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ABSTRACT

The Voyager 1 (V1), Voyager 2 (V2), and Pioneer 10 (P10) Ly« data sets are three of several diagnostic data sets
available for the study of the very local interstellar medium (VLISM). Selected V1 data obtained on 1989 day 279 at
heliocentric distance of 39.1 AU in the upstream direction relative to the incoming interstellar neutral hydrogen
flow and V2 data obtained on 1990 day 143 at heliocentric distance of 32 AU, also in the upstream direction, have
been used to estimate the local interstellar neutral hydrogen and proton densities and compared with P/0 data ob-
tained in 1981 at distances between 23.39 and 23.87 AU in the downstream direction, respectively. State-of-the-art
plasma-neutral and radiative transfer models have been used in the interpretation of the data. It has been found that a
VLISM heliospheric model with neutral hydrogen density of 0.18 cm~3 and proton density of 0.06 cm™ best fits
both the V1 data and the V2 data. The P10 data are best fitted by a VLISM model with neutral hydrogen density of
0.15 cm™ and proton density of 0.05 cm™>. The failure to find a single best-fit stationary heliosphere plasma-neutral
model suggests, among other possibilities, that a quantitative interpretation of the heliospheric Lya glow would
require the incorporation of magnetic field and time dependence in the heliospheric model.

Subject headings: ISM: general — ultraviolet: ISM
Online material: color figures

1. INTRODUCTION

The heliosphere surrounding our Sun is a very complicated
region that is shaped by the solar wind, the interstellar plasma,
interstellar neutrals, magnetic field, and cosmic rays (Axford
1972; Holzer 1972; Zank 1999; Fahr 2004; Izmodenov 2004).
The heliosphere provides a unique opportunity to study in detail
the only accessible example of a commonplace but fundamental
astrophysical phenomenon—the formation of an astrosphere.
The heliospheric interface is a natural “environment” of our
star, and the knowledge of its characteristics is important for
the interpretation and the planning of space experiments.

Remote sensing of the VLISM using deep-space spacecraft
EUV data is possible since the VLISM neutral hydrogen atoms,
which scatter the solar Ly« photons, penetrate deeply into the
heliosphere, although VLISM hydrogen atoms have a strong
coupling with the heliospheric plasma protons. The distribution
of these atoms inside the heliosphere is influenced by its journey
through the interface between the heliosphere and the VLISM.
Thus, interstellar hydrogen atoms provide excellent remote diag-
nostics on the structure of the heliospheric interface.

A quantitative study of the neutral hydrogen atom and proton
density in the outer heliosphere has been made possible by the
presence of four deep-space spacecraft, P10, Pioneer 11 (P11),
V1, and V2. The photometers on board P/0 and P11 and the
ultraviolet spectrometers (UVSs) on board ¥/ and V2 have mea-
sured the interplanetary Ly« background radiation for more
than 20 years. We present our study of V1, V2, and P10 data. We
have previously selected multiple spacecraft data spread over
many years (Gangopadhyay et al. 2002, 2004; Izmodenov et al.
2003). We have in this work used a different selection procedure
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and chosen V1 and V2 data for one day and P70 data for early
1981. The different data selection procedure was chosen to check
whether a single stationary heliospheric model can fit multiple
spacecraft data. This analysis uses the latest state-of-the-art
neutral hydrogen plasma and radiative transfer models outlined
in the following sections. The new results are presented and the
implications discussed.

2. H ATOM DISTRIBUTION MODEL

The interaction of the solar wind with the interstellar medium
influences the distribution of interstellar neutral atoms inside
the heliosphere. The main difficulty in the modeling of the H
atom flow in the heliosphere is its kinetic character due to the large
(i.e., comparable to the size of the heliosphere) mean free path due
to the charge-exchange reaction. In this paper we use the self-
consistent model developed by Baranov & Malama (1993) to get
the H atom distribution in the heliosphere and heliospheric inter-
face structure. The kinetic equation for the neutral component and
the hydrodynamic Euler equations were solved self-consistently
by the method of global interactions. An advanced Monte Carlo
method with splitting of trajectories (Malama 1991) was used
to solve the kinetic equation for H atoms. Basic results of the
model were reported by Baranov & Malama (1995), Izmodenov
et al. (1999, 2001), and Izmodenov (2000, 2003, 2004).

3. RADIATIVE TRANSFER MODEL

A Monte Carlo radiative transfer code (Gangopadhyay et al.
1989, 2002) that includes a self-reversed solar line, multiple scat-
tering, angle-dependent partial frequency redistribution, varying
hydrogen density and temperature, and Doppler effect has been
used. A full multiple scattering treatment is necessary to interpret
the backscattered heliospheric Ly« data since the LISM neutral
hydrogen gas is an optically thick medium for solar Ly« photons.

4. INSTRUMENTATION AND DATA

The UVSs on board VI and V2 obtain spectra in the 500—
1700 A range. The UVS instrument is described in detail by
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TABLE 1
SPACECRAFT PosiTioN, Look DIRECTION, OBSERVED INTENSITY, AND SoLAR FLUX

Heliocentric GC-
Distance Spacecraft ~ Spacecraft Look Direction  Look Direction Intensity Solar Flux Look Direction
Spacecraft Year Day (AU) Latitude®  Longitude® Latitude® Longitude? (R) (photons cm ™2 s71) Angle®
VI 1989 279 39.1 32.7 241.1 8.4 260.1 280 5.96E+11 5.6
1989 279 39.1 327 241.1 14.9 267.7 221 5.96E+11 9.8
1989 279 39.1 32.7 241.1 42 250.9 245 5.96E+11 13.9
1989 279 39.1 327 241.1 1.4 282.7 218 5.96E+11 18.2
1989 279 39.1 32.7 241.1 2.7 241.9 221 5.96E+11 23.9
1989 279 39.1 327 241.1 13.6 292.0 286 5.96E+11 27.9
1989 279 39.1 32.7 241.1 —17.3 241.1 253 5.96E+11 322
1989 279 39.1 327 241.1 —15.0 225.4 269 5.96E+11 442
|22 1990 143 32.0 -2.5 281.4 -30.5 270.0 270 5.63E+11 36.32
1990 143 32.0 -2.5 281.4 —32.5 281.4 276 5.63E+11 41.13
1990 143 32.0 =25 2814 -30.5 292.8 236 5.63E+11 4485
1990 143 32.0 —-2.5 281.4 —24.9 302.2 239 5.63E+11 47.28
1990 143 32.0 -2.5 281.4 -7.2 311.2 232 5.63E+11 47.87
1990 143 32.0 -2.5 281.4 —16.7 308.3 202 5.63E+11 48.31
1990 143 32.0 -2.5 281.4 —48.4 258.2 266 5.63E+11 54.19
1990 143 32.0 —-2.5 281.4 6.0 330.7 234 5.63E+11 65.48
1990 143 32.0 -2.5 281.4 -9.3 3313 246 5.63E+11 67.76
PI0.......... 1981 1 23.40 3.060 60.739 70.2 5.60E+11
1981 4 23.42 3.057 60.752 68.9 5.52E+11
1981 7 23.45 3.054 60.765 67.1 5.45E+11
1981 10 23.47 3.052 60.778 65.8 5.39E+11
1981 13 23.49 3.052 60.763 65.3 5.34E+11
1981 16 23.52 3.054 60.735 67.1 5.34E+11
1981 19 23.55 3.057 60.909 68.7 5.37E+11
1981 22 23.57 3.060 61.184 65.4 5.39E+11
1981 25 23.59 3.068 61.162 70.7 5.41E+11
1981 28 23.61 3.068 61.098 69.6 5.42E+11
1981 31 23.64 3.063 61.012 69.3 5.45E+11
1981 34 23.66 3.057 60.926 67.5 5.47E+11
1981 37 23.68 3.052 60.841 64.6 5.49E+11
1981 40 23.71 3.054 60.808 64.2 5.50E+11
1981 43 23.73 3.055 60.775 65.5 5.53E+11
1981 46 23.75 3.062 60.784 68.3 5.55E+11
1981 49 23.78 3.069 60.792 68.6 5.58E+11
1981 52 23.80 3.073 60.795 67.5 5.62E+11
1981 55 23.83 3.072 60.785 67.1 5.65E+11
1981 58 23.85 3.071 60.775 68.1 5.67E+11
1981 61 23.87 3.076 60.780 68.2 5.69E+11

? Sun-centered ecliptic latitude of the spacecraft.
® Sun-centered ecliptic longitude of the spacecraft.

¢ Sun-centered ecliptic latitude of the look direction; P10 look direction is described in the text.
4 Sun-centered ecliptic longitude of the look direction; P10 look direction is described in the text.
¢ Angle between look direction and Galactic center (GC); angle between P10 look angle and GC direction is discussed in the text.

Broadfoot et al. (1977, 1981). A detailed description of the
P10 UV photometer is given by Carlson & Judge (1974).

We have used eight V'] cruise maneuver data points obtained
on 1989 day 279 at a heliocentric distance of 39.1 AU. The
cruise maneuver observations were designed to gather observa-
tions of the Ly« resonance emissions over large portions of the
sky and lasted from 4 to 20 hours (Hall 1992). The ecliptic lat-
itude of V1 was 32°7, and the ecliptic longitude was 241°1 dur-
ing the observations (Table 1). Look directions of the V7 data
points (Table 1) used here sampled regions 5°—44°2 from the
Galactic center. The look directions have been chosen to tra-
verse regions far from the Sun so that optical thickness ensures
uniform solar illumination along the line of sight.

We have used nine V2 cruise maneuver data points obtained
on 1990 day 143 at a heliocentric distance 0f32.0 AU. The ecliptic
latitude of V2 was —2°5 and ecliptic longitude was 281°4 during

the observations (Table 1). Look directions of the V2 data points
(Table 1) used, sampled regions 36°—68° from the Galactic center.
We have used 21 P10 daily averaged Ly« data points ob-
tained in early 1981 at about 23 AU from the Sun. The ecliptic
latitude of P/0 was 3°1 and ecliptic longitude 60° (Table 1).
The P10 photometer look angle traces out a conical shell (apex
angle 40° and shell thickness 1°) about the spacecraft spin axis
pointing approximately in the direction of the Earth. P/0 was
downwind with respect to the interstellar flow and the look di-
rections for all the selected data points sampled the downwind
direction approximately 135°—175° from the Galactic center.
The solar Ly« flux values used in the calculation were obtained
on the basis of Woods et al. (2000).* The solar Lyc intensities

4 See the Web site http://spacewx.com for Lya values used.
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given in the Web site are mostly actual measurements although
Solar Mesospheric Explorer measurements have been rescaled
to match the SUSIM UARS calibration and the He 10830 A has
been used as a proxy to fill in some gaps. The solar Ly« flux
values used here have been obtained by averaging the daily data
over a month to take into account the fact that all three space-
craft would see only an average illumination due to their being
at large heliocentric distances.

5. COMPARISON OF CALCULATIONS
TO OBSERVATIONS

Monte Carlo radiative transfer calculations were carried out
for various neutral hydrogen density models. The calculated re-
sults for the various neutral density models were then compared
with the P10, V1, and V2 EUV data. It was necessary to calculate
the optimum P10, V1, and V2 calibration factors (CFs) for each
of the density models because of the well-known calibration dif-
ferences between the V1, V2, and P10 spacecraft detectors at Ly«
(Shemansky et al. 1984). The calibration factor for a particular
density model is obtained by minimizing the least squares sum
(LSS) given by the following equation:

LSS = Z [(Imode] - CF]space)/U] 27 (1)

where Innodel is the calculated intensity, Igpace is the measured
intensity, o is the standard error for each data point and summa-
tion is over the P10 or V1 or V2 data points. We have assumed a
zero Galactic Lya background since, except possibly for the re-
gion close to the Galactic center, the Galactic Lya background has
been found to be small (Shemansky et al. 1984; Gangopadhyay
etal. 2002, 2005; Quemerais et al. 2003). The standard error o is
given by the following equation:

Ny (OF ?
o= — —

n F)’
where 7 is the calculated intensity, én/n is the fractional uncer-
tainty in the number of photons, n, collected by the detector, and
OF/F is the fractional uncertainty in the solar flux, F, used here;
én/n is given by 1/4/n. The fractional uncertainty in solar flux,
estimated from the standard deviation of the daily solar flux

during the V1, V2, and P10 observations, was found to be about
5% during 1989—1990 (near solar maximum) and about 1%

TABLE 2
SETS oF MODEL PARAMETERS AND RESULTS

H Density Proton Density

Spacecraft (em™3) (em™?) (LSS) 12 CF
0.15 0.05 2.25 0.56
0.15 0.07 2.53 0.54
0.18 0.06 2.22 0.67
0.2 0.1 2.62 0.69
0.15 0.05 1.25 0.35
0.15 0.07 1.73 0.34
0.18 0.06 1.00 0.43
0.2 0.10 2.99 0.45
0.15 0.05 0.31 2.0
0.15 0.07 0.39 1.76
0.18 0.06 0.41 1.97
0.2 0.10 0.44 2.12
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Fic. 1.—Calculated intensity for the heliospheric model with neutral hy-
drogen density of 0.15 cm™3 and proton density of 0.05 cm ™3 and P10 intensity
modified by a calibration factor of 2.0 are plotted against spacecraft heliocentric
distance. The standard error for the calculated intensity in this and subsequent
figures is calculated by the equation given in the text. [See the electronic edition
of the Journal for a color version of this figure.).

during early 1981 (approaching solar minimum). Thus 6F/F
was set equal to 0.05 for V1 and V2 data and equal to 0.01 for
P10 data.

The LSS is a measure of the fit of the calculated results with
the data of a particular spacecraft, the smaller the LSS better the
fit for that spacecraft. The (LSS)"? and CF for P10, for V2, and
for V1 are shown in Table 2. It is clear from Table 2 that none
of the four VLISM models best fits the data from all three
spacecraft. While the heliospheric model with neutral hydrogen
density of 0.18 cm ™~ and proton density of 0.06 cm ™ best fits
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Fic. 2.—Calculated intensity for the heliospheric model with neutral hy-
drogen density of 0.18 cm > and proton density of 0.06 cm™~> and V' intensity
modified by a calibration factor of 0.67 are plotted against the angle between the
line of sight and the Galactic center. [See the electronic edition of the Journal for
a color version of this figure.)
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Fig. 3.—Calculated intensity for the heliospheric model with neutral hy-
drogen density of 0.18 cm™ and proton density of 0.06 cm™> and 72 intensity
modified by a calibration factor of 0.43 are plotted against the angle between the
line of sight and the Galactic center. [See the electronic edition of the Journal for
a color version of this figure.)

both the V1 data and the V2 data sets, the P/0 data were best
fitted by the heliospheric model with the neutral hydrogen den-
sity of 0.15 cm™ and proton density of 0.05 cm™3. The P10,
V1, and V2 data as modified by the appropriate CF and the
calculated intensities are shown in Figures 1, 2, and 3 for the
best-fit heliospheric models, respectively.

6. DISCUSSION AND CONCLUSION

What could be the reason or reasons for our failure to find a
single heliospheric plasma-neutral model fitting both the down-
stream and the upstream data? One possibility is simply that we
did not choose the right VLISM heliospheric model, since we
tested only a few VLISM models with different neutral hydrogen
and proton densities. The second possibility is that we are seeing
the effect of the squeezing of the heliospheric interface due to
the interstellar magnetic field. There is no doubt that magnetic
fields affect the heliospheric neutral hydrogen density. A model
like that of Izmodenov et al. (2005) that incorporates the inter-
stellar magnetic field and uses a kinetic treatment of the neutral
H atom flow should be used in the future for the interpretation of
the glow data. The third possibility is that we are seeing time-
dependent effects. It is of course certain that a time-dependent
heliosphere model will be necessary to fully interpret the glow
data because the heliosphere is expected to “‘breathe in or out”
due to pressure fluctuations caused by the well-known solar
cycle variations. In this case there will be regions of high neutral
hydrogen density followed by regions of lower density, because
the amount of VLISM neutral hydrogen filtering through the
interface will change over an entire solar cycle and will cause
the neutral hydrogen density inside the heliosphere to fluctuate.
This fluctuation in neutral hydrogen density would show up as a
change in VLISM parameters when a stationary model is used.
Another possible time-dependent effect that might show up in
the data results because H atoms take most of the solar cycle to
drift across the heliosphere, so that while V7 and V2 are ob-
serving H atoms currently crossing into the supersonic region, the
P10 observation is influenced by previous solar cycle effects
imprinted on the downstream neutrals. This might explain why
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the neutral hydrogen density obtained from V7 and V2 obser-
vations obtained within 229 days of each other differed from
that obtained from P/0 data obtained more than 8 years pre-
viously. The modulation of the hydrogen density due to the solar
cycle variation of the radiative flux (Blum et al. 1993; Kyrola
et al. 1994; Rucinski & Bzowski 1995) will not significantly
affect the results presented here since deviations of the glow
intensity from the stationary model glow intensity are negligible
(less than 3%) (Rucinski & Bzowski 1995) beyond distances
~15 AU from the Sun in the upwind direction and beyond
~30 AU in the downwind direction. The ¥’/ and V2 data obtained
at distances greater than 30 AU from the Sun in the upwind di-
rection are clearly not affected by the solar cycle effect. The
solar cycle effect on the P70 data obtained when P10 was situated
15° from the downwind direction and at distances greater than
23 AU from the Sun and along look angles surveying a re-
gion between 0° and ~35° from the downwind direction would
be small.

The time-dependent and magnetic field effects seen here are in
qualitative agreement with the recent V1 observations (Quemerais
etal. 2003). It is not possible to make any quantitative comparison
between the time-dependent and magnetic field effects seen by V1,
V2, and P10 at medium heliocentric distances and the effect seen
by V1 at distances greater than 70 AU since time-independent
heliospheric models cannot capture the complexity of the actual
neutral hydrogen distribution in the heliosphere. The relatively
longer length of the line of sight of the P/0 photometer com-
pared to that of the VI and V2 spectrometers, due to the rela-
tively lower neutral hydrogen density compared to the upstream
density, creates difficulty in the interpretation of the combined
UV backscattering data set. V1 and V2 spectrometer lines of sight
in the upwind heliosphere, for example, are only a few tens of
AU long compared to the much longer P10 photometer line of
sight since the downwind hydrogen density remains depressed
for hundreds of AU relative to the upwind heliosphere. This
implies that the P10 photometer peered deeper into the past than
the V1 and the V2 spectrometers. This would not matter if the
heliosphere is a static body, which we know from the recent V1
data to be not true. The results presented here suggest the need
to use heliospheric models that incorporate both time dependence
and magnetic fields. These models are still under development.

Solar Ly« line shape variations may also need to be taken into
account. It is well known that photons from the solar Ly« line
core and not the wings resonantly scatter from the inflowing
interstellar hydrogen atoms. What is measured, however, is the
solar flux integrated over the whole line and not the core. The
fraction of core photons will vary with the solar cycle if there is
any solar cycle line shape variation. We have in this calculation
assumed a fixed line shape (Lemaire et al. 1978), which may not
hold over the entire solar cycle (Lemaire et al. 1998).

Finally, the result presented here is not a manifestation of
the well-known calibration difference between P10 and VI and
V2 at Lya (Shemansky et al. 1984; Gangopadhyay et al. 2005).
This is because heliospheric models with different hydrogen
and proton densities will yield backscattered glow with differ-
ent functional dependencies on look angles and heliocentric
distances, and the procedure of minimization of LSS described
previously can discriminate between the different functional
dependencies and thus the different heliospheric models. The
result obtained in this work suggests that the four heliospheric
models used here had different functional dependencies on look
angles and heliocentric distances, and thus there was no need to
know the absolute values of the glow intensities.
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