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Abstract. Measurements of the charge states of solar wind
ions by the SWICS instrument on Ulysses are used to place
limits on the extent to which the velocity distribution of elec-
trons in the lower solar corona deviates from a Maxwellian
distribution by having a suprathermal tail. It is found that the
data are consistent with a suprathermal tail which is not large,
and which has a minor influence on the location and magnitude
of the maximum of the electron temperature. This result has
implications for theories which propose that suprathermal
tails of electrons in the solar corona can have a strong influ-
ence on the formation of the solar corona and the dynamics of
the solar wind.

Introduction

The SWICS instrument on Ulysses [Gloeckler et al., 1992] has
returned detajled information on the charge states of solar wind
ions from the steady high speed stream that originates from
the south polar coronal hole. These charge states are estab-
lished, or "frozen-in" as the ions leave the lower solar corona,
within ~ 5 solar radii of the Sun. The charge states can thus be
used to place constraints on conditions in the lower corona,
such as the electron temperature and density, and the flow
speed of the ions. It is the purpose of this paper to use the ob-
served charge state data to place limits on the extent to which
the velocity distribution of the electrons in the lower corona
can have a significant suprathermal tail. Such tails have been
argued by Scudder {1992a,b] to play a significant role in the
deposition of energy and thus in the formation of the corona,
in the formation of Doppler line widths, and in the dynamics
of the solar wind acceleration. We find that the charge state
data are most consistent with a velocity distribution for the
electrons, within 5 ‘solar radii of the Sun, with a suprathermal
tail which is not large. In the nomenclature for describing
suprathermal tails, the x value for the non-Maxwellian distri-
bution must be greater than 5. Such a tail has minor influence
on either the magnitude or the location of the temperature
maximum for coronal electrons.
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We begin by describing the technique that we use to con-
strain the suprathermal tail. This technique is described in
more detail in Ko et al. [1996] ('An empirical study of the elec-
tron temperature profile and heavy ion velocities in the south
polar coronal hole', submitted to the Solar Physics) and ap-
plied to determine other aspects of the behavior of coronal
electrons and heavy ions. We then present the evidence that
the suprathermal tail of coronal electrons is not large.
Concluding remarks are provided in the final section.

The Technique

As the heavy ions are convected outward through the solar
corona with the expanding solar wind, their charge states will
evolve through both ionization and recombination. For a
steady solar wind, then, the ionic fraction, y;, of a given
charge state, which is defined as the ratio of the number den-
sity of an ion with charge +i to the total number density of all
ion states of this element, will evolve subject to the equation:
[Hundhausen, Gilbert, and Bame 1968]

d
u%=ne(yl-lci-l -%(C +R,_,)+y,+1R,~) O

Here, C; is the total ionization rate (including collisional ion-
ization and autoionization) from charge +i to +i+1 and R is
the total recombination rate (including radiative recombina-
tion and dielectronic recombination) from charge +i+l to +i.
The ionization rates and recombination rates used here are the
same as those adopted in Ko et al. [1996]. We assume that all
ions of the same element have the same speed u and flow only
in the radial direction; n, is the electron number density. Note
that the sum of all y,'s for a given element must be unity.

At some heliocentric radial distance, typically < 5 solar
radii, the ionic fractions will cease to change [e.g. Owocki et
al., 1983; Biirgi and Geiss, 1986]. The electron density falls
off with radial distance; the ion speeds increase; and from (1),
y; becomes constant. At this distance the ionic fractions are
said to be frozen-in, and it is these ionic fractions that are ob-
served by Ulysses at several AU from the Sun.

The ionization and recombination rates are functions of the
electron temperature 7,, and will depend on whether the elec-
tron distribution is Maxwellian. Thus, the ionic fraction that
will be frozen-in depends on 7,(r), n,(r), u(r), and the
shape of the electron distribution. Equivalently, the observed
ionic fractions can be used to place constraints on allowable
values for and radial dependencies of T,, n,, u, and the shape
of the electron distribution.
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Figure 1. The electron distribution function with x=3 (dash-
dot-dot-dot curve), x=5 (dash-dot curve) and k=10 (dashed
curve) compared with the Maxwellian distribution function
(solid curve) at the same electron temperature of 1.5X 10¢ °K.

We concentrate here on determining the shape of the elec-
tron distribution, i. e. the extent to which a suprathermal tail
is permitted. To do so, we use a technique which is described
in detail in Ko et al. [1996]. We use observations to determine
n,, and we develop parametric descriptions for T, , u, and of
the shape of the electron distribution. We then do a system-
atic search to determine the values of the parameters that yield
the best fit to the charge states observed by Ulysses. In par-
ticular, the following sequence of operations is used:

1. The electron density profile in the south polar coronal
hole has been derived from observations by the White Light
Coronagraph on the Spartan 201-01 mission [Fisher and
Guhathakurta, 1995]. These observations were made one year
earlier than the SWICS observations of the solar wind charge
states from this coronal hole. Nonetheless, all the observa-
tions are near solar minimum when significant time variations
are not expected. We thus consider n,(r) to be determined by
the observed Spartan profile.

2. The SWICS/Ulysses data have indicated that the electron
temperature profile in the south polar coronal hole has a local
temperature maximum with T, =1.55x10% °K [Geiss ef al.,
1995; Ko et al, 1996]. We thus take the electron temperature
profile to have the following form:

For r<R,,.,

T,(r)=Tpp | (14 (Rppae =77 )* ()}
For r>R,,,,

T,(r) = Tpoe / (1 +(r=R, )% ©))
Where x=10g[T,,, / T;1/ log[1+ (R, ~1)'] and

y=1log2/log[1+ R2,]. Here, R, (in solar radii R,) is the lo-
cation of the temperature maximum, T,, . The parameters
fand R, determine the shape of the temperature profile; T,

Timax=1.55x106K, T,=0.5x105K

Rinax=1.5R0, T;=0.5x105K
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is the temperature at one solar radii. As is discussed in Ko et
al. [1996], the parameters to which the charge states are most
sensitive are T,,, and R,,; T, must be chosen to be <
7.5%10° °K.

3. The speeds of the heavy ions in the lower corona are ex-
pected to be different than that of the protons and electrons.
The effects of inertia and compensating Coulomb drag could
result in the heavy ions flowing slower than the protons [e.g.
Biirgi and Geiss, 1986]; wave effects could conceivably cause
the heavy ions to flow faster. We take the speed profile, in
km/s, of all the ions of a given element to be:

u(r)=699[(r—-1)/977 +1 @
The speed is then 1 km/s at 1 R, and 700 km/s at 10 R, which
should cover all possible values of the ion velocities within
10 R,. However, the speed profile can vary depending on the
parameter p.

4. Electron distributions that have a strong suprathermal
tail are frequently described by the so-called kappa distribution
which was introduced by Olbert [1969]:

m 2 P -Kx-1
f"(s)_(anT) A"[H (K—1.5)kT] ©)

where A, =T(x+1)/[[(x-0.5)(x-1.5)""] and e=mv?/2;
m is particle mass, v is particle speed, and k is Boltzmann's
constant. The kappa distribution resembles a Gaussian distri-
bution at low particle speeds and evolves smoothly into an
inverse power law with increasing v. The normalization is
such that integrating over all speeds yields unity and the aver-
age value of ¢ is 3kT/2. For large values of x (x>10) the
kappa distribution approaches a simple Maxwellian; for small
values of x (x<4) the suprathermal tail is very strong. A
kappa distribution has been incorporated into the calculation
of the ionization and recombination rates for various ions in
Owocki and Scudder [1983], Biirgi [1987] and Dzifcdkova
[1992]. In this work, we simulate the kappa distribution by
superimposing three Maxwellian distributions for x2=7 (and
five Maxwellian distributions for x<7) with different temper-
atures and normalizations. This “simulated' kappa function
yields a reasonable fit (within 15%) to the “real' kappa distri-
bution (eq.(5)). The ionization and recombination rates are
then the sum of those for each of the three (or five)
Maxwellian distributions. The uncertainty of 15% in our fit to
the kappa distribution is less than the uncertainty in the
atomic rates. Figure 1 shows these “simulated' kappa functions
with x=3, 5, 10 and compares them with the Maxwellian dis-
tribution function.

5. With the observed profile for n,(r) and by choosing the
parameters to specify T,(r) and u(r), and the equivalent x
value, we use (1) to determine the frozen-in charge states for

Rnax=2-0Rg, T{=0.5x108K
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Figure 2. Zx? versus x for various electron temperature profiles. In general, 5< k<10 gives better fit with the data.
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Figure 3. The mean charge states as a function of electron tem-
perature at various values of x for C, O, Mg, Si, and Fe ions.
C and O ions are most affected by the suprathermal tail of elec-
tron distribution at coronal temperatures.

carbon, oxygen, magnesium, silicon and iron, and then com-
pare these results with the observations from the SWICS in-
strument on Ulysses, as it observed the solar wind from the
south polar coronal hole. SWICS measures the intensity of
solar wind and suprathermal ions as a function of their energy
per charge ( E/q), mass (m), and charge state (q), from 0.6 to
60 keV/e in logarithmically spaced steps with AE/E=0.04
[Gloeckler et al., 1992]. Ulysses passed downward in solar lat-
itude from the solar equatorial plane, and at latitudes above
about 35 degrees it was continuously in the steady high speed
stream from the south polar coronal hole. We use data from
SWICS that are averaged from day 170 to 270 in 1994, when
the flow speed was nearly constant at about 780 km/s. To com-
pare the model predictions and observation quantitatively we
define a reduced ¥ -square for each element, or

1= i%[ Yidata ;yi,model ]2 ©)
i=l !

where , 4, is the measured ionic fraction, y, g is the pre-
dicted ionic fraction, g; is the error in y,,4,,, and ! is the
number of charge states considered. Clearly, if y2<1 the
model results deviate, on average, from the data by less than
one error bar.

The procedure then is straight-forward. We use the observed

profile for n,(r); we consider a likely range of values for the
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parameters which describe T,(r); and we consider a range of
possible values for k. For each choice of these parameters
we then vary the parameter p which describes u(r) in (4) and
determine the minimum value of y? for each element and
record the sum of these minimum values, or Zyx2, for all five
elements. The choices for the parameters describing T,(r)
and the values of x that yield the smallest values of Zylare
the most likely choices for the actual coronal conditions.

We then perform this procedure in reverse. We take the most
likely value of x and then do a full parameter search to find
the most likely value of the temperature maximum and the lo-
cation of the temperature maximum, for comparison with the
results in which the electron distribution is Maxwellian only.

The Results

Wetake f=1, R, =2R,, and T; =5x10° °K in (2) and (3)
(from Ko et al. [1996], the predicted charge states are not sen-
sitive to f and R, and T, is within the allowable range to
fit the observed charge state data). We then vary T,, and
R, in the range 1.3x10% °K<T,, <18x10° °K and
1.3 R, <R, <3.0 R,. These ranges should encompass any al-
lowable location or value for the temperature maximum. We
vary the value for kappa in the range 2< ¥ <25. This range is
broad and describes electron distribution functions which have
strong suprathermal tails (small k) through distribution func-
tions that are indistinguishable from a Maxwellian distribu-
tion (large x). Following our technique, then, we vary p in
(4) for each different element over the range 0.01< p<20,
which should allow a full range of possible speed profiles.
Finally we determine Zy> .

The results are shown in Figure 2. In the left panel Zy? is
plotted versus x for a specific choice of T,, and a range of
possible R, . In the center and right panels, R, is fixed
and Zy? is plotted versus x for various choices of T, . In
all cases, the minimum value of Zy? and thus the best fit to
the observed charge states occurs for larger values of x
(x25). Indeed, only in the cases of the larger values of R,
does x of order S provide a better fit. A closer examination of
these cases reveals that they require that the flow speeds of Fe
ions are larger than those of the lighter ions, which seems in-
compatible with ions being accelerated by Coulomb drag. In
all cases, small values of x, x<5, or equivalently strong
suprathermal tails, provide a demonstrably poor fit to the data.
Clearly, the electron distribution that is consistent with the
data (i.e. K¥25) has a suprathermal tail which is not large (see
Fig.1).

The presence of a strong suprathermal tail would have most
influence on the charge states of carbon and oxygen, as is il-
lustrated in Figure 3. Here the mean charge states for various
elements in ionization equilibrium are plotted versus tempera-
ture, for various values of x. Clearly, in the temperature
ranges we consider, ~ 10 °K, the mean charges of carbon and
oxygen are most sensitive to the value of x. Since carbon and
oxygen ions freeze-in before the temperature maximum due to
their small ionization rates, a strong suprathermal tail could
occur only if the coronal temperature is unreasonably low
(T <2x10° °K) and the ion velocities are unreasonably high
near the coronal base. Thus, it is the observed charge states of
carbon and oxygen which preclude a strong suprathermal tail
in the lower corona.

Consider, then, the problem in reverse. We fix « at 10 and
do a full parameter search, i.e. we vary T,,., R,., Ry [,
T,,and p, and find the best fit to the observed charge states.
We first eliminate any fit for which Ty?>5. We then bin all
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Figure 4. Upper panels: T, and R,,, distribution for a non-thermal distribution of electrons with x=10. Lower panells: same
but for Maxwellian distribution of electrons ( K = o). Note that the smallest Zy?. with the largest N provides the best fit to the

observed charge states.

of the values of Zy? for different values of T,,, and R,,,, and
determine the average value of Zyx2, or Zy°w, in each bin.
The results are shown in the Figure 4, where we plot Zy2sv and
the number of samples, N, in each bin versus T,,, and R,,,.
The smallest x4 with the largest N provides the best fit to
the observed charge states. Clearly, the best-fit temperature
maximum value is ~1.55x10° °K. The location of the maxi-
mumis ~1.4 R,. Shown in the lower panels of Figure 4 are the
results of the same parameter search for an electron distribu-
tion function that is a Maxwellian. Although there are some
small shifts in the value of T,,, and R,,,, it is clear that an
electron distribution with the inferred value of x=10 has little
effect on the location or the magnitude of the electron temper-
ature maximum in the lower corona. If we take k=5, the tem-
perature maximum exhibits little variations (T,,, is lower by
10° °K) from that results from a Maxwellian; however, R,
would be larger by 0.5 R,. Recall that this latter case can oc-
cur only if it is acceptable for Fe ions to move faster than
lighter ions.

Concluding Remarks

We have performed a parameter search of possible values for
the electron temperature profile in the lower solar corona, of
possible speed profiles of heavy ions, and of possible forms
for the electron distribution function, and determined that the
charge states of heavy ions observed by the SWICS instrument
on Ulysses are most consistent with a suprathermal tail on the
electron distribution which is not large (x2=5). However, it
should be noted that the observed charge states are best fit
when we assume some suprathermal tail, x¥~10, as opposed to
a larger value x>25 which is indistinguishable from a
Maxwellian distribution. Such a small tail is unlikely to con-
tribute significantly to the formation of the corona, or to the
dynamics of the solar wind.
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