy flux, in particular in rapidly expanding flow.

In spherically symmetric flow the expansion rate is reduced,
and the electrons and protons are thermally coupled in the inner
corona, also in the low density case, where ng = 2.0 x 10> m =3,
This coupling leads to a larger solar wind proton flux, a smaller
coronal proton temperature, and a lower asymptotic flow speed
of the solar wind.

4. Conclusion

This model study shows that heating of the protons in the corona
may lead to high proton temperature and large asymptotic flow
speed of the solar wind. These solutions can be obtained when
the electron density in the inner corona is low.

For spherically symmetric outflow the solar wind flow speed
in the inner corona is low, and there is significant thermal cou-
pling between electrons and protons, even for quite low electron
densities. Thus, heating of the protons in the inner corona will
lead to heat transfer to the electron gas and to a significant
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heat conductive flux into the chromosphere—corona transition
region. Most of this energy flux is lost as radiation from the
transition region. The increase of the solar wind energy flux in
the transition region is smaller than the radiative energy loss,
so a significant inward heat flux is consistent with a quite large
transition region pressure, a high electron density in the inner
corona, a quite large solar wind proton flux, and a low asymp-
totic flow speed. By allowing for a more gradual damping of the
energy flux from the sun, such that the outer corona is heated,
we find a reduced proton flux and an increased asymptotic flow
speed.

In rapidly expanding flow geometries the solar wind flow
speed in the inner corona is higher than in spherically symmetric
flow (for the same solar wind proton flux density at the orbit of
Earth), the expansion rate of the plasma is larger, the thermal
coupling between electrons and protons is weaker, and a smaller
fraction of the energy flux deposited in the corona is lost as
inward heat conductive flux. This may result in a more rapid
acceleration and higher asymptoic speed of the solar wind than
what we find in an A 2 flow geometry.

We conclude that in reasonable models of the corona—solar
wind system, heating of the inner corona leads to a significant
heat flux density into the transition region, a large transition
region pressure, a large coronal base electron density, and a large
solar wind proton flux. In order to obtain speeds comparable to
the high speeds measured by the Ulysses spacecraft, a significant
fraction of the energy flux from the sun must be deposited in the
proton gas in the outer corona, where the proton heat conductive
flux is small and the collisional coupling to the electrons is
weak. This may lead to a low transition region pressure, a low
coronal electron density, a high proton temperature, and a high
asymptotic flow speed. Heating of the electron gas (as well as
heating of the transition region and of the inner corona) will tend
to increase the solar wind proton flux and reduce the asymptotic
flow speed.
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