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Abstract. The Solar Wind Anisotropies (SWAN) instrument on board the 
SOHO spacecraft measures Lyman alpha radiation emanating mainly from neutral 
hydrogen gas in the solar neighborhood. This gas is part of the local interstellar 
cloud in which the Sun and the hehosphere are immersed. Measurements of Lyman 
alpha can be used to infer the local cloud characteristics like the velocity and the 
direction of the flow, gas temperature, and density. The strong interaction between 
the Sun and the neutral hydrogen gas also makes possible inves.tigations of solar 
characteristics by Lyman alpha measurements. In this work we will concentrate on 
deriving the latitudinal distribution of solar-induced ionization from SWAN Lyman 
alpha maps measured in 1996 at a time of the solar minimum. From the ionization 
we derive the distribution of the solar wind mass flux. SWAN Lyman alpha data 
show that the ionization and the mass flux are nearly flat for all solar latitudes 
except the narrow belt from-20 ø to 20 ø around the solar equator. In this region, 
ionization and the solar wind mass flux show a definite increase, which can be seen 
as an intensity depression in the Lyman alpha data from directions near the ecliptic. 
These results confirm earlier in situ measurements by Ulysses during the present 
minimum and Lyman alpha measurements by Prognoz satellites 20 years ago. 

1. Introduction 

The diffuse Lyman alpha radiation, which can be de- 
tected all over the heliosphere, reveals the presence of 
neutral hydrogen in the heliosphere. This hydrogen is 
now understood to have an origin outside the helio- 
sphere; it is a relatively small (about 1 parsec) inter- 
stellar cloud surrounding the Sun [see, e.g., Lallement 
and Bertin 1992]. The Sun and the cloud, often called 
the local cloud, are moving with a velocity of about 25 
km/s with respect to each other. 

If there were no movement, ionization brought by so- 
lar UV photons and by the solar wind would carve a 
large ionization cavity around the Sun. This so-called 
StrSmgren sphere would reach out to 1000 AU. The 
movement of the cloud diminishes the influence of the 

Sun on the cloud so that the actual ionization cavity ex- 
tends only a few tens of AU from the Sun. Therefore a 
substantial number of neutral hydrogen atoms reach the 
immediate neighborhood of the Sun where they are in 
place to scatter solar Lyman alpha photons. This makes 
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it possible for a spacecraft bound to a near-Earth orbit 
to map neutral hydrogen atoms near the Sun via observ- 
ing Lyman alpha radiation [Holzer 1977; Bertauz et al., 
1996b; Lallement et al., 1995; Summahen, 1996b]. 

The knowledge of the neutral hydrogen distribution 
can be used to estimate the ionizing power exerted by 
the Sun. Ionization is brought mainly by charge ex- 
change reactions between neutral H atoms and solar 
wind protons. A smaller part (about 20%) is caused 
by solar EUV radiation. Solar wind characteristics are 
quite well known around the ecliptic from several in situ 
measurements. At other latitudes there has been virtu- 

ally no data before 1992 because of the difficulties im- 
posed by sending out-of-ecliptic spacecraft. Since 1992 
the Ulysses mission has given us the first in situ mea- 
surements of the solar wind at high latitudes. Despite 
this success it is clear that remote sensing measurements 
of the solar wind, like Lyman alpha, remain to be valu- 
able tools in monitoring the solar wind distribution in 
a long-term manner. 

The investigations of solar wind characteristics by Ly- 
man alpha measurements were started by Kumar and 
Broadfoot [1978, 1979]. They found that by assuming 
an anisotropic ionization a better agreement between 
the models and Lyman alpha data was produced. The 
Lyman alpha group at Service d'Aeronomie in Paris 
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published several investigations of the solar wind distri- 
bution based on Lyman alpha measurements by Prog- 
noz satellites in 1976-1977 during the solar minimum 
[Bertaux and Lallement 1984; Bertaux et at., 1985, 
La!lement el at., 1984, 1985a, b]. They found that 
the Lyman alpha patterns could be reasonably mod- 
eled assuming a simple sinusoidal variation of the ion- 
ization rate as a function of the solar latitude. Ionisa- 

tion around the solar equator was estimated to be 40% 
greater than over the solar poles. Subsequently the so- 
lar wind mass flux was predicted to show a similar al- 
beit somewhat smaller anisotropy. The significance of 
the solar wind mass flux distribution on the solar wind 

energy balance was investigated as well [Lallement el 
at., 1986]. Analysis of Lyman alpha data from other 
satellites gave similar results to Prognoz [Ajel!o, 1990]. 
Further studies on Progn•oz data showed that a bet- 
ter agreement between data and models was achieved 
using a discrete model for the dependence of the ioniza- 
tion rate on the solar latitude [Summahen et at., 1993, 
1994, 1997; Summahen, 1996b]. The ensuing ioniza- 
tion showed a fairly fiat variation except near the equa- 
tor where a clear ionization bulge was measured. It 
is now quite generally accepted that the solar wind is 
not isotropic (see, however, the ongoing discussion by 
Scherer and Fahr [1995], Bertaux et al. [1997a], and 
$cherer and Fahr [1997]). 

The solar wind distribution results from Prognoz Ly- 
man alpha observations have been least partly validated 
by the recent in situ measurements by the Ulysses space- 
craft. The mass flux results were astonishingly similar 
with these two methods even if the underlying mea- 
surements were separated by almost 20 years from each 
other [Summahen el al., 1997; GOldstein et at., 1996]. 
While this was a great accompliõhment it would, of 
course, be important to get a more complete valida- 
tion between in situ and the remote sensing Lyman 
alpha method. The possibility has now materialized 
when the European Space Agency (ESA)-NASA solar 
observatory SOHO includes a new Lyman alpha instru- 
ment, Solar Wind Anisotropies (SWAN), and Ulysses 
is continuing its measurements. It is now possible to 
acquire simultaneous measurements and also follow the 
progression of the solar cycle in results. 

The SWAN instrument is a Lyman alpha instrument 
capable for a full-sky mapping [Bertaux et at., 1988b, 
1995]. This task is a first of its kind. Earlier instruments 
were only capable to measure a part of the sky, and 
many were obstructed by Earth's geocoronal Lyman al- 
pha radiation. Since the beginning of 1996 SWAN has 
measured full sky Lyman alpha maps and also restricted 
area maps to investigate comets. 

In this paper we present a first analysis of the SWAN's 
principal scientific objective: the solar wind anisotropy. 
For a more general presentation of SWAN first results, 
see Bertaux et al. [1997b]. The SWAN data we use 
are selected full-sky maps which have been measured 
during SWAN's first operational year, 1996. Data are 
corrected only for clear instrumental effects like fiat 
fields of the detectors. The model we use to inter- 

pret the data is based on concepts which are well un- 

derstood and also computationally efficient in treating 
quite large data sets. We are using the single-scattering 
model for Lyman alpha. We assume that H gas far 
away from the Sun shows a Maxwellian velocity dis- 
tribution and finally that all parameters are indepen- 
dent of the solar cycle. The modeling aspects which are 
moving into the standard model but which we discard 
here are the multiple-scattering model for Lyman alpha 
photons [Keller et al., 1981; Quemerais and Bertaux 
1993a; $cherer and Fahr, 1996], the modification of the 
far away distribution of the hydrogen gas by the hello- 
spheric interface [Ripken and Fahr, 1983; Osterbart and 
Fahr, 1992; Baranov and Ma!ama 1993; Quemerais et 
al., 1993b; Fahr, 1996; Lallement, 1996], the solar cy- 
cle modulation of the H gas distribution near the Sun 
[KyrS!a' et al., 1994; Rucinski and Bzowski, 1995; Sum- 
manen, 1996a], and a possible anisotropy in the solar 
UV field [Pryor et al., 1996]. These refinements will be 
considered in further studies when the characteristics of 

SWAN data are more completely understood. 

2. SWAN Instrument and Data 

The SWAN instrument consists of two sensor units 

which are served by a common electronic unit (for a de- 
tailed presentation, see Bertaux et al. [1995, 1997b]). 
The sensor units are mounted on the opposite sides 
of the SOHO spacecraft. One sensor sees mainly the 
north ecliptic hemisphere and the other the south eclip- 
tic hemisphere. The SOHO coordinate axes are such 
that the x-axis is pointing toward the Sun center, and 
the plane formed by the x and z-axes includes the so- 
lar rotation axis. The upper ecliptical sensor is located 
therefore on the +z side and the lower ecliptical sensor 
on-z side. As SOHO moves along a halo orbit around 
the L1 Lagrangian point at about 1.5 106 km from the 
Earth, it is out off the ecliptic but only at most 10 seen 
from the Sun. This and the tilt of the solar rotation axis 
mean that each sensor sees also some of the other hemi- 

sphere. The SOHO coordinate axis and the location of 
SWAN sensors are shown in Figure 1. 

Each sensor includes a sensor head with two aspher- 
ical mirrors. The mirrors are mounted on step motors. 
By activating these motors a 2•r space angle can be 
scanned in the sky by each sensor. The radiation is 
focused on a detector through a hydrogen cell which 
is filled by molecular hydrogen which is transparent to 
Lyman alpha light. It includes, however, a tungsten fil- 
ament which can be electronically heated and used to 
dissociate hydrogen molecules to atoms which in turn 
interact intensively with incoming radiation. Absorp- 
tion in the hydrogen cell atoms will burn a spectral 
hole to the intensity distribution of the incoming radi- 
ation. The location of the hole depends on the relative 
velocity of the cell (i.e. spacecraft) and the source of the 
radiation through the Doppler shift. The width and the 
depth of the hole are dependent on the temperature of 
the gas in the cell and on the cell's optical depth. If 
either the Doppler shift or the optical depth can be 
changed, the cell measurements can be considered to 
yield spectrometric capabilities. 
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CIRCLE SCAN 

Z 

Figure 1. SOHO spacecraft, SOHO coordinate axis, SWAN sensors, and the Sun with the 
rotation axis. The circle is the path that lines of sight follow in the data sets used in this work. 

The SWAN detector is a multichannel plate with 27 
pixels. One pixel sees 1øxl ø field of view. The spec- 
tral band recorded is 1170-1700 •. One of these pixels 
is covered by BaF2, and it is used to filter out Lyman 
alpha radiation. One pixel is for the dark current mon- 
itoring. The integration time can be varied. Most often 
it is about 13 seconds for any particular line of sight. 

Counts from the 25 pixels form the basic set in the 
data analysis. Besides count values, it is imperative 
to know the lines of sight of pixels, the location, and 
the velocity of the spacecraft when measurements were 
taken. In order to make effective mapping, different 
pixel sensitivities must be known and corrected in data 
(so-called fiat fielding). Because SWAN includes two 
sensors, their mutual calibration must also be estab- 
lished. If the H cell is activated, we need to know the 
cell temperature and its optical depth. In an ideal case 
we would still like to know the absolute calibration of 

our instrument. 

SWAN has already measured successfully over 2 years, 
and a representative set of full-sky maps is available. 
Here we take only one example. Plate i shows a full- 
sky map from March 28, 1996. The location of SOHO 
is shown in Figure 2. Intensity is in Rayleigh units; 
that is we have applied absolute calibration. The 4•r 
view of the sky is shown using the so-called sinusoidal 
projection. This projection gives a correct weighting to 
the polar regions. The ecliptic plane runs horizontally 
in the middle of the map. The direction of the Sun, 
Earth, and SOHO are displayed. The approximate in- 
flow direction of the interstellar wind is also shown. 

The most spectacular phenomenon in Plate I is the 
large localized bright spot in the right top corner. It 
is the Hyakutake comet. It emits water vapor which 
is dissociated into H atoms. These H atoms form a 

huge cloud which effectively scatters solar Lyman alpha 

[Bertauz et al., 1997c]. The interstellar hydrogen cloud 
is manifested with the color variation especially in the 
middle plane of Plate 1. The upwind direction pops up 
for its large intensity, whereas in the downwind, much of 
the neutral H gas is ionized and consequently intensity 
is depressed. The bright spots all around the Plate 1 are 
hot UV stars which are so dominating because of the 
wide spectral band pass of SWAN. There are so many of 
these stars that they seriously harm our data reduction 
particularly near the galactic plane. 

3. Data Sets Used for Analysis 

We have used the SWAN full-sky maps as a starting 
point in the data analysis. The data content in a full sky 
map is, however, so large that a direct comparison to 
models is presently computationally quite demanding. 
Therefore we have confined data analysis in this analysis 
paper to a more restricted data set. We have extracted 
full-circle scans from full-sky maps. These data sets are 
similar to the ones obtained from the Prognoz satellites 
in 1976-1977. Prognoz was a spinning spacecraft, and 
the Lyman alpha detector measured Lyman alpha ra- 
diation during the spinning. Now we do this spinning 
artificially. The scan is determined as follows. We use 
the SOHO fixed axis coordinate system (see Figure 1) 
and accept all data values whose line of sight unit vector 
(• has only a small x-component (Is•l _< 0.01). This 
circle set of lines of sight is approximately perpendicular 
to the SOHO x-axis. Because SOHO is all the time near 

the ecliptic plane the scan plane is nearly perpendicu- 
lar to the ecliptic plane and the lines of sight cover all 
the ecliptical latitudes. A given scan covers, however, 
only two longitudes, so that several spacecraft locations 
are needed to get a longitudinal coverage by these data 
sets. 
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Plate 1. SYVAN all sky map March 28, 1996. 
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Figure 2. Locations of SOHO for the data sets used in this work are shown. Longitudes and 
latitudes refer to the ecliptical coordinate system. UW, RW, LW, and DW are upwind, right 
wind, left wind, and downwind, respectively. 
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Plate 2. (a) Calibration between the plus and minus sensors. Red points are from the plus 
sensor and blue points from the minus sensor. Because of the partial overlap of field of view 
of sensors we can intercalibrate both sensors. (b) The visual matching of results from the plus 
sensor (crosses) and from the minus sensor (circles) are shown here. 
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We have selected four different ecliptical longitudes 
to obtain enough coverage for lines of sight. These four 
are selected in such a way that we can have lines of sight 
directed to the interstellar wind approach direction (the 
so-called upwind direction), to the downwind direction, 
as well as to the perpendicular directions with respect 
to the wind. Notice that the assumption of knowing the 
interstellar wind direction is not important. Its validity 
can be studied using SWAN data. The four different 
data set locations are shown in Figure 2. 

Plate 2 shows an example of how we obtain the data 
sets that are compared to models. These particular data 
are from June 2, 1996. The red curve is obtained from 
the +Z detector pixels with lines of sight in the slice 
just defined. The blue curve shows the corresponding 
points from -Z detector. The efficiency of the -Z detec- 
tor is much less than of the +Z detector. Fortunately, 
the plus and minus data sets include some the almost 
same lines of sight around the ecliptic (in the center 
and both sides of Plate 2a), and using this fact, we can 

recalibrate-Z values. Plate 2b shows an enlargement of 
the ecliptic junction point. Finally we apply the abso- 
lute calibration by dividing both sets by a factor 0.84 
to convert counts per second into Rayleigh units (this 
step is not shown in Plate 2). The calibration factor 
has been determined from a simultaneous measurement 

with the Hubble Space Telescope (see Bertaux et al., 
[1997b]). 

In Figure 3 we have shown photometric data from 
a circular scan and the corresponding reduction fac- 
tor plot. Both data sets show relatively large fluctu- 
ations. Some of these are easily seen to be stars and 
we have done some preliminary identifications based on 
the Bright Star Catalogue (BSC) (see Figure 3a). The 
ecliptic latitude and longitude positions from BSC and 
from the SWAN data differ at most by 10 degree. This 
can arise in some cases from the fact that a star inten- 

sity maximum is not inside the area of the circle scan. 
In some cases the identification itself is under suspicion. 
SWAN's line of sight determinations also have some un- 
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Figure 3. (top) A circular scan with several star identifications. (bottom) In the lower part a 
corresponding reduction factor plot. 
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certainty. As the errors are only up to 1 ø, this will not 
hurt the anisotropy studies. The occurrence of several 
stars along the scan is more troublesome. Removing 
them by any means leaves large data gaps which can, 
of course, be patched by interpolation but with the ob- 
vious increased uncertainty. At this point we do not 
attempt to remove any stars from data. 

Our restriction to Prognoz-type data is because there 
exist several studies of solar wind anisotropy based on 
Prognoz data (see the references quoted in the introduc- 
tion). It is also interesting to compare the Prognoz and 
SWAN data sets directly with each other. Figures 4a-4d 

show four different Prognoz data sets for which a cor- 
responding SWAN data set was available. The Prognoz 
and SWAN data are separated in time by 19 years. We 
have made the comparison easier by bringing the SWAN 
and Prognoz data sets approximately to the same inten- 
sity level (the scaling factors are mentioned in the fig- 
ure caption). It is obvious that Prognoz data are much 
less affected by stars because of a narrow wavelength 
filter implemented in the Prognoz Lyman alpha instru- 
ment. However, there are large data gaps in Prognoz 
data because of geocoronal contamination. It is clear 
from Figures 4a-4d that despite the 19 years separation 
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Figure 4. Four different Prognoz measurements (circles) together with the corresponding SWAN 

scans. Absolute calibration has been applied for SWAN data. In l; • the Prognoz data has been multiplied by a factor 0.62, in (b) by 0.58, in (c) by 0.62, and in by 0.92. 
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the overall shapes are very similar, albeit some changes 
in levels are discernible. 

4. Modeling 

Recording the Lyman alpha intensity from different 
directions means a kind of tomographic mapping of 
the solar surroundings. SWAN measurements consti- 
tute an interior tomography problem; that is, we are 
looking at the scattering or absorbing medium from in- 
side, whereas in the ordinary tomography we probe the 
medium under investigation by measurements outside 
the medium. The tomograhic construction of the scat- 
tering hydrogen gas density has been attempted in the 
SWAN project, but so far it has escaped success. The 

basic reason is that SOHO is bound to a 1 AU orbit 

which does not yield enough variation for the lines of 
sight toward any given space volume further away from 
the Sun. Therefore, in this work we will trust on the 
traditional approach to analyze measurements. This 
comprises modeling the neutral gas distribution (den- 
sity and velocity distributions) using some reasonable 
modeling parameters. The modeling is completed by 
introducing a radiative transfer model to calculate the 
Lyman alpha intensity. By comparing the modeled in- 
tensity with the one measured by SWAN we acquire 
information on the correctness of our parameter selec- 
tions. Repeating this kind of comparisons with several 
parameter selections, we aim at the optimal parameters 
giving the best agreement with the data. The level of 
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agreement between the data and the model also reveals 
how adequate our model is for explaining SWAN data. 

There exists two different levels of modeling of the 
counts observed by SWAN. We can analyze the photo- 
metric content of the incoming signal, or we can analyze 
the spectrometric content of the signal. Calculation of 
the photometric content of the signal is computationally 
quite a fast [ask compared to [he spectral simulation. 
In the SWAN data analysis the spectral simulation is, 
however, needed when we try to simulate the SWAN 
signal measured at the time when the H cell is turned 
on, In that case we are aiming to calculate the so-called 
reduction factor defined by 

No. 

R(Tc,,,, rc•,,) - Nor! (1) 
The arguments Tcell and rcetl are the cell temperature 
and the cell optical depth, respectively. The noteworthy 
aspect in this quantity is that it is by definition free 
of photometric calibration factors. Figure 3b, however, 
showed that the present reduction factor determinations 
from SWAN data display large fluctuations, some of 
these are even related to stars. Obviously more work is 
needed to produce high-quality reduction factor data. 
Therefore, in this preliminary work we will not employ 
this data in analysis. 

In order to simulate the SWAN counts by the pho- 
tometric modeling we need the density distribution of 
the hydrogen gas, the flux of solar Lyman alpha pho- 
tons, and the scattering cross section. We need also a 
radiative transfer theory to account for the fate of pho- 
tons emerging from individual H atoms. In the spec- 
tral simulation we need to know the velocity distribu- 
tion instead of the density distribution of the hydrogen 
gas. These different parts of the modeling are described 
briefly in the following subsections. 

4.1. Hydrogen Gas Velocity Distribution 

As explained in the introduction, we will ignore the 
time-dependent modeling of the hydrogen gas in this 
work. Then the velocity distribution can be obtained 
in a closed form. This so-called Danby-Camm solu- 
tion assumes that at infinity the velocity distribution is 
MaxwellJan and that there are no H-H collisions. In the 

case of vanishing ionization the solution is [Danby and 
Camm, 1957; Wu and Judge, 1979, 1980; KyrSl&' et al., 
1994] 

1 

1 2v• fig' • 
- * 

Here v•- is the thermal width (v•, = v/kT/m) and 

fi - + Vo - 2vvo v(vø - - v()osO (3) 
co(co- 

where 

v0 = V/c a + 2V(r) (4) 

is the initial velocity of a particle now at the point (if, if) 
and 

GM 
= - 

is the potential of the central force at a distance r from 
the Sun. The gravitational constant is G, M is the 
solar mass, and /• is the ratio between the repulsive 
radiation pressure force from solar Lyman alpha and 
the attractive gravitational force. The solution is given 
in the coordinates where the z-axis is parallel with the 
incoming flow and 0 is the angle between the r-vector 
and z-axis. The initial bulk velocity of the flow has 
been designated by vb. 

4.2. Ionization Modeling 

The inclusion of the ionization for the loss free distri- 

bution (2) is an important part of the modeling, because 
we are interested in estimating the ionization parame- 
ters from data. It can be accomplished quite simply. 
The velocity distribution at the point (F,Y) is multi- 
plied by a factor 

- f e (6) 

Here /• is the ionization rate of the H atom at F, and 
we are integrating from the time of observation to the 
past along the atom trajectory in the hellosphere. In 
the special case when the ionization rate is dependent 
only on the radial distance to the Sun this multiplicative 
factor can be calculated further and it is given by 

- f/at -e v0lpl (7) 
where /• is the ionization rate at r0=l AU, p is the 
impact parameter, and Aqb is the angle sweeped by the 
particle trajectory [see Fahr et al., 1971; Summahen et 
al., 1993]. 

The name of SWAN already brings forth the idea 
that the simple isotropic modeling given by (7) is not 
adequate. We are after possible anisotropies of the Sun. 
We write the solar ionization rate as 

= /•o[©(0)(1 - AN sin 2 0) 
+ ©(-0)(1 - As sin 2 0)+ B(0)] (8) 

Here the angle 0 is the solar heliographic latitude, © is 
the step function restricting either of the first two terms 
to either the northern or southern hemisphere only. A•v 
and As are the traditional asymmetry parameters but 
now individually for both solar hemispheres. The last 
factor gives a possibility for a narrow ionization bulge 
around the solar equator. The origin of this feature 
goes back to the Prognoz Lyman alpha data where a 
small dip around ecliptic was observed [see BertdudS et 
al., 1988a]. The studies by Summahen et al. [1996b] 
showed that ionization near the ecliptic may have a 
sharp increase. The name groove has been proposed 
by Bertaux et al. [1996a], where also a qualitative dis- 
cussion of this phenomenon can be found. In this work 
we use the following modeling for the ionization bulge: 
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B(O; b,, b•o ) - b, exp(-02/b}) 

The parameter be gives the strength of the bulge, and 
b•o characterizes the width of the bulge. 

Still a more general ionization model is given by the 
discrete model introduced by Summahen et al., [1993]. 
The ionization distribution is defined by 

_< 0 _< - (10) 

In this study we will, however, exploit only the analyt- 
ical model (8). 

4.3. Radiative Transfer 

We assume that the hydrogen gas is optically thin 
and the Lyman alpha field can be described by a sin- 
gle scattering radiative transfer. The spectral modeling 
is then based on the following formula [Brasken and 
Kyrb'15, 1996]' 

I(wq) = 27cF 

x r(s) 2 dv•_ W [Aq, v•, F(s)] (11) 
where a is the fine structure constant, R is the radial 
part of the dipole matrix elements, F is the decay con- 
stant, and •0 is the solar Lyman alpha flux at r - 1 AU. 
In the arguments of the velocity distribution function 
the first one is Aq - c[(wq- w•)/wq], where w• is the 
Lyman alpha frequency. The velocity distribution is in- 
tegrated over the velocities (vx) which are transversal 
to the line of sight. The scattering phase function is 

11 3 

P(O) - • + • cos 2 0 (12) 
which is normalized in unity. 

The photometric signal can be expressed from (11) 
•s 

I - •or• f P(O(s))n[F(s)] r(s) • ds (13) 
The cross section a is 

e2R 2 A•) (14) 
and the density is given by 

- (is) 
The hydrogen density can also be calculated using the 

unperturbed velocity distribution at infinity [Lallement 
et al., 1985a; Summanen, 1996b]. The numerical agree- 
ment between these two methods are better than 1%. 

This type of modeling of interplanetary H, which takes 
into account the full thermal velocity distribution of H 
atoms "at infinity,", is often referred in the literature as 
"the hot model." 

5. Cases Studies 

In order to analyze the possibility for a solar ioniza- 
tion anisotropy we need to make sure that the other 
parameters of the model are reasonably correct. We 
have selected the following parameters to establish a 
reference case: 

For the incoming wind we assume that 

vb - 20 km/s 
•b•oi,•a - 2540 

O•oi,•d - 7.50 

T - 7500 K 
-3 

nin.f -- 0.1 cm 

The first three fix the interstellar wind bulk velocity 
and direction. The last two fix the temperature and 
the density of the H cloud. 

For the Sun we assume 

p - 0.75 

•0 - 3.3 x 10 TM ph/(cm2sh) 
/•o - 4.0x 10 -•s -• 

A•v - As-0.4 

This reference case will be our starting point in our 
search for the best possible parameters for our model 
with a strong emphasis on the solar wind parameters 
/•o, AN, As, be, and b•o. Our parameter space is 12 
dimensional. With the single scattering approximation 
the solar Lyman alpha flux and the interstellar hydro- 
gen density cannot be resolved; that is, they form a scal- 
ing factor. This leaves still 10 parameters (plus scaling) 
to be analyzed. Because of the computational require- 
ment of the forward model it is clear that a full search 

for optimal parameters in this problem cannot be per- 
formed even if we had a reasonable starting point in the 
parameter space. 

Our strategy is then to use the locations denoted by 
UW, RW, LW, and DW in Figure 2 for a search of pa- 
rameters. Instead of wandering to random points in 
the 10-dimensional parameter space, we first make a 
general assessment by restricting changes from the ref- 
erence point along each parameter axes only, that is, 
we change only one parameter at a time. Obviously, 
this strategy does not constitute a sufficient parameter 
study, but it gives indications of the influences of each 
parameter. After this step we fine-tune the ionization 
model. 

The following values will be tried in the first step 

p = 0.6, 0.75, 0.9, 1.2 

T = 6000, 7500, 9000K 

vb = 15, 20, 25km/s 
O•oi,•d : 0 ø,7.50 , 150 

4•oi,d = 250 ø,254 ø,2580 
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fi0 -- 2.0,4.0,8.0.10 -7 
A•v - 0,0.4 

As - 0,0.4 

be - 0.0,1.0. 

-1 
s 

The width of the bulge is kept constant at b• = 11.5 ø. 
We also present results for the isotropic reference 

model; that is, we use the reference parameters but set 
the ionization model isotropic (A•v = As = be = 0). 

In all simulations we will use the actual SOHO lo- 

cation and velocity to build up the simulation. The 
simulation scan plane is equal to the one used to pick 
up the data. Data are pixel counts on which fiat-field 
correction has been applied. The absolute calibration 
will not be considered, but the different sensitivities of 
plus and minus sensors will be taken into account. 

The first test place is the upwind location (UW). Us- 
ing the reference value 2540 for the interstellar wind 
longitude the correct date for the SOHO UW location 
would be June 3, 1996. Because of data availability we 
have selected a day earlier, June 2, 1996. Figure 5a 
shows SWAN data and the reference model with all the 
modifications listed above. We have not cared about the 

absolute calibration, but we have brought artificially all 
the curves to meet at the center of Figure 5a. In this 
way we can better see how the parameters affect the 
two hemispheres. It is quite obvious that all parame- 
ters except the bulge strength (be) are rather noninfiu- 
ental if we try to reach an agreement between data and 
the model. Some improvements are achieved if we in- 
crease the ionization rate, decrease the bulk velocity, or 
decrease the longitude of the interstellar wind direction. 

Because the large intensity decrease (groove) around 
the ecliptic deviates so much from the models we try to 
look at data and models differently. In Fig. 5b we bring 
all the curves to meet at the north ecliptic pole. Now we 
can see that the isotropic model which looked totally in- 
admissible in Figure 5a does not look so drastically im- 
possible any more. It gives about the right amplitude 
near the poles but the ecliptic region is still not right. 
Notice that even the isotropic model delivers unequal 
intensities to different hemispheres. The explanation is 
that the interstellar wind is not traveling exactly in the 
ecliptic but in a few degrees angle with respect to it. 
Again, the increase in the overall ionization rate gives 
a better agreement, but the declines from polar regions 
seem too rapid. The reference case with a bulge looks 
already quite right near the ecliptic, but the pole direc- 
tions show that the harmonic anisotropy is too large. 
Reducing the degree of the harmonic anisotropy we fi- 
nally reach quite a satisfactory fit with the data (black 
triangles). The best fit parameters differing from the 
reference case are be = 0.9, A•v = 0, and As = 0.05. 

We now move to the right wind position (RW). The 
data set is achieved on September 1, 1996 (4 o off from 
the correct RW position). Figure 6 shows, again, the 
data and the different models which are all brought to- 
gether at the center. Stars in the southern hemisphere 
now make data fitting a more suspicious job. The dif- 
ferences between the models and the data are now mod- 

erate compared to the upwind location. Improvements 
are brought by an increase in the ionization rate, a de- 
crease in the harmonic anisotropy, and an increase of the 
bulk velocity or the radiation pressure. A reasonable fit 
can be achieved by starting from a nearly isotropic case 

2000 

1800 

1600 

1400 

1200 

1000 

(a) 

I 

•=8 10-7 1/s 

deg • v=25 

ils 

1on=250 / 1on=258 isotropic ISOtrOpiC It 1 2 

lat•O deg ' 
v=15 km/s • 

As=O 

0 40 80 120 160 200 240 280 320 360 

Scan angle 

Figure 5a. Upwind modeling. The curves are brought to meet in the center. The reference case 
is shown by open circles and the isotropic case by the dashed line. The heavier lines show results 
when the wind latitude angle has been varied, O•oi,•a - O, 15 ø. 
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Figure 5b. Same as Figure 5a, except that only a few curves are shown, and they are brought to 
meet at the north ecliptic pole (except the bulge case). The best fit is shown by black triangles. 

with the bulge. The bulge is now smaller than in the 
upwind case. The best fit parameters differing from the 
reference case are be = 0.4, AN = 0.1, and As = 0.2. 

The left wind (LW) data are from March 5, 1996 (20 
off from the correct position). The overall photometric 
pattern should be the same as in the right wind position 
but shifted by 180 ø. In Figure 7 we have shown only 
a few model calculations. Both the isotropic case and 
the reference cases deviate from the data in a significant 
way. The case with p = 0.9 which showed a good agree- 
ment with data in the RW case fails. A model with a 

bulge gives again a reasonable fit. The best fit param- 
eters differing from the reference case are be = 0.25, 
A•v = 0.05, and As = -0.1. 

The downwind location (DW) data are from Decem- 
ber 1, 1996 (20 from the correct downwind position). 
The first thing to note in Figure 8 is that data display 
several stars which seriously harm the identification of 
the diffuse background in the southern hemisphere. The 
agreement between the models and the data in the 
southern hemisphere is poor. These data seem diffi- 
cult for any parameter tuning effort, and we back up to 

2000 
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.? 
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! 
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Figure 6. Right wind modeling. The best fit shown by black triangles. 
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Figure 7. Left wind modeling. The best fit is shown by black triangles. 

data 2 weeks earlier on November 13, 1996. This loca- 
tion is the same as in the Prognoz measurement session 
S3, and we have drawn both data in Figure 9. We show 
that the reference case and the isotropic model differ 
from data by significant amounts but the bulge model 
fits data reasonably well. The best fit parameters differ- 
ing from the reference case are now b, = 0.4, AN = 0.1, 
and As = 0.1. 

6. Solar Wind Mass Flux 

In section 5 we obtained total ionization rates (i.e., 
parameters AN,As,b,, and b•o) as a function of solar 
heliographic latitude for several measurement positions. 
The rates are shown together in Figure 10. The param- 
eters for the ionization model are listed in Table 1. The 

rates are almost fiat except inside a narrow latitude belt 

11oo 

lOOO 

70O 

•t=l.2: 
ß 

bc=l.0 

[5=8 10-7 1/s 

lat=15 

isotropic 1on=250 

g=l.2 
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0 40 SO 120 160 200 240 280 320 360 
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Figure 8. Downwind modeling. No reasonable fitting was achieved in this case. The best fit is 
shown by black triangles. 
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Figure 9. SWAN data on November 13, 1996, with the reference model (circles), the isotropic 
model (dashed curves), and the best fit model (black triangles). The location is the same as in 
the Prognoz session S3. 

from-20 ø to 20 ø. All cases show an ionization bulge in- 
side this region. 

From the ionization rate we can estimate the solar 

wind mass flux by the formula 

fl(O) -- 13p1• + n(O)vsw(O)er[v(O)] (16) 

We assume that the photoionization rate/3ph is 20% of 
the total ionization rate and it is independent on lati- 
tude. We use the known charge exchange cross section 
and assume the solar wind velocity distribution to fol- 
low the Ulysses measurements [Goldstein e! al., 1996]. 
The ensuing solar wind mass flux is shown in Figure 11. 

8X10 '7 __' 

6- 

I , I , I , I , I , I i I , I i I , 
i 

UW A• verage 

.-'_-•5•3 ........ ---'-'•'•-'•'---'" 

2 S3 RW 

-80 -60 -40 -20 0 20 40 60 80 

Heliographic latitude 

Figure 10. All ionization models. The average ioniza- 
tion model is also shown (thicker line). 

The mass flux is flat outside the central region where 
it shows a clear bulge. The reduction of the mass flux 
from the equator to the poles is in the UW case 35% 
and in average 18%. 

7. Conclusions 

In this work we have done the first analysis of the so- 
lar wind mass flux distribution based on SWAN Lyman 
alpha data. The solar wind anisotropy is the princi- 
pal scientific objective of the SWAN mission. We have 
used SWAN data in a limited selection. The samples we 
have analyzed try to mimic the Prognoz-satellite mea- 
surements in 1976-1977 as Prognoz measurements have 
been the main source for the solar wind anisotropy stud- 
ies earlier. The appearance of stars in our data sets have 
made the comparison between models and data diffi- 
cult. Removing the stars by inspection was attempted 
but large data gaps ensued and this approach was not 
continued. 

Despite the difficulties with data quality we have con- 
firmed to some degree of confidence the earlier results 
obtained from the analysis of the Prognoz data. The 
solar wind looks isotropic for all latitudes except the 
narrow belt around the solar equator. 

Table 1. Ionization Parameters for SWAN Data 

Data AN As b• 

LW 0.05 -0.1 0.25 

UW 0.0 0.05 0.9 
RW 0.1 0.2 0.4 
S3 0.1 0.1 0.4 
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Figure 11. Results for the solar wind mass flux. The 
average mass flux is also shown (thicker line). Mass flux 
from an isotropic ionization is shown by circles. The lat- 
itudinal variation in this case is caused by the velocity 
dependence of the charge exchange cross section. 

It is quite obvious that in future studies of the solar 
wind distribution we must try to avoid data contami- 
nation by stars. This can be accomplished by searching 
star void regions and performing the data fitting using 
preselected directions into void directions. Both photo- 
metric and spectral data must be considered for param- 
eter analysis. Thi• will restrict the feasible parameter 
space which in this work was impractically large. The 
use of data from other sources must also be considered 

for this same purpose. Finally, the model itself must be 
completed to include absorption and multiple scatter- 
ing, solar cycle effects, the influence of the heliospheric 
interface, and probably the possibility for an anisotropy 
of the solar UV field. After these steps we can perform 
a more assuring but also much more demanding data 
analysis. 

Acknowledgments. The Editor thanks H. Fahr and 
V. G. Kurt for their assistance in evaluating this paper. 
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