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Abstract We perform a new analysis of the Lyman alpha data obtained by Voyager 1 during the spatial
scans in 1993–2003 while Voyager 1 was at 53–88 AU from the Sun. These data are the important source
of information on the hydrogen distribution in the outer heliosphere. A sophisticated global kinetic-MHD
model of the heliospheric interface and a radiative transfer model are used for the analysis. It is shown for
the first time that the ratio of the Lyman alpha intensities detected in the downwind and upwind lines of
sight in the outer heliosphere is sensitive to the configuration (peak value and location) of the hydrogen
wall. The hydrogen wall is a source of Doppler-shifted backscattered Lyman alpha photons, so it can be
seen from inside the heliosphere. Therefore, Voyager 1/ultraviolet spectrometer (UVS) Lyman alpha data
can be used for remote sensing of the hydrogen wall. We show that our current global model of the outer
heliosphere, which is consistent with many other measurements including Lyman alpha data from both
Voyager 1 and 2 in 1980–1993, provides a systematically larger downwind to upwind intensity ratio
compared with the UVS data in 1993–2003. In order to decrease the ratio, a higher and/or closer hydrogen
wall is needed.

1. Introduction

The Sun moves through the surrounding partially ionized local interstellar medium (LISM). Interstellar
hydrogen (H) atoms penetrate deeply into the heliosphere due to their large mean free path with respect
to a charge exchange with protons. In the heliosphere H atoms scatter the solar Lyman alpha radiation
(wavelength at the line center is 𝜆0 = 1215.6 Å). Measurements of the interplanetary Lyman alpha glow in the
end of 1960s provided a first experimental evidence of the interstellar wind phenomenon [Thomas and Krassa,
1971; Bertaux and Blamont, 1971]. The intensity and spectral characteristics of the backscattered radiation are
determined by the spatial and velocity distributions of interstellar hydrogen in the heliosphere. This distri-
bution in turn depends on the properties and structure of the heliospheric interface (region of interaction
between the solar wind (SW) and interstellar medium), because charge exchange with protons in this region
modifies the original interstellar H distribution. The significance of charge exchange in the outer heliosphere
was mentioned by Wallis [1975] for the first time. Primary interstellar H atoms are filtered in the heliospheric
interface [see, e.g., Izmodenov et al., 1999; Izmodenov, 2007], and new secondary interstellar atoms are created
by charge exchange. Therefore, measurements of backscattered solar Lyman alpha radiation in the helio-
sphere can be used as a remote sensing diagnostic of the interstellar H distribution as well as the properties
of the heliospheric boundary [see, e.g., Bertaux et al., 1985; Hall et al., 1993; Clarke et al., 1998; Costa et al., 1999;
Gangopadhyay et al., 2006; Vincent et al., 2014].

Backscattered Lyman alpha radiation has been measured in the heliosphere since the beginning of the space
age (see, e.g., for review Quémerais [2006]). Nowadays, Lyman alpha is measured by many instruments at
the Earth orbit, e.g., SOHO/Solar Wind ANisotropy [Bertaux et al., 1995] and Hubble Space Telescope/Space
Telescope Imaging Spectrograph [Woodgate et al., 1998]; closer to the Sun, e.g., around Mercury by
Mercury Atmospheric and Surface Composition Spectrometer on board MErcury Surface, Space ENvironment,
GEochemistry, and Ranging [McClintock and Lankton, 2007]; and in the outer heliosphere—Cassini/Ultraviolet
Imaging Spectrograph [Esposito et al., 2004], New Horizons/Alice [Gladstone et al., 2013], and Voyager 1/
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ultraviolet spectrometer (UVS) [Broadfoot et al., 1977]. These data are described and analyzed by many authors
[e.g., Bertaux et al., 1997; Quémerais et al., 2008; Clarke et al., 1998; Vincent et al., 2014; Quémerais et al., 2014;
Pryor et al., 2008; Gladstone et al., 2013; Lallement et al., 2011].

The most interesting feature of interstellar H distribution in the heliospheric interface is the hydrogen
wall. The hydrogen wall is a region of an increased number density of secondary interstellar H atoms around
the heliopause (contact discontinuity separating the solar wind plasma from the charged component of the
interstellar plasma). This phenomenon was predicted theoretically for the first time by Baranov et al. [1991]
and then it was discovered experimentally by Linsky and Wood [1996] in measurements of the Lyman alpha
absorption spectra toward alpha Centauri. The configuration of the H wall (its position, height, and width)
depends both on parameters of the local interstellar medium (e.g., number densities of H atoms and protons)
and plasma properties in the heliospheric interface (efficiency of charge exchange near the heliopause).

Theoretically, the H wall should be a visible source of backscattered Lyman alpha radiation for an observer
looking close to the upwind direction and located far enough (further than 40–50 AU) from the Sun, where
emission from the H wall becomes not negligible compared with the heliospheric emission. Inside the H wall
secondary H atoms have a small projection of velocity on the upwind direction, because they are created via
charge exchange with protons from the decelerated interstellar plasma. Such atoms can scatter only Lyman
alpha photons with a wavelength close to the line center 𝜆0. Therefore, wavelength of backscattered photons
coming from the H wall is also close to 𝜆0. But inside the heliosphere typical interstellar, H atoms have bulk
velocity ∼15–30 km/s along the downwind direction, and hence, these atoms cannot absorb Lyman alpha
photons backscattered from the H wall with wavelength 𝜆0. Therefore, such photons can survive in the helio-
sphere and reach the observer. Thus, measurements of Lyman alpha intensities in the outer heliosphere for
lines of sight (LOS) crossing the heliopause can provide information about the H wall.

One of the most important space missions for the investigation of the heliospheric boundary is Voyager 1/2
launched in 1977. Both Voyager 1 and 2 are equipped with ultraviolet spectrometers—UVSs [Broadfoot et al.,
1977], but the UVS on board Voyager 2 was switched off in 1998, while UVS on board Voyager 1 still operates.
Voyager 1 and 2 are the most distant currently active spacecraft from the Sun, and their measurements of
backscattered Lyman alpha glow in the outer heliosphere should be an effective tool for remote sensing of the
H wall. This is a particularly important topic now because Voyager 1 approaches the heliospheric boundary
and whether it crossed the heliopause or not is extensively discussed [Stone et al., 2013; Gurnett et al., 2013;
Burlaga and Ness, 2014; Fisk and Gloeckler, 2014; Gloeckler and Fisk, 2015].

Previously, the Voyager 1 and 2/UVS data were analyzed in various works [Hall et al., 1993; Quémerais et al.,
1995, 1996a, 2003, 2010; Ben-Jaffel et al., 2000; Pryor et al., 2008; Fayock et al., 2013, 2015]. However, none of
these works were devoted to studying the entire interval of the scanning observations of Voyager 1/UVS,
which were performed from 1993 to 2003. Lallement et al. [2011] have considered all scan data, but they were
focused on detection of the galactic background and did not analyze details of the heliospheric emission. In
this work we analyze the heliospheric scans data by using our numerical models of the hydrogen distribution
and radiative transfer in the heliosphere. It is shown that the ratio of Lyman alpha intensities measured at
the lines of sight in the “tail” and “nose” parts of the heliosphere is sensitive to location and height of the
hydrogen wall.

2. Lyman Alpha Intensities Measured by Voyager 1/UVS From 1993 to 2003

Here we consider 10 years (from 1993 to 2003) of Lyman alpha measurements by Voyager 1/UVS performed
at 53–88 AU from the Sun. During this period specific scans of the sky from the tail to nose parts of the helio-
sphere were performed (these data are described in detail by Quémerais et al. [2003, 2009]). Originally, these
observations were dedicated to searching for any inhomogeneous features in the hydrogen distribution in
the outer heliosphere. Quémerais et al. [1995, 1996a] reported that these data show an excess of intensity
(10–15 R) in the upwind direction compared with the radiative transfer model results for both uniform hydro-
gen distribution in the outer heliosphere taken from the hot model [see, e.g., Fahr, 1971] and nonuniform
distribution with the H wall taken from Baranov-Malama model of the heliospheric interface [Baranov and
Malama, 1993]. Two possible explanations of this excess were discussed: it is caused either by emission from
the H wall or by the galactic Lyman alpha background. Quémerais et al. [2010] obtained quite large additional
intensity in the upwind direction (even larger than in the data) by using full 3-D radiative transfer calcula-
tions based on results of kinetic-MHD model of the heliospheric interface [Izmodenov et al., 2009]. Therefore,
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Figure 1. Full-sky map of the Lyman alpha intensities as seen by Voyager 1 in 1993.3 located at 53 AU from the Sun.
White crosses show position of the scan plane of Voyager 1/UVS observations in 1993–2003. Positions of the Sun and
upwind directions are shown by arrows. Two points P1 and P2 show two considered directions (see text).

they reported that Voyager data show an emission from the H wall. However, it was later found that this addi-
tional intensity in the model arose from a numerical problem in the radiative transfer code. Lallement et al.
[2011] have performed an accurate analysis of the data and showed that there is a correlation between excess
Lyman alpha intensities in the nose part of the heliosphere and galactic H-alpha emission. They concluded
that some portion of the Voyager 1 and 2/UVS Lyman alpha signal near the galactic plane arises from the galac-
tic background estimated at several Rayleighs. It was the first discovery of the galactic Lyman alpha emission
in the heliosphere. Thus, previous analyses of the Voyager 1/UVS scans (1993–2003) did not show any clear
evidence of the backscattered emission from the H wall, because it was combined with the galactic Lyman
alpha component.

The Voyager 1/UVS Lyman alpha brightness measurements used in our work were obtained in the same
manner as described in Quémerais et al. [1995]. At the current position of the Voyager 1 spacecraft, the Lyman
alpha line is the only heliospheric emission that can still be observed. The instrument is a grating spectrom-
eter with a band pass covering 50 nm to 160 nm with a resolution element (sampling) of about 1 nm per
pixel. Lyman alpha counts are spread over nine channels (9 nm resolution). During processing all known
background contributions are removed following the scheme developed by J. B. Holberg and R. Watkins
(Voyager Ultraviolet Spectrometer Guest Observer and Data Analysis Handbook, Version 1.1, unpublished
data, 1992). Radioactive thermal generator and cosmic rays and instrumental dark counts are removed using
dark plate observations. Stellar contributions including the physical background from beyond the heliosphere
are removed by subtracting the background on both sides of the Lyman alpha line. The remaining spectra
only show counts at the position of the H Lyman alpha line which demonstrates that all background con-
tamination has been removed. The background removal is taken into account when measurement errors are
calculated by error propagations.

In this work we excluded from the analysis those lines of sight which contain a galactic component according
to results of Lallement et al. [2011]. From 1993 to 2003 Voyager 1/UVS performed scans over the sky in four
different planes. We consider here only the first scan family (“A” in notations of Lallement et al. [2011]), because
it is close to the upwind-downwind direction and covers the longest period of time.

Figure 1 shows an example of the full-sky map in Lyman alpha intensity obtained in the model for an observer
located at 53 AU from the Sun at the nose part of the heliosphere (ecliptic latitude 33.7∘ and longitude 246∘;
this observer’s position corresponds to Voyager 1 location during the first scan in 1993; the upwind direction
marked in Figure 1 corresponds to interstellar helium flow direction obtained by Witte [2004]). The maximum
of intensity close to the downwind direction corresponds to the position of the Sun (bright source of Lyman
alpha photons). In the opposite direction there is a minimum of intensity (in the nose part of the heliosphere
close to the upwind). The position of the Voyager 1 scan plane is shown by crosses in Figure 1. The scans started
close to the maximum of intensity in the downwind direction and roughly followed a great circle passing
through the upwind direction.

Figure 2 presents an example of Voyager 1/UVS data during one scan at the end of 1994. The scan angle 𝛼 is
counted from the point nearest the Sun, i.e., the intensity is maximum for 𝛼 = 0∘ and minimum for 𝛼 = 129∘

in accordance with the intensity map shown in Figure 1. The last portion of the scan (for 𝛼 ≥ 168∘) includes
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Figure 2. Example of the Voyager 1/UVS scan data obtained in 1994.9: count rate with statistical uncertainties as a
function of scan angle 𝛼. Two chosen directions P1 (𝛼 = 22∘) and P2 (𝛼 = 129∘) are also shown. The grey area for
𝛼 ≥ 168∘ corresponds to the part of the data that can be partially influenced by galactic emission [see Lallement et al.,
2011]. These data points are excluded from the current analysis.

galactic emission as is shown by Lallement et al. [2011]. We exclude this part of all scans from the analysis to
avoid any possible misinterpretations.

The most interesting information that could be obtained from the scans is the ratio of intensities in the tail
and nose parts of the heliosphere. Such a ratio is independent of the absolute calibration of the instrument as
well as of the global 11 year variations of the solar Lyman alpha flux, because data for one scan are obtained
during a short time period (about 10 days). Only short term (27 days) variations of the solar flux may influence
the ratio [Pryor et al., 2008; Quémerais et al., 1996b]. We have chosen two directions at each scan correspond-
ing to the tail and nose parts of the heliosphere (see marks P1 and P2 in Figures 1 and 2). The second point
(P2, 𝛼 = 129∘) corresponds to the minimum of intensity, and this direction is separated by about 60∘ from the
upwind direction. The first point (P1, 𝛼 = 22∘) is close to the Sun. We do not consider the closest direction
to the Sun (for 𝛼 = 0∘) because hydrogen distribution in the vicinity of the Sun is strongly affected by solar
radiation and ionization that is a potential source of additional uncertainties in the modeling. Lyman alpha
signal for both chosen directions is not contaminated by galactic emission, because they are quite far from the
galactic plane. We introduce the following notation: intensity in the direction P1 is Itail, intensity in direction
P2 is Inose, and their ratio is R = Itail∕Inose (hereafter, by mentioning “ratio” we mean this ratio).

3. Data Analysis: Role of the H Wall
Numerical simulations of the Voyager 1/UVS data for 40 scans in 1993–2003 are performed in the frame
of the following procedure: (1) the hydrogen distribution (for primary and secondary interstellar atoms

Table 1. Model Parameters and Results

No. nH,LISM
a (cm−3) np,LISM

b (cm−3) nH,r=90
c (cm−3) rTS,V1

d (AU) rTS,V2
e (AU)

Model 1 0.14 0.04 0.093 97.5 87.5
Model 2 0.18 0.06 0.119 83.2 77.7
Model 3 0.2 0.1 0.145 69.2 66.9

aNumber density of H atoms in the undisturbed LISM.
bNumber density of protons in the undisturbed LISM.
cNumber density of H atoms at distance 90 AU from the Sun in the upwind direction.
dDistance to the termination shock at Voyager 1 direction.
eDistance to the termination shock at Voyager 2 direction.
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Figure 3. (a) Ratio of Lyman alpha intensities R = Itail∕Inose as a function of time along Voyager 1 trajectory in
1993–2003. Measurements are compared to the results of three models (see Table 1 for model parameters). (b) Number
density of the secondary interstellar atoms as a function of heliocentric distance along nose direction corresponding to
𝛼 = 129∘ . This is an illustration of different H walls as a result of the three models considered. (c) Regular changes of
direction (ecliptic longitude and latitude) of the nose LOS. (d) Relative variations of the solar Lyman alpha flux during
27 days: difference between maximum and minimum fluxes divided by averaged flux (data are taken from LASP
database).

separately) is taken from results of the global 3-D stationary kinetic-MHD model of the SW/LISM interaction
[Izmodenov and Alexashov, 2015] and (2) the solar Lyman alpha radiation backscattered by H atoms is cal-
culated with the radiative transfer code developed by Quémerais [2000]. We use results of the full global
heliospheric model (mentioned as Model 3 in Izmodenov and Alexashov [2015]). This model takes into
account both heliospheric and interstellar magnetic fields, heliolatitudinal variations of the solar wind param-
eters, and kinetic description for hydrogen atoms. Previously, Quémerais et al. [2013] have shown that the
time-dependent axisymmetrical version of used heliospheric model represents the UVS data from both
Voyager 1 and 2 in 1980–1993 quite well. Multiple scattering of Lyman alpha photons is included and dom-
inates the intensities for the observer’s positions considered here (53–88 AU from the Sun). We take into
account actual positions of the spacecraft and directions of the line of sight (LOS). Model calculations are
performed with three sets of the LISM number densities of H atoms and protons (see Table 1). All these sets
correspond to the LISM ionization degree∼20–30% that is consistent with available astronomical constraints
[Slavin and Frish, 2008].

Figure 3a presents the ratio R of the tail to nose intensities taken from measurements and results of the
numerical modeling. Local variations of the ratio in the data curve are caused by two factors. First, regular
changes of directions of the lines of sight (see Figure 3c) produce small modulations of the ratio seen
for the model results as well. Second, larger variations of the ratio seen for the Voyager data (e.g.,
peaks in 1994 and 1999–2001) are connected with longitudinal anisotropy of the solar Lyman alpha flux.
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Figure 4. Results of test calculations illustrate an influence of the H wall’s (a and b) height and (c and d) position. In
Figure 4a three examples of the H wall based on Model 1 results (solid curve corresponds to results of Model 1, dashed
curve corresponds to the same but with the H wall artificially increased by 2 times, and dash-dotted curve corresponds
to Model 1 without H wall; i.e., the hydrogen number density is assumed to be constant where the H wall would be). In
Figure 4b ratios of the Lyman alpha intensities obtained with the hydrogen distributions presented in Figure 4a. In
Figure 4c two examples of the H wall: the solid curve shows results of Model 3, while the dashed curve corresponds to
the same model but with the H wall artificially moved away from the Sun by a factor of 1.6. In Figure 4d ratios of the
Lyman alpha intensities obtained with the hydrogen distributions presented in Figure 4c.

Backscattered intensities measured by Voyager are influenced by anisotropies of the solar flux, especially for
the tail direction, which is toward the Sun. Although multiple scattering effects tend to spread the origin
point of the photons all over the surface of the Sun, the contribution of different areas of the Sun is not com-
pletely uniform. This effect was estimated by Quémerais et al. [1996b] in the case of the hydrogen distribution
obtained with the hot model. Thus, anisotropies of the solar illuminating flux still affect the tail to nose ratio.
Figure 3d shows relative differences between maximum and minimum solar fluxes obtained from 27 day
measurements at the Earth orbit [Woods et al., 2000; Laboratory for Atmospheric and Space Physics (LASP)
database, http://lasp.colorado.edu/lisird/lya/]. It is seen that the solar flux varies by 5–30% and periods of
maximum amplitude correlate with peaks of the Lyman alpha ratio R. These variations are neglected in the
model, because they are rather small (variations of R are less than 15%) and do not influence the results.

The first considered set of the LISM number densities (our Model 1) corresponds to the model presented in
Izmodenov and Alexashov [2015] (they called this model as “model 3”). They provided the reasons and strategy
for choosing such number densities to make model results consistent with several observational constrains.
However, Figure 3a shows that Model 1 gives a systematically larger ratio of the Lyman alpha intensities
compared with the Voyager 1/UVS data. Two additional calculations (Models 2 and 3) with different LISM
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Figure 5. (a) Qualitative explanation of the effect of the H wall’s height on the Lyman alpha intensity ratio. The
termination shock (TS), heliopause (HP), and H wall are shown. An observer (V1) is looking in two directions (tail and
nose), and the Lyman alpha intensity in the nose direction depends on local emissivity from the H wall, which in turn
depends on the H number density in the wall. (b) Two H walls are shown. Local emissivity of backscattered Lyman alpha
from the H wall depends on the local solar Lyman alpha flux, which is proportional to 1∕r2. That is why a more distant
H wall produces fewer backscattered photons.

parameters show that increasing the LISM hydrogen and proton number densities leads to a decrease of the
ratio. Model 3 provides a quite good agreement of the ratio with Voyager 1 observations.

The most important difference in the hydrogen distributions between the three considered models is peak
value (“height”) and location of the hydrogen wall. Figure 3b shows number densities of the secondary inter-
stellar H atoms along the LOS corresponding to 𝛼 = 129∘. It is seen that the H wall is quite different for the
three models. Namely, increasing of nH,LISM and np,LISM leads to a higher and closer H wall due to increasing the
charge exchange rate near the heliopause and interstellar dynamic pressure, correspondingly. It seems from
results presented in Figure 3 that the ratio of Lyman alpha intensities is sensitive to the position and height of
the H wall. In order to verify this statement we performed the additional test calculations.

Figure 4b presents the ratio of Lyman alpha intensities obtained in the frame of Model 1 with an artificially
modified H wall (see Figure 4a). Namely, in the first case, the H wall peak was increased by a factor of 2
(dashed curve) and in the second case, the H wall was totally removed (dash-dotted curve). It is clear from the
results that a larger H wall leads to a smaller Lyman alpha ratio and vice versa. This effect can be explained
qualitatively by the following (for illustration see Figure 5a). Any changes of the H wall mostly influence
the Lyman alpha intensity for the nose LOS crossing the H wall (Inose), and they have little influence on Itail.
Inose is determined by local emissivity and absorption along the LOS. Local emissivity is proportional to the
local number density of H atoms. This means that in the case of higher H wall (i.e., larger number density of
secondary interstellar atoms) local emissivity is larger along the nose LOS, and hence, Inose is larger and the
ratio R is smaller compared with the case of a lower H wall. Thus, in order to decrease the ratio of Lyman alpha
intensities we need to use hydrogen distribution with a higher H wall.

Figures 4c and 4d illustrate an effect of position of the H wall. We perform a test calculation in the frame of
Model 3 with the H wall artificially moved away from the Sun by a factor of 1.6 (see Figure 4c). It is seen that in
case of a more distant H wall, the Lyman alpha ratio becomes larger. A qualitative explanation of this effect is
illustrated in Figure 5b. The local emissivity of backscattered radiation is proportional to the solar Lyman alpha
flux at the considered point, which in turn is proportional to 1∕r2. Therefore, in the case of a more distant H
wall the local emissivity from the H wall is smaller and hence Inose is smaller too and the ratio is larger compared
with the case of a closer H wall. Thus, another possibility to decrease the Lyman alpha intensity ratio is to move
the H wall closer to the Sun.

In this paper we consider three models with different LISM hydrogen and proton number densities. However,
the LISM boundary conditions are not free parameters of the model because other measurements constrain
the parameters. For example, measurements of pickup ions by Ulysses/SWICS give the following estimation
for the interstellar hydrogen number density at the termination shock (about 90 AU in the upwind direction):
nH,r=90 = 0.087±0.022 cm−3 [Bzowski et al., 2008]. Our Models 1 and 2 match this criterion, while Model 3 gives
a larger number density (see Table 1). Also crossing of the termination shock by Voyager 1 and 2 at different dis-
tances (84 and 94 AU for Voyager 1 and 2) provides strong constraints for the model. Again Model 1 provides

KATUSHKINA ET AL. REMOTE DIAGNOSTIC OF THE HYDROGEN WALL 99



Journal of Geophysical Research: Space Physics 10.1002/2015JA022062

Figure 6. (a) Solid curves show the ratio of the Lyman alpha intensities calculated for the fix tail and opposite nose
directions. Observer is moving along the nose direction. Dashed curves show corresponding number densities of
secondary H atoms at the H wall along the nose LOS. Results are presented for three considered heliospheric models.
(b) Qualitative explanation of contribution of backscattered photons from the H wall to intensities in two directions.
Before the H wall Inose is mostly contributed by the photons from the H wall and as a result Inose decreases slower than
Itail and the ratio decreases. Behind the H wall the situation is opposite.

quite good agreement with Voyager 1 and 2 in distances to the termination shock, while in Model 3 the
termination shock is much closer to the Sun, and the difference in its distances in Voyager 1 and Voyager 2
directions is less than 3 AU instead of the 10 AU observed in the data (see last two columns in Table 1).
However, as was shown in this section, measurement of Lyman alpha intensities by Voyager 1/UVS in
1993–2003 provide additional restrictions for the heliospheric models. Model 1 is not consistent with these
data because in this model the hydrogen number density at the H wall is too low and the H wall is too far from
the Sun than is needed to explain the UVS data. On the other hand, in Model 3 the H wall is quite large and it
leads to smaller Lyman alpha ratio in agreement with the UVS data.

The scanning platform of Voyager 1 was switched off in 2003, and after that measurements were performed
for one direction only, tilted by 20∘from the upwind. But it is interesting to note that if scan measurements
were performed at larger heliocentric distance, we would have another possibility for detection of the H wall
location. Figure 6a shows the downwind to upwind ratio of Lyman alpha intensities calculated for an “ideal”
case with fixed and almost opposite directions of LOSs, constant solar flux, and an observer moving radially
away from the Sun in the upwind direction at large distances (50–400 AU). It is seen that the ratio decreases
almost until approaching of the maximum hydrogen number density at the H wall and then it increases. This
behavior can be explained by contribution of intensity from the H wall. Namely, before reaching the maximum
number density Inose is mostly contributed by the photons from the H wall. But after that photons scattered at
the maximum of the H wall mostly contribute to Itail (see Figure 6b for a schematic illustration). Thus, position,
where Lyman alpha ratio starts to increase, indicates a maximum of hydrogen number density at the H wall.
This could be an important possible diagnostic of the H wall for future distant space missions.

4. Discussion and Conclusions

In this paper we have studied the tail to nose ratio of the Lyman alpha intensities measured by Voyager 1/UVS
from 1993 to 2003. The main result of this study is a demonstration that the ratio is sensitive to the peak value
and position of the H wall. This means that Voyager 1/UVS measurements of the Lyman alpha radiation in
the outer heliosphere can be used as a remote diagnostic of the H wall. At the same time, we show that the
typical global Model 1 of the heliosphere proposed by Izmodenov and Alexashov [2015], which is consistent
with many observations, does not agree with the Voyager 1/UVS Lyman alpha measurements in 1993–2003
and provides a systematically larger ratio. It is also shown that the ratio can be decreased by making the H wall
higher and/or closer to the Sun. In general, there are three LISM parameters which influence directly the height
and position of the H wall: hydrogen number density nH,LISM, proton number density np,LISM, and interstellar
magnetic field BLISM. The following possibilities exist in order to make the H wall higher and/or closer:
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1. Increase of nH,LISM that provides more primary H atoms and therefore more secondary atoms created by
charge exchange near the heliopause and, hence, higher H wall.

2. Increase of np,LISM that leads to a larger interstellar dynamic pressure (and moving the heliopause closer to
the Sun) and a larger charge exchange rate. Figure 3 in Izmodenov et al. [1999] illustrates dependence of the
H wall on model’s parameter np,LISM. It is shown that increase of np,LISM from 0.04 cm−3 to 0.3 cm−3 leads to
the H wall being higher by a factor of 1.5 and closer to the Sun by a factor of 1.8.

3. Decrease of BLISM that leads to more compressible interstellar plasma (due to larger fast magnetosonic Mach
number) and hence more effective charge exchange near the heliopause. Quantitative influence of the
interstellar magnetic field on the H wall should be studied separately.

It should be noted that one more possibility to decrease the model ratio is the addition of some isotropic or
nonisotropic Lyman alpha background (Iadd), which may exist for considered tail and nose directions. Namely,
R1 = (Itail + Iadd)∕(Inose + Iadd) is less than R = Itail∕Inose if the value of Iadd is comparable with the heliospheric
intensities. At this moment we do not have information about any “extragalactic” Lyman alpha background,
but in principle, we cannot exclude such possibility.

Here we summarize the main results of the paper:

1. The ratio of intensities in the tail and nose directions is a tool for remote sensing of the H wall (its peak value
and location). It is important to note that the ratio is not dependent on the calibration of the instrument and
global 11 year modulations of the solar Lyman alpha flux, so it is a robust diagnostic. Although an accurate
consideration of an instrumental and physical background is needed.

2. Voyager 1/UVS Lyman alpha data (scans from 1993 to 2003) show that larger and/or closer H wall is needed
to explain the data compared with the H wall presented in the global heliospheric Model 1 proposed by
Izmodenov and Alexashov [2015].

3. Our Model 3 with increased LISM number densities of H atoms and protons provides a good agreement
with the Lyman alpha data. However, it does not match the positions of the termination shock detected by
Voyager 1 and 2.

4. The radial dependence of the modeled downwind to upwind Lyman alpha ratio has an inflection when the
peak of hydrogen number density at the H wall is reached by an observer.

Obviously, at this moment it is impossible to find one global model consistent with all available observations.
A possible solution may not be unique, and further investigations are needed in order to find a way to decrease
the Lyman alpha ratio without moving of the termination shock and changes of hydrogen number density
at distant heliosphere. One possible way would be to change the interstellar magnetic field that also can
influence the charge exchange rate near the heliopause.
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