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Abstract. It is usually assumed that pick-up ions at the event
of their production, seen in the solar rest frame, have peculiar
velocities which are negligible with respect to solar wind ve-
locities. This assumption, however, is no more valid for pick-up
ion injections at small solar distances. As we are showing here,
the He+ - pick-up ion spectra to be expected at distances inside
1 AU clearly reflect the fact that ion injection took place with
non-negligible velocities due to the Keplerian motion of parent
He atoms entering from the interstellar medium, as was already
recognized in SOHO CELIAS measurements by Möbius et al.
(1999). We demonstrate that these injection signatures are less
pronounced under conditions of high-speed compared to those
of low-speed solar winds and are variable with the off-upwind
angle. Careful study of these injection features can help to iden-
tify the actual He ionization rate.
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1. Introduction

Recently M̈obius et al. (1999) have presented observations of
He+ pick-up ions obtained with SOHO CELIAS CTOF in 1996
for the time period when the Earth was on the upwind side of
the interstellar medium flow. As shown in this paper the high-
velocity cut-off of the pick-up ion spectra in the solar rest frame
is at higher values compared to the standard valueV/USW = 2.
In contrast analogous He+ data obtained with AMPTE SULE-
ICA in 1985 on the downwind side show a shift of the cut-off
to lower velocities. It has also been demonstrated that the nor-
malized value of the shift is anticorrelated with the solar wind
velocity. Möbius et al. (1999) consider these shifts as due to a
manifestation of the interstellar neutral helium velocity at the
injection point in the inner heliosphere.

When modelling the pick-up ion transport in the heliosphere
the authors usually assume that initial velocities of freshly cre-
ated ions, since considered to be small compared to solar wind
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velocities, in the solar wind frame simply are equal to the neg-
ative local solar wind velocity. This assumption is valid as long
as the solar wind velocity is considerably larger than the pe-
culiar velocities of the parent neutral He atoms. In the inner
heliosphere, however, the He atoms suffer considerable accel-
eration by the solar gravity. The effect of acceleration due to the
absence of radiation pressure is more pronounced for neutral
helium as compared to neutral hydrogen atoms. The effect of
the proper motions of parent He atoms on velocities of freshly
created He+ pick-up ions in the resulting spectra thereby is dif-
ferent on the upwind and downwind hemispheres as has been
shown by M̈obius et al. (1999).

In the present paper we study pick-up helium velocity dis-
tributions in the ecliptic plane on the basis of solutions of the
Fokker-Planck type transport equation for anisotropic distribu-
tion functions taking into account the actual velocities of He+

pick-up ions at the moment of their injection and also all relevant
physical phase-space transport processes occurring after injec-
tion, like adiabatic cooling and focusing, pitch-angle scattering,
and energy diffusion.

2. Theoretical model of He+ pick-up ion transport

The transport equation describing the phase-space evolution
of the gyrotropic velocity distribution functionf(r, ϕ, v, µ) of
pick-up ions in the radial solar wind moving with velocityUSW
can be written in the following form (see Chalov & Fahr 1998,
1999):
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wherev andµ are the velocity and cosine of the ion pitch-angle
in the solar wind frame,χ is the cosine of the angle between

LE
T

T
E

R



L22 S.V. Chalov & H.J. Fahr: Injection velocities reflected in pick-up ion spectra

the radial direction and large-scale interplanetary magnetic field
which is assumed to have the Parker spiral configuration (in the
paper an outward pointing magnetic field is adopted),Ŝf is
the scattering operator applied to the functionf and describing
effects of pitch-angle scattering and energy diffusion (for more
details see Chalov & Fahr 1998, 1999),Q is the local production
rate of pick-up ions, andϕ is longitude, i.e. the off-upwind angle
of the position. The second term on the left-hand side of Eq. (1)
describes the convective motion with the solar wind velocity
and the streaming of particles along the magnetic field lines
due to the anisotropy of the pitch-angle distribution. The third
term corresponds to the adiabatic cooling, and the fourth one to
adiabatic focusing.

In order to calculate the number density of neutral interstel-
lar helium in the heliosphere we make use of the modified cold
model by Feldman et al. (1972) which takes into account the
thermal spread of the particle trajectories also describing the
density enhancement near the axis of the focusing cone. The
modified cold model has been chosen in view of its simplicity.
It provides explicit analytic expressions for the neutral helium
distribution. On the other hand, the model is reasonable to study
the influence of the bulk flow of interstellar helium on pick-up
ion spectra. Hence the local production rate is assumed to have
the form:

Q =
P (rE)(rE/r)2

2πU2
SW

[nd(r, ϕ)δ (v − |ud(r, ϕ) − USW|) ×
δ (µ − µd(r, ϕ)) + ni(r, ϕ)δ (v − |ui(r, ϕ) − USW|)
× δ (µ − µi(r, ϕ))] , (2)

whereP (rE) is the He-ionization rate atrE = 1 AU, nd,i are the
number densities of helium atoms following hyperbolic direct
and indirect orbits, respectively,ud,i are the velocities of the
atoms at the point of ionization, andµd,i are the corresponding
initial pitch-angles which are determined by the local configu-
ration of the interplanetary magnetic field. For more details con-
cerning the number density of neutral helium and the explicit
form of the scattering operator̂S see Chalov & Fahr (1999).

Since on the upwind side of the interstellar medium flow
ni � nd it can be seen from Eq. (2) that the velocity of atoms
is added to the solar wind velocity at the determination of the
initial velocity of pick-up ions on the upwind side and subtracted
on the downwind side.

To solve Eq. (1) numerically the method of stochastic dif-
ferential equations (SDEs) is applied describing trajectories of
individual ions in phase space (for the general theory of SDEs
and the application of SDEs to pick-up ion transport see Gar-
diner 1990 and Chalov & Fahr 1998, respectively). Concerning
the LISM parameters of helium and the actual ionization rate the
following values are adopted in our calculations (see Witte et al.
1996):T∞ = 7000 K;V∞ = 25.3 km s−1; P (rE) = 6.8 10−8

s−1. To specify pitch-angle scattering and energy diffusion co-
efficients determining the scattering operatorŜ we adopt here
that〈δB2

E〉/B2
E = 0.01. This level of Alfvénic turbulence cor-

responds to quiet conditions in the solar wind. Here〈δB2
E〉 and

BE are the mean-squared amplitude of Alfvénic fluctuations
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Fig. 1.The velocity distribution functionFv atr = 1 AU andϕ = 0◦.
I – USW = 700 km s−1, II – USW = 350 km s−1. The solid curves are
velocity distributions for the case when the actual injection velocities of
He+ pick-up ions are taken into account, the dashed curves correspond
to the case whenu = 0.

and the magnitude of the large-scale interplanetary magnetic
field at 1 AU.

3. Discussion of results

For the purpose of displaying our results we shall first de-
fine pitch-angle integrated and normalized velocity distribution
functions of pick-up ions, i.e.Fv, F

(+)
v , andF

(−)
v by the fol-

lowing formulae:
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where

fv(r, ϕ, v) =
∫ 1

−1
f dµ , f (+)
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∫ 1
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f dµ ,
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v (r, ϕ, v) =

∫ 0

−1
f dµ . (4)

The normalization is chosen so that∫ ∞

0
Fv d (v/USW) = nPU/n∞(He) . (5)

Fig. 1 shows the velocity distribution functionFv at r = 1
AU on the upwind side(ϕ = 0◦; the angleϕ is measured
from the upwind direction). The curves labeled I and II cor-
respond to high velocity (USW = 700 km s−1) and low velocity
(USW = 350 km s−1) solar wind, respectively. The solid curves
are velocity distributions for the case when the actual injection
velocities of He+ pick-up ions are taken into account, while the
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Fig. 2. The same as Fig. 1, but forF
(+)
v .

dashed curves show the corresponding distributions for the case
when injection takes place withu = 0 in the source term given
by Eq. (2) (i.e. vanishing injection velocity in the solar frame).
One can clearly see the shift of the maximum of the distribution
to higher velocities in the first case. The shift is larger for the
slow solar wind than for the fast solar wind.

Due to technical characteristics of the CTOF sensor it is only
possible to detect pick-up He+ ions in the antisunward sector
(in the solar wind frame). Therefore in Fig. 2 we show similar
distributions as in Fig. 1 but for pick-up ions only with positive
µ-values, so these ions move in the antisunward direction at
1 AU. One can principally see the same features of velocity
distributions as in Fig. 1, however, the distributions in Fig. 2
are more smoothly shaped, and the sharp peaks seen in Fig. 1
and formed by freshly created ions from distributionsF

(−)
v are

absent here.
The interesting feature in Figs. 1 and 2 is the more pro-

nounced high velocity tail formed due to stochastic accelera-
tion of pick-up ions by solar wind turbulence in the slow solar
wind as compared to the spectrum resulting for the case of the
fast solar wind. An anticorrelation of He+ abundances of the
suprathermal tail with the solar wind velocity has in fact been
observed with SOHO STOF and WIND STICS (Klecker et al.
2000; see also Fisk 2000). One of the possible reasons for this
effect is that in the low velocity solar wind pick-up ions undergo
diffusive acceleration for a longer time period before they reach
a solar distance of 1 AU (see also Chalov & Fahr 1999). Thus
diffusive acceleration will operate more efficiently under low
velocity solar wind conditions.

It should be pointed out, however, that direct comparison
of calculated velocity distributions with observations is only
possible on the base of those specificµ-integrated distributions
which are accessible to each concrete instrument, so our present
results give only general effects of the interstellar helium motion
on pick-up ion velocity distributions.
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Fig. 3.The velocity distribution functionFv atr = 1 AU, USW = 450
km s−1, and different values of longitude: 1 –ϕ = 180◦, 2 –ϕ = 90◦,
3 –ϕ = 0◦. The peculiar velocities of He+ pick-up ions relative to the
Sun are taken into account.

Fig. 3 shows velocity distributionsFv at r = 1 AU and
USW = 450 km s−1 for different longitudes (upwind, crosswind
and downwind) for the case when the correct injection velocities
of He+ pick-up ions relative to the Sun are taken into account.
The large number density of pick-up ions on the downwind side
(ϕ = 180◦) is connected with the well-known focusing effect of
the Sun. Besides of differences in number densities of pick-up
ions on upwind and downwind sides a longitudinal dependence
of positions of maxima in their velocity distributions is clearly
seen in Fig. 3. The maximum is shifted to higher velocities on
the upwind side and to lower velocities on the downwind side
in accordance with results by M̈obius et al. (1999).

One can conclude that the effect of neutral He gas motion
on He+ pick-up ion velocity distribution is more pronounced in
regions closer to the Sun due to the more pronounced gravita-
tional acceleration of atoms. Fig. 4 where velocity distributions
Fv at various solar distances, i.e. at 0.5 AU, 1 AU, and 2 AU,
are presented clearly illustrates this effect.

4. Conclusions

We have shown that He+ pick-up ion spectra observed at so-
lar distances of the order of 1 AU or smaller clearly reflect the
fact that these pick-up ions are injected into phase-space with
non-negligible Keplerian velocities. This phenomenon becomes
manifest by the fact that, when judged in the solar wind rest
frame, the peaks of spectral densities are shifted to values larger
(upwind hemisphere) or smaller (downwind hemisphere) than
1 if the spectra are studied as functions of velocities normal-
ized by the solar wind velocityUSW. Hereby the hemispherical
behaviour is clearly explained since in the upwind hemisphere
He+ ions are injected into the solar hemisphere of the velocity
space leading to higher initial relative velocities, whereas on the
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Fig. 4. The radial dependence ofFv at ϕ = 0◦ andUSW = 450 km
s−1: 1 –r = 0.5 AU, 2 – r = 1 AU, 3 – r = 2 AU.

downwind hemisphere injection occurs into the antisolar hemi-
sphere leading to smaller initial relative velocities with respect
to the solar wind frame. In the upwind hemisphere the spectral
peak in addition shifts to higher velocities the closer to the sun
the spectrum is taken, reflecting clearly the increase of the Ke-
plerian injection velocities with decreasing distances from the
Sun.

Furthermore one may recognize that the slope of the high
velocity wings of the spectra are less steep in the case of low
velocity solar winds. This in our calculations clearly arises
because the diffusive acceleration process (Fermi-2) operates
more efficiently (longer particle exposure periods) in the low
velocity wind. There may, however, even be an additional reason
why this phenomenon comes up connected with the fact that the

turbulence levels〈δB2〉/B2 in the low velocity wind and the
degree of turbulence isotropyε (= I−/I+) are larger in low
velocity solar winds making diffusive acceleration even more
effective (see Chalov & Fahr 1998, 1999). However, to support
this hypothesis more concrete evidence from observations is
needed.
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