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Abstract. Some characteristics of the neutral hydrogen flux of 55-80 keV detected by CELIAS/HSTOF on
board SOHO (in particular, the intensity peaks during the periods when the instrument was directed towards
the anti-apex of the local interstellar medium) suggest that the observed atoms may be created in the distant
heliosphere, beyond the termination shock, from the anomalous cosmic ray protons which become neutralized
by charge-exchange with the background gas. The theoretical models on which this conclusion was first based
were very simple and missed some important features. Here we report about the first study of transport of low
energy anomalous cosmic rays beyond the solar-wind termination shock employing a model of the heliosphere
treating self-consistently the flows of plasma and neutral atoms and including the pressure of cosmic rays. The
energetic neutral-atom (ENA) flux created by charge-exchange is calculated and compared with the observations
of CELIAS/HSTOF. The viability of using ENAs as a means of imaging the structure of the termination shock,
the distant heliosphere and the very local interstellar medium is discussed. We also include some results which

may be interesting in connection to possible observations by INCA /Cassini and HENA /IMAGE.
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1. Introduction

Although the distant heliosphere (by which we mean what
is also called the transition or interface region or the he-
liosheath) still cannot be observed directly, the models of
the interaction between the solar wind and the local in-
terstellar medium (the LISM) (Baranov & Malama 1993;
Zank et al. 1996; Linde et al. 1998; Ratkiewicz et al. 1998;
Pogorelov & Matsuda 1998; Tanaka & Washimi 1999) sup-
port the general picture first proposed by Parker (1963).
According to it, the solar wind plasma flow decelerates
to subsonic speed at the termination shock and forms
a stagnation point towards the LISM apex as well as a
long wake (the heliotail) towards the anti-apex. The so-
lar plasma is separated from the interstellar plasma by
a boundary surface (the heliopause) which can, however,
be crossed by the neutral atoms from the LISM. In the
heliosheath, their charge-exchange interaction with the
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plasma ions, which converts the neutrals into pick-up ions
(PUIs) and the plasma ions into neutral solar wind par-
ticles, affects significantly the structure of the heliosphere
and the near LISM (Baranov & Malama 1993). Recently
developed models (Linde et al. 1998) include this interac-
tion as well as the effect of the interstellar magnetic field,
which may contribute significantly to the LISM pressure.
The time-dependence of the solar plasma flow, in conse-
quence of the solar cycle, has been included in the models
by Pogorelov (1995) and Tanaka & Washimi (1999).

In this paper we are concerned with the energetic ion
population in the distant heliosphere, beyond the solar
wind termination shock, and the possibility of imaging
their distribution by means of the energetic neutral atoms
(ENAs) into which these ions are converted by charge-
exchange with the atoms of the background gas (Fig. 1)
As the ion transport reflects the features of plasma flow
and the magnetic field structure, this approach could pro-
vide information about the structure of the heliosphere at
distances still not accessible by other means. The ions are
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Fig. 1. A view of the heliosphere and its neighborhood. A hy-
drogen atom H from the LISM enters the heliosphere, is ion-
ized at A to become a pickup ion, convected to the termination
shock, accelerated, transported by combined diffusion and con-
vection into the heliotail, neutralized at B by charge-exchange
with another atom from the LISM to become an energetic
neutral atom

the PUISs carried outwards by the solar wind and (the case
we concentrate on) the anomalous cosmic ray (ACR) par-
ticles accelerated at the solar wind termination shock (for
a review of ACR see Jokipii 1990). The energy range con-
sidered is a few keV to 100-200 keV, because the charge-
exchange rate and the ion number density are then suf-
ficiently high to produce an ENA flux which may be ob-
served from the Earth’s orbit. In our approach we com-
bine calculations of the distribution and modulation of
the ACR spectrum based on a model of the heliosphere,
that is more realistic than those used in the past, with
a discussion of the ENA data. Preliminary results of this
approach were presented at the 26th International Cosmic
Ray Conference (Czechowski et al. 1999a—c)

The first potential evidence of heliospheric ENA was
obtained by CELIAS/HSTOF on SOHO (Hilchenbach
et al. 1998). The flux of 55-80 keV mass = 1 particles
observed by CELIAS/HSTOF during quiet times in 1996
and 1997, was interpreted by Hilchenbach et al. (1998) as
that of hydrogen atoms converted from ACR protons in
the outer heliosphere, as anticipated by Hsieh et al. (1992).
The peaking of the flux during periods, when the instru-
ment field-of-view included the LISM anti-apex direction,
agrees with the anisotropy predicted by Czechowski et al.
(1995) and Czechowski & Grzedzielski (1997) on the basis
of simulations of the ACR transport in the heliosheath.
The data obtained in the following years are subject to
much larger uncertainty because of higher ion background
when approaching solar maximum. A more detailed dis-
cussion is given in Sect. 4.
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While some qualitative conclusions from the simula-
tions by Czechowski & Grzedzielski (1995, 1997) appear
to have a more general validity, the models used were very
simple and lacked some of the features expected to be im-
portant. As a next step towards a more realistic descrip-
tion of the ACR transport in the distant heliosphere, we
present calculations of the ACR distribution beyond the
termination shock and the associated ENA flux based on
the gas dynamical 5-fluid model of the heliosphere con-
structed by Kausch (1998), see also Fahr et al. (2000).
The model does not include the magnetic field and (as
the simple models used in earlier simulations of the ACR
distribution beyond the termination shock) is axisymmet-
ric relative to the LISM apex-antiapex line. On the other
hand, compared with the best available results, Kausch’s
model gives a reasonable approximation of the termination
shock and the heliopause structure as well as the density
distribution of the neutral background. The model allows
us to study the adiabatic acceleration or deceleration of
ACR beyond the termination shock, which was impossible
in the incompressible flow models used previously. In re-
sult, we can describe the modulation of the ACR spectrum
in the heliosheath region.

In Sect. 4 we discuss the observations by
CELIAS/HSTOF, including some data from later
periods. Although the directional dependence of the flux
is consistent with theoretical calculations, the predicted
ACR ENA intensity is low compared to the most recent
estimation of the observed flux (we take into account
the results of the recent cross-calibration of HSTOF
with ACE and IMPS8). We point out the signatures
of the ENA/ACR signal which seem to be relatively
model-independent. Finally, we present some simulations
which can be interesting in view of possible observations
by the CASSINI spacecraft.

2. Transport and acceleration of ACR in the outer
heliosphere

2.1. Transport equation

The transport equation for the pitch-angle-averaged
particle distribution f(x,p,t) is (Parker 1965)
1 of
of=V-k-Vf-V .Vf+-—-V.-V -3f (1)
30Inp
where V is the velocity of the plasma flow, k the particle
diffusion tensor, p the absolute value of the particle mo-
mentum, and [ the loss rate. The loss rate includes the
losses due to charge-exchange (6. ) with low-energy atoms
of the background and the losses caused by the energy-
changing processes (Coulomb collisions and ionization of
the background atoms) which remove particles from the
considered energy interval. We use the test particle ap-
proximation, so that the feedback effect of low energy
ACR on the background flow is disregarded (the 5-fluid
model of Kausch 1998, includes the cosmic ray pressure
terms, but these are not derived using our solution of
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Eq. (1)). Although solar cycle effects introduce a natural
time dependence, we have so far restricted our calculations
to stationary cases.

The plasma flow velocity V' and the number den-
sity of the neutral atoms (which determines the charge-
exchange rate) are given by the specific model of the back-
ground heliospheric flow (Kausch’s gas-dynamical model
or Parker’s incompressible flow). We assume axial sym-
metry in space (with respect to the LISM apex-antiapex
line) which makes the problem 3-dimensional (the third
coordinate is energy).

The components of the diffusion tensor s should be
chosen to be consistent with the structure of the helio-
spheric and interstellar magnetic field. The background
flow models we use do not include the magnetic field,
so that a separate argument is needed (see the following
subsection).

The energy dependence of the parameters appearing
in the transport equation is illustrated in Fig. 2: the
loss rate term for ACR protons and the diffusion coef-
ficient assumed inside the heliopause (see below). The
cross sections are obtained using the interpolations given
in Barnett et al. (1990). The charge-exchange rate on
hydrogen (Bcxu is shown for the sample value of neu-
tral hydrogen density ny = 0.03 cm ™3, suggested by the
Kausch model (see Fig. 5 below) as a typical value between
the shock and the heliopause (in the simulation fex m is
weighted by the local number density ny). This is lower
than the LISM ny (taken to be 0.1 cm™3) due to filtering
caused by the interactions with plasma flow. The neu-
tral helium density, needed for Bcx me, is not given by the
model. In view of helium filtration being less effective than
for hydrogen (see e.g. Fahr 1990), we assume that its num-
ber density between the shock and the heliopause is the
same as in the LISM (nge = 0.01 cm™3).

2.2. The diffusion tensor and the magnetic field

The ACR diffusion tensor may be expressed through three
components: K, £ 1 and kp with two first components cor-
responding to parallel and perpendicular diffusion respec-
tive to magnetic field and the last term describing the drift
(alternatively, one may introduce the drift term V p - V f
into the transport equation). The magnitudes of the par-
allel and perpendicular components are usually estimated
from the observed ACR spectra using modulation models
(e.g. le Roux et al. 1996) or from models of the turbulence
in the solar wind (e.g. Zank et al. 1998).

Downstream of the termination shock the structure
of the magnetic field must strongly deviate from the up-
stream region (where the Parker’s spiral is a useful first
approximation). Convection by the downstream plasma
flow with a stagnation point structure makes the field
essentially three-dimensional and enhanced in magnitude
close to the surface of the heliopause (Nerney et al. 1991,
1993). Even more important is the effect of the solar cycle:
changes in shape of the neutral sheet and field reversals
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Fig.2. The loss rate 8 and the diffusion coefficient 1 (in-
side the heliopause) for ACR protons plotted against parti-
cle energy. Also shown are the contributions to 8 from ACR
protons charge-exchange on neutral hydrogen and neutral he-
lium (dotted lines) and their sum (dashed line) assuming
nu = 0.03 cm™? and npe = 0.01 cm™3. Low value of ny is
due to filtering. For most of the energy interval, 3 is well ap-
proximated by the charge-exchange terms.The remaining con-
tribution is due to inelastic scattering, which shifts particles
into a different energy range

with a quasi-period of about 11 years. As the plasma flow
beyond the shock is slow, the effects on the magnetic field
will pile up (Nerney et al. 1995). At any time the field will
vary strongly in space with a typical scale of 100 AU (the
heliotail region) or less in the forward (upwind) region.
The expected characteristic scales of the ACR distribu-
tion are of similar order.

In result of this, contrary to the case of the inner he-
liosphere, one must deal with a very complicated mag-
netic field structure. Most of the available numerical sim-
ulations of the heliospheric flow do not include the field
inside the heliopause. (It is taken into account, together
with the time-dependence, in Tanaka & Washimi 1999,
but their model has no interaction with neutrals. In Linde
et al. 1998, the time-dependence of the inner field is not
included.) As we have to restrict our model to the axisym-
metric case, we are forced to make a very crude approxi-
mation. We assume that the field is disordered and make
the scalar (isotropic) diffusion approximation (in the fol-
lowing we show that at low energy, where the loss terms
are large, diffusion effects are not dominant). The drift
term can be shown to be relatively unimportant in the
low energy region and is not included. The diffusion coef-
ficient between the termination shock and the heliopause
we approximate by 1 = (1/3)k) (corresponding to an
isotropically disordered field) with | given by the phe-
nomenological formula of le Roux et al. (1996)

K| = ko(v/c)F(P) (Be/B) (2)
where kg = 3.75 10?2 cm?/s, v/c is the particle speed

divided by speed of light, P is the rigidity in GV, F(P) =
P for P > 0.4 and F(P) = 0.4 for P < 0.4, B is the
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magnetic field and B, the magnetic field at 1 AU. The
values of k1 used in our simulations are shown in Fig. 2.

Beyond the heliopause the field must approach the lo-
cal interstellar field, although it would be modified close
to the heliopause. Neither the direction nor the magni-
tude of the local interstellar field is known. In addition,
one cannot expect that the formulae obtained for the solar
system would work for the diffusion tensor components in
the LISM. Estimations used for galactic transport of cos-
mic rays (see Axford 1981) are derived for very high en-
ergy. When extrapolated to energies of interest to us the
resulting values are very high. We can use this as an indi-
cation that the diffusion coefficients outside the heliopause
are probably higher than inside (which may seem natural
in view of a much larger spatial scale and possibly lower
turbulence levels). Because of axial symmetry we have to
keep the scalar diffusion approximation also in the LISM
region. As the ACR particle density in this region is low,
the error due to this assumption should not be very im-
portant for most of the results. In most of the calculations
we take the diffusion coefficient outside the heliosphere to
be ko = 102k (a larger value is likely, but a change would
only affect the regions where the ACR distribution is very
small: see Fig. 8 in the next section).

2.3. The background flow

The model of Parker (1963) is defined by a simple an-
alytic expression for the (axisymmetric) flow potential
function ®, which defines the plasma flow velocity by
(p)/?V = V& (p being the plasma density). The flow
is incompressible (V - V' = 0) because the potential is as-
sumed to have A® = 0 (the exception is the heliopause
surface, at which p can have a jump). The form of ® is
such that the boundary conditions for the flow speed are
satisfied, although only in the limiting case of the radius of
the termination shock (taken to be a sphere) being much
smaller than the distance to the heliopause. A modifica-
tion of this model for the case of larger shock radius was
obtained by Suess & Nerney (1990). In our application,
we assume the following values of the relevant parameters
(unless specified otherwise): shock radius = 79 AU, dis-
tance Sun-stagnation point = 110 AU, direction-averaged
outflow speed from the shock = 100 kms™!, speed of the
LISM relative to Sun = 26 kms~!, neutral hydrogen den-
sity between the shock and the heliopause = 0.1 cm™3,
the same for helium = 0.01 cm 3. While Parker’s or Suess
& Nerney’s models give at best a rough approximation
to the heliospheric flow, they produce a stagnation point
and a heliotail, features of particular importance for the
ACR distribution. We use these models for comparison
and illustration.

Most of the calculations presented here employ a more
refined model by Kausch (1998), see also Fahr et al. (2000).
This is a solution of gas-dynamical equations describ-
ing the interaction of the solar wind with the interstel-
lar medium. Five fluid components are included: the bulk
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Fig. 3. The heliopause and the termination shock in the models
of the heliospheric flow by Parker, Suess & Nerney and Kausch.
For Parker’s and Suess & Nerney’s models we take the shock
to be a sphere of radius 79 AU centred at the Sun and assume
a 110 AU Sun-stagnation point distance
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Fig. 4. Number density of the neutral hydrogen in Kausch’s
model outside the termination shock. The density profiles for
three directions: tail, side (§ = 90°) and apex are shown as
functions of heliocentric distance. Note the hydrogen wall in
the apex and side profiles and the non-spherical shock geome-
try. The LISM value of 0.1 cm ™ assumed for Kausch’s solution
is probably too low (Lallement et al. 1991)

plasma (in one-component description), pick-up protons,
neutral hydrogen and the anomalous and galactic cosmic
rays, the latter two represented by the pressure terms
(determined by higher energy values than those we con-
sider). The flow is two-dimensional with axial symmetry
respective to the LISM inflow direction. Magnetic field
is not considered. Although the treatment of the neu-
tral component in the model is simplified compared to
the kinetic approach by Baranov & Malama (1993) or the
multi-component method of Zank et al. (1996), the gen-
eral structure of the solution is not very different from
Zank et al. (1996).

Figures 3 to 6 illustrate some of the relevant features
of Kausch’s model. In Fig. 3 the shapes of the termina-
tion shock and the heliopause are shown, together with
those for the simpler models we use for comparison (in
Kausch’s model there is also a bow shock, not shown).
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The neutral hydrogen density distribution (which is im-
portant for the loss rate term as well as for the creation
of ENA) is presented in Fig. 4 (note the hydrogen wall in
front of the heliopause, dashed line). Since neutral helium
is not considered separately in Kausch’s model, we assume
a constant value nge = 0.01 cm™3. The shock compression
ratio (which varies over the shock surface), the upstream
pick-up proton density and the implied boundary values
of the slope and the amplitude of f(p) are displayed in
Fig. 5.

Figure 6 presents sample profiles of the divergence of
the plasma flow velocity V - V', which determines the adi-
abatic energy changes of the ACR. This divergence is not
directly calculated by the gas-dynamical code and is less
precisely known than other quantities (we have to estimate
it from the solution on the output grid). While the flow
divergence upstream of the shock is well approximated by
2V/r (so that it is of the order of 5 1078 s~1 at the shock),
between the shock and the heliopause it can be of either
sign and typically of the order of few 1072 s~!, compa-
rable to or exceeding the loss rate term. The divergence
term is thus important and constitutes an effective source
(if V-V <0) or asink (V-V > 0) of particles of given
energy and has a part in the modulation of the spectrum.

2.4. ENA from ACR

The calculated ACR distribution can be used to determine
the flux intensity of ENA from charge-exchange. It is given
by the line integral of the ACR flux jacr = p?f(z,p)
weighted by the charge-exchange cross section, the neutral
density and the extinction factor ext(x, E):

jona(n, B) = / ~ ds (nu1(@)oer it (B)

+ NHe(T)0ex 1o (F))
x jacr(zx, E)ext(z, E)

3)

where & = @y + n(s — sg) is the line of sight (in the
direction given by the unit vector n) from the observer’s
position (at ). As our model is time-stationary, the time-
delay is not considered. The extinction factor is calcu-
lated using the charge-exchange and stripping cross sec-
tions from Barnett et al. (1990). In the considered energy
range these cross sections are of the order 10716 ¢cm? or

below, so that the extinction factor is close to 1.

The scale of the ACR flux intensity at the shock, which
sets the boundary condition for our simulation, is ob-
tained by matching with the shock spectrum of Stone et al.
(1996). We use the higher of their values for the flux, corre-
sponding to the year 1987. As the spectrum in our model
is non-uniform over the shock, the matching is done for
the apex direction, at energy Fiax-
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Fig. 5. Boundary conditions at the shock in Kausch’s 5-fluid
model. The shock compression ratio r, the power ¢ and the
amplitude a (dotted line) of the assumed proton shock spec-
trum together with the upstream pick-up proton number den-
sity (relative units) are plotted against the position on the
shock surface (labelled by the angle 6 counted from the apex
direction). The irregularities are due to the output grid
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Fig. 6. Flow divergence outside the shock in Kausch’s 5-fluid
model plotted as a function of the distance from the Sun for
three directions: apex, side (§ = 7/2) and tail. Note the non-
spherical geometry of the termination shock

3. ACR distribution beyond the shock: Results
from simulations

In this and the following section we present the results
of our model calculations. The ACR, density distributions
are obtained by solving numerically the transport Eq. (1).
The ENA flux is obtained from Eq. (3).

The models used to specify the parameters are de-
scribed in Sect. 2. The boundary conditions are discussed
in Appendix A.

By Kausch’s model (A and B) we refer to the sim-
ulations in which the plasma flow and neutral hydrogen
distribution are given by Kausch’s solution (Figs. 3-6).
Similarly, Parker’s model denotes the case when the
plasma flow is defined by Parker’s formula with a par-
ticular choice of parameters (see Fig. 3).
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Fig. 7. ACR proton distribution for Kausch’s model A (solid
lines) and Parker’s model (dashed) presented as a func-
tion of distance from the Sun for different directions: 6 =
0°, 104°, 133°, 162°, 180° (6 = 0° is the LISM apex di-
rection). The lines start at the termination shock (in Parker’s
model a sphere, in Kausch’s a bullet shape). On crossing the
heliopause the profile slopes change sharply due to a jump in
the coefficient of diffusion: (k2 = 10%k1)

The electron and neutral hydrogen densities in the
LISM are taken to be ne = 0.1 ecm™3, nyg = 0.1 cm™3.
For the neutral helium we assume a constant density
npe = 0.01 cm™3. The ACR diffusion coefficient in-
side the heliopause k1 and the loss rate § used in the
transport equation are shown in Fig. 2. The diffusion
coefficient outside the heliopause ko is assumed (un-
less explicitly specified otherwise) to be xy = 102 ky.
The cross sections for charge-exchange are from Barnett
et al. (1990). We assume that the 100 keV ACR protons
flux at the termination shock (apex point) is equal to
7.0 1072 (cm? s st keV) ™! (Stone et al. 1996). The calcu-
lated flux intensities of ACR and ACR ENA are directly
proportional to this value.

We use different versions of Kausch’s model to illus-
trate the dependence of the solutions on the model pa-
rameters. The most complete case (model A, basic model)
corresponds to the boundary conditions at the shock as
shown in Fig. 5 (see discussion in the Appendix). The
ACR shock spectrum varies over the shock surface and is
weighted by the upstream pick-up proton density.

Model B (pure power law) corresponds to ACR spec-
trum at the shock having a constant slope (lux ~E~142)
and constant amplitude all over the shock surface. This
was also assumed for the simulations using Parker’s flow.

Figure 7 presents, for the cases of Kausch’s model A
and Parker’s model, the spatial distribution of the ACR
protons at 63 keV (approximately the average energy of
the ENA H observed by CELIAS/HSTOF on SOHO) in
terms of constant-direction profiles: the density is shown
as a function of the heliocentric distance for different di-
rections labelled by the angle 8 (6 = 0° is the LISM apex
and 6 = 180° the anti-apex direction). The most visible
difference is a much slower fall-off of the ACR number
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density down the heliotail in the basic model, caused in
part by a lower loss rate (in our calculations based on
Parker’s model the neutral hydrogen density is set to
0.1 cm~3: compare Fig. 4). The behaviour of the pro-
files for different angles near the shock is the result of
non-uniform shock spectrum and non-uniform pick-up ion

density at the shock in model A.

3.1. The apex-antiapex asymmetry

The main feature of the spatial ACR distribution beyond
the termination shock is the apex-antiapex asymmetry,
which is well-pronounced also in the ENA flux. The ACR
particles concentrate in the region of the heliotail (LISM
anti-apex) and consequently the ENA flux is highest from
this direction. This is a quite general conclusion, not de-
pendent on the details of the model. There are two main
mechanisms contributing to this asymmetry:

1. Convection of the ACR ions by the plasma flow with
a stagnation point structure. The ions are convected
from the shock surface ultimately towards the heliotail.
In the apex direction, beyond the stagnation point,
the outward ACR diffusion competes against the local
plasma velocity so that the stationary ACR distribu-
tion will decay quickly with distance. In the heliotail
direction the plasma flows outward so that convection
and diffusion operate in the same direction;

2. The second mechanism applies only if the diffusion
coefficient is much larger outside than inside the he-
liopause (k2 > K1), as assumed in most of our calcula-
tions. The heliosphere is then a region of relatively slow
diffusion and the heliopause is, approximately, a free
escape boundary (at which the ACR number density
must fall to a low value). The asymmetry appears be-
cause the distance from the shock to the heliopause in-
creases toward the heliotail. For high energy ions, with
the diffusion coefficient sufficiently high to make the
convection term negligible, this mechanism will still
cause an asymmetry in the spatial distribution as long
as the diffusion length is not too large to make the
diffusion approach invalid.

Figures 8 and 9 show the ACR density and the ENA flux
for four different assumptions about the diffusion coeffi-
cients k2 and k; (outside and inside the heliopause). The
case kg = ki illustrates the first mechanism, with the
heliopause not being a free escape surface. Although the
ACR densities look different in detail in all three cases,
there is still a concentration of the ACR ions in the helio-
tail and the ENA flux in all those cases has its maximum
in the anti-apex direction. For high energy ACR, with con-
vection insignificant relative to diffusion, the asymmetry
in the density distribution is still present due to mecha-
nism two, assuming that the diffusion coefficient is much
higher outside the heliopause (Fig. 10). The energy of
1000 MeV, high for ACR, is used to illustrate the case
of large k1 (Eq. (2)).
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Fig. 8. ACR proton distribution at 63 keV, Kausch’s model
B (pure power law spectrum at the shock). Four different as-
sumptions about the outside diffusion coefficient k2: k2/Kk1 =
10%, 10%, 10%, 1. When k2/k1 = 1 the heliosphere is not a
free-escape surface, but the ACR distribution is still asymmet-
ric due to mechanism 1 (convection, see the text)
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Fig. 9. ENA 63 keV hydrogen flux from ACR charge-exchange
corresponding to the ACR proton distributions of Fig. 8. The
flux is plotted as a function of direction (angle 8 = 0° is the
LISM apex) for the case of an observer in the inner solar system
with the line of sight not passing close to the Sun. The choice
of the outer diffusion coefficient k2 does not much affect the
ENA flux in this energy range

3.2. ACR transport in the heliosheath: Different
contributions

We can use the simulations to estimate the relative impor-
tance of different terms in the transport equation Eq. (1).
At lowest energies (up to ~25 keV/nucleon in Kausch’s
model) the no-diffusion approximation is reasonably good
(Fig. 11). In this case the ACR distribution can be es-
timated by integrating the ordinary differential equation
Vdf/ds = —3f describing convection and losses (the adi-
abatic acceleration term can be included if one assumes
a fixed power law spectrum) along the plasma flow line.
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Fig.10. ACR proton distribution at 1000 MeV, Kausch’s
model B (pure power law spectrum assumed at the shock) for
K2 /K1 = 102, 1. The values of 6 are as in Fig. 8. Although at
this energy, which is high for ACR, the diffusion coefficient is
large (k1 = 5.55 10%® cm?/s) the apex-antiapex asymmetry is
pronounced as long as k2 > k1 (mechanism 2, see text)
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Fig.11. ACR distribution at 16 keV: complete solution com-
pared to the no-diffusion approximation (convection + losses).
The irregularities of the latter are caused by the flow di-
vergence term. The profiles are shown for directions 6 =
0°, 104°, 133°, 162°, 180°

At higher energy (63 keV) this approximation is no longer
good and diffusion must be included.

The effect of the adiabatic acceleration term is pre-
sented in Fig. 12. There is a region in near heliotail where
adiabatic compression (due to V-V < 0) acts as an effec-
tive source of the ACRs and so increases the ion density in
the anti-apex direction. This was already considered in an
earlier work (Czechowski et al. 1995), in which an ad hoc
modification of Parker’s flow was used. The effect is neg-
ligible in the forward region, where large gradients of the
ACR number density make the diffusion term more impor-
tant (although the absolute magnitude of the divergence
term can be larger there than in the heliotail region).

The ACR protons are expected to be derived mainly
from pick-up protons. Models suggest that the density of
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Fig. 12. ACR protons distribution in Kausch’s model A for 10,
100 and 1000 keV (only apex and anti-apex directions shown).
Dotted lines correspond to the case with the adiabatic accel-
eration (~V - V') term set to zero

the pick-up protons upstream of the shock should be larger
in apex than in anti-apex direction (opposite to our re-
sults for the ACR). If one compares the ACR distribution
for model A with the one obtained by assuming a uniform
pick-up ion density over the shock (equal to the maximum
value) one finds that the ACR density in the heliotail is in
the first case diminished by a factor approximately equal
to the pick-up proton apex-antiapex density ratio (~3 in
Kausch’s model A, see Fig. 5), but remains much larger
than in the forward region. Note that in the case of he-
lium, the pick-up ion density is supposed to be larger in
the anti-apex direction due to Sun’s gravitational focusing
of LISM neutral helium, thus suggesting even larger asym-
metry in ACR He™. Also large is the effect of the shock
strength (and hence the slope of the spectrum) varying
with position on the shock. In Kausch’s model the shock
is stronger (hard spectrum) close to the anti-apex direc-
tion, causing a ridge in the spatial ACR distribution.

3.3. Modulation of the ACR energy spectrum
downstream of the shock

In the supersonic solar wind region the cosmic ray dis-
tribution is shaped by inward diffusion operating against
convection by outflowing plasma, with adiabatic cooling
due to the positive divergence of the flow. Taking into
account also the energy range (the lower energies are con-
fined to the vicinity of the shock) the modulation is then
determined by the dependence of the diffusion coefficient
on energy. On the contrary, downstream of the shock the
diffusion and convection are both directed outward. If
one is interested in the lower energy range (<102 keV)
the charge exchange rate is high (1072 s~!) and strongly
energy-dependent: this is the main factor in the modula-
tion of the low-energy ACR spectrum in this region. The
energy dependence of the diffusion coefficient can be seen
to be less important. The high-energy (>102 keV) part
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Fig. 13. Evolution of the ACR energy spectrum in Kausch’s
model B (apex direction). The spectra at distances (top to

bottom) of 89 (shock), 188, 305, 551 and 990 AU are shown.
The dotted lines correspond to disregarding the ~V -V term
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Fig. 14. Evolution of the ACR energy spectrum in Kausch’s
model B (anti-apex direction). The spectra at distances (top to
bottom) of 187 (shock), 275, 380, 600 and 990 AU are shown.
The dotted lines correspond to disregarding the ~V - V' term

of the spectrum downstream of the shock is only weakly
modulated (the loss term [ is small at high energy).

Another source of modulation is the adiabatic acceler-
ation (deceleration) due to the divergence of the plasma
flow. Although in Kausch’s model (A and B) the magni-
tude of the divergence term is comparable with (or greater
than) the charge-exchange rate (3, the effect of the diver-
gence term on modulation is small. Generally, we find that
the divergence term tends to leave the pure power law
spectrum unchanged. This is easy to see if the divergence
term and convection are dominant in the transport equa-
tion (for a power law the divergence term is equivalent
to the energy-independent loss term, which is not causing
any modulation).

Figures 13 to 16 show, for Parker’s and Kausch’s
models, the calculated energy spectra at different dis-
tances from the Sun, both in the apex and anti-apex
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Fig. 16. Evolution of the ACR energy spectrum in Parker’s
model (anti-apex direction). The spectra at distances (top to
bottom) of 79 (shock), 181, 300, 552 and 1000 AU are shown

(heliotail) direction. The strong modulation seen in the
case of Parker’s model is because the hydrogen number
density inside the heliopause was (for purpose of compari-
son) assumed to be much higher (0.1 cm~2) than the value
which follows from Kausch’s simulation (about 0.02 cm™3
in the heliotail). The results obtained by disregarding vthe
divergence term are shown by the dotted lines in Figs. 13
and 14. The modulation is predominantly due to the en-
ergy dependence of the loss rate 8 (or, charge-exchange
cross section). Kausch’s model assumption of low outside
ny makes the modulation relatively weak in this case.
The relatively weak effect of the divergence term is im-
portant for future modelling: it implies that a reasonable
description can be obtained by assuming that the modu-
lation is solely due to the energy dependence of the loss
term. As the divergence term is the only important one
in which the energy derivative appears, one could in effect
decouple the simulations for different energies (the diver-
gence term can be estimated by assuming the form of the
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Fig.17. ENA H energy spectrum and the ACR proton shock
spectrum for Kausch’s model A (apex and anti-apex direction).
The low energy ACR flux is higher in apex than in anti-apex
direction due to larger pick-up proton density there

energy spectrum). It is then possible to do useful 3-D sim-
ulations without having to introduce the energy variable
as an extra dimension.

3.4. ENA energy spectrum

Figure 17 shows the calculated ENA H energy spectrum
for Kausch’s model A together with the ACR spectrum
assumed at the shock. The shape of the ENA spectrum
is steeper than the ACR shock spectrum due to energy
dependence of the charge-exchange rate (or cross section).

4. ENA: Observations against models

Most of the ENA data points from CELIAS/HSTOF pub-
lished so far correspond to two first years of observations:
for the rest of the period the published data are frag-
mentary. The main reason is that in 1996 and 1997 the
solar activity was low, with comparatively many quiet
periods of low ion flux. The ENA hydrogen events were
identified as those mass = 1 events in low-energy channels
(~55-80 keV) that occurred during quiet periods (after
subtracting the accidental coincidence background). The
low-energy channels are the ones for which the probability
of the ion transmission through the deflecting fields is the
lowest.

Figure 18 presents the flux of mass = 1 particles corre-
sponding to the quiet-time events as a function of time. As
the CELIAS/HSTOF line-of-sight has a fixed direction rel-
ative to Sun, over a year it scans all directions in the eclip-
tic plane. The anti-apex direction corresponds to DOY
194. In both 1996 and 1997 there are peaks of the flux
intensity about that time. While in 1998 the contact with
the spacecraft was lost for a time period which included
the DOY 194, there are some data obtained during 1999
(first presented at TAGA 1999, Hilchenbach et al. 1999).
In this case most of the data for low energy channels come
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Fig. 18. ENA flux: the data points show the flux (units (cm? s sr keV)™!

) of mass = 1 particles in low energy channels

(~58-88 keV) observed during quiet times (low ion flux) by CELIAS/HSTOF instrument. The results are the revised ones,
taking the cross-calibration with ACE and IMPS into account (Hilchenbach et al. 2000). Superimposed curves show the calculated
flux (scaled up by a factor of 10) in the field of view of the instrument, of 63 keV hydrogen ENAs from ACR transcharging for
different models of the heliosphere: Kausch’s model A (solid line), model B (dotted line) and Parker’s model (dashed line)

from active periods. They set an upper limit rather than
an estimate of the neutral flux. The data points shown in
Fig. 18 are for quiet periods. Only one short quiet period
was found near the anti-apex direction. The data for the
corresponding period in year 2000 are absent because of
the big solar flare.

The data shown in Fig. 18 differ from those pub-
lished earlier (Hilchenbach et al. 1998). The reason is
the cross-calibration of the CELIAS/HSTOF data with
those from ACE and IMPS8 which was recently carried out
(Hilchenbach et al. 2000). In result, the previous estima-
tion of the efficiency of HSTOF and in consequence of the
flux level is now in doubt. The presently suggested value
of the flux is higher by a factor of 10. Also affected is
the relative magnitude of the 1996 and 1997 peaks, which
now seem to be the same within the experimental errors
(in the previous estimations, the 1996 peak was higher by
a factor of 1.5-2).

The curves show the results of calculations (scaled up
by a factor of 10) for Kausch’s model (A and B) and for
Parker’s model. To fit the present HSTOF data one would
have to take the ACR flux at the shock to be a factor of
10 higher than the value assumed in our simulations.

5. Conclusions and outlook

In the calculations reported here, the ACR distribution
beyond the termination shock was for the first time treated
using a reasonably realistic model of the heliosphere,
which incorporates the very important interaction with
neutral background. In particular, the calculations in-
cluded a non-spherical termination shock, with parame-
ters varying over its surface, and the effect of adiabatic
energy changes in a compressive (V-V £ 0) plasma flow.
The prediction of an anisotropy of the ENA flux (highest

flux from the anti-apex) was confirmed. Despite the un-
certainty due to large experimental errors, this prediction
is also consistent with the observations by HSTOF.

The change in the HSTOF data following the recent
cross-calibration affects the comparison with the ACR
ENA model in two ways. The difference in intensity be-
tween the 1996 and 1997 peaks, which was difficult to
explain in the ACR ENA model (Hilchenbach et al. 1998;
Czechowski et al. 1999c), is now reduced or absent. On
the other hand, the predicted ENA flux intensity, which
seemed previously to agree well with the data, is now too
low. To restore the agreement, the parameter setting the
flux intensity scale in the model (the flux of ACR protons
of reference energy at the apex point of the termination
shock) would have to be increased.

The ACR flux at the termination shock needed to ex-
plain the present HSTOF data would have to be of the
order of 0.05-0.1 (cm? s sr keV)™1 at ~60 keV, a factor
of 10 higher than our estimation based on extrapolating
the power law spectrum of Stone et al. (1996) (taking
into account the presence of another component, the CIR
ENA, may reduce the discrepancy: see the discussion fur-
ther down). The high proton flux at the shock in this en-
ergy region, leading to the ENA flux consistent with the
present HSTOF data interpretation, was recently derived
from the models which include pre-acceleration of the PUI
by solar wind turbulence in the region upstream of the ter-
mination shock (Chalov et al. 1995; Fichtner et al. 1996;
Czechowski et al. 1999b; Fahr & Lay 2000). The ENA
flux in the last paper (Fahr & Lay 2000) is too high by
a factor of 10 due to a numerical error (H. Fahr, private
communication).

The main problem in interpreting the observations
from the point of view of the ACR-ENA model is the
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Fig. 19. ENA 10 keV hydrogen flux intensity map for Kausch’s
model. Heliocentric longitude/latitude plot. The anti-apex is
at the longitude ~74°, the latitude = —7°. The elongation of
the image is a result of the difference between the vertical and
horizontal scale
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Fig. 20. ENA 63 keV hydrogen flux intensity map for Kausch’s
model. Heliocentric longitude/latitude plot. The anti-apex is
at the longitude ~74°, the latitude = —7°. The elongation of
the image is a result of the difference between the vertical and
horizontal scale

uncertainty in the predicted flux intensity scale. The low
energy ACR flux at the shock can only be estimated
by de-modulation of the observed spectra and extrapo-
lation to low energy. If the observations in the region
close to the post-shock pick-up ion energy (possibly about
10 keV/nucleon, which is at the lower limit of the en-
ergy range of INCA /Cassini and HENA/IMAGE) would
be available, the theoretical estimation of the ion flux in-
tensity would be easier and the conclusions drawn from
the observations could be stronger.

Although the experimental errors are too large to make
a clear identification, the shift of the 1996 ENA peak from
the anti-apex direction, also visible in the 1997 peak and
possibly repeated in 1999 (although there is only a sin-
gle quiet period data point available for the 1999 peak,
the shift seems consistent with the upper limits on the
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neutral flux derived from the observations during high ion
flux periods) could be an indication of a shift in the helio-
tail direction towards larger ecliptic longitude. Such a shift
may be produced by the interstellar magnetic field inclined
with respect to the apex-antiapex axis (Fahr et al. 1988;
Ratkiewicz et al. 1998; Czechowski & Grzedzielski 1998).
The data are insufficient to make anything more than
an order-of-magnitude estimation of the shift (10°—15°).
Unfortunately, the only available models of the heliosphere
able to deal with the interstellar field of arbitrary orienta-
tion (Ratkiewicz et al. 1998; Pogorelov & Matsuda 1998)
include no neutral component, which makes any estima-
tion of the interstellar field based on the observed shift
uncertain.

There is a possibility (Kota et al. 2000) that the anti-
apex peak of the CELIAS/HSTOF ENA signal is related
to the neutral helium density enhancement in the anti-
apex direction due to gravitational focusing by the Sun
(this would also give a natural explanation of the shift
in the position of the peak). The observed ENA would
then originate not from the ACR ions but from the ions
accelerated in interplanetary space, presumably by the co-
rotating interaction regions (CIRs). The ACR ENA from
the heliotail would then have to be looked for at lower en-
ergy, where the charge-exchange between protons and he-
lium is suppressed. In any case, the ENA of the CIR origin
should be considered as an additional contribution, be-
sides the ACR ENA, to the anti-apex flux intensity peak.

In addition to CELIAS/HSTOF, two other instru-
ments with capability to observe the heliospheric ENA
are in operation: INCA on Cassini (Krimigis et al. 2000)
and HENA on the IMAGE satellite (Mitchell 2000). The
observations by INCA and IMAGE need not be restricted
to the vicinity of the ecliptic but can cover other sectors of
the sky, depending on the spacecraft orientation, so that
in principle a map of the ENA flux intensity for all the sky
could be obtained. In Figs. 19 and 20 our results for the
ENA flux are presented as density plots covering all the
sky. Our model being axially-symmetric, we cannot exam-
ine the effect of a latitudinal dependence of the solar wind
parameters on the ACR and ENA fluxes. The heliotail
should be visible as a peak in the ENA flux, well-defined
particularly at higher energy. At low energy this peak is
wider. Possibility of using the ENA for observing the effect
of the outer magnetic field on the shape of the heliotail
was considered in Czechowski & Grzedzielski (1998).
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Appendix A: Boundary conditions

The region in space in which Eq. (1) is solved is between
the termination shock and the outer boundary (a sphere
of radius 990 AU for the Kausch model). The domain of
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integration is the direct product of the region in space
with the energy interval (Emin, Pmax) (for most calcula-
tions (10, 10%) keV). The boundary conditions for the dis-
tribution f(x,p) are specified at the boundaries in space
(for the whole energy interval) and at the limits in energy
(for the whole region in space).

At the shock surface we specify the function f(x,p).
This requires an assumption about the ACR shock spec-
trum. The acceleration by a quasi-perpendicular shock in-
volves a drift along the shock surface (Jokipii 1982, 1987;
Steenkamp & Moraal 1993), but here we are interested in
the low-energy particles. For those, the diffusion process is
quite slow, and we may approximate the accelerated spec-
trum with that obtained from simple planar-shock theory,
taking local values of the shock parameters. That this is
reasonable is readily seen by noting that the relevant dif-
fusion scale x/V is much less than the macroscopic length
scales, which are of the order of tens of AU For a locally
planar shock, it is a simple matter (see, e.g., Drury 1983)
to show that the accelerated particles have the spectrum
f(p) x (1/AV)p~? where AV is the (normal) change of
the velocity across the shock, and where ¢ = 3r/(r — 1)
(with 7 the shock compression). This should be weighted
by the factor representing the source of the ACR ions,
which can be taken as given by the number density npur
of the corresponding PUIs just upstream of the shock. We
use
f(2, p)|shock = const npUIALV(E/EO)*q/? (A1)
For Ej, the value at which the power law spectra converge,
we use 3.5 keV (characteristic pick-up proton energy; in
some of our earlier calculations we used 1 keV).

Most of our calculations assume one of the following
cases: a fixed power law in energy and no variation of
f(x, p) over the shock; a power law dependent on the local
shock strength and an amplitude dependent on the flow
velocity change across the shock (with the factor of npuyr
included or not). The scale of f at the shock as well as
the fixed power law was obtained using an extrapolation
of the results of Stone et al. (1996).

The boundary condition at large distance should en-
sure fr_oo — 0. As the background flow solution which
we use is restricted to a sphere of a finite radius (990 AU),
we require that the radial derivatives of f match with the
approximate analytical solution (for which f — 0). This
procedure was checked against other choices.

The boundary conditions in energy require a comment.
We specify the slope dIn f/d Inp of the energy spectrum at
Ehax and Eoin, for the whole region in space. A fully con-
sistent choice would require knowledge of the solution for
the modulated spectrum. At the high energy limit, Ep,ax,
the ACR number density is low and an uncertainty in the
boundary condition for the spectrum is not likely to affect
the solution at lower energy. This is not true for the low en-
ergy limit. We found, however, that the modulation of the
energy spectrum at the low energy limit is weak, because
the loss rate 8 at E ~ Epny, is relatively flat as a function
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of energy. In result, choosing a fixed power law spectrum
(for example, an average over the shock surface) at min-
imum energy will not induce large errors in the solution
at intermediate energy, where most of the modulation oc-
curs. We have checked the effect of boundary conditions by
comparing the solutions for different choices of the bound-
ary values of energy ((10,10%) keV and (1,10°) keV) and
found a good agreement in the intermediate region.
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