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ABSTRACT

Context. From the year 1996 until now, High energy Suprathermal Time Of Flight sensor (HSTOF) on board Solar and Heliospheric
Observatory (SOHO) has been measuring the heliospheric energetic neutral atoms (ENA) flux between ±17◦ from the ecliptic plane.
At present it is the only ENA instrument with the energy range within that of Voyager LECP energetic ion measurements. The
energetic ion density and thickness of the inner heliosheath along the Voyager 1 trajectory are now known, and the ENA flux in the
HSTOF energy range coming from the Voyager 1 direction may be estimated.
Aims. We use HSTOF ENA data and Voyager 1 energetic ion spectrum to compare the regions of the heliosheath observed by HSTOF
and Voyager 1.
Methods. We compared the HSTOF ENA flux data from the forward and flank sectors of the heliosphere observed in various time
periods between the years 1996 and 2010 and calculated the predicted ENA flux from the Voyager 1 direction using the Voyager 1
LECP energetic ion spectrum and including the contributions of charge exchange with both neutral H and He atoms.
Results. The ratio between the HSTOF ENA flux from the ecliptic longitude sector 210−300◦ (the LISM apex sector) for the period
1996−1997 to the estimated ENA flux from the Voyager 1 direction is ∼1.3, but decreases to ∼0.6 for the period 1996−2005 and ∼0.3
for 1998−2006. For the flank longitude sectors (120−210◦ and 300−30◦), the ratio also tends to decrease with time from ∼0.6 for
1996−2005 to ∼0.2 for 2008−2010. We discuss implications of these results for the energetic ion distribution in the heliosheath and
the structure of the heliosphere.
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1. Introduction

Launched in 1995, High energy Suprathermal Time Of Flight
sensor (HSTOF) on board Solar and Heliospheric Observatory
(SOHO) was the first instrument dedicated to observations of the
heliospheric energetic neutral atoms (ENA). After the September
15, 2017 demise of the spacecraft Cassini with Ion and Neutral
Camera (INCA) on board, HSTOF is presently the only ENA
instrument with the energy range overlapping with Voyager Low
Energy Charged Particle (LECP) measurements of the energetic
ion fluxes in the heliosheath.

A comparison of the ion flux intensity from Voyager data
with the measured ENA flux can be used to estimate, by means of
the approximate relation JENA(E) = Jion(E)σcxnHL, the value of
the product nHL of the neutral hydrogen density nH and the thick-
ness L of the source region (presumably, the inner heliosheath).
From this result, the thickness L can be estimated, assuming a
value for nH in the source region based on other observations
and theoretical models.

The HSTOF observation region is restricted in ecliptic lati-
tude to the belt within ±17◦ from the ecliptic plane. The Voyager
1 (ecliptic latitude 34.7◦ in 2005) and Voyager 2 (latitude −29.8◦
in 2005) trajectories are outside this region. Combining, never-
theless, the HSTOF ENA and the Voyager LECP ion data, the
thickness of the inner heliosheath was estimated to be 21± 6 AU

for the Voyager 1 direction and 28± 8 AU for the Voyager 2 di-
rection (Hsieh et al. 2010), assuming nH = 0.1 cm−3 and neglect-
ing the contribution from the charge exchange with the neutral
helium background.

With these assumptions, Voyager 1 was predicted (Hsieh et al.
2010) to cross the heliopause in late 2010 at the distance of
∼115 AU from the Sun. A prediction of a short distance to the
heliopause was at the time unique and not supported by model
simulations.

In 2012 Voyager 1 crossed the so-called heliocliff: a sharp
drop (to a level consistent with that expected in the interstel-
lar medium) of the flux intensity of the low energy part of the
energetic ion spectrum (Stone et al. 2013; Webber & McDonald
2013; Krimigis et al. 2013). Assuming that the heliocliff is iden-
tical with the heliopause, the thickness of the inner heliosheath
along the Voyager 1 direction was approximately determined
by subtracting the distance to the termination shock (94 AU)
from the distance to the cliff (122 AU) to give 28 AU, which is
higher, by 7 AU, than the result based on HSTOF ENA given in
Hsieh et al. (2010).

As shown below (Sect. 3), taking the contribution from
charge exchange of protons with the neutral helium into ac-
count, significantly decreases the estimation based on HSTOF
and makes this difference even larger, exceeding the statistical
(1σ) error of the HSTOF measurements.
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In the following we use HSTOF ENA data and Voyager 1
observations in the heliosheath to compare the regions of the
inner heliosheath observed by Voyager 1 and by HSTOF. We
present the HSTOF hydrogen and helium ENA fluxes averaged
over selected time intervals between the years 1996 and 2010.

Throughout this paper, we use a simple fit (Hsieh et al. 2010)
to the Voyager 1 LECP ion spectrum in the inner heliosheath
(i.e., between the termination shock and heliopause) Voyager 1
LECP observations refer to the ions with Z ≥ 1 and energies
>40 keV. The fit covers the period between 2004 DOY 249 and
2009 DOY 105. The ion flux measured by Voyager 1 was fairly
steady over this period except for transient effects. After the year
2009 the flux started to decrease (Dialynas et al. 2017a).

From Voyager 1 LECP measurements between the termi-
nation shock and heliopause, we derive the ENA flux (in the
HSTOF energy range) from the Voyager 1 direction. We take
into account the charge exchange of protons with both hydro-
gen and helium, using best available estimations of the ambi-
ent hydrogen and helium densities. The result is higher than the
ENA flux measured by HSTOF in the ecliptic longitude sectors
corresponding to the flanks of the heliosphere (see Fig. 1). We
conclude that the column density of the energetic ions along the
Voyager 1 direction (observation period from 2004 DOY 249 to
2009 DOY 105) is higher than the average column density in
the flank sectors of the HSTOF ENA source region (observation
period 1996−2010).

The ENA observations by HSTOF are presented in Sect. 2.
In Sect. 3 we compare the HSTOF and Voyager 1 observation
regions in the inner heliosheath using the ENA measurements
by HSTOF and the energetic ion measurements by Voyager 1.
Section 4 contains a discussion of selected topics related to the
observations by HSTOF: the ENA flux maximum from the he-
liotail direction, the difference between the ENA fluxes from two
flanks, and the limits on the timescales of ENA flux variations in
the HSTOF observation sectors. The conclusions are presented
in Sect. 5.

2. ENA observations by HSTOF

The instrument HSTOF (Hovestadt et al. 1995), which is a part
of the experiment Charge, Element and Isotope Analysis System
(CELIAS) on board SOHO, measures hydrogen (58−88 keV)
and helium (28−58 keV n−1) ENA fluxes within ±17◦ from the
ecliptic.

Because of low ENA flux, in analyzing the HSTOF data
it is necessary to use averages over large enough time periods
and ecliptic longitude ranges. Figure 1 shows the two eclip-
tic longitude sectors used in the early work (extended forward
and the tail) and the four sectors used in more recent studies
(Hilchenbach et al. 2006; Hsieh et al. 2010; Czechowski et al.
2008, 2012).

Until the year 2003, the whole range of the ecliptic longitude
was scanned yearly. After the year 2005, only the flank sectors
are accessible to observations.

Voyager 1 and Voyager 2 trajectories through the heliosheath
are outside the ecliptic latitude limits of the HSTOF observa-
tion region (by about 18◦ to the north for Voyager 1 and to the
south for Voyager 2), while their longitudes are inside the for-
ward ecliptic longitude sector of HSTOF. The forward sector is
therefore the closest to the Voyager 1 and Voyager 2 observation
regions.

The ENA observations by HSTOF are only possible dur-
ing quiet times when the ambient energetic ion fluxes are low
(Hilchenbach et al. 1998, 2001). In consequence, the HSTOF

Fig. 1. Ecliptic longitude sectors used for presenting HSTOF data. The
four sectors shown on the left are used in the recent studies. The for-
ward sector, which includes the inflow direction of the ISM (eliptic lon-
gitude 255◦), is also called the “apex”, or the “nose sector”. Early work
employed two sectors with the extended “forward sector” that also in-
cluded the flanks (see right side of figure).

ENA data come predominantly from the periods near the solar
minima: the years 1996−1997 (during the year 1998 the con-
tact with SOHO was lost for a time) and the years 2008−2010
(for which the forward and tail sectors cannot be observed). The
ENA fluxes measured during the latter period are significantly
lower than for the years 1996−1997 (Czechowski et al. 2012).
Cross calibration of the instrument ion channels with Advanced
Composition Explorer (ACE) data was performed to check for a
possible instrumental effect (Czechowski et al. 2012). The result
was similar to previous cross calibration, concerning the com-
parison of ACE and HSTOF energetic ion flux and the HSTOF
response for the various energy range intervals.

The helium ENA data were recently re-analyzed using cor-
rected background (Hilchenbach et al. 2012) and only those are
used in the present study. The directional dependence of the ENA
flux measured by HSTOF differs from the observations by other
instruments. In both H and He HSTOF ENA data the flux maxi-
mum is situated close to the anti-apex direction of the interstellar
medium (ISM) flow (Figs. 2 and 3). A possible explanation is
discussed in Sect. 4.1.

A large part of the HSTOF data comes from the times be-
fore the year 2004, when Voyager 1 entered the heliosheath
(Stone et al. 2005; Decker et al. 2005). The question of possi-
ble time dependence of the HSTOF ENA flux data is therefore
important. The yearly averages of the HSTOF ENA flux mea-
surements between the years 1996 and 2005 for the forward sec-
tor are given in Hilchenbach et al. (2006), but the uncertainties
are too large to confirm the time dependence reliably. We used
these data to construct the average over the periods 1996−1997
and 1998−2005 presented in Fig. 2, in addition to the averages
for the extended forward sector (which includes also the flanks).
The results show that the flux in the years 1996−1997 is higher
than in the 1998−2005 period for the cases of the forward sector,
extended forward sector, and tail sector.

We note that the period 1996−1997 has a larger percentage
of quiet times than the 1998−2003 period. This could be thought
to indicate a positive correlation between the estimated flux and
observing conditions. On the other hand, the data for the pe-
riod 2008−2010 (the flanks) have a similarly large percentage of
quiet times, but do not have a particularly large flux value.

In the case of flank sectors, the 1996−2005 hydrogen flux for
the right flank is significantly higher than for the 2006−2008 and
2008−2010 time periods, but the decrease is much smaller for
the left flank (Fig. 2). Comparing the averages over the periods
1996−2005 and 1996−2010 for the helium ENA flux (Fig. 3)
suggests a similar behavior.

The decrease of the ENA flux intensity with time may be
correlated with the decrease in the solar wind flux (Fig. 4) by a
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Fig. 2. Energy-averaged hydrogen ENA flux measurements by HSTOF.
The upper panel shows the ENA flux from the flank directions
(120◦−210◦ and 300◦−30◦ ecliptic longitude sectors). The lower
panel shows the flux from the forward sector (210◦−300◦), the for-
ward + flanks sector (255◦ ± 155◦), and the heliotail sector (30◦−120◦
or 50◦−100◦). The data are shown as ellipses; the vertical semiaxes rep-
resent statistical 1σ deviations and the horizontal axes indicate time
intervals.

factor of 2 between the years 1992 and 2010 (Sokół et al. 2013,
Fig. 3; McComas et al. 2013, Fig. 2). There are three periods of
relatively fast falloff, each by a similar relative amount (28−29%
of the before–after average), commencing in the years 1992,
1997, and 2005. The solar wind falloffs starting in 1997 and in
2005 occur close to the periods of apparent decreases in the ENA
flux shown in Figs. 2 and 3. However, since these ENA data are
mostly long-term averages, we cannot use them to resolve the
real time dependence. The temporal variation of the ENA flux is
discussed in Sects. 4.3 and 4.4.

Instead of averages over the whole energy range, one may
consider the ENA flux values for the lowest energy bins. In the
case of hydrogen, this choice does not affect the time depen-
dence, but for the case of helium, the time dependence of the
flux is then much reduced and becomes statistically insignificant
in each of the flank sectors (see discussion in Czechowski et al.
2012).

After the year 2005 the HSTOF ENA data do not include
the forward and heliotail sectors. If the hydrogen ENA flux
decrease seen in the flank sectors also occurs in the forward
ecliptic longitude sector, the comparison between the HSTOF
ENA measurements and Voyager ion flux measurements in the
heliosheath would be significantly affected. In particular, the use

Fig. 3. As Fig. 2 but for the case of helium ENA. The upper panel
shows He ENA flux from the flank directions (120◦−210◦ and 300◦−30◦
ecliptic longitude sectors). The lower panel shows the flux from the
forward sector (210◦−300◦) and heliotail sector (30◦−120◦).

of the HSTOF ENA flux average over the years 1996−2005, as
carried out in Hsieh et al. (2010), would lead to an overestimate
of the ENA flux during most of the Voyager 1 observation period
in the inner heliosheath. The thickness of the heliosheath ob-
tained by Hsieh et al. (2010) would then also be overestimated.

We note that, in the 1996−2005 time period, the hydrogen
and helium fluxes in the right flank sector are higher than those
in the left flank. This can be qualitatively understood in terms of
the geometry of the heliosphere (see Sect. 4.2).

3. Comparing the observation regions of HSTOF
and Voyager 1

The flux JENA of the ENA originating in the heliosheath can be
approximately expressed as

JENA(E) = Jion(E)σcx,H(E)nHL + Jion(E)σcx,He(E)nHeL, (1)

where Jion is the parent ion flux (protons for hydrogen ENA, He+

for helium ENA) at the same energy as JENA, σcx,H, and σcx,He
are the cross sections for charge exchange between the parent
ions and the neutral hydrogen or neutral helium background gas
of density nH and nHe, respectively, and L is the thickness of
the source region along the line of sight (LOS). The values Jion
and nH are averages over the distance along the LOS within the
source region (the inner heliosheath). For the helium ENA, we
omitted the additional contribution from double charge exchange
between the He++ and the neutral He background, which is on
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Fig. 4. Solar wind flux (yearly averages based on OMNI2 data) at
1 AU as a function of time. The time interval starts earlier than the
HSTOF observations discussed in this paper because of expected delay
between the changes in the solar wind and in the ion distributions in the
heliosheath.

the order of 3% (Swaczyna et al. 2017). The equation does not
include the ENA losses on the way from the source, but in the
energy range where most of the ENA observations are carried
out (IBEX Hi, INCA, and HSTOF) these effects are relatively
small (about 1% for HSTOF).

To compare the observations of Voyager 1 and HSTOF we
use the ENA flux averaged over the HSTOF energy range:
E1 < E < E2 where E1 = 58 keV and E2 = 88 keV. Eq. (1) then
becomes

〈JENA〉= L(〈Jionσcx,H〉nH + 〈Jionσcx,He〉nHe), (2)

where 〈A〉 denotes the average over the HSTOF energy range

〈A〉=
1

E2 − E1

∫ E2

E1

dEA(E) (3)

When used for the case of HSTOF, Eq. (2) must also be
averaged over directions of the lines of sight, and over the
observation time periods. As explained in Sect. 2, we divide the
HSTOF field of view into four ecliptic longitude sectors (Fig. 1).
Because of proximity to the Voyager 1 and 2 trajectories, the for-
ward (LISM apex) sector is most suitable for comparison with
Voyager observations. A study of the energetic ion distribution
in the heliosheath (Czechowski et al. 2012) and the Bonn model
of the heliosphere, on which this study was based (Fahr et al.
2000), implies that the thickness L, the energetic ion fluxes, and
the neutral density do not vary much over this region. We also
consider the two flank sectors. Table 1 lists the hydrogen ENA
flux values, which is also illustrated in the Fig. 2.

Table 1 includes also the estimated hydrogen ENA flux
〈JENH,V1〉 from the Voyager 1 direction. It is calculated by sub-
stituting for Jion in Eq. (2) the energetic proton flux Jp,V1 at
Voyager 1 and for L the distance LV1 = 28 AU between the termi-
nation shock and the cliff along the Voyager 1 trajectory. In the
HSTOF energy range, Voyager 1 LECP measures only the Z ≥ 1
ion flux JZ≥1,V1, which includes the protons along with the heav-
ier ions. We assume that Jp,V1 is approximately equal to JZ≥1,V1.
For JZ≥1,V1 we use the same power-law fit as in Hsieh et al.
(2010), i.e., JZ≥1,V1 = AE−γ, where A = 183.5, γ= 1.6, E is in
keV and J in (cm2 s sr keV)−1. For σcx,H(E) we use the formula
of Lindsay & Stebbings et al. (2005). For σcx,He(E) the interpo-
lation formula from the Redbook (Barnett et al. 1990) is used.

Table 1. Hydrogen ENA flux from HSTOF and estimation for Voyager 1
direction.

Time period 〈JENA〉 Leff

(cm2 s sr keV)−1 (AU)
HSTOF Apex

1996−1997 (5.25± 2.05) 10−4 (37.4± 16.4)a

1996−2005 (2.27± 0.67) 10−4 (16.2± 5.8)a

1998−2006 (1.32± 0.92) 10−4 (9.4± 6.8)a

HSTOF Right flank
1996−2005 (2.65± 0.61) 10−4 (18.9± 5.7)a

2006−2008 (0.29± 0.44) 10−4 (2.1± 3.1)a

2008−2010 (0.85± 0.43) 10−4 (6.1± 3.3)a

HSTOF Left flank
1996−2005 (1.38± 0.51) 10−4 (9.8± 4.1)a

2006−2008 (0.99± 0.46) 10−4 (7.0± 3.5)a

2008−2010 (1.04± 0.45) 10−4 (7.4± 3.5)a

Voyager 1
2004−2012 (3.93± 0.78) 10−4 28.0

Notes. (a) Assuming 〈Jion〉= 〈JZ≥1,V1〉 (see Eq. (2)).

We approximate the neutral densities nH and nHe in the
observation regions of Voyager 1 and HSTOF (the forward
sector) using the values determined from observations as
follows: nH = 0.089± 0.022 cm−3 (Bzowski et al. 2008, 2009;
Richardson et al. 2008) and nHe = 0.015± 0.003 cm−3 (Witte
2004; Gloeckler et al. 2004). A detailed discussion of the meth-
ods involved is given in Appendices A (nH) and B (nHe). As
pointed out in the appendices, estimations by various methods
lead to similar values of the neutral densities. In the case of hy-
drogen, the estimated nH is the value at the termination shock.
We use this value in place of the average across the inner he-
liosheath, which is probably (according to numerical models; see
Müller et al. 2008) higher by 15−20% due to ionization losses.
For neutral helium the ionization losses are lower than for hydro-
gen, such that the value of nHe derived from observations is ex-
pected to be a good approximation of the average along the LOS
across the inner heliosheath. The errors in 〈JENH,V1〉 include only
the errors in nH and nHe.

The third column of Table 1 shows the effective thickness
Leff , defined by

Leff =
〈JENA〉

〈JZ≥1,V1σcx,H〉nH + 〈JZ≥1,V1σcx,He〉nHe
, (4)

where 〈JENA〉 is the hydrogen ENA flux measured by HSTOF in
a given sector, and JZ≥1,V1, nH and nHe are defined in the previous
paragraphs. The value Leff is the thickness (of the ENA source
region) needed to reproduce the measured HSTOF flux under
assumption that the parent proton flux in the source region is
the same as the average of Voyager 1 Z ≥ 1 ion flux along its
trajectory.

In all cases except the time period 1996−1997, the values of
Leff are significantly lower (by more than 1σ) than the value of
28 AU measured by Voyager 1. For the case of apex, 1996−2005
time period, Leff is lower than the value of 21± 6 AU obtained by
Hsieh et al. (2010) using the same HSTOF data, but neglecting
the contribution from charge exchange with neutral He.

4. Discussion

In this section we discuss some important topics related to the
observations by HSTOF: (1) high ENA flux from the heliotail
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direction, (2) asymmetry of the flux from the flank sectors, and
(3) timescales of temporal evolution of the ENA flux.

4.1. ENA flux from the heliotail

At present, HSTOF is the only ENA instrument that has observed
the maximum of the ENA flux coming from the heliotail (ISM
anti-apex) direction. This can be interpreted as a signature of
the extended heliotail (see, e.g., Czechowski et al. 2006). An al-
ternative explanation proposed by Kota et al. (2001) predicted a
value of the ENA flux that is too low.

The uniqueness of HSTOF can be explained by the fact that
the energy range of the ENA observation by HSTOF (58−88 keV
for hydrogen) is higher than the energy range of other instru-
ments, i.e., IBEX (0.7−4.3 keV) and INCA (5.2−55 keV).

In Appendix C we present a toy model of the ener-
getic ion distribution between the termination shock and he-
liopause, assuming that the heliosphere has an extended tail
(is comet-like), and that convection by plasma and neutraliza-
tion by charge exchange are, respectively, the main transport
and loss mechanisms. We show that, above some crossover
energy, the ENA flux from the heliotail direction exceeds
the flux from the apex direction. With reasonable assump-
tions about the model parameters, the crossover occurs
at ∼46 keV.

This conclusion agrees with a more detailed model calcu-
lation (Czechowski et al. 2012) based on the Bonn model of
the heliosphere (Fahr et al. 2000), and including approximate
description of adiabatic acceleration, parallel diffusion, charge-
exchange neutralization, and the loss due to escape across the
heliopause. In this case the ENA flux from the heliotail exceeds
the flux from the forward direction for energies above ∼40 keV.
This value, as well as the toy model result, are close to the upper
limit of INCA (55 keV).

For INCA, the peak ENA fluxes from the nose and
anti-nose sectors are similar (Dialynas et al. 2013, 2017a).
Figure 3a of Dialynas et al. (2017a) for energies 5.2−13.5 keV
and 35−55 keV suggests the anti-nose/nose peak ratio of
∼0.5−1. For IBEX-Hi (0.7−4.4 keV) the ratio estimated from
Schwadron et al. (2014) is between 0.76 and 0.95 (average 0.83).
The IBEX data are averaged over the first five years of operation
(2009−2013), the ecliptic latitude range −21◦ to 21◦, and the
ecliptic longitudes corresponding to the right (120◦−210◦) and
left (300◦−30◦) flank sectors of HSTOF. In Fig. 6 we compare
these estimations with the predictions of the toy model.

Figure 7 shows our estimation of time-dependence of the
tail/apex ENA flux ratio based on the observations by IBEX
and INCA. In the case of IBEX, we use two sources. From
Schwadron et al. (2014), we take the ENA flux from the nose
and tail directions, averaged over the period 2009−2013. This
we combine with the time-dependent flux data for the same time
period (with the flux normalized to 1 at the year 2009), provided
by Fig. 8 of Zirnstein et al. (2017).

In the case of INCA, we use the data from Fig. 2 of
Dialynas et al. (2017b), covering the time period from 2004.5
to 2013.5. We use the flux from the tail measured at ecliptic
latitudes between −20◦ and 0◦. Since the time-dependent ENA
flux data from the nose direction are not provided, we follow
Dialynas et al. (2017b) and use instead the ENA flux from the
direction of Voyager 1 or, after the year 2010, from the direc-
tion of Voyager 2. We note that both Voyagers are in the for-
ward part of the heliosheath (see Fig. 5). The ENA flux from the
Voyager directions may therefore be used as a rough approxima-
tion of the flux from the nose direction. Time dependence of the

Fig. 5. Schematic view of the heliosphere from the interstellar inflow
direction, and, in the upper right part of the figure, the view in the (v, B)
plane. The shape of the heliosphere is affected by the interstellar mag-
netic field. The heliosphere is compressed in the direction perpendicular
to the (v, B) plane, but also becomes asymmetric in the (v, B) plane. This
effect can lead to the asymmetry between the right and left flanks of the
heliosphere, as observed by HSTOF.
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Fig. 6. Tail/apex ENA flux ratio. Crosses show our estimations us-
ing the data of IBEX Hi (0.7−4.4 keV, Schwadron et al. 2014) aver-
aged over the period 2009−2013, and INCA (5.2−13.5 and 35−55 keV,
Dialynas et al. 2017a, Fig. 3a, average over the period 2003−2009). The
continuous line indicates the toy model prediction.

ENA flux as observed by IBEX and INCA is briefly reviewed in
Appendix D.

4.2. Radial widths of the HSTOF flank sectors

The HSTOF data (Figs. 2 and 3) show that the ENA flux from the
right flank region (ecliptic longitude 120◦−210◦) is higher than
from the left flank (300◦−30◦). An interesting possibility is that
this observation is related to the asymmetry of the heliosphere
induced by the interstellar magnetic field B. The asymmetry can
be estimated using models of the heliosphere based on numerical
MHD solutions.

We use the state-of-art model by Heerikhuisen et al.
(Heerikhuisen & Pogorelov 2010) with a kinetic treatment of
the neutral hydrogen component. The solar wind and interstellar
parameters used in this model (number 4 in Table 2) are iden-
tical to those obtained by Zirnstein et al. (2016) from analysis
of IBEX ENA observations, constrained by the Voyager cross-
ings of the termination shock and heliopause. In particular, the
model conforms with measurements of the ISM velocity V, and
the probable direction of the interstellar magnetic field B (near
the IBEX ribbon center).
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Fig. 7. Estimations of the tail/apex ENA flux ratio as the function
of time, based on the results from IBEX (solid lines) and INCA
(dashed lines). The following cases are shown: (1) INCA, ENA energy
35−55 keV; (2) INCA, ENA energy 5−13 keV; (3) IBEX, ENA energy
4.3 keV; and (4) IBEX, ENA energy 0.7 keV. In the case of INCA, the
ENA flux from the nose direction is replaced by the flux from Voyager
1 or Voyager 2 directions. See the text for detailed description.

Figure 8 shows the structure of the heliosphere in the ecliptic
plane based on this model. The termination shock and heliopause
are shown by solid lines. The right and left flank regions are
shaded. The ratio of the right flank mean width to the left flank
mean width (〈r/l〉) is 1.4 (Table 2).

For comparison, we also present results from three sim-
pler models (1–3 in Table 2) using the Warsaw MHD code
(Ratkiewicz & Grygorczuk et al. 2008), which assumes a con-
stant neutral background. All these models share the same (B, V)
plane, which is the symmetry plane of the outer heliosheath. The
parameters of the ISM (the magnetic field strength B, plasma
density np, angle α(B, V) between B and V, and the temperature
T ), and the values of 〈r/l〉, are given in Table 2.

The HSTOF ENA energy-averaged flux ratio from the flanks
for the period 1996−2005 (Figs. 2 and 3) is 2.0± 0.9 for H and
2.2± 1.2 for He, which is higher than the 〈r/l〉 values given in
Table 2, although within statistical errors.

For lower ENA energy, we estimate the right flank/left
flank ENA flux ratio from digitalized IBEX-Hi ENA maps for
the globally distributed flux (without the ribbon contribution,
Schwadron et al. 2014). The results are between 1.14 and 1.45
(average 1.27) for IBEX Hi energy channels (0.7−4.3 keV).
For the case of INCA, a similar estimation is difficult because
there is a gap in the data coverage inside the left flank region
(Dialynas et al. 2017a, Fig.3a).

Since the spatial distribution of the ENA parent ions in the
inner heliosheath is in general nonuniform, the geometrical 〈r/l〉
ratio may be different from the ENA flux ratio. In particular, ac-
cording to the HSTOF data, the right flank/left flank ENA flux
ratio becomes close to 1 during the low flux period after the year
2005 (Figs. 2 and 3). A detailed study of the relation between
the geometry of the heliosphere and the ENA flux distribution is
beyond the scope of this work.

4.3. Convection time and limits on time dependence of the
heliospheric ENA flux

The ENA fluxes measured by HSTOF show a significant de-
crease over the first ten years of operation (1996−2006) that
continues in the subsequent period. An important question is
whether this decrease is consistent with characteristic timescales
of ENA propagation and production in the inner heliosheath.

Fig. 8. View of the heliosphere in the ecliptic plane (model 4 in Table 2).
The boundaries of the flank regions are shown. The right flank is 1.4
times thicker than the left flank; we use mean thickness in the radial
direction. The axes are scaled in AU. The ISM inflow direction is ap-
proximately along the vertical axis.

Table 2. Flank sector widths in the MHD models.

Model B np α(B, V) T 〈r/l〉
(µG) (cm−3) (deg) (K)

1 2.93 0.09 40 7440 1.34
2 3.93 0.09 40 7440 1.45
3 3.0 0.06 48 6400 1.63
4 2.93 0.09 40 7440 1.4

We assume that the parent ions of the HSTOF ENA are
accelerated at the termination shock and transported into the in-
ner heliosheath by plasma convection. During the process, some
of these parent ions are lost by conversion into ENA. In the
HSTOF energy range, the ENA velocities (above 2300 km s−1

for He and 3300 km s−1 for H atoms) are much higher than the
inner heliosheath plasma speed (below ∼100 km s−1). The propa-
gation time of the ENA to the observer is therefore much shorter
than the convection time of the parent ion from the termination
shock to the LOS of the observer.

We define a characteristic time τ for the ENA flux as the
average over the length of the LOS of the convection time τc,
weighted by the local value of the energetic ion flux Jion(E) (the
parent ions of the ENA), i.e.,

τ=

∫
drτc(r)Jion(E, r)∫

drJion(E, r)
, (5)

where r is the point on the LOS at which the flow line ends. The
integration runs over the part of the LOS between the termination
shock and heliopause. The interpretation of τ as a characteristic
time for variation of the ENA flux is supported by our analytical
toy model (see Appendix C).

To calculate τ we use selected models of the heliosphere
from Table 2. The method of calculation of the ion flux is de-
scribed in Appendix E. The results are collected in Table 3.

The increase of τ with the ENA energy seen in Table 3 re-
flects the smaller loss factors (smaller σcx) for higher energy
ions. The fraction of high energy ions reaching the more distant
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Table 3. ENA decay times.

Model Energy τ(nose) τ(tail) τ(R flank) τ(L flank)
(keV) (yr) (yr) (yr) (yr)

1a 58 2.3 7.9 4.4 3.3
1 83 2.8 12.8 6.1 4.2
2 58 2.8 8.4 4.9 3.8
2 83 3.4 13.7 7.0 4.9
3 58 3.2 7.8 5.6 4.3
3 83 4.0 13.6 8.1 5.5

Notes. (a) Numbering of models as in Table 2.

parts of the LOS is therefore larger than the fraction of lower
energy ions. Consequently, the weighted average of τc over the
LOS is larger for high energy than for low energy ENA.

4.4. Time dependence of HSTOF ENA flux

Let us now consider the HSTOF ENA data (Figs. 2 and 3) in
view of the results obtained in the preceding subsection.

The decreases in the solar wind flux were observed at
1 AU during the periods 1992.5−1994.5, 1997.5−1999.5, and
2005.5−2008.5 (Fig. 4). Solar wind propagation to the termina-
tion shock takes ∼1 yr. The energy- and model-averaged values
of τ from Table 3 are 3, 10, 6, and 4.5 yr for the forward, tail,
right flank, and left flank sectors, respectively. We would, there-
fore, expect the larger part of the change in the ENA flux to take
a time on the order τ after the arrival of the solar wind perturba-
tion at the shock. The observed changes in the HSTOF hydrogen
ENA flux are:

(1) in the forward sector, a drop by 71% between 1996−1997
and 1998−2005, dt = 5 yr;

(2) in the extended forward sector, a drop by 32% between
1996−1997 and 1998−2003, dt = 4 yr;

(3) in the tail sector, a drop by 25% between 1996−1997 and
1998−2003, dt = 4 yr;

(4) in the right flank, a drop by 78% between 1996−2005
and 2006−2010, dt = 7.5 yr (we have combined the two low flux
2006−2008 and 2008−2010 periods),
where dt is the difference between the midpoints of the two time
windows corresponding to the initial and final time periods. We
use dt as an estimation of the time length of the actual change in
the ENA flux.

For the forward and right flank sectors, where the observed
change in the flux is large, dt> τ. For extended forward sector,
we can take τ as the average of values for the forward and both
flank sectors, which gives τ= 4.5 yr; this value is comparable to
dt.

For the tail sector, dt is significantly smaller than τ, but the
change in the ENA flux is small, which may suggest that only
a part of the total change in the heliotail ENA flux has been
observed.

The events (1), (2), and (3) could be attributed to the
1992.5−1994.5 solar wind decrease. Event (4) can also be
related to the 1997.5−1999.5 decrease. Altogether, we conclude
that the time evolution of the ENA flux observed by HSTOF is
consistent with the timescales derived in the previous subsection.

5. Conclusions

The ENA data from HSTOF obtained over the period
1996−2010 show a significant decrease in the flux intensity.

Although the time dependence cannot be resolved in detail,
the hydrogen ENA data for the apex and tail sectors (Fig. 2,
lower panel) suggest a large drop in solar wind flux occur-
ring soon after the first two years (1996−1997) of operation
of HSTOF. The decreases of the ENA flux observed by IBEX
(McComas et al. 2017) and INCA (Dialynas et al. 2017a) refer
to a later time period (after 2010). The recent IBEX data show
the ENA flux increasing in response to the solar wind intensifi-
cation (McComas et al. 2018).

The low values of the ENA flux resulting from the decrease
are in tension with observations by Voyagers of the energetic
ions in the inner heliosheath. If the energetic proton intensity in
the HSTOF ENA source region were as high as measured by
Voyagers, the HSTOF data obtained after the year 1997 would
indicate an unexpectedly small thickness of the inner heliosheath
in the field of view of HSTOF (±17◦ from the ecliptic plane).

The difference in the ENA fluxes measured by HSTOF and
the value estimated from Voyager LECP energetic ion data may
be attributed to the differences between the regions in space ob-
served by these two instruments. The differences could involve
(1) the geometrical thickness L, (2) the energetic ion flux density
〈Jp〉, or (3) the background neutral gas density nH and nHe.

If the ENA flux decrease occurs on a short timescale, the
most likely possibility is probably (2). A change by a large fac-
tor in the size of the inner heliosheath, or in the density distri-
bution of neutral atoms coming in from the interstellar medium,
requires a longer time. Moreover, if the parent ions of the ENA
measured by HSTOF derive from acceleration of the pick-up
ions of the solar wind, the energetic ion flux distribution would
reflect the heliolatitude-dependent solar wind structure. A de-
crease in the energetic ion density restricted to the HSTOF field
of view (near the solar equator plane) is then a natural possibil-
ity. The ENA flux decrease may then be related to the decrease
in the solar wind flux (Fig. 4).

The IBEX map of the distributed ENA flux (ribbon-
subtracted, attributed to the heliospheric rather than outer
sources; Schwadron et al. 2011, Fig. 8) show, in fact, a valley of
relatively low ENA flux near the ecliptic for the highest energy
IBEX channels, with Voyagers positions near the valley rims. A
similar structure can be seen in the INCA maps (Dialynas et al.
2013). This feature can be understood as due to predominance of
the slow solar wind near the ecliptic, and consequently a lower
energy of the pick-up ions produced in this region. The energetic
ion flux in the HSTOF observation region may, therefore, be
substantially lower than the value obtained by simple interpo-
lation between the Voyager 1 and Voyager 2 data. A low flux
of energetic ions could explain the HSTOF ENA observations
without the need of assuming very low values of geometrical
thickness L.

An alternative possibility would be the existence of an in-
dentation in the shape of the heliopause (or the heliocliff) along
the ecliptic plane. Such a structure may be related to the effec-
tive weakening of the solar magnetic field in the sectored re-
gion and was indeed predicted by one early numerical model
(Washimi & Tanaka 2001). This result was, however, not con-
firmed by later calculations. Moreover, if the low value of the
high energy ENA flux near the ecliptic would follow solely from
the reasons of geometry, one would expect the same feature to
persist for low energy ENA. The difference between the IBEX
maps for the highest and lowest energy IBEX ENA channels dis-
favors this possibility.

The important question is whether the HSTOF results can
be affected by a systematic error leading to the underestimation
of the ENA flux from HSTOF. The repeat of the in-flight cross
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calibration with ACE confirmed that the agreement between
the HSTOF and ACE high energy ion channels continues to hold.
In particular, although the HSTOF ENA flux was decreasing,
there was no decrease observed in the ratio of the high energy
HSTOF to the ACE ion flux data. One conclusion is that the effi-
ciency of the HSTOF detector did not change during the period
between the cross calibrations, such that the observed flux
decrease cannot be attributed to the deterioration of the detec-
tor.

The discussion in Sects. 4.3 and 4.4 implies that the time
evolution observed in the HSTOF ENA data is consistent with
the timescales derived for the heliosphere with an extended tail
(the comet-like heliosphere). The observations with better time
resolution may, however, affect this conclusion. A sharp drop in
the ENA flux from the heliotail direction has been observed by
INCA (Dialynas et al. 2017a).

Finally, we note that the excess of the ENA flux from the
right flank over the flux from the left flank, observed by HSTOF
in the period 1996−2005, may be related to the asymmetry of
the heliosphere caused by the interstellar magnetic field pointing
close to the center of the IBEX ribbon.
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Appendix A: Determination of hydrogen density nH

In this section we present two methods used to obtain an estima-
tion of the neutral hydrogen density in the heliosheath and the
corresponding results.

Bzowski et al. (2008) estimated the density of interstellar
hydrogen in the nose region of the termination shock using the
results of the hydrogen pickup ion flux measurements on Ulysses
from SWICS (Gloeckler & Geiss 2001). These authors devel-
oped an approach that minimizes the error in the derived density
due to the uncertainty in the ionization rate βion of hydrogen in
the heliosphere. The production rate of the pick-up ions at the
distance r from the Sun is given by the product of the ioniza-
tion rate and local hydrogen density nH(r): S (r) = βion(r)nH(r).
Since nH(r) decreases as the value of βion goes up, the deriva-
tive dS/dβ must be equal to zero at some distance from the
Sun. For the heliospheric conditions during the Ulysses obser-
vations used by Bzowski et al. (2008) Ulysses was located close
to this special distance. The approach, which can be proven
strictly in the framework of the cold gas approximation, was ver-
ified using a detailed model of the neutral hydrogen distribution
(Tarnopolski & Bzowski 2009) based on realistic, measurement-
based ionization rates and radiation pressure. The neutral hydro-
gen density at the termination shock was obtained by matching
these simulations with the results of global models of the helio-
sphere based on kinetic Monte Carlo treatment of the neutral hy-
drogen component (Baranov & Malama 1993; Izmodenov et al.
2003a,b). The result was nH = 0.087± 0.003 cm−3, where the
uncertainty is due to uncertainties in the modeling, ionization
rates, and radiation pressure. When the measurement uncer-
tainty of the pick-up ion production rate is added (mostly due
to the uncertainty in the geometric factor of the instrument:
Gloeckler & Geiss 2001), the total uncertainty increases to about
25%.

Richardson et al. (2008) estimated the density of inter-
stellar hydrogen at the termination shock using a totally
independent method. They started from the prediction by
Fahr & Ruciński et al. (2001) that because of mass loading of
the solar wind by pickup ions, the momentum flow of the solar
wind inside the termination shock is reduced, and the amount of
the resulting slowdown can be utilized to determine the density
of neutral interstellar hydrogen at the termination shock.

Pickup ions in the solar wind are produced predominantly
by three ionization reactions: charge exchange with solar wind
protons, photoionization, and ionization by solar wind electron
impact (for recent review, see Bzowski et al. 2013a). Taken col-
lectively over a long stretch between the Sun and termination
shock, these contributions produce a net effect of the solar wind
slowdown in the nose region by ∼15%.

Richardson et al. (2008) compared the solar wind expansion
speed at Ulysses and at Voyager 2 when they were close to radial
alignment; the first spacecraft was at ∼5 AU from the Sun while
the other was approaching the termination shock at ∼80 AU.
They discovered that the difference in the solar wind expansion
speed is approximately 60 km s−1. They paid attention to a pos-
sible slowdown for reasons not related to the interaction of the
solar wind with neutral interstellar gas. Using a 1D MHD model
of the solar wind with pickup ions (Wang et al. 2000), they fitted
predicted slowdown of the solar wind expansion speed for the
conditions of the Ulysses and Voyager observations and found a
match for the solar wind density at the termination shock equal
to 0.09 cm−3 that has a fit error of 0.01 cm−3. Given the ap-
proximate character of the background hydrogen density model
they used – it was a cold model with an ionization rate slightly

different from the actually measured solar wind and ionization
parameters used by Bzowski et al. (2008) – and the relatively
large uncertainty of the result of Bzowski et al. (2008), the agree-
ment between these two results is excellent.

Another, albeit qualitative, test for the robustness of the de-
termination of the density of neutral hydrogen at the termination
shock was carried out by Pryor et al. (2008), who used combined
observations of the heliospheric Lyman-α glow from Voyager 1
and Cassini, and a sophisticated model of solar Lyman-α radia-
tion transport in the heliosphere to verify that the density values
from Bzowski et al. (2008) and Richardson et al. (2008) are not
at odds with the extreme-ultraviolet measurements.

Finally, Bzowski et al. (2009) proposed the density at the
termination shock equal to 0.089± 0.022 cm−3, calculated as a
weighted average of the results from Bzowski et al. (2008) and
Richardson et al. (2008). The neutral hydrogen density in the
LIC in front of the heliosphere was proposed to be equal to
0.16± 0.04 cm−3. This result, especially for the density at the
termination shock, seems very robust since it was demonstrated
to depend very little on the assumptions and uncertainties in the
modeling.

As it results from all modern models of the helio-
sphere (Baranov & Malama 1993; Heerikhuisen et al. 2006;
Florinski et al. 2005; Müller et al. 2006; Scherer & Fahr
2003a,b), recapitulated by Müller et al. (2008), the expected
departures of neutral interstellar hydrogen density in the upwind
hemisphere from the value at the termination shock are about
15−20%, which is on the order of the uncertainty reported by
Bzowski et al. (2008).

Appendix B: Determination of neutral helium
density

The density of neutral interstellar helium at the termina-
tion shock was determined using the direct sampling method
on GAS/Ulysses (Witte 2004) and via interpretation of He+

and He++ pickup ion measurements on SWICS/Ulysses and
SWICS/ACE (Gloeckler et al. 2004). The results of the three
measurements were in a very good agreement with each other.

Interstellar helium penetrates the heliosheath with very little
attenuation in the heliospheric interface region (less than 10%,
Müller et al. 2013). The main loss mechanisms inside the termi-
nation shock are photoionization (see, e.g., Bochsler et al. 2014)
and electron impact ionization (Rucinski & Fahr 1989). The ra-
dial profile of the electron impact ionization rate is far from
trivial (see McMullin et al. 2004; Bzowski et al. 2013a,b). The
loss due to charge exchange with solar wind ions is negligible.
A recent review of the helium loss processes was provided by
Bzowski et al. (2013b).

The direct sampling method employed in the anal-
ysis of GAS measurements, extensively presented by
Banaszkiewicz et al. (1996), consists in measuring the dis-
tribution on sky of the flux of neutral interstellar He as seen
from a spacecraft moving around the Sun, and fitting the
parameters of the distribution function of the helium gas in the
source region (the LIC). The density determination involves
three important assumptions: (1) the form of the distribution
function of neutral helium outside the heliosphere (commonly
assumed to be given by the Maxwell-Boltzmann distribution),
(2) the radial and latitudinal profiles of the ionization rate, and
(3) the absolute sensitivity of the detector.

At the time of GAS/Ulysses measurements, the knowledge
of helium ionization rates was limited because of the lack of
suitable observations (McMullin et al. 2004). The lack of exact
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knowledge of the absolute level of the ionization rate can be
alleviated if it is possible to measure the direct and indirect
beams of neutral helium simultaneously.

Successful detection of the indirect beam was achieved by
Witte et al. (1996) in only a few observations and the ratio mea-
sured was so low that it became affected by the background level.
The determination of interstellar He density had, therefore, to
rely on the direct beam; the ionization was taken either from
McMullin et al. (2004) or from the authors’ own fits. Thus the
range of derived densities was relatively broad, i.e., from 0.014
to 0.017 cm−3 and the best value is equal to 0.015± 0.003 cm−3.
The densities derived separately from the two observation sea-
sons, i.e., 1995 (solar minimum) and 2001 (solar maximum),
were equal to 0.0161 and 0.0148 cm−3, respectively.

Another method of determining the density of interstellar He
is by careful interpretation of measurements of pickup ion dis-
tribution function. Gloeckler et al. (2004) carried out two deter-
minations of interstellar He density, using various pickup ions
measured on SWICS/Ulysses and SWICS/ACE. In the first mea-
surement, they fitted the He+ pickup ion distribution function
assuming the gas inflow velocity and temperature from Witte
(2004). The pickup ion distribution function was fitted using for
the parent gas distribution the hot model for He (Thomas 1978).
The assumed photoionization and electron-impact rates at 1 AU
were in good agreement with the present views (Bzowski et al.
2013b). The neutral He density obtained from the fits to the He+

pickup ion distribution function was reported at 0.016 cm−3 with
no error bars. The sources of uncertainty are the absolute cali-
bration of the instrument and the uncertainty in the magnitude
and radial profile of the total He ionization rate.

The other method of determining the helium density from
pickup ion observations used by Gloeckler et al. (2004) was
fitting the distribution function of He++. The He++ pickup
ions are created in the double charge-exchange reaction
HeI/S +αSW→He++

pui + HeENA. As pointed out by Rucinski et al.
(1998), this reaction is the only source of the He++ pickup ions
in the solar wind, and it practically does not affect the density
profile of neutral interstellar He. Since both the solar wind He++

flux and He++ pickup ions were simultaneously measured by the
SWICS instrument and were spectrally well separated, it was
possible to fit the distribution function of the He++ pickup ions
having a simultaneous measurement of the source particle (the
solar wind He++) flux without the geometric factor ambiguity.
The only uncertainty that remained was the uncertainty in the
source helium density profile. As a result, Gloeckler et al. (2004)
could claim that observations of the He++ pick up ions lead to
a lower uncertainty of the interstellar He density than obser-
vations of the He+ pick-up ions. They estimated the density at
0.0151± 0.0015 cm−3, where most of the uncertainty is due to
the systematic uncertainty of the production rate and absolute
calibration, as well as in the local neutral He density profile.

The measurements of neutral He density by Witte (2004) and
Gloeckler et al. (2004) gave a very good agreement of the de-
rived densities of neutral He at the termination shock. However,
Gloeckler et al. (2004) results are affected by the uncertainty in
the electron ionization rate, which is important in the pick-up
ions production region, but not at the position of Ulysses. The
results from GAS/Ulysses are as a result not affected. In con-
sequence, the uncertainty of the helium density listed by Witte
(2004), i.e., between 0.014 and 0.017, seems to be a more appro-
priate than the uncertainty quoted by Gloeckler et al. (2004).

A similar estimate (0.017± 0.002) was obtained by
Cummings et al. (2002) using the ACR observations by Voy-
ager spacecraft. The ACR intensities in the outer heliosphere

are dominated by the interstellar pick-up ions accelerated at the
solar wind termination shock. Cummings et al. (2002) derived
the relative abundances of these interstellar ACR and developed
filtration factor relating neutral H density in the LISM to the ter-
mination shock value.

A re-analysis of Ulysses observations of interstellar helium
was performed by Wood et al. (2015) using a novel technique to
infer photoionization loss rates directly from Ulysses data. They
obtained nHe = 0.0196± 0.0033 cm−3.

Appendix C: ENA flux from the nose and heliotail
directions: A toy model

Assume that the main loss mechanism to the energetic ions in
the inner heliosheath is via neutralization by charge exchange
with the neutral hydrogen background. The transport equation
for the energetic ion flux Jion for the case of time-stationary and
incompressible background plasma flow can be written as

V · ∇Jion = − βcxJion. (C.1)

For energetic ions the particle speed v (in the observer frame) is
much higher than the plasma speed, such that the loss rate βcx is
approximately equal to σcx,HvnH.

Consider first the ENA flux from the direction toward the
nose of the heliosphere, along the stagnation line. Let the plasma
velocity decrease linearly toward the heliopause as follows:
V = V0(1 − z/L), where z is the distance from the shock along
the stagnation line and L the distance from the shock to the
heliopause. The equation for the ion flux is

dJion

dz
=

βcx

V0(1 − z/L)
Jion, (C.2)

with the solution

Jion(z) = J0 (1 − z/L)βcxL/V0 . (C.3)

The ENA flux is then given by

JENA =

∫
dzσcx,HnHJion =

βcxL/V0

1 + βcxL/V0

V0

v
J0, (C.4)

where v is the particle speed and we used βcx =σcxvnH.
Consider next the LOS directed along the infinite heliotail

assuming that the plasma speed V is constant and parallel to the
LOS. The solution for the ion flux is then

Jion(z) = J0 exp(−zβcx/V) (C.5)

and for the ENA flux

JENA =
V
v

J0. (C.6)

The ratio of the ENA flux from the heliotail to the flux from
the nose direction is then given by

JENA,tail

JENA,nose
=

(
βcxL/V0 + 1
βcxL/V0

) (
V
V0

) (
J0,nose

J0,tail

)
· (C.7)

Since βcx decreases with energy, at high enough energy the ENA
flux from the heliotail is higher than from the nose direction.

Taking L = 25 AU, nH = 0.1 cm−3 and J0,nose/J0,tail = 2 with
V0 = 100 km s−1 for the nose and V = 26 km s−1 for the distant
tail, we obtain JENA,tail/JENA,nose = 1.0 at the ENA energy 46 keV
and 1.6 at 58 keV (the lowest HSTOF energy for H ENA).
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The choice of parameters is justified by Voyager 1 (L) and
Voyager 2 (V0) observations, by slowing down of the flow in
the heliotail from charge exchange with background hydrogen
(V), and by nose-to-tail asymmetry of the termination shock
(J0,nose/J0,tail). We use the Lindsay & Stebbings et al. (2005) for-
mula for the charge-exchange cross section.

Consider next the case of a time-dependent energetic ion flux
J0 at the termination shock. The plasma flow is assumed to re-
main stationary. The ion flux downstream from the shock in the
nose region is given by

J(z, t) = (1 − z/L)βcxL/V0 J0(t − τc(z)), (C.8)

where τc(z) =−(L/V0) log(1 − z/L) is the convection time from
the shock to z. In the tail region

J(z, t) = e−βcxz/V J0(t − z/V), (C.9)

where z/V is the convection time. In the HSTOF energy range
the ENA propagation time is short compared to the convec-
tion time, so that the time-dependent ENA flux is approximately
given by

JENA(t) =

∫
dz(βcx/v)J(z, t) (C.10)

Suppose that the energetic ion flux at the termination shock falls
abruptly from the initial value J̄0 to zero at the time T . The
ENA flux at t<T is given by the time-stationary equations with
J0 = J̄0. At t>T it behaves as

JENA(t) = JENA(T )e−(βcx + V0/L)(t−T ) (C.11)

for the nose region, and

JENA(t) = JENA(T )e−βcx(t−T ) (C.12)

for the tail region. The characteristic decay times (1/(βcx + V0/L)
or 1/βcx) are in each case equal to the LOS average of the con-
vection time (τc(z) or z/V) weighted with the energetic ion dis-
tribution Jion(z), i.e.,∫ L

0 dz(1 − z/L)βcxL/V0τc(z)∫ L
0 dz(1 − z/L)βcxL/V0

=
1

βcx + V0/L
, (C.13)

which supports our interpretation of the weighted average of the
convection time as a characteristic time for time dependence of
the ENA flux.

Appendix D: Time dependence of the heliospheric
ENA flux as observed by IBEX and INCA

The effects on the ENA flux of the solar wind decrease and
the subsequent recovery were observed by IBEX and INCA.
The results are discussed in recent publications by INCA
(Dialynas et al. 2017a,b) and IBEX (McComas et al. 2018) team
members.

The evolution of the solar wind ram pressure is reflected
in the IBEX yearly ENA maps (McComas et al. 2018, Figs. 1
and 2). Between the years 2005 and 2010 the solar wind ram
pressure first falls down, then stays approximately constant

between 2010 and 2014, and rapidly increases to a high level
during the year 2015. The ENA intensity in the highest energy
IBEX channel (4.3 keV) near the nose and ecliptic poles shows
similar changes after a delay of 2−3 yr. In particular, the ENA
response to the jump in the solar wind ram pressure during the
year 2015 starts in late 2016 and becomes prominent in the year
2017. The recovery of the ENA flux is, however, so far confined
to the region to the south of the nose, where the energetic particle
pressure is high.

The solar wind evolution also affects the energetic ion flux
measured by Voyager LECP, causing a drop in intensity, which
reached a minimum in the year 2013; this drop was only ob-
served by Voyager 2, since Voyager 1 was then already beyond
the inner heliosheath). The INCA energy range overlaps with
Voyager LECP, so that the evolution of the ion flux can be di-
rectly compared with the INCA ENA flux from the Voyager 1
and 2 directions (Dialynas et al. 2017a, Figs. 2 and 3). The time
profiles of the ENA flux and the energetic ion flux measured by
Voyager 2 agree with each other, both passing through a mini-
mum in the year 2013. A dip in the flux intensity is also found
in the time profile of the ENA flux from the anti-nose (tail) di-
rection. In Dialynas et al. (2017a) this was proposed as the proof
that the heliosphere cannot have an extended tail.

According to our results presented in Sect. 2, a large drop
in the HSTOF ENA flux took place before the year 2008 in the
HSTOF flank sector. The ENA flux decreases observed by IBEX
and INCA occurred three or more years later, so that a common
origin with the event observed by HSTOF is, in our opinion, un-
likely. Moreover, the changes in the ENA flux noted by IBEX
and INCA appeared in the ENA high intensity regions, which,
after the year 2005, are outside the field of view of HSTOF. A di-
rect comparison with the HSTOF observations is, consequently,
not possible.

Appendix E: Model of energetic ion distribution in
the inner heliosheath

The energetic ion flux of energy E at a chosen point r in the inner
heliosheath is calculated as follows.

The termination shock, heliopause, and plasma flow in be-
tween are given by a numerical MHD solution. We trace a
plasma flow line from r back to the initial point rs on the termi-
nation shock. Along this line, we calculate the loss factor e−Λ due
to energetic ion neutralization by charge exchange with the hy-
drogen background, Λ =

∫
dsσcx,HvnH, where the integral runs

along the flow line, σcx,H is the charge-exchange cross section, v
is the ion speed, and nH the neutral H density.

We assume adiabatic evolution of the ion energy in the
plasma frame, E ∝ ρ2/3, where ρ is the plasma density. The
energetic ion flux f (r) in the plasma frame is then given by
f (r, E) = e−Λ fs(rs, Es), where fs is the flux at the termination
shock and Es is related to E by the adiabatic evolution.

In the calculations reported here we assume a simple power
law for fs: fs = CE−1.6 (Hsieh et al. 2010). The coefficient C is
taken to scale as the inverse distance from the Sun to the ter-
mination shock. Since we are interested only in high energy
ions, we disregard the difference between the ion speed in the
plasma frame and the speed relative to the neutral H or the
observer.
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