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We show that energetic ions, appearing in plasmas due to injection of charge-exchange-induced new
ions into the magnetized plasma background, flow due to their freely convertible energy drive turbu-
lences of Alfvenic and magneto-acoustic types. This becomes important especially under conditions of
strongly charge-exchanging fluids with supersonic differential bulk velocities, as is the condition in the
inner heliosphere.These ion-driven waves lead to strongly enhanced fluctuation amplitudes.As a conse-
quence, both low- and high-energy ion populations can partly reabsorb these wave energies, and thereby
experience non-thermal heatings.As a quantitative example, we calculate the non-adiabatic behaviours
of solar wind ions and pick-up ions expanding with the solar wind towards large solar distances. While
pick-up ions behave nearly isothermal, normal solar wind ions behave pseudo-polytropically with
negative effective polytropic indices that describe temperature increases at diverging plasma flows.
Furthermore, we demonstrate that charge-exchanging plasmas in the inner and outer heliosheath, such
as the solar wind and the interstellar ion and atom fluids, lead to unexpectedly enhanced turbulence
amplitudes of low frequency Alfven and magneto-acoustic waves. Connected with that, lower periods
for the relaxation of non-equilibrium ion distribution functions and lower coefficients for the spatial
diffusion of galactic cosmic rays must be expected in the heliosheath. Finally, we study the interstellar
turbulence generation caused by supernova shock fronts due to their generation of mirror-unstable
anisotropic ion distribution functions downstream of the shock. We demonstrate that an unexpectedly
high percentage of the shock-entropized thermal energy of the downstream ions is converted into
magneto-acoustic turbulences. This not only characterizes the region immediately downstream of the
SN shock as a high-turbulence region, but may, judged in a statistical view, also point to an increase
of the average turbulence levels in the interstellar medium in general.

Keywords: Heliosphere; MHD turbulence; Plasma heating; Ion distribution function

1. Introduction

Interactions of interstellar particles and Magnetohydrodynamic (MHD) turbulence are of great
relevance for the physics of the outer heliosphere including the heliosheath, i.e. the distant
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622 H. J. Fahr and I. V. Chashei

regions of the shocked solar wind. These interactions can be regarded as explanations of
two important, obviously interrelated findings in heliospheric physics: one is the fact that the
primary solar wind protons do not cool off adiabatically with distance as expected in earlier
times, but appear to be heated [1, 2]. The other one is that secondary protons, embedded in the
solar wind as pick-up ions, behave quasi-isothermal at their motion to the outer heliosphere
and appear to represent conformally invariant power law spectra [3, 4]. These two eminent
phenomena must be physically closely connected with each other, which we are going to
investigate more deeply in this paper.

In the first part of this paper, we consider the heating of the distant solar wind by dissipa-
tive processes associated with resonant energy absorption both from background turbulence
convected with the solar wind and high frequency MHD waves generated locally by freshly
injected pick-up ions [5–7].

As is presently expected, the partially ionized local interstellar medium (LISM) before
interacting with the heliospheric plasma on the upwind side most probably undergoes an
outer bow shock and, after conversion into a submagnetosonic plasma flow, passes around
the heliopause [8]. While the ionized interstellar component there undergoes abrupt changes
of its dynamical properties, the neutral interstellar component first continues to flow down-
stream of the shock with its unperturbed LISM properties. As a consequence of this abrupt
disequilibration, the two fluids immediately after the bow shock passage are out of dynamical
and thermodynamical equilibrium, i.e. neutral LISM atoms move with a higher bulk veloc-
ity and are cooler than the LISM ions. Due to intensive local charge-exchange couplings
between neutral atoms and protons, these disjunctive properties tend to adapt to each other
via momentum and energy exchanges. It turns out that the charge exchange period is shorter
than the relaxation period. Hence, the distribution functions cannot relaxate rapidly enough
to their highest-entropy forms, i.e. shifted Maxwellians. The resulting deviations of proton
and H-atom distribution functions in the outer interface region from associated fully relaxated
functions, i.e. shifted Maxwellians, have recently been studied and quantitatively been calcu-
lated on the basis of a semi-kinetic two-fluid approach by Fahr and Bzowski [9, 10]. In their
approach, however, only Coulomb collision processes were taken into account as relevant
relaxation processes, and it was shown that under these auspices non-relaxated distributions
develop in the interface, especially under conditions of low LISM ionization degrees, i.e. low
LISM proton densities. Also in the inner heliosheath region where low proton densities and
high proton temperatures prevail, Coulomb relaxation becomes very inefficient [10].

Considering quasilinear wave–particle interactions in the heliospheric interface, we thus
looked more carefully into alternative relaxation processes that support the entropization of
the perturbed low-entropy distribution functions [11]. A third problem considered below is
the evolution of the velocity distribution functions of plasma constituents by the passage of
plasma from the upstream to the downstream side of the solar wind termination shock. For
that purpose, we have developed a specifically appropriate form of the Boltzmann equation
describing the ion distribution function in the solar wind plasma bulk frame [12].

2. Injection of free ion energy into MHD power

When neutral atoms are ionized in the magnetized solar wind plasma, then newly born ions are
very rapidly picked up into a gyration about co-convected magnetic

−→
B -field lines frozen into

the solar wind plasma flow due to the electromotoric Lorentz forces. At the same time, there
is, however, no systematic force accelerating them along the magnetic field lines. As a result,
freshly created ions form an initial torus configuration in the comoving Solar Wind (SW)
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Generation of MHD turbulence by non-equilibrium ion velocity distributions 623

velocity space, which is unstable to the generation of Alfven waves [13–15]. Secondary ions
just after their injection undergo fast pitch-angle scattering from an initial torus configuration in
SW velocity space onto a much more stable [15] bi-spherical hemispheric shell configuration.
The two associated hemispheres correspond to velocities ±vA in the SW plasma bulk frame,
where vA denotes the Alfven speed of the ambient plasma. Local Alfven wave generation by
pick-up ions was for the first time detected by Huddleston and Johnstone [16] in the plasma
environment of comet Halley. The data on magnetic field fluctuation spectra measured by
Giotto spacecraft during its flyby at comet Halley have shown a systematic increase in the
power level of high-frequency magnetic field turbulence when the spacecraft was approaching
the comet [16]. Enhanced magnetic fluctuation powers were observed in the wavenumber range
k ≥ kL, where kL ≈ �i/Vw, with �i being the gyrofrequency of pick-up ions and Vw being
the solar wind speed. The measured value of kL corresponded to the local gyrofrequency of
singly charged oxygen atoms.

This clearly eminent power generation mechanism was theoretically further studied as an
additional energy source to heat the distant solar wind via waves driven by injected interstellar
pick-up ions [5–7, 17, 18]. We estimate below the energy pumped from pick-up ions to MHD
turbulence power in the distant solar wind.At heliospheric regions beyond 5AU, the orientation
of the magnetic field

−→
B with respect to the radial solar wind flow direction (especially in

the ecliptic) becomes nearly orthogonal. Thus, the associated bi-spheres centred around the
reference systems of upgoing and downgoing (i.e. with respect to

−→
B ) Alfven waves become

symmetrically populated. Under these conditions, at the event of injection, the new secondaries
have an ion velocity v, which in the solar wind frame is equal to the solar wind velocity Vw,
with Vw � vA. Consequently, after rapid pitch-angle scattering to the accessible bi-spheres
(only a loss of energy is permitted for resonantly pitch-angle scattered ions!) within each of
these fractional shells for upstream and downstream waves, one expects the following pick-up
ion velocity v as judged in the SW frame:

v2 = v2
A + (V 2

w + v2
A) − 2vA

√
V 2

w + v2
A cos ϑ, (1)

where ϑ is the pitch angle of the resulting velocity v in the upstream wave frame. Since the
newly generated secondary ions do quickly become randomly distributed on the accessible
spherical shells, the distribution function for the populated velocities v is then simply given
by the associated velocity space volume �v = v · d cos ϑ(v), i.e. is given by the expression:

f (v) = −d cos ϑ(v)

(1 − cos ϑmax)
, (2)

where the maximum possible pitch-angle ϑmax is simply given by:

cos ϑmax = vA√
V 2

w + v2
A

. (3)

With the above expression (2), one obtains the mean-squared velocity 〈v2(ϑ)〉 of the
bi-spherically distributed pick-up ions by the following expression:

〈v2(ϑ)〉 = 1[
1 − (

vA/

√
V 2

w + v2
A

)]
∫ 1

cos ϑmax

[
v2

A + (V 2
w + v2

A) − 2vA

√
V 2

w + v2
AX

]
dX, (4)



D
ow

nl
oa

de
d 

B
y:

 [B
oc

hk
ar

ev
, N

.] 
A

t: 
10

:1
2 

14
 D

ec
em

be
r 2

00
7 

624 H. J. Fahr and I. V. Chashei

which easily reduces to the following expression:

〈v2(ϑ)〉 = V 2
w

⎡
⎢⎣1 − vA√

V 2
w + v2

A

⎤
⎥⎦ + 2v2

A ≤ V 2
w. (5)

This now permits to account for the fact that the initial energy �i = (1/2)mpV
2

w of freshly
injected secondary ions, after a first violent period of wave-driving, is then reduced to an
average energy εi = (1/2)mp〈v2(ϑ)〉. This also means, on the other hand, that the energy
�εi = �i − εi must have been pumped into the ambient turbulent wave field, mainly at or
around the injection wavenumber |ki | 	 �p/Vw. The loss of free energy to the wave fields
at the occurence of a redistribution from the initial torus configuration onto the bi-spherical
configuration is thereby properly taken into account. Taking into account that vA 
 Vw and
equation (5) then manifests that the free energy �εi may be represented as

�εi 	 1

2
mpV

2
wκ(1 − 2κ), (6)

where κ = vA/Vw 	 κ0 = κ(r0).
It should be noted here that the generation of MHD wave power by newly born energetic

ions with subsequent quasi-steady dissipation and plasma heating can of course not only
take place in the solar wind plasma regime, but principally in any magnetized partially ionized
space plasma with differential bulk velocities of atoms and ions. Such processes may reveal
to be important in the interstellar plasma near the boundaries between different interstellar
medium (ISM) phases. For example, they can easily result in strongly enhanced high-frequency
MHD turbulence powers in the regions downstream of supernova shock fronts propagating
through the unprocessed ISM (see section 8).

3. Dissipation of wave power to the plasma ions and associated ion heating

Following previous studies [5–7, 17, 18], we here consider two main heating sources of solar
wind protons. The first of these is connected with the background turbulence that is convected
radially outwards with the solar wind. The solar wind transports turbulent energy distributed
over a wide range of wavenumbers k, showing [19, 20] a so-called ‘flicker’ spectrum at the
smallest wavenumbers up to a critical wavenumber k0 (i.e. energy containing range), and
a typical inertial spectrum from the critical wavenumber upwards up to the solar proton
dissipation wavenumber kdis

∼= �/vA. Here � denotes the proton gyrofrequency, and vA is
the Alfven velocity. Existence of the inertial spectral range means that the turbulent energy
is cascading down from the turbulence outer scale k0 to the proton dissipation scale, i.e. to
the wavenumber kdis = �/vA, and thereby is absorbed in parts by primary and secondary
(i.e. pick-up) solar wind protons [18]. Convected turbulence thus serves as one of the two
relevant heat sources for these two ion species.

The turbulence outer scale k0 can be defined from the condition that the inverse increment
of nonlinear spectral cascading approximately becomes equal to the convection time [5, 6]. In
the frame of this model, the rate of energy density dissipation is represented in the following
form [5, 6]:

�k(k = k0, r) = �0

(
r

r0

)−s

, (7)
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Generation of MHD turbulence by non-equilibrium ion velocity distributions 625

with �0 being the corresponding value at the reference heliocentric distance r = r0 = 1 AU
given by

�0 = �k(k = k0, r0) = G0(VwB2
0 )

(4πr0)
, (8)

where the factor G0 is the fractional turbulence level at r = r0, i.e.〈
δB2

0

4π

〉
≈ G0ρ0v

2
A0. (9)

The power exponent s in equation (9) depends on the low-frequency and on the inertial-
range spectral indices. However, in the most interesting case of the low frequency ‘flicker’
spectrum with a 1D-power exponentη = 1, the power exponent s has a common value s = 3 for
both, Kolmogorov (1D spectral index in the inertial range λ = 5/3) and Kraichnan (λ = 3/2)
turbulence spectra [5, 6].

It should also be mentioned here that Leamon et al. [21] using WIND magnetic data argued
that the dissipation scale at heliocentric distances of ∼1AU is possibly connected with the
value kdis 	 �/vth, where vth is the ion thermal speed. In the outer heliosphere at r � 1 AU,
this scale is of the same order as the inverse inertial scale kdis = �/vA, which leaves the
possibility of using one of these scales without detailed consideration of the exact dissipation
mechanism.

The second source of plasma heating is connected with the dissipation of those MHD waves
generated locally by pick-up ions. Because the injection wavenumber |ki | 	 �/Vw is much
smaller than the dissipation wavenumber kdis 	 �/vth, one can expect that due to nonlinear
wave–wave interactions, i.e. diffusion in k-space, the energy input cascades both up and down
from ki roughly at equal parts, like in the case of an oscillator that couples its enforced
oscillations to nearby oscillator modes by coupling strengths only dependent on [k2

i − k2]−2.
Taking this into account, we have the following expression for the corresponding pick-up ion
heating source

Qi(r) = 1

2
βex(r)�εi (10)

In the above equation, βex(r) denotes the local charge exchange rate of solar wind protons
with interstellar H-atoms, as well as describing the local rate of pick-up proton injections, and
�εi is the average energy injected per particle, which is defined in equation (5). The charge
exchange rate βex(r) is given by:

βex(r) = nw(r)nH(r)σexVw, (11)

where nw and nH are the local proton and H-atom densities, respectively [5], and σex the charge
exchange cross-section.

4. Consistent set of thermodynamic equations for the solar wind and the wave
power propagation

In the following, we first formulate the coupled system of enthalpy flow conservation equations
to describe the thermodynamics of the two-fluid solar wind plasma consisting of primary and
secondary protons in terms of associated pressures P1 and P2. Hereby, we take into account
the effects of adiabatic cooling and heating. The heating is due to both the diffusive energy flux
Qb = Qb1,2 from the convected turbulence power and that from locally generated turbulent
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626 H. J. Fahr and I. V. Chashei

energy, Qi1,2, locally pumped into the wavefield by freshly injected secondary ions. For these
pressures, we obtain the following two-coupled differential equations:

div

(
γ

γ − 1
P1

−→
Vw

)
− (

−→
Vw grad)P1 = −3

2
ξ1βex(KT1) + Qb1(r) + Qi1(r), (12)

div

(
γ

γ − 1
P2

−→
Vw

)
− (

−→
Vw grad)P2 = ξ1βex(1 − εf )

1

2
mpV 2

w + Qb2(r) + Qi2(r), (13)

where the following definitions were used

Qb1,2(r) = ξ1,2Qb (14)

and

Qi1,2(r) = 1

2
ξ1,2Qi. (15)

While the first term on the RHS of equation (12) describes the removal of thermal energy
from the primary ion fluid due to charge exchange reactions with H-atoms, the first term on
the RHS of equation (13) describes the simultaneous input of kinetic energy to the secondary
ion fluid due to freshly injected ions. Furthermore, K is the Boltzmann constant and mp the
proton mass. The quantities ξ1,2 are the relative abundances of primary and secondary ions in
the two-fluid solar wind, respectively, defined by:

ξ1,2 = n1,2

n1 + n2
(16)

These abundances can be found with the help of the following continuity equations:

div(n2
−→
Vw) = −div(n1

−→
Vw) = ξ1βex (17)

and are given by [22]:

ξ1 = n1

n1 + n2
= exp

[
−

∫ r

r0

σexn
′
H dr ′

]
(18)

and

ξ2 = n2

n1 + n2
= 1 − exp

[
−

∫ r

r0

σexn
′
H dr ′

]
(19)

The two above expressions (18) and (19) can be simplified for regions r ≥ r0 ≥ 5 AU with
the assumption nH 	 const 	 nH∞ and then yield:

ξ1 = exp

[
−�

(
r

r0
− 1

)]
(20)

and

ξ2 = 1 − exp

[
−�

(
r

r0
− 1

)]
, (21)

with the denotation � = nH∞σexr0.
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Generation of MHD turbulence by non-equilibrium ion velocity distributions 627

To describe the propagation of spectral wave power, Wk , in the 1D (quasi-isotropic) limit,
we use the following equation [23]:

div

[(
3

2
−→
Vw + −→vA

)
Wk

]
− 1

2
−→
Vw grad Wk = ∂

∂k
(�k) + βex�εiδ(k − ki), (22)

where �k is the spectral wave power flux as given by [23, 24]

�k(r) = −Dkk
∂

∂k
Wk = −CkkkvA

(
4πkWk

B2

)μ

(kWk) (23)

Here, Dkk is the nonlinear wave–wave diffusion coefficient for isotropic turbulence, Ckk ≈
0.1 = const, and μ = 1/2 (or 1) for the Kolmogorov turbulence (or for the Kraichnan turbu-
lence), respectively. The constancy of �k in the k-space yield the spectrum Wk ∼ k−λ with
λ = 5/3 at μ = 1/2 and λ = 3/2 at μ = 1. The boundary condition for equation (22) can be
written in the form

Wk(r0) ∼ k−λ at k > k0(r0);
Wk(r0) ∼ k−μ at k < k0(r0), μ = 1;∫

Wk(r0)dk = G0ρ0v
2
A0. (24)

Within the context of the considered problem, the turbulence wave power may be represented
as consisting of two parts, i.e. the convected part and the part generated by pick-up ions, and
thus it can be represented as

Wk = Wb
k + Wi

k, W
b
k = Wb

k0

(
k

k0

)−λ

, W i
k = βex�εif (k − ki), (25)

where the turbulence outer scale k0 is a decreasing function of heliocentric distane r , and
f (k − ki) is some narrow function of a Gaussian type with the width �k 
 ki [local wave
power input equations (6), (10) and (22) should be assumed to be concentrated near k = ki =
�/Vw]. The width and the level of f (k − ki) should be found from the exact solution of
equation (22). The heating sources Qb,i can then be defined as

Qb = �k0 , Qi = �ki+0.5�k − �k0 . (26)

Equations (12)–(26) consistently describe the quasi-stationary thermodynamics of the solar
wind ions coupled to the wave power propagation. Taking into account the discussion presented
in section 3 together with the expression (26), the expression for the heating sources can then
be simplified to

Qb = �k0 , Qi = 1

2
βex�εi. (27)

5. Thermodynamics of the solar wind and pick-up protons

We will now make use of the assumption Vw 	 Vw0 � vA 	 vA0 valid at distances r ≥ 1
AU. We further assume that the two components of the solar wind plasma can be con-
sidered as monoatomic ion gases, suggesting γ1 = γ2 = 5/3. Then the equations (12) and
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628 H. J. Fahr and I. V. Chashei

Figure 1. Shown is the ratio R = Qi,1/Qk,1 of wave energy absorbed by solar wind protons from pick-up ion driven
turbulences and from convected turbulences, respectively, as a function of solar distance in AU. A parametrization
is shown for different values of g0, mainly determined by the LISM neutral H-atom density. The other relevant
parameters are adopted with G0 = 0.1 and s = 9/3.

(13), when reduced to equations for the temperatures T1,2 by setting P1,2 = ξ1,2nwKT1,2 with
nw = nw0(r0/r)2, allow to find the following equations for T1 and T2, respectively [5, 6]

d

dx
T1 + 4

3

T1

x
= Ts

[
G0x

2−s + g0 exp

(
−�1

x

)]
(28)

and

d

dx
T2 + 4

3

T2

x
+ βexT2r0

n2Vw
= βexmpVwr0(1 − εf )

3n2K
+ Ts

[
G0x

2−s + g0 exp

(
−�1

x

)]
, (29)

where we have introduced the following new denotations:

x = r

r0
, Ts = 2mpv

2
A

3K
, �1 = �

(
Vw

VH∞

) (
n0

nH∞

)
,

and

g0 = �

(
Vw

2vA

) (
1 − 2vA

Vw

)
.

In the following, we shall discuss the most important results of the above theoretical deriva-
tions and, for that purpose, select appropriate values for the relevant parameters appearing in
the upper calculations: with [25, 26] nH∞ = 0.05 cm−3 and σex(440 km/s) = 2 × 10−15 cm2

one obtains as a standard value � = nH∞σexr0 = 1.5 × 10−3. With nw0 = 7 cm−3 and
Vw = 440 km/s, one then obtains, for example, the critical ionization distance by �1r0 =
�(nw0Vw/nH∞VH∞)r0 = 3.7AU. The standard value of the parameter g0 = �(Vw/4vA) for
these standard values thus amounts to g0 = 3.3 × 10−3 adopting the Alfven speed with vA =
50 Km/s. As the standard value for G00 = 〈δB2/4π〉/(ρ0v

2
A), we may take here G00 = 0.1.

Using these above relations and adopting the values VH∞ = 25 km/s, s = 9/3, and G00 = 0.1,
we find the ratio of primary ion heating by pick-up ion-induced – over convected – turbulence
power, i.e. Ri/b = Qi1/Qb1, as shown in figure 1 and the temperature profiles T1(x, Vw) as
shown by figure 2.
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Generation of MHD turbulence by non-equilibrium ion velocity distributions 629

As one can see in figure 1, the heating by pick-up ion-induced turbulence, depending on the
value for the quantity g0, i.e. for �, starts to dominate over heating by convected turbulences
from distances of 15AU outwards to about 50AU.

Inspection of figure 2 shows that the solar wind ion temperatures T1 first fall off rapidly
with increasing solar distances r . Then in the region between 20 through 30AU they reach
a minimum and beyond they start even to slightly increase with increasing distance. The
sensitivity of the temperatures T1 to the actual solar wind bulk velocities Vw thereby is clearly
pronounced and recognizable. As we can show by comparing the results of figure 1 with 50-
day averages of VOYAGER-2 temperature data [1], our theoretical curves do nicely guide the
observed fluctuating temperature values in the ranges 5 through 15AU and 25 through 40AU,
whereas in the region in between the measured temperature values by some reason seem to
be fairly on the low side of theoretical values (see figure 1 in [6]). The T1-fluctuations are
evidently influenced by associated fluctuations in the solar wind bulk velocities Vw.

The velocity-dependence of T1(x) emphasized in the results of figure 2 also becomes espe-
cially interesting in view of the fact that, at least under solar minimum conditions, strong
systematic variations of the solar wind velocity with latitude have been recognised [27, 28].
This invites us here to study a little more in detail the latitudinal temperature T1(ϑ)-variation to
be expected from this fact. In order to base our study on experimental data, we start again from
ULYSSES plasma measurements published in [27], and representing typical solar minimum
conditions of the heliosphere. As obtained from the first full polar orbit passage of ULYSSES,
the essential solar wind parameters scaled to a reference distance of r0 = 1AU, such as bulk
velocity Vw0, density nw0, and proton temperature T1,0, have been obtained as functions of
solar latitude angle ϑ .

In figure 3, we have shown the temperatures T1(r, ϑ) obtained as a function of solar distance
for different solar latitudes ϑ .As can be seen there, within latitudes 0◦ ≤ ϑ ≤ 20◦ temperatures
are nearly insensitive to latitude and distance. However, then with increasing latitudes 30◦ ≤
ϑ ≤ 60◦, there appears a fairly strong latitude dependence. As a hint for a better understanding
of the data, it is perhaps important to recognise that the latitudinal gradient in T1 is much more
pronounced than the radial gradient, at least during solar minimum conditions.

In figure 4, we have shown the temperature T2 = T2(x) calculated as a function of the
solar distance x ≥ x20 = 5AU along the upwind axis for different parameter values of Vw.
As it can be seen in figure 4, the temperatures T2 at all distances are clearly related to the

Figure 2. Shown as a function of the solar distance in upwind direction is the solar wind proton temperature T1 for
various solar wind bulk speeds Vw. Solar wind density, Alfven speed, and the values of g0 and G0 have been changed
in accordance with Vw.
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solar wind bulk velocity, and, at larger solar distances, behave with distance fairly isothermal
as was already pointed out earlier in papers by Fahr [29]. In view of the latitudinal solar
wind velocity gradient that is evident at solar activity minimum conditions, analogous to the
results shown in figure 3, we can thus, in view of figure 4, also expect that strong latitudinal
gradients in the temperatures T2 to be present. The secondary ion fluid definitely will show
higher temperatures T2 at higher heliographic latitudes. Figure 4 clearly shows that the sec-
ondary ion temperatures T2(x) have a pronounced sensitivity to the solar wind bulk speeds
Vw, since initial and asymptotic values are pure functions of Vw, with the change-over in
the profiles being determined by other competing parameters such as the values for g0, G0,
vA, and s.

6. Kinetic views: kinetic ion transport and spectral power transport

In this part of the paper, we consider some kinetic aspects of the particle physics in the outer
heliosphere. The proton distribution function resulting in the interface as a consequence of
charge-exchange induced exchanges between the distributions of protons and H-atoms sug-
gests [9, 10] that this distribution function fp in first order may represent a superposition of
two shifted Maxwellians with different partial densities n0 and n1 and different bulk velocities
U1 and U2. We briefly discuss here the wave-particle relaxation of the disturbed distribution
functions in the heliospheric interface. For this purpose, we need to define typical charac-
teristics of MHD turbulence in the interface downstream of the outer LISM bow shock. We
assume that the interface turbulence originates from the interaction of MHD waves convected
inwards by the local interstellar plasma flow with the bow shock at the outer border of the
interface. Considering the transformation of MHD turbulence at the bow shock have shown
that [11], independent of the bow shock geometry, the turbulence in the postshock interface
region clearly appears to be dominated by incompressible Alfven waves (the ratio between
incompressible and compressible fluctuations increases by about one order of magnitude at
the bow shock), and furthermore that waves propagating towards the shock are more intensive
than those escaping from there.

Figure 3. Shown as a function of solar distance is the solar wind proton temperature T1 for various heliographic
latitudes. Consistent with the change in latitude also the solar wind bulk speed and density, the Alfven speed, and the
parameters g0 and G0 have been changed. The initial boundary values for T1 at 5AU have been taken from [28].
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Figure 4. Shown as a function of solar distance in upwind direction is the pick-up ion temperature T2 in units of
megakelvin for various solar wind speeds Vw. All relevant input parameters have been changed in accordance with
the change in Vw.

In accordance with the above conclusion, we consider the relaxation of newly produced H/O-
ions created by charge exchange of protons with H/O-atoms due to their interactions with the
turbulence in the interface. Quasilinear interactions of H/O-ions with Alfven turbulence are
possible at the resonance conditions

±k‖va − k‖μv = n�H,O, (30)

where n can attain the values n = 0, ±1, ±2, . . . , k‖ is the component of the wave vector
−→
k

parallel to the magnetic field, v the individual ion speed, and μ its pitch-angle cosine. The
resonance conditions (30) cannot be fulfilled at n = 0, since in our case, v ≤ va and μ � 1.
As the only possible solution of equation (30) with k‖va ≤ �H,O, one can thus identify the
case: n = −1, i.e. leading to:

k‖ = kres,H,O = �H,O

μv + va

, (31)

which corresponds to ion resonances with Alfven waves propagating in opposite direction to
the bulk of the H/O-atoms.

The quasilinear diffusion coefficient Da
ql describing diffusion in velocity-space can be easily

estimated in the model for slab turbulence, i.e. assuming only wave propagation along the
magnetic field, and is found [30] in the form:

Da
ql 	 π

2
(1 − μ2

0)�H,Ov2
a

|kW−
k |k=kres

B2
0

, (32)

where W−
k is the 1D spectral power density of the downstream propagating Alfven waves and

μ0 is some typical value of the pitch-angle cosine. One can see from equation (32) that the
quasilinear diffusion coefficient is defined by the fractional turbulence level at the wavenumber
k = kres.
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Now we consider the relaxation of newly created H-ions due to the nonlinear scattering
process [31]: a + p → a′ + p′, with the energy conservation law

k1‖va − k1v1 = k2‖va − k2v2. (33)

As it follows from the above relation, the particle velocity and pitch angle changes are
comparatively small, i.e.:

�μ 	 �v

v
	 va

v
≤ 1. (34)

Consequently, the processes of pitch-angle scattering and velocity magnitude change are of
a diffusion type with nearly equal diffusion rates in both coordinates. The diffusion coefficient
Da can then be estimated [31] by:

Da
nl 	 v2

aT
2

H

(TH + Te)2

4π
∫

ωWa
ω dω

B2
0

, (35)

where TH,e are the temperatures of newly created protons and electrons of the local interface
plasma and Wa

ω the temporal power spectrum of the Alfven turbulence.
The comparison between equation (32) for Da

ql and equation (35) for Da
nl shows that these

coefficients only differ by a numerical factor of the order of unity. The characteristic diffusion
time τ a

bg thus can be estimated as

τ a
bg 	 (UH − Up)

2

Da
ql + Da

nl

. (36)

Using the recent data on the turbulence in LISM and the wave transformation coefficients
at the bow shock (36), the following numerical estimate of the wave-particle relaxation time
(36) can be found [11]

τ a
bg = τ

wp
rel 	 108 s. (37)

The above estimate shows that relaxation due to the interaction with the background Alfven
turbulence appears to be a fairly slow process for plausible interface parameters, i.e. com-
paratively low turbulence levels. However, the time τ

wp
rel given above is comparable with the

particle transport time τtr through the interface, i.e.: τtr 	 5 × 108 s. This may clearly indi-
cate that the resulting distribution functions in the outer interface region can be expected to
reveal non-equilibrium signatures. This is especially true for the O-ions for which relaxation
processes run much slower and corresponding relaxation periods are even longer yielding
τ a

bg,O 	 √
16τ a

bg 	 4 × 109 s.

7. Kinetic aspects of ISM turbulence generation by supernova shockwaves

The most promiment structures in interstellar space are supernova (SN) shock fronts. At
the position of running SN shock, the interstellar plasma has to pass from the upstream to
the downstream side of this shock. This passage has a strong influence on the ion distribution
function and leads to the generation of squeezed, strongly anisotropic functions with free, non-
relaxated energy that can drive turbulences. Due to mechanisms already mentioned, this free
energy is at least partly pumped into fluctuation powers of low-frequency MHD turbulences.
Here we shall try to shortly estimate the resulting effects for the average ISM MHD turbulence.

To describe the evolution in time and space of MHD turbulence originating at SN shock-
waves, one needs to look at the evolution of the SN shock dynamics at the propagation of
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Figure 5. Shown is the ratio of the downstream to the upstream ion pressure anisotropy λ2/λ1 at the (perpendicular)
SN shock as a function of the upstream Machnumber Ma , for different combinations of upstream values for the pressure
anisotropy λ1 and the upstream plasma beta As.

the shock through the interstellar space. Relying on the Sedov solution for the SN blast wave
evolution at its protrusion into the ambient ISM, one can describe the SN propagation velocity
U1 = U1(t) as a function of time by the following relation [32, 33]

U1(t) = 2

5

(
2ESN

ρ1

)1/5

t−3/5, (38)

where ESN denotes the total energy released by the SN explosion and ρ1 is the ambient
interstellar gas mass density ahead of the propagating shock.

One may keep in mind that the compression ratio s, as given by the Rankine–Hugoniot
relations, is expressed as:

s(t) = (γ + 1)M2
1 (t)

(γ − 1)M2
1 (t) + 2

(39)

and is time-dependent via M1(t), i.e. the upstream Mach number of the plasma flow. This
number depends on SN shock evolution time t and can be given by:

M2
1 (t) = ρ1U

2
1 (t)

γ P1
= 4

25

ρ
3/5
1

P1
(2ESN)2/5t−6/5. (40)

Realising now that the propagating SN shock essentially acts as a perpendicular MHD shock,
one can then solve the following Boltzmann–Vlasow equation [12] written in coordinates of
the comoving plasma bulk frame and describing the change of the ion population at the passage
of the ISM plasma along the shock normal coordinate ‘s’ when passing from the upstream to
the downstream side of the shock front

d

ds
f̄ (w‖, w⊥, s) =

{(
w⊥
2B

dB

ds

)
d

dw⊥

}
f̄ (w‖, w⊥, s). (41)

Here f̄ (w‖, w⊥, s) is the ion distribution function in the plasma bulk frame written as a
function of the space coordinate s and of the velocity coordinates w‖ and w⊥, parallel and
perpendicular to the local magnetic field B, respectively. The above differential equation
can be solved starting from the upstream distribution function f̄1(w‖, w⊥) and delivering the
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downstream distribution function f̄2(w‖, w⊥). From this distribution function, the downstream
pressure anisotropy can be obtained as a ratio of the following two moments of f̄2(w‖, w⊥) by

A2 = P⊥2

P‖2
=

∫
d3ww2

⊥f̄2(w‖, w⊥)∫
d3ww2

‖ f̄2(w‖, w⊥)
. (42)

In figure 5, we show how the resulting downstream ion pressure anisotropy behaves as a
function of the upstream Mach number M1, or the compression ratio σ , of the SN shock.
From this figure, one can see that starting from an isotropic upstream distribution function
one ends up at the downstream side of an SN shock with Mach numbers M1 ≥ 6 with a highly
anisotropic ion distribution of an anisotropy of A2 ≥ 2.6.

The resulting downstream distribution functions f̄2(w‖, w⊥) may be unstable with respect
to the so-called mirror-mode instability [34], which has its onset if

β⊥
β‖

≥ 1 + β⊥
β⊥

, (43)

where the usual definition of the plasma beta-values has been used, i.e.

β⊥,‖ = P⊥,‖
(B2/8π)

. (44)

The mirror-mode instability drives low-frequency (ω 
 �g = eB/mc) magneto-acoustic
waves with |�k| = k⊥, and the energy εturb per unit volume, which in total can be transferred
to the following turbulences downstream of the shock:

εturb 	 (P2⊥ − P̃2⊥), (45)

where P2⊥ and P̃2⊥ are the corresponding downstream pressures resulting immediately after
shock passage and after a mirror-mode driven relaxation to the marginally mirror-mode stable
pressure, respectively. The latter quantity can be calculated assuming that during the relaxation
process, P2‖ is not changed to amount to

P̃2⊥
P2‖

= B2

8π

1 + (P̃2⊥/(B2/8π))

P̃2⊥
, (46)

which yields the marginally stable pressure,

P̃2⊥ = P2‖ +
√

P 2
2‖
4

+ B2P2‖
8π

. (47)

From the above result, one can derive

εturb 	
⎛
⎝P2⊥ − P2‖ −

√
P 2

2‖
4

+ B2P2‖
8π

⎞
⎠ , (48)

which furthermore leads to

εturb 	 P2⊥

(
1 − 1

A2

(
1 +

√
1

4
+ 1

β2‖

))
. (49)
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For weakly magnetized plasmas, i.e. high β-values, with A2 	 2.6, one then derives

εturb 	 P2⊥
(

1 − 3

2A2

)
= P2⊥

(
1 − 3

5.2

)
= 0.43P2⊥. (50)

This shows that ∼ 40% of the shock-entropized upstream kinetic ion energy may be con-
verted into downstream magneto-acoustic turbulences, which definitely may also increase the
intensity of radio scintillations in the region downstream of an SN shock wave. Judged on
a statistical basis, the state of the average ISM getting an imprint from SN shock wave pas-
sages from time to time may mean that the levels of magneto-acoustic turbulences due to the
wave-driving effect of SN fronts may turn out to be higher than expected up to now.

8. Conclusions

We have shown that energetic ions, appearing in plasmas due to injection of new ions into
the magnetized background plasma, flow with their convertible free energy drive turbu-
lences of Alfvenic and magneto-acoustic types. Especially, under the conditions of strongly
charge-exchanging fluids with supersonic differential bulk velocities, as occuring in the inner
heliosphere, this led to strongly enhanced fluctuation levels. Both the low and high-energy
ion populations then also partly reabsorbed these wave energies, and thereby experienced
non-thermal heatings. As a quantitative example, we treated the non-adiabatic behaviours of
solar wind ions and pick-up ions expanding with the solar wind towards large solar distances.
While pick-up ions behaved nearly isothermal, normal solar wind ions even behaved pseudo-
polytropically with negative effective polytropic indices describing a temperature increase
at the expansion to larger volumes. As we furthermore demonstrated the charge-exchanging
plasmas in the inner and outer heliosheath, such as the solar wind and the interstellar ion and
atom fluids, led to unexpectedly enhanced turbulence amplitudes of low-frequency Alfven
and magneto-acoustic waves. As a consequence of that, lower periods for the relaxation of
non-equilibrium ion distribution functions and lower coefficients for the spatial diffusion of
galactic cosmic rays could be expected in the heliosheath.

Finally, we studied the interstellar turbulence generation at SN shock fronts due to the
generation of mirror-unstable anisotropic distribution ion functions downstream of the shock.
As demonstrated, an unexpectedly high percentage of the shock-entropized thermal energy
of the downstream ions was converted into magneto-acoustic turbulences, which not only
classified the region immediately downstream of the SN shock as a high-turbulence region,
but, in a statistical view, also indicated an unexpected increase in the average turbulence levels
in the ISM in general.
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