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Abstract. The Solar Orbiter mission will be dedicated to study the solar surface,
the corona and the solar wind by means of remote sensing and in-situ measure-
ments, respectively. To follow the growth phase of plasma’s instabilities, at 0.21
AU, closest approach to the Sun, the full 3-D particle velocity distribution should
be sampled as fast as a few tens of msec. This implies some restrictions on the
maximum phase space resolution taking into account the limited allowed bit-rate
for data transmission. In this paper we evaluate consequences of this limitation
for solar wind distributions with different parameters.
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1. Introduction

Solar Orbiter will explore the inner re-
gions of the solar system providing us with
new insights in the plasma kinetic pro-
cesses that act in the Sun’s atmosphere and
in the extended corona. It is fundamen-
tal to study the kinetics of the solar wind
to fully understand the mechanism acting
within the plasma’s micro scale and to ex-
plain the role of microinstabilities gener-
ated by non-Maxwellian characteristics and
anisotropies in phase-space of the veloc-
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ity distribution function. It would be ex-
tremely important to study these microin-
stabilities during their growth phase. As
they have a typical scale length of the or-
der of the proton Larmor radius at 0.21 AU,
we end with a typical time of a few tens of
msec, that is the time taken by the s/c to
go across such a typical length. This means
that we should be able to sample the whole
3-D velocity distribution function as fast as
a few tens of msec. As one needs to follow
the instability for about 100 gyroperiods,
typical time duration of the growth phase,
and taking into account the allowed bit rate
of 5 kb/s, it follows that the maximum pos-
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sible resolution would be 10 energies, 10 az-
imuths and 10 polar angles (see Assessment
Study Report 2000).

In this work we show that this phase-
space resolution is generally not sufficient
to fully resolve the major ions’ distribution
and to compute correctly its moments.

2. Modeling the distribution function

Observations show that the major ions’ so-
lar wind distribution can be represented by
a bi-Maxwellian, defined in the following
way:
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)(
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where m is the proton mass, k is the
Boltzmann’s constant and Vx,y,z are the
plasma flow velocity components. The vari-
ables of such distribution are the following:
the number density, n; the parallel and per-
pendicular components of the temperature,
T‖ and T⊥, with respect to the magnetic
field’s direction; the particle velocity com-
ponents, vx,vy,vz. We assume that the wind
flow is parallel to the x axis.

To compute the parameters of the dis-
tribution, we first extrapolated the proton
parameters to 0.21 AU, closest approach
to the Sun for Solar Orbiter, using the ra-
dial trends evaluated from Helios 2 obser-
vations. We chose day 107th (Marsch et al.
1982; Marsch 1991), when the s/c was

at the perihelion (0.291 AU) and the so-
lar wind parameters were: 781 km/s for
the proton velocity, 28.3 cm−3 for the pro-
ton number density, 48.8 eV and 83.4 eV
for the parallel and perpendicular temper-
atures respectively.
Using the radial trends (β‖=0.72 and
β⊥=1.12) and adopting r−2 for the density
radial dependence, we obtained the proton
parameters: np=54.3 cm−3, T‖ p=61.7 eV
and T⊥ p=120 eV. Moreover, we decided to
study a fast wind with a velocity of 800

km/s (very similar to the one detected by
Helios 2 on day 107th). We got the fol-
lowing alpha particle parameters (Marsch
1991): nα=0.05 np, Tα‖=2 Tp ‖, Tα⊥=2

Tp⊥.

3. Computing the moments of the
distribution

Given a distribution function f, one can de-
fine the moment of order n of such distri-
bution:

Mn ≡
∫

f(v)vnd3

One can evaluate:

– the number density: N =
∫

f(v)d3v,
– the number flux density vector: NV =∫

f(v)vd3v (from which one can com-
pute the velocity dividing by N),

– the moment flux density tensor: Π =
m

∫
f(v)vvd3v (from which one can ob-

tain the pressure tensor, P = Π−ρV V
and consequently the temperature ten-
sor (P ≡ NkT )),

– the energy flux density vector: Q =
m
2

∫
f(v)v2vd3v (from which one can

obtain the heat flux vector, H = Q −
VP − 1

2VTr(P )).

These quantities can be written by means
of the counts registered by the instrument,
defined as: C =

∫ ∫ ∫
Svfd3v where S is

the effective cross-section and d3v = v2cos
θ dθ dφ dv, θ is the polar angle and φ is
the azimuthal angle. As the incidence is
perpendicular, θ ∼ 0, so cosθ ∼ 1. Dealing
with discrete quantities, one can rewrite the
preceding as: Cijk = fijk S v3∆vi∆φj ∆θk

or in a more compact way as Cijk =
fijk G v4 where the geometric factor, G =
S cosθ ∆φ ∆θ∆v/v has been introduced.
Therefore, the distribution function can be
expressed as: fijk = Cijk/Gv4 (for fur-
ther reading see Paschmann et al. 1998).
As an example, we will obtain the num-
ber density expression. Coming back to
the definition and substituting the preced-
ing expression for f, one obtains: N =
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Resolution Moments
no φ no θ no E total no of nc/ni Vc/Vi T‖c/T‖i T⊥c/T⊥i Ttot−c/Ttot−i

steps steps steps elements
10 10 10 1000 0.48 0.91 0.78 0.86 0.95 0.87
18 18 10 3240 0.48 0.91 0.78 0.86 0.95 0.85
10 10 32 3200 0.98 1.0 0.89 1.0 1.1 1.0

Table 1. Normalized moments computed with respect to the input values (c=computed,
i=input) as a function of the number of energy steps, of polar and azimuthal angles.

∫ ∫ ∫
C

G v4 v2 cosθ dθ dφ dv that becomes:
N = ∆θ ∆φ

G

∑
vi

∆vi

<v2
i
>

∑
φj

∑
θk

cosθk Cijk

where ∆θ and ∆φ are the amplitudes of
the polar and azimuthal sectors, respec-
tively, while ∆vi is the amplitude of the
energy channel. The average over v2

i is an
average over the four adjacent energy sub-
channels that constitute an energy channel
while cosθk is computed using the central
angle of the polar sector. Expressions for
the other moments are obtained in a simi-
lar way.
We assume a field of view varying from -
45o to +45o both in azimuthal and polar
direction (D’Amicis et al. 2001). The en-
ergy variation law is assumed exponential
and the energy limits vary from 15000 eV
to 10 eV in order to cover the entire energy
distribution.
We computed the principal moments as a
function of some possible combinations of
the number of azimuths, polar angles and
energy steps, i.e. varying ∆θ, ∆φ and ∆E,
starting from the resolution suggested in
the Assessment Study Report (2000) of 9o

and 10 energy steps, down to 5o and 32 en-
ergy steps (Helios resolution). Our model
distribution is characterized by a proton bi-
Maxwellian distribution, whose parameters
have already been computed in the preced-
ing section.
In Table 1, we show only three cases that,
in our opinion, are the most representative.
These results show that the lowest resolu-
tion, the one suggested in the Assessment
Study Report, causes large uncertainties in
the computation of the principal moments.
The other two resolutions, even if they have

almost the same number of total elements,
reproduce different results. Actually, the
(18×18×10) combination has a high angu-
lar resolution and a low energy resolution
while the (10×10×32) combination has a
high energy resolution and a low angular
resolution. We notice that the number of
energy steps is the most important param-
eter. Actually, n, V and T‖ are more sen-
sitive to this parameter while they do not
show any sensitiveness to the angular res-
olution when the energy resolution is kept
constant.
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Fig. 1. Counts vs. velocity (left panel)
and contour plots integrated over θ (right
panel) computed with a phase-space reso-
lution of 10 φ, 10 θ and 10 E. The first con-
tours correspond to 10 % of the maximum
phase-space density.

4. Sampling the distribution function

As a second step, we intend to study
how the instrument samples a distribution
function, obtained as the sum of two bi-
Maxwellians, one for protons and the other
one for alpha particles, varying the number
of energy steps, polar and azimuthal angles.
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We made simulations for different phase-
space resolution but we noticed that the
alpha peak emerges when we use 24 energy
steps, at least. In this section, we present
only the results for the lowest resolution
and the (10×10×32) resolution. Fig. 1,
which refers to the lowest resolution, shows
the counts as a function of velocity (left
panel) and the contour plots computed in-
tegrating over the polar angle (right panel).
It is clear that this resolution is not suf-
ficient to fully resolve the distributions of
the major ions since the alpha particle peak
does not show up.
In Fig. 2, the same fast wind is resolved
using a higher resolution, i. e. 10 φ, 10 θ
and 32 E and the alpha peak is now clearly
identifiable.
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Fig. 2. Counts vs. velocity (left panel)
and contour plots integrated over θ (right
panel) computed with a phase-space reso-
lution of 10 φ, 10 θ and 32 E. The first con-
tours correspond to 10 % of the maximum
phase-space density.

5. Conclusions

We computed the moments of a proton bi-
Maxwellian distribution as a function of the
resolution used for energy, polar and az-
imuthal angles. The resolution firstly sug-
gested in the Assessment Study Report
seems to be inadequate. If we compare two

resolutions with almost the same total
number of elements, we find very differ-
ent results. Actually, the number of energy
steps seems to be the most important pa-
rameter to which the computation of n, V
and T‖ is very sensitive. Taking into ac-
count also the alpha particles, we find that
the sampling of the distribution functions
with the lowest resolution does not show
any evidence for the alpha particles peak.
By increasing the energy steps and leaving
unchanged the angular resolution, we ob-
serve that the alpha peak is clearly identi-
fiable.
To better resolve the major ions’ distribu-
tion, we propose a higher phase-space reso-
lution than the one firstly suggested in the
Assessment Study Report. From our sim-
ulations, it emerges that an angular reso-
lution of 10 φ and 10 θ is sufficient but,
a minimum of, at least, 24 energy steps is
needed.
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