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Abstract

Pick-up ions (PUIs) are expectal to be preaccelerattup to enegies arourd 100 keV upstrean of the he-
liosphert shock At the shod they split into two populations one convectal downstream and one being
reflectel and partly undegoing diffusive acceleratia towards MeV enegies to form the anomalos cosmic
rays (ACRs) Both populatiors are subjec to chage exchange processgwith interstella H-atons producing
enggetic neutrd atons (ENAS) in the region beyond the heliospheri shock The ENAs can penetraginto the
inner sola systen and thus communica the distart plasia conditiors to the Earthis orbit where thes parti-
cles can be obsewed In the presem contribution we combire the modek of the evolution of pre-accelerated
PUI spectainside and outsice the heliosphert termination shod and calculae the correspondig ENA flux
from transcheging. The resuls are compare to the ENA fluxes associatd to ACR transchaging.

1 Introduction

After the recognition of the potentid of obsevatiors of so-calla enggetic neutra atons (ENAS) as an
indirea diagnostt for various particle populatiorsand adired diagnostt for the region of subsong sola wind
beyond the heliosphert shodk (Hsieh et al. 1992) such ENA measuremestave been successfull performed
with the SOHO spacecrdf(Hilchenbat et al. 1998 Czeclowski et al. 1999) The obsewved ENA hydrogen
fluxesin the interval 55 — 80 keV as record@ with the CELIAS/HSTOF instrumet on SOHO appeato be
consistehwith the genera expectation of highe fluxes from the downwind direction of the heliospherei.e.
from the heliotail. This expectatia is basel on numericé studies of the spatid ACR distribution beyond the
heliosphert shok (e.g Czectowski et al. 1995 Czeclowsk ard Grzedzielsk 1998 exhibiting the highest
densities in downwind direction.

Recenty, it hasbeen shown tha afraction of PUIs which areinjected with enggies of aboutl keV intothe
sola wind plasma probaby experien@ a significart preacceleratioup to severd hundredte V' (Chabv, Fahr
ard Izmoderov 1995 1997 Fichtne et al. 1996 le Rou and Ptuskn 1998 or even up to the Me Vregime
(Jokipi & Giacalore 1998) If so, they are suitably locatead in velocity spa@to contribute to the obsewved ENA
fluxes Here we addresthe questio how importart this PUI contributionisin orde to correcty interpre the
obsewved ENA spectra.

2 TheModel

To determire the ENA fluxes one need to know the pha® spae distributions of the associatd plasma
specieshere PUIs and ACRs While for the region beyond of the heliospher shodk those of the latter were
compute by Czeclowski, Fichtng and Kausd (1999) no comparale study has been performel for PUIs so
far.

2.1 Phasspaedistributionsof PUIs We stat out from the pha® spae distributions of preaccele
ated PUIs computel by Chabv, Falr and Izmoderov (1995) who solved the PUI transpot equatia with the
methal of stochast differentid equations They obtainel differentid particle fluxes®,,;(r, ¥ ,w connected
to the pha® spae distribution function via
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with r, % and w denotng the hellocentrc distance, e ange between he upwnd directon ard the directon
to the point”, and the normalized kinetic energy of the particles givemby (v/ug)? with ug = 450 km/s
being the solar wind speed BAU . v is the particle speed.

In order to use the results of Chalov, Fahr and Izmodenov (1995) as an input for the ENA flux model
(see below), a fitting procedure has been used. The differential particle fluxes, which were computed for the
upwind direction ¢ = 0) and are shown in Figure 3 in Chalov, Fahr and Izmodenov (1995), can be fitted and
converted to the phase space distribution:
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with 0.1 < X = r/rg, < 1 andrg, = 89.7 AU denoting the heliocentric shock distance, with the parameters

v = —0.1145,k = 2/3,wo = 0.833 and the auxiliary function€’, (X) = 1043141 X 03363 and C, (X) =
2.011X°202_ This fit was obtained for normal turbulence levels, i.e. the standard case of dissipationless wave
propagation discussed in Chalov, Fahr and Izmodenov (1995).

For a comparison of ENA spectra resulting from the transcharging of PUIs and ACRs beyond the shock, itis
necessary to convert the upstream PUI phase space distribution (2) to the downstream side of the heliospheric
shock. Neglecting a reflection of PUIs at the electrostatic shock potential, the two effects to be considered
are an increase of (a) the total density and (b) the magnetic field by the compressianimafitying the as-
sumption of a perpendicular shock. Due to the conservation of the magnetic moment of PUIs passing over the
shock there is a jump in their kinetic energy characterizeﬁzﬁpcy0 = svi,up, which for an isotropig,.; gives
< v} >= (2/3)v? and, thusp3, = sv2,. The conservation of the differential flux across the shock surface,

one obtains Withf*, (1, vyp ) d>vup tup = £2,(1, v40)d>v40 ugo the resultfe, (1, w) = s~ /222 (1,w/s).
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From these considerations one derives from equation (2) the following post-shock PUI spectrum:
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For the computations we use a compression kat03.2 in upwind and4.0 in downwind direction (following
the self-consistent model results obtained by Kausch (1998)).

2.2 Phase space distributions of ACRs The ACR distributions were computed from the model pre-
sented in Czechowski, Fichtner and Kausch (1999), i.e. a power law spegiym 4 E;-*') at the shock

was assumed. The flux levels were matched to those found by Stone, Cummings and Webber (1996) such that
the anomalous proton flux &- 104 m=2s~tsr—1MeV ! at Ey;, = 100 keV.

In the next section, we compare, on the basis of equations (2) and (3) the fluxes of ENAs resulting from
transcharging of preshock (upstream) and postshock (downstream) PUIs with those originating from ACRs.

3 The ENA fluxes

3.1 The ENA model The flux of ENAs,jzn 4 at the locationzy from a directions’is computed from a
model also used by Czechowski et al. (1999). The basic equation reads

JENA(Z0,5,E) = /jPUI,ACR(f, 5,E) > (owng) (1—D)dl (4)
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with jpur.acr = p? frur,acr denoting the differential flux of PUIs or ACRE = p?/(2m) and the charge
exchange cross sectiaty, for an ion(z) and an aton{k). The atom number density ig,. The extinction
factor (1 — D) ~ 1 describes the (small) loss of ENAs during propagation from their source region to the
detector. Finally] obeys the relatio® = &, — §1.



3.2 PUI-ENAs from downgream of the shock  Figure 1 shows the ENA specta restting from a
transchaging of PUls (describe by equatia (3)) and ACRsin the region beyond the heliosphert shock The
uppe line of eat pair correspondto the downwind direction.
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Figure 1: The specta of hydrogen ENAsat1 AU re-
sulting from transcharging of PUIs (solid lines) and
ACRs (dash-dottd lines) in the upwind (ACR-ENAs:
lower curve PUI-ENAs uppe curve and down-
wind direction downsteam of the shack.

Obviously, the flux of ENAs alove akinetic enagy
of about100 keV is mainly originating from ACRs.
Below theris adominan contribution from those re-
sulting from charge exchang with PUIs at an enegy
of 50 ke V the flux of PUI-ENAsisalread an orde of
magnitue highe than that of ACR-ENAs.

The difference betwea the upwind ard the down-
wind direction are a dired consequereof the spatial
distribution of ACRs ard PUls in the heliosheathThe
highe ENA fluxes from downwind are however, not
due to highe densities there but rathe due to the ex-
tendeal transcheaging region.

The ACR distribution was computel from the basic
cosmc ray transpot equation and is discussd in de-
tail in Czeclowski, Fichtng and Kausd (1999) The
fluxes of ENAs from the downwind direction are typi-
cally highe than the upwind fluxes by alittl elessthan
one orde of magnitude.

The spatid PUI densiy distribution has been ob-
tained with ahydrodyname multifluid modé (Kausch
1998 Kausch Falr and Schere 1999) who took into

accoun the influence of all majar speciesi.e. neutrals pick-up ions anomalos ard galactt cosmt rays

with the sola wind, and determind with a self-consistendescriptim the large-scag structue of the helio-
sphee as well as the large-sca distribution of all mentione species The flux differene betwea upwind
and downwind direction is nat so pronounce as in the cae of ACRs.

3.3 PUI-ENAs from upstream of the shock

We now exterd the study to ENAS resultirg from
preshok PUIs The ENA spectaof Figure 2 were ob-
tained on the bass of equatian (2).

Shown are for three heliocentrc distancs of the
heliosphert shock the upwind fluxes in the low en-
ergy range0 — 5 keV. At about3.5keV the flux
levels of the presho& PUI-ENAS are similar to those
of postshok PUI-ENAs. However, for lower enggies
the flux increass significantly by abou two orders of
magnitude Comparirg the spectaof Figureland 2, it
is evidert that at suc low enggies the preshok PUI-
ENAs appea to dominat the totd flux, while above
5 keV the postshok PUI-ENAs take over.

The differene in the flux levels betwee the three
casa shown is nat very strong reflectirg the fact that
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Figure 2: The specta of hydrogen ENAs resulting
from preshak PUIs in upwind direction for a shack
at 50, 70 and 90 AU (dasheddotted and solid line).

losses of ENA propagatig from the oute to the inner heliosphee are almog negligible, i.e. the parameteD

in equatian (4) issmall.



While not peformead explicitly here a computaiton of hydrogen PUI-ENA fluxes from the downwind
direction shoutl be expectal to resut in somewha lower fluxes asin the cas of ENAs producel from trans-
chaging with postshok PUIs discussd alove.

4 Conclusions

The spectrum of ENASs can be divided into three differert regions At low eneagies of about) — 3 keV it
is dominatel by ENAs originating from presho& PUIs upstrean of the heliospher shock At intermediate
enagiesof 3 — 100 ke V the ENAsresultirg from atranschaging of postshok PUIs dominate Finally, alove
about100 ke V the ACR populatian provides the highes fluxes.

It is interestirg to note that about100 ke V the postshok PUI-ENAs arnd ACR-ENAs have similar flux
levels. So, it is quite possibe tha PUI-ENAs contribute to the ENA fluxes recenty obsewed with SOHO
(Czeclowski et al. 1999).
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