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Abstract. We analyze and compare the ionic charge composition data for different types of the solar wind
which the Solar Wind Ion Composition Spectrometer on Ulysses observed during the pole-to-pole pass of its
primary mission. The implications on the electron temperature, electron density and ion outflow velocity from
the corresponding solar wind source regions are also discussed. We find that the electron temperature in the
source region of the slow solar wind is higher than that in the coronal hole. We also find a possible north-south
asymmetry in the electron temperature that may be correlated to the north-south asymmetry in the solar wind
speed found in the SWOOPS/Ulysses data. Based on our data without clear constraints from other coronal obser-
vations, it is found that the electron density may be higher, or the heavy ion outflow velocities may be lower

toward lower heliographic latitude.

INTRODUCTION

Ulysses was launched in October 1990 and after the
Jupiter swingby in February 1992, the spacecraft was
deflected out of the ecliptic plane over the south pole of
the Sun where a maximum southern latitude of 80° was
reached in September 1994. The pass from the south
pole through the equatorial plane over the north pole of
the Sun was rapid with Ulysses reaching the highest
northern latitude of 80° in July 1995. McComas et al.
[1998](1) have shown a polar plot of the solar wind
proton speed observed by the solar wind plasma instru-
ment (SWOOPS) on Ulysses since launch. It gives a
clear structure of the observed solar wind in helio-
graphic latitude during its primary mission. The data
from the instruments onboard Ulysses are therefore
unique in exploring the properties of the solar wind and
the heliospheric structure for a large range of the helio-
graphic latitude. In this paper, we analyze the ionic
charge composition data in both the slow and fast solar
wind measured by the Solar Wind lon Composition
Spectrometer (SWICS)(2) on Ulysses during its pole-
to-pole fast scan. During this time, the spacecraft
moves from 25° south to 20° north around its perihe-
lion (1.34 AU) (Figure 1). We also compare these data
with the long-time averaged ionic charge states in the
high speed solar wind from the south and north polar
coronal holes.

Under steady state condition, the solar wind ionic
charge states are generally 'frozen-in' within 5 solar radii
of the Sun. The ions then stay in their frozen-in states
in the solar wind flow through the interplanetary space.
Therefore the observed in-situ ionic charge states are a
good probe to the physical properties in the inner solar
corona where the ions' freezing-in process occurs. Dif-
ferent ionic charge composition in different types of the
solar wind thus implies that the physical properties are
different in these solar wind source regions.

DATA SELECTION

The types of the solar wind and the time periods se-
lected in this study are described below (Fig.1):
[1] Slow solar wind:

Four periods of the slow solar wind are selected for
which v < 400 km/s. They are then summed up to rep-
resent the ‘averaged slow wind’ denoted as Slow.

[2] Fast solar wind at low latitude:

Two periods of the fast solar wind are selected for
which v > 500 km/s. They are then summed up to rep-
resent the averaged fast wind denoted as Fast. During
both periods, the measured magnetic polarity is the
same as that of the fast wind from the south polar cor-
onal hole. Mapping the solar wind back to the source
region on the Sun, various solar magnetic field models
have shown that this fast wind comes from near the
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FIGURE 1. The solar wind proton speed measured by
SWICS/Ulysses as a function of the in-situ helio graphic
latitude during the Ulysses pole-to-pole fast scan in Febru-
ary and March, 1995. The time periods selected for analy-
sis of the slow and fast solar wind are also marked.

boundary or the equatorial extension of the south polar
coronal hole (3). On the other hand, Woo and Habbal
[1997)(4) suggested from the Ulysses radio occultation
measurements that this fast wind can originate from
much lower latitude on the Sun.

To compare the above charge composition data with
those from the polar coronal holes, we also extract the
fast solar wind data when Ulysses was at high south and
north heliographic latitudes.

[3] Fast solar wind from the south polar coronal hole:

About 388.5 days of raw data are extracted which
cover heliographic latitudes from 48° south to 80° south
and back to 30° south for which v > 700 km/s. We de-
note this data as South.

[4] Fast solar wind from the north polar coronal hole:

About 474 days of raw data are extracted which cover
heliographic latitudes from 30° north to 80° north and
back to 30° north for which v > 700 km/s. We denote
this data as North.

Note that isolated periods of high speed solar wind
associated with coronal mass ejections (CMEs) were
detected during the time when Ulysses was immersed in
the fast streams from the south polar coronal hole (5).
In our South data, we do not exclude such CME-
associated fast wind data. Since our selected data are
overwhelmed by the polar coronal hole related fast
wind, the charge composition data analyzed here should
not be affected by the few CME-associated events.

DATA ANALYSIS

The pulse height analysis data (PHA data) were ex-
tracted from the Experiment Data Records (EDRs) proc-
essed at the University of Maryland. Mass (M) and
mass-per-charge (M/Q) values were determined for each
event from these data. For events falling within several
'ion boxes' (as defined by their M/Q and M boundaries),
were then converted into ion fluxes by correcting for
event priorities, instrument efficiency and duty cycle.
For each ion box, we fit the data with a number of 2-D
Gaussians each of which corresponds to one particular
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ion believed to contribute to the flux in this ion box.
Each 2-D Gaussian (i.e. ion) is characterized by five
parameters: its volume in the M/Q-M space, its M/Q,
the FWHM (Full-Width-Half-Maximum) of M/Q, its
mass and the FWHM of mass. The best-fit parameter
values are calculated by using a least squares fit tech-
nique to fit the sum of the Gaussians to the ion flux
matrix in the ion box. The ionic fractions for a given
element are then calculated from the volumes of all
best-fit 2-D Gaussians corresponding to this element.
See Cohen [1995](6) for the full description of this 2-D
Gaussian fitting technique and Ko et al. [1999](7) for a
more detailed description of this data analysis.

RESULTS AND DISCUSSION

We compare the charge composition from different
types of the solar wind (fast wind from the north and
south polar holes and low latitude coronal holes, and
slow wind). We start the comparison in the context of
the 'freezing-in temperatures', We will then discuss how
the difference in the ionic charge states infers the differ-
ence in the physical conditions between respective solar
wind source regions. For a more detailed results and
analysis, see Ko et al. [19991(7).

The freezing-in temperature of a given observed ionic
ratio is defined as the electron temperature at which the
abundance ratio of two neighboring charge states in
ionization equilibrium is the same as the observed ratio.
And the ionic charge composition in ionization equi-
librium move toward higher charge states as the elec-
tron temperature increases.

Figures 2 compares the C, O, Si and Fe charge states
between South, North, Fast, and Slow. It shows that
(we use South data as reference):

[1] The freezing-in temperatures are slightly lower
for North than that for South. This is true for all the
four elements.

[2] The freezing-in temperatures of C and O ions are
higher for Fast than those for South, but the freezing-in
temperatures of Si and Fe ions are lower for Fast than
those for South.

[3] In the slow wind, the freezing-in temperatures are
obviously higher than in the fast wind for all elements.
For example, the O*7/ O*6 ratio corresponds to a freez-
ing-in temperature of 1.75 x 106 K for Slow and 1.17 x
106 K for South. We note that the charge states from
the south polar coronal hole can be roughly fitted by
one electron temperature (8). This is not the case for Si
and Fe ions in the slow wind (9).

We have shown that the freezing-in temperatures of
C and O ions are such that T{North) < T{South) <
T{Fast) <T{Slow) and the freezing-in temperatures of
Si and Fe ions are such that T{Fast) < T,(North) <
T{South) <T{Slow). This difference in the freezing-in
temperatures, i.€. the ionic charge composition, directly
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FIGUR 2. The C, O, Si, and Fe charge compositions for the South, North, Fast and Slow data.

reflects the difference in the physical properties, namely
the electron temperature, the electron density and the
ion outflow velocities in the freezing-in regions of
these ions. We stress that the difference in the freezing-
in temperatures does not necessarily infer the difference
in only the electron temperature. Note that possible
deviation from Maxwellian for coronal electrons can
also affect the observed charge states (10,11). The ve-
locity distribution may also be different in the fast and
slow wind. We will not discuss this effect in this work.

In a steady state and radial outflow, the evolution of
the solar wind ionic charge states with heliocentric
height depends on three physical quantities in the ions'
freezing-in region: the electron temperature 7, the elec-
tron density n, and the ion outflow velocity u« (12). We
adopt a 'base model' of [T,(r), n,r), u()] which is
among those that best-fit the fast wind charge state data
from the south polar coronal hole (13). Note that the
electron temperature profile has a local maximum in the
freezing-in region. We then calculate the frozen-in ionic
charge states when (a) T, is 1.2 times higher, (b) n, is
2 times higher, or (c) « is 2 times higher, while the
other two parameters are kept the same. Figure 3 shows
the results for C and Fe ions. C and Fe ions are chosen
to illustrate the difference in the change in the charge
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composition when the ions are freezing-in before (C) or
after (Fe) the temperature maximum. We can see that
(a) when T, is higher, both C and Fe charge composi-

tion move toward higher charge states, (b) when n, is

higher, C ions move toward higher charge states but Fe
ions move toward lower charge states, and (c) when u is
higher, C ions move toward lower charge states but Fe
ions move toward higher charge states. Note that the
effects of higher electron density and lower ion velocity
are similar. The above results can be understood by
considering the shift in the ions' freezing-in region
when these physical quantities are changed. Therefore,
to compare the physical conditions in different solar
wind source regions where a temperature maximum
likely exists, we need the charge composition data of at
least two species -- one which freezes-in at one side of
the temperature maximum (e.g. C) and the other which
freezes-in at the other side of the temperature maximum
(e.g. Fe). Based on our data and the above analysis, we
discuss in the following the implied difference in the
physical properties among these solar wind source re-
gions.

The Slow Wind and the Fast Wind
The electron temperature corresponding to the source
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FIGURE 3. The change in the frozen-in ionic charge states of C and Fe ions compared with the base model [T.(r), n(r) and
ufr)] (filled circles), when T,(r) is 1.2 times (open circles); or n,(r) is two times higher (open squares); or u(r} is two times

higher (open triangles), with the other two parameters fixed.
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region of the slow solar wind is higher than that for the
fast solar wind from the coronal holes. Note that if the
slow solar wind is indeed associated with the streamer
region, we expect that the electron density is also
higher (and the ion velocity may be slower) than in the
coronal hole. Also the temperature profile of the source
region of the slow solar wind may not have a tempera-
ture maximum. However, since the freezing-in tempera-
tures of the slow wind are all significantly higher for
the four elements, the electron temperature in the slow
wind source region is certainly hotter than in the cor-
onal hole region.

The North and South Polar Coronal Holes

The electron temperature in the north polar coronal
hole seems to be slightly cooler than the south polar
coronal hole during this time. This would suggest that
either there is intrinsic difference in the temperature of
the two polar coronal holes, or this difference is caused
by time variation (9,14). Goldstein et al. [1996](15)
have also shown a modest north-south high latitude
asymmetry that the proton velocity above 40 degrees in
latitude is 13 km/s to 24 km/s greater at northern lati-
tudes than at southern latitudes. It suggests the possi-
bility that the electron temperature in the inner corona
is correlated with the solar wind speed, namely, that
higher solar wind speed is related to lower electron tem-
perature in the corona. This may have implications on
the coronal heating and solar wind acceleration mecha-
nisms in the inner coronal regions.

Latitudinal variations in the polar coronal hole

Since the source region for the Fast data is at the
lower latitude in the south polar hole, the difference
between the Fast and South data implies that there is
latitudinal variation in the physical conditions in the
polar coronal hole. Galvin and Gloeckler [1998](14)
have also found similar heliographic latitudinal varia-
tions in the Si and Fe icnic charge states in the north
polar coronal hole. If we assume the electron tempera-
ture does not change along the latitude in the polar cor-
onal hole, this variation in the ionic charge states im-
plies that the electron density is larger or the ion out-
flow velocity is smaller toward lower latitude. Gu-
hathakurta and Holzer [1994](16) found very little in-
trinsic latitudinal variation in the electron density
within the polar coronal hole. On the other hand, Woo
and Habbal [1997](4) found that the electron density
increases from the high latitude polar coronal hole to-
ward the low latitude streamer belt region. Strachan et
al. [1999](17) have shown from SOHO/UVCS observa-

tions the variation in the O*5 outflow velocity as a
function of latitude. But it is not clear if there exists
systematic latitudinal dependence of the O*3 outflow
velocity within the polar coronal hole. Aside from this,
there exists no other observation that is capable of de-
riving outflow velocities of heavy ions. Note that the
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solar wind proton velocity is smaller in the Fast data
than in the South data (cp. Fig. 1). This may indicate
that the ion velocity is correspondingly smaller in the
source region of the Fast data.

It should be emphasized that the three physical quan-
tities that affect the freezing-in process of the ions (i.e.
T, n,, u) can all be responsible for the difference in the

observed ionic charge states along the heliographic lati-
tude. The effect of one of them may just outweigh an-
other. Therefore there is a clear need of relying on a
combined and coordinated data set of the in-situ ionic
charge states and remote-sensing coronal observations
to unambiguously relate the latitudinal variations of
these physical quantities to the latitudinal variations of
the ionic charge states in the associated solar wind.
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