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Abstract

Observations by CELIAS/HSTOF on SOHO of the neutral flux in the 55-80 keV energy range, with the highest
flux coming from the LISM anti-apex direction, are compared with model calculations which assume that the

neutral flux originates, by charge-exchange with the background neutral gas of LISM origin, from the low

energy ACR particles beyond the heliospheric termination shock. Different models of the outer heliosphere
are taken as a basis of calculations and the effect on the resulting ACR density distribution and the flux of ENA
is estimated. The viability of using the ENA as a means of imaging the structure of the termination shock, the
distant heliosphere and the VLISM is discussed.

1 Introduction:

The flux of 55-80 keV mass=1 par-
ticles observed by CELIAS/HSTOF on
SOHO, during quiet times in 1996 and
1997, was interpreted by Hilchenbach et
al. (1998) as that of hydrogen atoms con-
verted from anomalous cosmic-ray (ACR)
protons in the outer heliosphere, as an-
ticipated by Hsieh et al. (1992). The
peaking of the flux during periods, when
the instrument was viewing the anti-ape
direction of the heliosphere with respec
to the local interstellar medium (LISM),
coincides with the anisotropy predicted
by Czechowski, Grzedzielski and Mostafa
(1995) and Czechowski and Grzedzielski
(1997) based on the simulations of the
production of ENA from ACR, when the
transport of ACR in the heliosheath is
taken into account. The regions of inter-
est and the subjects of discussion here are
schematically shown in Figure 1. Figure 1: A view of the heliosphere: ACR conversion to ENA is

While not yet confirmed by direct ob-shown.
servations, the model simulations (Bara-
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nov & Malama, 1993, Zank et al., 1996, Linde et al., 1998, Ratkiewicz et al., 1998) of the interaction be-
tween the solar wind and the LISM plasmas, in agreement with the pioneering work by Parker (1963), result
in picture of the heliosphere in which the plasma flow outside the termination shock, at which the solar wind
decelerates, develops a stagnation point towards the LISM apex and a long wake (the heliotail) towards the
anti-apex. The solar plasma is separated from the LISM plasma by the heliopause which can, however, be
crossed by the neutral atoms from the LISM. Their charge-exchange interaction with the plasma ions, which
converts the neutrals into pick-up ions and the plasma ions into neutral solar wind particles, affects signifi-
cantly the structure of the heliosphere and the near LISM (Baranov and Malama, 1996).

The termination shock is the probable source of
ACR by acceleration of solar-wind ions, particularly _ ACRPROTONS
the pick-up ion component. Low-energy ACR (small 3| | |
coefficient of diffusion) cannot penetrate far upstream g
of the shock, but will instead be convected downstream Lo
with the solar plasma into the heliotail. Atlow energies? 104k
the transcharging of the ACR with the ambient neutral i
gas of LISM is especially favored due to larger cross I
sections (Shih, 1993). The model calculations of th§ 10708
spatial distribution of ACR downstream of the termi-« g
nation shock (Czechowski, Grzedzielski and Mostafa, I
1995; Czechowski and Grzedzielski, 1997) suggest that'®™° R
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the low-energy ACR will concentrate in the heliotail re- DISTANCE (A.U.)
gion, which implies that the maximum flux of ENA of
ACR origin should arrive from the anti-apex (heliotailfFigure 2: ACR proton distribution presented as con-
direction. stantf (angle from the apex) density profiles plotted

Observations of ENA may provide the means fegainst distance from the Sun, fér= 0, 100, 140,
imaging the distribution of ACR in the distant helio160 and 180 deg.
sphere, which reflects both the global structure of the
heliosphere and the ACR generation mechanism. To assess the possibilities of this approach we combine in
the present contribution the 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. For the general information on the production of energetic neutral atoms (ENA) and their presence in
interplanetary space, we refer to paper SH 2.2.01.

The evolution of ACR energy spectrum is discussed in paper SH 4.3.01. Another related topic is the
contribution to ENA from the pre-accelerated pick-up ion population in the heliosphere, which is considered
in paper SH 4.1.03.

63 keV (solid) -
125 keV (dotted)

2 Basic Theory of Transport and Acceleration of ACR:

The anomalous component of cosmic rays is composed of fluxes of helium, nitrogen, oxygen, neon, protons
and low levels of carbon , which are observed to be enhanced in a region of the energy spectrum ranging from
a kinetic energy o~ 20 MeV to 1.6 GeV. The radial intensity gradient is positive out to the maximum
distance reached by current spacecraft, indicating that this component probably originates by acceleration at
the solar-wind termination shock. This shock is quasi-perpendicular over most of its area, so the acceleration
involves drift along the shock face (Jokipii, 1982, 1987). The transport equation for the pitch-angle-averaged
distribution functionf(r, p,¢) as a function of positiomr, particle momentunp, and timet, may be written
(see, e.qg., Parker, 1965) as
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where the successive terms on the right-hand side correspond to diffusion, convection, particle drift, adiabatic
cooling or heating and any local source Q. Here, the drift velocity in the magneti®fisl¥ 4 = pcw/3q V x

[B/B?] wherec is the speed of lighty the speed of the particle amﬁf Jisthe symmetric part of the diffusion
tensor.

We are here interested in the very lowest-energy accelerated particles. For those, the diffusion is quite
slow, and we may approximate the accelerated spectrum with that obtained from simple planar-shock theory.
That this is reasonable is readily seen by noting that the relevant diffusion«sdales 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 spépirum(1/AV)p ¢
whereAV is the change of the velocity normal to the shock, at the shock, and whergr-g;, /(rs, — 1).

In the region downstream from the shock the magnetic field must lose the regularities typical for the inner
region. At larger distance scales, assuming disordered field structure may be a reasonable approximation.
We replace the diffusion tensor by a scalar coefficiaidt; which also implies disregarding the drifts (which
would not have a strong effect in the low energy range). The diffusion coefficient in the LISM (outside the
heliopause) is taken to be much larger (a factot @) than inside. In the transport equation, the charge-
exchange loss term of the forf,, f will be an important contribution.

3 ENA produced by ACR: Model Results

Our calculations consist in solving the

transport equation for the distribution of
. . . . ANGLE FROM APEX (DEG)

ACR in the region outside of the termi- ., 60 120 180 120 60 0 €0 1207180 120 60 0O
nation shock, assuming a given model
of the heliosphere (which determines the
plasma flow, the diffusion coefficient and ...+
the charge-exchange loss rate). The asso-
ciated flux of ENA is given by a line inte-
gral of the ACR fluxjacr = p?f(r,p,t) 2000
weighted by the charge-exchange cross 1
section, the neutral density and the extinc-
tion factor. The scale of the ACR flux in- rox0™* }v }E E
tensity at the shock, which sets the bound- Lt %; % }
ary condition for our simulation, is ob-  [__ R j’ I rl ]
tained by matching with the shock spec- ~ °F———————— T —L—r— . ..
trum of Stone, Cummings and Webber DAYS SINCE 1.01.1996
(1996). Figure 2 shows the shape of the
spatial distribution of ACR protons out-Figure 3: ENA flux: the data points show the flux (units
side the termination shock for two valuegcm? s sr keV)~!) of mass=1 particles in low energy chan-
of energy: 63 keV and 125 keV. The varinels (55-80 keV) observed during quiet times (low ion flux)
ation of the ACR energy spectrum (slopby CELIAS/HSTOF instrument. The calculated flux of 63 keV
and amplitude) over the surface of thlydrogen ENA from ACR transcharging in the field of view of
shock, reflecting the variation of the shockhe instrument is shown for the cases of Kausch'’s (solid line) and
strength and of the upstream flow speed, Farker’s (dotted) models of the heliosphere.
taken into account in this simulation (the
previous calculations assumed a fixed shock spectrum). These variations are smoothed out withiin
A.U. downstream from the shock. The concentration of the ACR particles in the heliotail is clearly seen. The
heliopause, at which the diffusion coefficient is assumed to change to a higher value, corresponds to an abrupt
change in the slope of the density profiles.

The results for the ENA flux are illustrated in Fig. 3 (the case of fixed shock spectrum) including those
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obtained in a simplified model based on Parker’s analytical solution for the heliospheric flow (Parker 1963).
The model we use in present calculations (Kausch, 1998) has the density of the background hydrogen in the
heliotail significantly lower (0.02:2~2) than in the LISM. Also, there is a hydrogen wall in front, outside of

the heliopause. Nevertheless, the flux comes predominantly from the heliotail direction. The intensity peak
is about 60 degrees wide, corresponding to about 60 days of CELIAS/HSTOF observations. For the case
of Parker's model we assumed the neutral hydrogen density@0.2 inside the heliopause. The Kausch
simulation used here assumeg = 0.1 cm ™2 in the LISM, which may be low (Lallement et al. 1991). Charge
exchange of ACR protons with neutral helium, which is not appreciably depleted in the heliotail region (we
assumerr, = 0.01 em™3) is then an important« 30 %) contribution.

4 Discussion

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 included the non-spherical termination shock, with
parameters varying over the surface, and the effect of adiabatic energy changés Wi & 0 plasma flow.

The prediction of the anisotropy of the ENA flux (highest flux from the anti-apex) was confirmed. The shape
of the ENA intensity peaks can be seen to depend on the details of the model.

The intensity scale of the calculated ENA flux is in a reasonable agreement with observations. In the data
from CELIAS/HSTOF the intensity of the ENA flux at the 1996 peak is larger by a factor of 1.5 than the
corresponding peak in 1997. This cannot be explained by a variation in the conditions at the lower boundary
(the shock) because of low plasma speed downstream. The further data analysis (which is in progress) is
needed to clarify the situation.
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