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ABSTRACT

Context. Voyager 1 and 2 LECP instruments measure the distributions of the heliosheath ions of energies ≥40 keV. This threshold
energy is an order of magnitude higher than the maximum energy (6 keV) of the energetic neutral atoms (ENA) to be measured by the
forthcoming IBEX mission. On the other hand, the energy range of SOHO/CELIAS/HSTOF ENA measurements is 58−88 keV for H
and 28−58 keV/n for He atoms, which overlaps with the energy range of Voyagers LECP. This offers a unique opportunity to combine
HSTOF ENA measurements at 1 AU with LECP ion measurements in the heliosheath and obtain information about the large-scale
structure of the heliosphere.
Aims. We use energetic neutral atoms data at 1 AU and a Voyager 1 spectrum in the heliosheath to estimate the average column
density of neutral hydrogen in selected sectors of the forward heliosheath.
Methods. We reanalyzed the energetic neutral hydrogen and helium data from HSTOF to identify the contribution to the neutral atoms
flux originating in directions close to the apex of the Sun’s motion relative to the local interstellar medium (LISM). We combine the
data from HSTOF with the parent ion spectrum in the heliosheath measured by Voyager 1 to derive the background neutral hydrogen
column density NH in the heliosheath and estimate the thickness L of the heliosheath within ±45◦ from the apex direction and in
two 90◦ wide flank sectors.
Results. In the forward sector of the heliosheath NH = (0.63 ± 0.19) × 1014 cm−2, corresponding to the thickness L = (42 ±
12 AU)/nH/(0.1 cm−3) where nH = average H density in the heliosheath. This is within the range of values predicted by theoret-
ical models, but suggests that the heliosheath is thinner than expected. The hydrogen column densities in the flank sectors are not
symmetric relative to the apex, but the difference is within the statistical uncertainty. The H/He ratio measured by HSTOF is lower
than the value following from Voyager 1 heliosheath spectra.
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1. Introduction

Since 1996, the HSTOF/CELIAS instrument onboard SOHO
at 1 AU has been surveying the ecliptic in energetic neutral hy-
drogen (ENH) (Hilchenbach et al. 1998, 2001) and energetic
neutral helium (ENHe) (Czechowski et al. 2004). Hilchenbach
et al. (1998) proposed that these energetic neutral atoms (ENA)
are of heliospheric origin, produced by charge-exchange of the
energetic ions in the distant heliosphere with the low energy neu-
tral atoms that enter the heliosphere from the local interstellar
medium (LISM). Because the energetic neutral atoms are only
weakly coupled to plasma, they provide a useful method of re-
mote sensing of the ion distributions in the distant heliosphere
(Hsieh et al. 1992) and can be used for imaging the global struc-
ture of the heliosheath.

The energy range of HSTOF (58−88 keV for H,
28−58 keV/n for He) is significantly above the energy (up
to 6 keV) to be covered by the IBEX mission (McComas et al.
2004). In consequence, the parent ions of the ENAs observed by

HSTOF do not belong to the bulk solar wind or the pick-up ion
population, but must be further accelerated, either by interacting
with shocks or by plasma turbulence. The ions in the HSTOF
ENA energy range are still not sufficiently energetic to pene-
trate far upstream from the source, against the solar-wind plasma
flow. In particular, the ions accelerated at (or near) the termi-
nation shock are effectively confined to the region between the
termination shock and the heliopause (the “inner heliosheath”).
Also, the energetic “tails” of the pick-up ion distributions, al-
though already present upstream of the termination shock, are
strongly enhanced on crossing the termination shock into the he-
liosheath (Gloeckler & Fisk 2006). The heliosheath is therefore
probably a dominant source region of ENA in the HSTOF energy
range.

The ENA flux arriving at the observation point in the inner
solar system can in principle originate in any point along the line
of sight (Hsieh et al. 1992). The ENH and ENHe fluxes observed
by HSTOF must therefore include, along with the contribution
from the heliosheath, contributions from the inner heliosphere,
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upstream from the termination shock. Identification of the dif-
ferent contributions has not been possible, because of the lack
of detailed knowledge about the ion distributions in the helio-
sphere. After the Voyager 1 crossing of the termination shock,
the heliosheath ion spectrum was measured for the first time
(Decker et al. 2005; Stone et al. 2005). This permitted us to esti-
mate the expected ENA flux from the heliosheath (Czechowski
et al. 2006b, referred to as (I) in the following). We found that
the neutral hydrogen flux from this source is of the same order
of magnitude as the flux measured by HSTOF. Assuming that
the observed hydrogen flux is dominated by the heliosheath con-
tribution, we were able to estimate the average thickness of the
part of the heliosheath covered by the HSTOF observations used
in the study.

One shortcoming of that study was that, to reduce the sta-
tistical uncertainty, the ENA spectrum used in (I) was calcu-
lated from the HSTOF data averaged over a wide range of di-
rections. The Voyager 1 trajectory, along which the ion spectra
are measured, passes through the frontal part of the heliosheath,
within ∼30◦ from the apex of the Sun motion relative to the
LISM (which we will call the “LISM apex” for brevity). The
HSTOF data used in (I) included all observations along the line
of sight within 155◦ in ecliptic longitude from the LISM apex.
To compare the ENA observations with the Voyager 1 data, we
had therefore to assume for (I) that the ion spectrum measured
by Voyager 1 could be used as an approximation of the average
ion energy spectrum in the entire frontal portion (both forward
and flanks) of the heliosheath.

We re-analysed the HSTOF hydrogen and helium data and
derived the energy spectra of the ENA originating in the four
90◦ wide sectors in ecliptic longitude chosen to cover sepa-
rately the forward region (within ±45◦ from the LISM apex),
the flanks and the heliotail (Hilchenbach et al. 2007). For the
forward sector, we also obtained the ENA fluxes correspond-
ing to six 15◦ wide subsectors (Hilchenbach et al. 2006). The
range in ecliptic latitude in each case was ±17◦, defined by the
HSTOF’s field of view. Although there remains a difference be-
tween the Voyager 1 position (∼30◦ off the ecliptic) and the se-
lected HSTOF observation regions, the difference is significantly
reduced with respect to (I).

In this work, we combine Voyager 1 ion data and HSTOF
ENA spectra derived from the re-analysed data to obtain the av-
erage column density NH of neutral hydrogen in the forward sec-
tor of the heliosheath (±45◦ off the LISM apex) and in two flank
sectors. Although our results for the flank sectors are more un-
certain than for the apex sector because of the larger distance
from the Voyager 1 trajectory, we include them here to attempt
“imaging” of the forward heliosphere.

For the forward sector, we find NH = (0.63 ± 0.19) ×
1014 cm−2, implying that the thickness of the heliosheath is equal
to (42 ± 12 AU)/nH/(0.1 cm−3), where nH is the average hydro-
gen density in the heliosheath. This is within the range of results
from numerical models (see Sect. 4).

We confirm our previous observation (I) that the energetic
neutral helium flux measured by HSTOF is higher (by a fac-
tor ∼2) than expected from the helium ion flux measurements by
Voyager 1.

The HSTOF and Voyager 1 observations and basic assump-
tions of our approach are presented in Sect. 2. Section 3 presents
the fit results. A detailed discussion of the results is given in
Sect. 4. The conclusions are summarized in Sect. 5.

2. HSTOF and Voyager 1 observations

HSTOF is a part of the CELIAS experiment (Hovestadt et al.
1995) onboard SOHO, launched in 1996 to the orbit around the
L1 point. The instrument field of view is ±2◦ in and ±17◦ off the
ecliptic, with the line of sight directed 37◦ off the Sun. Until mid
2003, this direction was fixed (west off the Sun) and all eclip-
tic longitudes were scanned once a year. From mid 2003, the
spacecraft has been reoriented twice a year and the LISM apex
and antiapex sectors became inaccessible to HSTOF. The en-
ergy range of the ENA observation was 58−88 keV for H and
28−58 keV/n for He. The ENA observations were only possi-
ble during “quiet times” (low ion intensity). For this reason, a
large part of the data comes from the period 1996−1997, close
to a solar minimum. Because of low ENA fluxes, it is necessary
to integrate the HSTOF data over long time periods, or equiva-
lently over wide ranges of ecliptic longitude.

The Voyager 1 post-shock measurements (Decker et al.
2005; Stone et al. 2005) originate in the ecliptic longitude close
to the LISM apex direction, ∼30◦ ecliptic latitude, and the time
period 2005−2007. The spectrum used in (I) corresponds to
the first half of the year 2005. The LECP instrument onboard
Voyager 1 has the lower energy limit of 40 keV and overlaps
with the ENA energy range of HSTOF. The lower energy chan-
nels of LECP do not distinguish between the different ion species
(Z ≥ 1 ions), so that the He fraction can only be estimated from
the higher energy channels.

Since the present understanding of the evolution of the ion
distributions in the heliosheath is incomplete, we make the sim-
plest assumption to be able to relate the HSTOF ENA data to
Voyager 1 post-shock measurements: despite the difference in
location and observation time, we assume that the ion distribu-
tions responsible for the selected HSTOF ENA data can be ap-
proximated by the ion spectra derived from Voyager 1 observa-
tions in the heliosheath.

To express the observed flux JENA,i(E) of the ENA species i
(i = H or He) at energy E in terms of the parent ions flux Jion,i(E)
(i = H+ or He+) in the source region, we use the following ap-
proximate equation (see also (I)):

JENA,i(E) = Jion,i(E)σcx,i,H(E)NH. (1)

Here σcx,i,H(E) is the charge exchange cross section between the
ion of the species i and the background hydrogen (we use the
fits given by Barnett et al. 1990), and NH is the background hy-
drogen column density in the source region along the HSTOF
line of sight. Production of the ENA by charge exchange with
the background helium is not included, because the number den-
sity of helium in the forward heliosheath is expected to be small
(0.015 cm−3: Witte 2004) compared to the hydrogen density. The
hydrogen density in the heliosheath is not well known (some es-
timations: Gloeckler et al. 1996: 0.115 cm−3; Quemerais et al.
1994: 0.165 cm−3). The losses to the ENA between the source
and the observation point are small in the HSTOF energy range
and therefore omitted from Eq. (1).

The ion spectrum Jion,i(E) we assume to be equivalent to
the spectrum derived from Voyager 1 LECP observations in the
heliosheath (Decker et al. 2005). The spectrum is the average
over the first 160 days of Voyager 1 observations in the he-
liosheath. We assume that the average low energy spectrum does
not change much along the Voyager 1 trajectory between the ter-
mination shock and the heliopause, which is found to be consis-
tent with observations (Decker et al. 2006, 2007).

We note that while the HSTOF energy range overlaps with
the LECP “Z ≥ 1 ion” data, the LECP results with ion
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mass identified correspond to energies above the HSTOF range.
Consequently, identification of the proton and helium contribu-
tions involves extrapolation from higher energy (0.3 MeV/n).
We use the power-law fit (Jfit(E) ∝ E−1.67) of Decker et al.
(2005, see their Fig. 3) to the LECP combined ion data. The
ion fluxes Jion,i(E) are assumed to be proportional to Jfit(E) (E =
total energy):

Jion,H(E) = Jfit(E)/0.6 Jion,He(E) = 0.672 Jfit(E). (2)

The factor 1/0.6 is the value given in Decker et al. (2005).
The coefficient 0.672 provides the closest agreement with the
helium ion flux data points in Fig. 3 of Decker et al. (see
also (I)). We assume that Eq. (2) can be used for the sunward-
directed ion flux. This assumption is justified in view of the small
ion flux anisotropy observed in the heliosheath (Decker et al.
2005, 2007).

The source region in Eq. (1) is assumed to be the heliosheath
(between the termination shock and the heliopause). The contri-
butions from regions other than the heliosheath should be sub-
tracted from JENA,i. Since these contributions can be estimated
only approximately (see Sect. 4), we instead treat all HSTOF
ENA flux as originating in the heliosheath. The results for NH
and L must therefore be regarded as upper limits on the he-
liosheath values.

3. Estimation of the hydrogen column density
in the heliosheath

We determine NH by fitting the calculated ENA flux given by
Eq. (1) to the observed ENA flux given by the HSTOF data. NH
is the only free parameter in the fit. The fit is performed by min-
imizing the quantity χ2 = Σa(Ja − ( jσ)aNH)2/Δ2

a where a de-
notes data points, Ja represents the values of the ENA flux mea-
sured by HSTOF, ( jσ)a is the product of the ion flux Jion,i(E)
by the charge-exchange cross-section σcx,i(E) averaged over the
HSTOF energy bin, and Δa are the statistical 1-σ errors.

Apart from a fit to all H and He ENA data points, we also
performed fits to restricted subsets of the data:

– fits using only H or only He data points. The motivation for
“H only” fits was that the ion contamination of the helium
data was probably larger than for the case of hydrogen. The
“He only” fits were compared with “H only” fits to estimate
the value of the H+/He+ flux ratio in the source region, re-
quired to account for the HSTOF He data;

– fits excluding all but the lowest energy data points. The rea-
son for this restriction was that the lowest energy HSTOF
data points were likely to be least contaminated by the ion
contribution.

We use the notation H(n) (He(n)) to describe the fit that in-
cludes n hydrogen (helium) data points and H(n1)+He(n2) for
the simultaneous fit to n1 H and n2 He data points.

Beside the fits to the ENA originating in the forward sec-
tor of the heliosheath (210◦−300◦ ecliptic longitude), we com-
pleted similar fits to the data from the 90◦ wide flank sectors:
120◦−210◦ and 300◦−30◦. It should be noted that in the flank
sectors our model is less likely to be applicable than in the for-
ward sector, if only due to larger distance from the Voyager 1
observation region, which implies that the use of the Voyager 1
spectrum is less justified.

The results of the fits are presented in Table 1. We note that
the column density value corresponding to the “H+He” fits is

Table 1. Fits to HSTOF ENA data using Voyager 1 ion spectrum.

Fit sector NH (cm−2) χ2

H(3)+He(3) 210◦–300◦ (0.75± 0.18) × 1014 6.1
H(1)+He(1) 210◦–300◦ (0.66± 0.22) × 1014 0.74
H(3) 210◦–300◦ (0.63± 0.19) × 1014 1.1
H(1) 210◦–300◦ (0.55± 0.25) × 1014 0.0
He(3) 210◦–300◦ (1.27± 0.40) × 1014 2.9
He(1) 210◦–300◦ (0.99± 0.45) × 1014 0.0

H(3)+He(3) 120◦–210◦ (0.86± 0.16) × 1014 6.8
H(1)+He(1) 120◦–210◦ (0.96± 0.20) × 1014 2.2
H(3) 120◦–210◦ (0.76± 0.18) × 1014 2.4
H(1) 120◦–210◦ (0.80± 0.23) × 1014 0.0
He(3) 120◦–210◦ (1.25± 0.37) × 1014 2.9
He(1) 120◦–210◦ (1.50± 0.42) × 1014 0.0

H(3)+He(3) 300◦–30◦ (0.64± 0.14) × 1014 19.7
H(1)+He(1) 300◦–30◦ (0.66± 0.17) × 1014 3.5
H(3) 300◦–30◦ (0.44± 0.15) × 1014 1.9
H(1) 300◦–30◦ (0.51± 0.19) × 1014 0.0
He(3) 300◦–30◦ (1.70± 0.34) × 1014 6.4
He(1) 300◦–30◦ (1.31± 0.38) × 1014 0.0

Fig. 1. The fits to the ENA data for the 90◦ wide apex sector of the he-
liosheath (ecliptic longitude 210◦−300◦; the LISM apex is at ∼254◦).
The solid lines show the fits to hydrogen data only: H(1) fit (the
lowest energy point only, thick line) and H(3) (all three data points,
thin line). The dashed lines show the simultaneous fits to H and He
data: H(1)+He(1) (only the lowest energy points, thick dashes) and
H(3)+He(3) (all data points, thin dashes) fits. See top section of Table 1.

close to the “H only” fits. The “He only” fits produce a signifi-
cantly higher (by a factor ∼2) NH.

Figures 1 and 2 show the ENA spectra that correspond to the
fits (H+He and H only fits), compared with the HSTOF data. The
agreement with the HSTOF H spectra is reasonably good for all
three sectors. The fits to the ENA spectra pass below most of the
He data points. This implies that the H/He ENA flux ratio in the
HSTOF data is lower than the H/He ion flux ratio derived from
Voyager 1 results. One possible explanation is that the observed
He flux includes a contribution that cannot be attributed to the
heliosheath He ions, which we discuss further in the next section.
For this reason, we prefer the results derived from the “H only”
fits (H(1) and H(3)).

Figure 3 shows the average hydrogen column densities NH in
the forward and flank sectors of the heliosheath that are provided
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Fig. 2. As Fig. 1, but for the 90◦ wide flank sectors of the heliosheath:
ecliptic longitude 300◦−30◦ and 120◦-210◦. See bottom and middle sec-
tion of Table 1.

by the H(1) fit (boxes), compared with the results from the mod-
els of the heliosphere corresponding to two cases of the Bonn
model (Fahr et al. 2000) with different choices of the the neutral
hydrogen and plasma densities in the LISM: model 1: nH,LISM =
0.1 cm−3, np,LISM = 0.1 cm−3 and model 2: nH,LISM = 0.2 cm−3,
np,LISM = 0.04 cm−3. For the models, the direction dependence
of NH is plotted. The NH averages over the sectors are shown as
horizontal intervals terminated by arrowheads.

4. Discussion

4.1. Main results

Our main result is the neutral hydrogen column density NH
in the forward sector (±45◦ ecliptic longitude from the LISM
apex and ±17◦ latitude off the ecliptic) of the inner heliosheath.
We consider the use of Voyager 1 ion spectrum in this sector
to be more appropriate than in our previous study (I) where
we had to extrapolate the Voyager data to a far wider sec-
tor. Our result: NH = (0.63 ± 0.19) × 1014 cm−2 (H(3) fit)
corresponds to the thickness of the forward heliosheath L =
(42 ± 12 AU)/nH/(0.1 cm−3), where nH is the average neutral
hydrogen density in the forward heliosheath. This is similar to,
but lower than most values derived from numerical models (see
references cited in Table 2 and in Sect. 4.2). We note that this

Fig. 3. Average column densities of neutral hydrogen (boxes) in the
heliosheath forward and flank sectors, obtained from the H(1) fit
to the HSTOF ENA data, compared to two gas-dynamical models
(Fahr et al. 2000) of the heliosphere: model 1 (nH,LISM = 0.1 cm−3,
np,LISM = 0.1 cm−3, dotted lines) and model 2 (nH,LISM = 0.2 cm−3,
np,LISM=0.04 cm−3, dashed lines). For the models, the column density
NH is plotted as a function of direction, with the NH averages over the
sectors shown by horizontal line segments terminated by arrowheads
(dashed or dotted, thin line). See Table 2.

result differs from our recent estimation (Czechowski et al.
2007) of L (20−30 AU), which was based on independent anal-
ysis (Hilchenbach et al. 2006) of the HSTOF ENA data (the for-
ward sector divided into 15◦ longitude bins). For statistical rea-
sons, we consider our present result to be better founded (no bins
with small number of events).

The attempt to “image” the heliosheath is far more specula-
tive, if only because of our assumption that the average ion flux
in the flank sectors is the same as that for the forward sector.
The derived values of NH in the flank sectors are not symmet-
ric with respect to the apex. Although this could be produced
by the asymmetry of the heliosphere (a tilt towards larger eclip-
tic longitude?), we do not regard this result as conclusive due to
uncertainties in the data and simplifications in the model.

4.2. Comparison with models

All models considered are two-dimensional (axisymmetric with
respect to the LISM flow direction relative to Sun) and time-
independent, so that they do not include the effects of time-
dependence and three-dimensional structure of the heliosphere.
In reality, the three-dimensional structure of the heliosphere,
which is caused in particular by the anisotropic pressure of the
interstellar magnetic field and the solar wind dependence on he-
liolatitude, and its time variation, due to the solar cycle and tran-
sient variations in the solar wind, are likely to be pronounced,
and some are taken into account in the simulations, particularly
the later results (a concise review is given by Pogorelov et al.
2008a; see also Izmodenov & Alexashov 2006; Izmodenov et al.
2008; Pogorelov et al. 2008b; Washimi et al. 2007). We selected
the simpler models because they cover a comparatively wide
range of the parameters of the LISM, and because the informa-
tion needed to estimate NH was available for them.

Results from selected numerical models of the heliosphere
are listed in Table 2. The values of NH, which were not given
in the original papers, were estimated using the H profiles
or, if these were not available, the values of L and nH,TS,
the H density at the termination shock, together with the
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Table 2. Results from numerical models.

Model np,LISM nH,LISM L(apex) NH(apex)
(cm−3) (cm−3) (AU) (cm−2)

1a 0.1 0.1 39 0.36 × 1014

2a 0.04 0.2 45 1.1 × 1014

3b 0.04 0.24 47 1.1 × 1014

4b 0.1 0.1 33 0.23 × 1014

5b 0.1 0.14 25 0.21 × 1014

6b 0.1 0.24 27 0.44 × 1014

7c 0.1 0.2 55 0.9 × 1014

8c 0.07 0.2 75 1.3 × 1014

9c 0.04 0.2 85 1.6 × 1014

a Bonn model: Fahr et al. (2000); b multifluid: Müller et al. (2006);
c kinetic: Izmodenov et al. (1999).

relation NH = 1.2 L nH,TS. The models can be divided into three
classes, which differ in the method of describing the neutral
component, that is single-fluid (the Bonn model: Fahr et al.
2000; Scherer & Fahr 2003), multifluid (Zank et al. 1996 and
others) or kinetic (Baranov & Malama 1993 and others), the last
being preferable for physical reasons (large mean free path for
neutral atom-plasma coupling). There is a systematic difference
between the results: in particular, the “kinetic” models predict
a higher value of nH in the forward heliosheath (Alexashov &
Izmodenov 2005; Heerikhuisen et al. 2006; Müller et al. 2007).

The picture of the heliosheath that is produced by the models
depends on the assumed parameters of the LISM. There are argu-
ments that propose high neutral H density values for the LISM
(∼0.2 cm−3). Such values are implied by the ionization mod-
els of the local interstellar medium (nH,LISM = 0.19−0.2 cm−3:
Slavin & Frisch 2007) and, independently, by the estimates of
the H density close to the termination shock (∼0.1 cm−3) fol-
lowing from the pick-up ion production rate (Gloeckler et al.
1996) and the Lyman-α scattering observations (Quemerais et al.
1994). The electron or proton density are more poorly con-
strained: for example, the models of Slavin and Frisch (2007)
imply ne,LISM = 0.05−0.08 cm−3.

Table 2 shows that our result (NH = (0.63±0.19)×1014 cm−2)
is in between the values derived using the models 6 and 7, which
both correspond to high values of nH,LISM (0.24 or 0.2 cm−3)
and a high proton density np,LISM = 0.1 cm−3. Model 6 is of the
multi-fluid type and may therefore underestimate NH in compar-
ison to kinetic models such as model 7.

We conclude that our result is consistent with numerical
models for acceptable values of the LISM parameters (np,LISM ∼
0.1 cm−3, nH,LISM ∼ 0.2 cm−3). We note, however, that some cal-
culations imply that a lower value of np (∼0.05 cm−3) is required
to explain the observed termination shock distance (Pogorelov
et al. 2008a). Also, if a significant part of the HSTOF ENA flux
does not originate in the heliosheath, the heliosheath NH would
be smaller than our value. It may then be difficult to obtain an
agreement with the models for the preferred (high) value of neu-
tral H density in the LISM (∼0.2 cm−3) (see Sect. 4.4 for further
discussion).

4.3. Helium

The helium ENA data cannot be reproduced as well by the model
as hydrogen data. Some excess of helium remains in the data
with respect to the model predictions. The value of NH obtained
from the fits to the hydrogen ENA data points (excluding helium)
corresponds to the helium ENA flux that is below the lowest

energy helium data point by a factor of approximately 2. Fitting
of the helium ENA data points (excluding hydrogen) produce
NH that is too high by a similar factor.

As pointed out in (I), the helium ENA measurement provided
by HSTOF data may overestimate the actual ENA flux due to
contamination by helium ions. This is most likely to occur for
the higher energy data points.

On the other hand, the value of the H/He ion flux ratio (∼10)
derived from the HSTOF data is close to the value (∼10) ex-
pected from the ACR modulation models rather than the value
(∼20) observed by Voyager 1 downstream of the shock (Stone
et al. 2005). The HSTOF helium data could be explained if the
H/He ion ratio became lower (∼10) further downstream from the
termination shock, since the ENA data are sensitive to ion fluxes
averaged over large distances. However, there was no change in
the H/He ratio reported for Voyager 1 observations (Stone et al.
2007).

There is also a possibility that a significant portion of the
observed helium ENA originates in a (so far unknown) source,
which is not located in the inner heliosheath; this source would
have to be characterized by low H/He production ratio.

4.4. Contribution from the inner heliosphere

HSTOF ENA data must include contributions from regions other
than the inner heliosheath, such as the region beyond the he-
liopause (including the outer heliosheath and the interstellar
medium) and the inner heliosphere (the region inside the solar
wind termination shock).

The first of those contributions would originate in the low
energy part of the galactic cosmic ray (GCR) spectrum and
from ions accelerated in the heliosheath. The GCR contribution
is probably low (∼3 × 10−6 (cm2 s sr kev)−1: Czechowski et al.
2006a). Since the ion acceleration is probably more effective in
the inner than the outer heliosheath, the corresponding contri-
bution depends on the probability of passage of the accelerated
ions across the heliopause.

In the inner heliosphere, the ENA in the HSTOF energy
range are produced by neutralization of the ions accelerated
in the solar wind, either by transient shock or by turbulence.
Energetic “tails” are indeed observed in the ion distributions
(Gloeckler & Fisk 2006).

The most reliable method to estimate this contribution would
be to use the accelerated ion data collected by Voyager LECP.
Unfortunately, the published information is insufficient to re-
construct the evolution of the energetic ion spectrum along the
Voyagers’ orbits.

Kóta et al. (2001) estimated the production of hydrogen ENA
by ions accelerated by the corotating interaction regions (CIRs).
The method combined the model of CIR evolution with the ob-
served accelerated ion spectrum close to the selected CIR shock.
The calculated flux was about one order of magnitude too low
to explain the peak HSTOF fluxes. However, close to the LISM
apex direction, the CIR ENA flux at 70 keV was ∼0.8−1.5 ×
10−4 (cm2 s sr keV)−1, which is comparable to the HSTOF apex
flux in the 68−78 keV interval of 1.4 × 10−4 (cm2 s sr keV)−1.

Voyager 2 LECP Z ≥ 1 ion spectra covering the period
1992-1994 (heliocentric distance 36.25 to 44.75 AU) are in-
cluded in Giacalone et al. (1997). The flux at 40 keV was
∼2 × 10−2 (cm2 s sr keV)−1. Assuming that the flux varies with
distance from the Sun in proportion to 1/r2, this corresponds
to ∼3.5 × 10−3 (cm2 s sr keV)−1 at the distance of the termina-
tion shock. This is approximately similar to the flux measured by
Voyager 1 upstream of the termination shock (period B in Fig. 2
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of Decker et al. 2006), but not in the foreshock flux enhancement
region (period C), and less than the heliosheath flux by about two
orders of magnitude (Decker et al. 2006). If the ion flux in the
heliosheath is approximately constant and if an r−2 proportional-
ity describes accurately the behaviour of the flux upstream from
the shock, one can then estimate the contribution to the hydro-
gen ENA flux from the region inside the termination shock to
be ∼0.3 of the contribution from the heliosheath near the LISM
apex direction. Our result is sensitive to the neutral hydrogen
gas density profile, which decreases towards the Sun. We ap-
plied the hydrogen density profile and the heliosheath geometry
provided by the Bonn model (Fahr et al. 2000). Note that the ob-
served ENA flux is generated by the sunward-directed ion flux,
which is less than the total ion flux in the case of pronounced
field-aligned anisotropy, as observed inwards from the termina-
tion shock (Decker et al. 2005, 2007).

The above estimations are imprecise, but imply that the inner
heliospheric contribution is not negligible compared to the ENA
flux from the apex sector. If the inner heliospheric contribution
is of the order of ∼0.3 of the total ENA flux, the values of NH
and L should be reduced by a factor ∼0.7 compared to our result.
This would reduce NH to the value derived for model 6 (Table 2).

If Eq. (2) holds, Voyager 1 post-shock observations put a re-
striction on the inner heliospheric contribution to the ENA flux.
The energetic ions inside the part of the heliosheath crossed by
Voyager 1 until the end of 2007 (∼10 AU), already account for
the hydrogen ENA flux that is equal to ∼0.25 (nH/(0.1 cm−3)
of the HSTOF data (but only half of that for the helium ENA).
Even if we assume that the thickness of the heliosheath is close
to the lower limit of model predictions that is L = 30 AU, the ex-
pected ENA flux from the heliosheath would be a fraction ∼0.75
(nH/(0.1 cm−3) of the HSTOF data.

4.5. Time dependence

The time dependence of the heliosheath geometry, in particular
the termination shock motion, and its ion population can affect
our estimation of NH and L. However, we see two reasons for
expecting that this effect is not large. First, the time periods of
2005−2007 (Voyager 1 heliosheath data) and 1996−1997 (sig-
nificant part of the HSTOF ENA observations) are both close to
solar minimum. The ion distributions in the heliosheath corre-
sponding to Voyager 1 and to HSTOF observations may be sim-
ilar. In (I), we also considered separately the 1996−1997 and the
1998−2003 time periods of the HSTOF observations. Assuming
the same ion distributions, we found that the results for NH were
close to each other, suggesting that our results are not strongly
sensitive to the observation time.

5. Conclusions

Assuming that the ion flux in the heliosheath is equal to the av-
erage spectrum measured by Voyager 1 (Eq. (2)), we have used
the HSTOF ENA data, corresponding to the flux from the direc-
tion close to the apex of the Sun motion relative to the LISM
(the “nose” of the heliosphere), for deriving the radial neutral
hydrogen column density NH in the sector of the heliosheath
within ±45◦ ecliptic longitude from the LISM apex and in the
two adjacent 90◦ wide sectors. The result for the apex sector
of NH = (0.63 ± 0.19) × 1014 cm−2 corresponds to the thick-
ness of the heliosheath L = 42 ± 12 AU at nH = 0.1 cm−3.
For the adjacent sectors the results are more uncertain, be-
cause of larger angular distances from the region from which
Voyager 1 ion data were obtained. We note that our earlier result

of NH = 1.13 × 1014 cm−2, Ref. (I) referred to the sector of the
heliosheath larger than the sum of all three sectors considered
here.

Comparison to numerical models of the heliosphere,
which assume a presently preferred LISM neutral H density
of ∼0.2 cm−3, imply that the HSTOF observations can be ex-
plained by assuming a high value (close to 0.1 cm−3) of proton
density in the LISM, or another mechanism that can reduce the
thickness of the heliosheath. The models used in the comparison
are all simplified (time-independent and axisymmetric relative
to the LISM apex direction). We have not discussed the impli-
cations of the crossing of the termination shock by Voyager 2,
which indicate possible asymmetry in the heliosphere.

The ENA flux originating in the region inwards from the so-
lar wind termination shock is probably not negligible in com-
parison with the heliosheath contribution. However, the high ion
flux in the heliosheath observed by Voyager 1 up to the end of
2007 (after traversing 10 AU in the heliosheath) already accounts
for the ENA flux equal to ∼0.25 of the HSTOF data.

Voyager 1 Z ≥ 1 ion data are consistent with the HSTOF hy-
drogen ENA spectra. The helium ENA flux measured by HSTOF
is higher by about a factor 2 than the value expected on the basis
of Voyager 1 ion data.
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