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Abstract. In this paper we study the temperatures of elec-
trons convected with the solar wind to large solar distances
and finally transported over the solar wind termination shock.
Nearly nothing, unless at high energies in the cosmic ray
regime, is known about the thermodynamical behaviour of
these distant electrons from in situ plasma observations.
Hence it is tacitly assumed these electrons, due to their adi-
abatic behaviour and vanishing heat conduction or energiza-
tion processes, have rapidly cooled off to very low temper-
atures once they eventually arrive at the solar wind termi-
nation shock (at about 100 AU). In this paper we show that
such electrons, however, at their passage over the termination
shock due to the shock–electric field action undergo an over-
adiabatic heating and therefore appear on the downstream
side as a substantially heated plasma species. Looking quan-
titatively into this heating process we find that solar wind
electrons achieve temperatures of the order of 2–4× 106 K
downstream of the termination shock, depending on the up-
stream solar wind bulk velocity and the shock compres-
sion ratio. Hence these electrons therewith play an impor-
tant dynamical role in structuring this shock and determining
the downstream plasma flow properties. Furthermore, they
present an additional ionization source for incoming neutral
interstellar hydrogen and excite X-ray emission. They also
behave similar to cosmic ray electrons and extend to some
limited region upstream of the shock of the order of 0.1 AU
by spatial diffusion and thereby also modify the upstream so-
lar wind properties.

Keywords. Interplanetary physics (Interplanetary shocks;
Solar wind plasma) – Space plasma physics (Electrostatic
structures)

1 Introduction

The theoretical description of the plasma passage over an as-
trophysical MHD (magnetohydrodynamics) shock, e.g. the
solar wind termination shock, even nowadays is not a gen-
erally agreed upon topic. Especially the role of electrons in
structuring such a shock is not at all well understood, though,
as it appears to us, this role is extremely important. Usu-
ally it is assumed that ions and electrons remain in ther-
modynamical equilibrium at the shock passage, thus retain-
ing their pre-shock densities and temperatures with identical,
though changed, densities and pressures also downstream of
the shock. It has, however, meanwhile been recognized that
electrons are likely to be heated over-adiabatically (see Leroy
et al., 1982; Sgro and Nielson, 1976; Schwartz et al., 1988; or
Tokar et al., 1986). This points to the fact that non-adiabatic
heating, at least of electrons, takes place at the shock, which
seems to be controlled by the conservation of the magnetic
particle moment (Schwartz et al., 1988).

The so-called “magnetic moment” of charged particles,
µ = mv2

⊥
/2B, has experienced a somewhat controversial ap-

preciation in the plasma literature of the past. Though in
modern MHD shock simulations of the solar wind termina-
tion shock it is not explicitly required that ions and elec-
trons conserve their magnetic moment, there are, on the
other hand, affirmative conclusions achieved in the earlier
shock literature. For example one finds in the paper by Sar-
ris and Van Allen (1974) that these authors using moment-
conserving theoretical calculations can successfully repre-
sent observational data obtained by the satellites Explorer 33
and 35 on shock-processed ions near Earth’s bowshock.
They show that a fairly good fit to the observational data is
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1206 I. V. Chashei and H. J. Fahr: Electron temperature beyond the termination shock

achieved when considering that these particles are multiply
reflected at their magnetic mirror points and eventually move
downstream of the shock with an energy gain corresponding
to v2

2/v2
1 ' B2/B1 (indices denote upstream (1) and down-

stream (2) values of particle velocity and magnetic field mag-
nitudes, respectively). This result clearly proves that the mag-
netic moments of these particles are conserved while cross-
ing over the shock.

Terasawa (1979) compares ion spectra of MHD shock-
reflected ions calculated by two different approaches, namely
the “adiabatic approach” and the so-called “kink approach”.
The first is applicable when the shock structure is large with
respect to the ion gyroradius; the second is applicable when
the shock structure is small with respect to the ion gyrora-
dius. Interestingly enough the results for the spectra of the
reflected ions are nearly identical in both cases, emphasizing
that obviously in both cases particles behave as if their mag-
netic moments are conserved, independent of the extent of
the shock transition region.

A further hint is also given by Fahr and Siewert (2013)
who show that the Liouville operator in conventional ion
transport equations just takes care that particle energy and
magnetic moment are conserved at free ion motions, while
simultaneously operating typical Fokker–Planck diffusion
terms, e.g. for pitch-angle scattering, can be additionally con-
sidered as counteracting the magnetic moment conservation.
Nevertheless the full transport equation requires the opera-
tion of a Liouville operator describing the tendency to con-
serve particle invariants in the case of absence or weakness
of stochastic processes. In this paper we shall therefore not
only consider shocks that conserve magnetic particle mo-
ments and thereby strongly heat particles, but also pay at-
tention to the very different influence this has on electrons
compared to ions, as we shall show.

Another encouragement for proceeding in this direction is
that Voyager-2 measurements at the termination shock (TS)
crossing (Richardson et al., 2008) deliver data which are un-
predicted by presently existing TS models in the literature,
like those by Fahr and Chalov (2008) or Wu et al. (2009).
Based on identical upstream plasma conditions, none of the
presently existing models can consistently explain all the TS
observations such as the compression ratios at the shock, the
thermal proton temperature jumpTp,2/Tp,1, and the down-
stream magnetosonic Mach number of thermal protons. In
this paper, we shall, however, show that with the shock-
heated electrons treated here all these measurements can be
surprisingly well explained. It is important to take into ac-
count that the thermodynamical behaviour of thermal pro-
tons at the passage over the TS shock is essentially differ-
ent from that of electrons, so that especially the downstream
temperatures of these species are substantially different, i.e.
the electrons are much hotter and even start spatially diffus-
ing with respect to the background plasma flow as described
by Ferreira et al. (2001a, b), Langner et al. (2001), Lange et

al. (2006), Nkosi et al. (2011), or Potgieter and Nndanganeni
(2013).

2 The centre of mass system downstream of the shock

Here we first want to find the electric potential jump that
is responsible for braking down the upstream to the down-
stream bulk velocity. Looking at the shock-associated, inher-
ent electric potential jump18, it then can be derived that
bulk velocities of protons and electrons, respectively, change
according to

e18 =
1

2
M(U2

1 − U2
p2) (1)

and

−e18 =
1

2
m(U2

1 − U2
e2). (2)

Here, m and M are electron and proton masses, and the
suffixes “1” and “2” characterize upstream and downstream
quantities.

Their resulting downstream momentum flows are thus
given by

Fe2 = mne2U
2
e2 (3)

and

Fp2 = Mnp2U
2
p2. (4)

Looking now for that bulk velocity of thecentreof mass
(COM) system, which results from these two momentum
flows and represents the system to which the magnetic field
is frozen-in, one then derives the following relation:

F ∗

2 = Mnp2U
2
p2+ mne2U

2
e2 = 2n∗

2

(
m + M

2

)
U∗2

2 . (5)

Since in all systems the particle number flow must be con-
served, one finds

2n1U1 = 2n∗

2U
∗

2 = ne2Ue2+ np2Up2, (6)

which yields

MUp2+ mUe2 = 2

(
m + M

2

)
U∗

2 . (7)

This then delivers the bulk velocity of the centre of mass sys-
tem, the COM-velocity, in the form

U∗

2 =
1

m + M
(MUp2+ mUe2). (8)

Inserting from Eq. (2) the above result forUe2, one then fi-
nally obtains

U∗

2 =

MUp2+ m
√

M
m

(U2
1p− U2

2p)

m + M

' U2p

1+

√
s2
p − 1

1840

 (9)
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which clearly shows that the COM velocity is essentially
identical toU2,p.

3 The electron overshooting at the shock

Fahr et al. (2012) have shown that the electrically-induced
electron overshooting at the shock into the downstream COM
plasma frame is a highly important physical process that
eventually leads to strong electron heating, to entropy gener-
ation and to high compression ratios. Starting from the above
consideration of a shock potential step18 affiliated with the
deceleration of the proton bulk velocity from its upstream to
its downstream COM value, one finds that electrons in the
first step from just this potential jump experience a strong
bulk velocity acceleration, as they are injected into the down-
stream flow.

As Fahr et al. (2012) have shown, the initial overshoot ve-
locity of the electrons (i.e. differential velocity with respect
to the downstream COM flow) is given by

δUe =

∣∣∣∣∣U2 − U1

√
1+

M

m

(
1−

1

s2

)∣∣∣∣∣ , (10)

whereU1,2 are the centre of mass plasma bulk velocities at
the upstream and downstream side of the shock, respectively.

This formula evidently shows that according to the mass
ratiom/M = µe,i = 1/1840 the resulting overshoot velocity
turns out to be as large as

δUe =

∣∣∣∣∣U2 − U1

√
1+

M

m

(
1−

1

s2

)∣∣∣∣∣
' (U1/s)

∣∣∣∣∣1−

√
M

m
(s2 − 1)

∣∣∣∣∣ ≥ 43U1. (11)

4 Conversion of overshoot kinetic into thermal energy

The electrons overshooting from the upstream into the down-
stream COM system initially act like an electron jet. This
jet, however, creates an unstable plasma condition, exciting
electrostatic plasma waves that finally convert the overshoot
kinetic energy into thermal energy. Hence, we now consider
the Buneman instability in the downstream plasma frame of
electrons moving with high speeds relative to protons, i.e. the
COM bulk system, thereby acting as an instability driver.

The downstream electron overshoot speed is equal to

U2e = U2ps{1+ (M/m)[1− (1/s2)]}1/2 (12)

and the differential speed1U2 of electrons relative to pro-
tons is equal to

1U2 = U2e− U2p = U2p{s[1+
M

m
[1−

1

s2
]]

1/2
− 1}

' U2ps

√
M

m
. (13)

1U2 in most cases is much higher than thermal speeds of
both the electrons,vthe, and the protons,vthp, hence fulfilling
the relation

1U2 > vthe >> vthp.

These jump-induced conditions are similar to those of a
plasma with an electric current, in which the Buneman in-
stability is triggered (Alexandrov et al., 1984; Chen, 1984).
Due to the above inequalities at the initial stage of the insta-
bility, the approximation of a cold plasma is valid at least in
the foot region of the shock. In this case the dispersion equa-
tion corresponding to the Buneman instability can be written
in the following form (Alexandrov et al., 1984)

k2
xε⊥ + k2

zε‖ = 0, (14)

whereε⊥ andε‖ are the components of the cold plasma di-
electric tensor with

ε⊥ = 1−

∑ ω2
pa

[(ω − k · ua)2 − ω2
Ba]

(15)

and

ε‖ = 1−

∑ ω2
pa

(ω − kua)2
. (16)

Theα-indices correspond to electrons and protons, andωpa
andωBa are plasma frequencies and cyclotron frequencies,
respectively. In the reference frame moving with protons we
find from Eqs. (15) and (16) the following dispersion equa-
tion:

ω2
pecos2θ [(ω − k · 1U2)

−2
+

m

M
ω−2

]

+ω2
pesin2θ{[(ω − k · 1U2)

2
− ω2

Be]
−1

+
m

M
[ω2

− ω2
Bi]

−1
} = 1. (17)

We now consider the dispersion Eq. (17) at the condition of
maximal growth of the disturbance, i.e. atω � k · 1U2 ≈

ωpe; the inequality corresponds to the a-periodic type of in-
stability and the equality corresponds to the resonant condi-
tion. We will take into account that in the solar wind plasma
ω2

pe � ω2
Be (i.e. c � vA

√
M/m) is always valid. Indeed,

the ratioω2
pe/ω

2
Be = (m/M)(c2/v2

A) for typical solar wind

plasma parameters is sufficiently high, i.e.ω2
pe/ω

2
Be > 104.

Also note that in the distant solar wind atr > 5 AU the ratio
ω2

pe/ω
2
Be does not depend on solar distance. Assuming also

ω/ωBi � 1, one can show that Eq. (17) has three solutions,

ω = (m/2M)1/3ωpe = ω1, (18)

ω = ω2,3 = (1/2)(1± i
√

3)ω1, (19)

i.e. under conditions of the distant solar wind the influence
of the local magnetic field can be neglected. The Buneman
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1208 I. V. Chashei and H. J. Fahr: Electron temperature beyond the termination shock

instability has a strong growth rate which is maximal at the
resonance condition,k · 1U2 = ωpe (see Alexandrov et al.,
1984; Chen, 1984), and there it is given by

γmax =

√
3

4
(m/2M)1/3ωpe. (20)

Note that the inequalityω/ωBi ≈ (M/m)2/3(ωpe/ωBe) � 1
used above is fulfilled for Eq. (20). The typical growth pe-
riod γmax of this instability is of the order of 10−4 s for typ-
ical values of the plasma density ofn ≈ 10−3 cm−3 at solar
distances of about 100 AU. Landau damping of these oscilla-
tions at protons is very weak under these conditions and can
be neglected in our ongoing considerations.

The Landau damping at electrons is described by the
decrement (Alexandrov et al., 1984; Chen, 1984)

γLe =

√
π

8
ωpe

(
ωpe

k‖vthe

)3

exp[−1.5− (ωpe/k||vthe)
2
], (21)

wherek‖ is the component of the wavevectork parallel to
the magnetic field. Taking into account the condition1U2 >

vthe � vthp, one can see that, at the initial stage of the insta-
bility, Landau damping is exponentially weak. This is the rea-
son why the nonlinear stage of the instability develops very
fast and leads to plasma stratifications on very small scales,
i.e. scales of the orderlS ≈ 1U2/ωpe. An interaction be-
tween electron plasma bunches and oscillating electric fields
then results in electron braking and proton acceleration. Dur-
ing this process the relative speed1U2 will decrease and, in
line with this, Landau damping given in Eq. (21) becomes
more and more important. This finally leads to electron heat-
ing and, in turn, to further deceleration and heating of elec-
trons.

Such a scenario can be called a spontaneous local relax-
ation. It occurs if the shock front can be considered as in-
finitesimally thin. In the opposite case of an extended shock
front structure, however, a spatial scenario takes place in
which the relaxation to the stable state is instead a contin-
uous process acting at the instability thresholdγmax = γLe
along the whole effective length of the shock-induced elec-
tric potential jump. The full electron speedU2e is not fully
achieved in this spatial scenario because the work of the elec-
tric potential on electrons is continuously transferred to elec-
tron heating. This is a little similar to the case already con-
sidered by Verscharen and Fahr (2008) for the parallel MHD
shock. The final stage of the instability for both scenarios
is the motion of protons and heated electrons with one and
the same speedU∗

2 equal to the downstream bulk speed but
with electrons that appear much more heated than at classical
Rankine–Hugoniot shocks.

In this paper we only consider the Bunemann instability
and show that under cold plasma conditions and low electron
beta conditions this instability can do the job to efficiently
thermalize the electron overshoot kinetic into electron ther-
mal energy. In favour of this process operating, one should

consider the foot region of the shock where the background
plasma can be considered as sufficiently cold. As shown by
Scholer and Matsukiyo (2004), competing with the Bune-
mann instability the modified two-stream instability should
be considered as heating electrons. The relative efficiency of
these two instabilities is strongly related to the Mach number
of the shock and of the upstream electron plasma beta value.
For electron plasma beta values below 0.02, which as we be-
lieve characterizes the upstream conditions at the termination
shock, Bunemann instability should, however, be dominant.

In fact, in principle one also has to consider energy ap-
pearing in waves and turbulences that are driven by these
instabilities. This we cannot do in this paper in a consistent
form. Thus we have to conclude here that the thermal energy,
according to our present calculation created by electron ther-
malization, somehow represents an upper limit of what can
be discussed in this context.

5 The electron temperature jump at the shock

Now we evaluate as function of the downstream COM
plasma speed the fraction of relative kinetic energy trans-
ferred to thermal energy of the electrons. We had obtained
the COM bulk speed which withm � M leads to

U2 ≈ U2p+ (m/M)U2e ≈ U2p+ s
√

m/MU2p (22)

and shows that the difference betweenU2 andU2p is small in
comparison withU2p.

The part1We of electron kinetic energy converted into
heat can then be found from the energy conservation law ap-
plied to the pair of particles thusly:

21We = mU2
2e+ MU2

2p− (m + M)U2
2 , (23)

which results in

21We =

[
mM

m + M

]
(U2e− U2p)

2 (24)

or

1We ≈ (1/2)mU2
2e. (25)

This expresses the fact that essentially the whole kinetic en-
ergy of the overshooting electrons is converted into electron
heat, meaning that the speedU2e plays the role of the down-
stream thermal speed of heated electrons.

Hence the above relation allows one to estimate the jump
in the electron temperature1T1e after shock passage by the
following expression

1T1e = mU2
2e/3k = (m1U2

1/3k){1+
M

m
[1− (1/s2)]}

≈ (M1U2
1/3k)[1− (1/s2)]. (26)
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Using typical values for the termination shock (see Richard-
son et al., 2008) withs ≈ 2.5 and1U1 ≈ 350 kms−1, we
find from the above relation

1T1e ≈ M1U2
1/18k ≈ 3.5× 106K. (27)

Thus, surprisingly enough, the above shows that the electron
temperatureTe,2 downstream of the shock must be expected
to be much higher than the measured downstream solar wind
proton temperatureTp,2, which is only of the order of a few
105 K, hence yielding ratios ofTe,2/Tp,2 ' 35.

The above formula also shows that electrons, when propa-
gating downstream of the shock, will finally have picked up
about (1/6) of the upstream kinetic proton energy with re-
spect to the downstream bulk velocity rest frame, because
from the above one finds

3/2k1T1e ≈ (1/6)[
1

2
M · 1U2

1 ]. (28)

6 Spatial diffusion of shock-processed electrons

Another question of importance may now, however, occur
connected with the new appearance of energetic downstream
electrons, which is that by their new energy they may partly
attain the freedom to spatially diffuse relative to the bulk flow
of the background plasma, i.e. they might not any longer be
co-convected with the solar wind bulk flow. The adequate
transport equation for the electron pressurePe is derived
from the original transport equation for the cosmic ray distri-
bution function (see Parker, 1965; Potgieter, 1996) and after
neglect of curvature drifts and production of pressure mo-
ments (see e.g. Fichtner et al., 1996; Kissmann et al., 2003)
in the case of electrons is given by the following (Ferreira et
al., 2001a, b; Langner et al., 2001; Lange et al., 2006; Nkosi
et al., 2011; Potgieter and Nndanganeni, 2013):

∂Pe

∂t
= ∇ · (κ̂ · ∇Pe) − U · ∇Pe−

4

3
Pe(∇ ·U), (29)

where κ̂ denotes the spatial diffusion tensor for the elec-
trons. Studying in-ecliptic regions where near the termination
shock the Archimedean magnetic fields are quasi-azimuthal,
this then means that a diffusive transport of electrons off the
position of the shock in upstream direction mainly works by
spatial diffusion perpendicular to the magnetic field, regu-
lated by the tensor elementκ⊥. Thus the above vector equa-
tion for upstream electron diffusion then reduces to the fol-
lowing scalar equation:

∂Pe

∂t
=

1

r2

d

dr
[r2(κ⊥ ·

d

dr
Pe)]

− U ·
d

dr
Pe−

4

3
Pe ·

d

dr
U (30)

with r being the solar distance. This then essentially means

∂Pe

∂t
'

2

r
(κ⊥

d

dr
Pe) +

d

dr
[(κ⊥

d

dr
Pe) − UPe]. (31)

This shows that at large distances (r/r0 � 1; r0 = rE =

1 AU) only the second term on the right-hand side counts
and thus diffusion competes with convection if the following
relation holds:

κ⊥

d

dr
Pe ' UPe. (32)

At the termination shock this relation can be interpreted as
stating that, at a critical value of a relative change in the
electron pressure (or temperature), electron spatial diffusion
starts competing with convection. This critical value can be
calculated from the following relation:

P −1
e1

∣∣∣∣ d

dr
Pe

∣∣∣∣
TS

'
1Pe

Pe1

1

D
' U1/κ⊥, (33)

where D denotes the shock transition distance. This then
leads to the following limit:

1Pe '
Pe1D

κ⊥

U1, (34)

or written in terms of temperature by

1Te '
ne1Te1D

ne2κ⊥

U =
D

sκ⊥

U1Te1. (35)

Using now the result that we have presented in the section
above (see Eq. 26) will give us

1T1e = [1− (1/s2)]
M1U2

1

3k
'

D

sκ⊥

U1Te1, (36)

wheres denotes the shock compression ratio and leads to the
requirement[
1−

1

s2

]
MU2

1 (1−
1
s
)2

3k
'

D

sκ⊥

U1Te1, (37)

which for the crucial extentDc of the transition region means

Dc ' (s + 1)(1−
1

s
)3

1
2MU2

1
3
2kTe1

κ⊥

U1
. (38)

Now we want to evaluate this expression and start with
choosing

1

2
MU2

1/
3

2
kTe1 = M2

s1 ' 102

and with settings = 2.5, which yields

(s + 1)

(
1−

1

s

)3

= 0.75.

This then finally leads to

Dc ' 75
κ⊥

U1
. (39)

www.ann-geophys.net/31/1205/2013/ Ann. Geophys., 31, 1205–1212, 2013



1210 I. V. Chashei and H. J. Fahr: Electron temperature beyond the termination shock

From Lange et al. (2006) we take

κ⊥(r,v) = 10−2
· κ0 · β(v) · g(r,v), (40)

whereκ0 = 4.5×1022 cm2s−1 is a constant andβ(v) = v/c.
For a 1 MeV electron, one thus hasβ(v̄) = v̄/c = 0.86. The
functiong(r,v) in our case is given by (Ferreira et al., 2001a,
b):

g(r,v) = g(rs, v̄) = (1/5)(P0/P0)
0.6(1/50)(P̄ /P0)(rs/r0)

2,

(41)

whereP0 = 1 GV andrs = 100r0. Thus for the functionf
one obtains

g(rs, v̄) = (1/5)(1/50)(10−3) × (100)2
= 4× 10−4.

Hence the diffusion coefficient is then calculated by

κ⊥(rs, v̄) = 10−2
· 4.5× 1022

· 0.86· 4× 10−4

= 1.55× 1017
· [cm2s−1

].

With the above values we then finally find

Dc ' 75
κ⊥

U1
= 75· 1.55× 1017/4.5× 107

= 2.58× 1011cm' 0.02AU.

This says that 1 MeV electrons appearing near the shock
should be able to diffusively redistribute to a region of about
a few 10−2 AU upstream of the shock over which they build
up their strong temperature ramp. Considering that in the
106 K electron velocity distribution function also higher than
1 MeV energetic electrons are contained thus means that such
higher energetic electrons can even be expected at 1 AU up-
stream of the shock.

7 Impact ionization by shock-processed electrons

Finally, here we would like to briefly look at the electron
impact ionization of neutral interstellar H-atoms by these
shock-processed electrons. As shown in Rucinski and Fahr
(1989), the electron-impact ionization rate of H-atoms is
given by

βe,H(r) =
8π

m2
e

∞∫
EH,i

σH(E)f (E,r)EdE [cm3s−1
], (42)

whereme is the electron mass,EH,i = 13.6 eV is the ioniza-
tion energy of the H-atom ,σH(E) is the H-atom impact ion-
ization cross section, andf (E,r) denotes the electron energy
distribution function. With the impact cross section given by
Lotz (1967) in the form

σH(E) =5.77· [1− 0.75exp(−0.46(E/EH,i − 1))

·
2ln(E/EH,i)

EEH,i
[10−14cm2

], (43)

one is then lead to the following ionization rate when as-
suming the electron velocity distribution function to be a
Maxwellian with a temperatureTe,2 (see Rucinski and Fahr,
1989):

βe,H(r) =11.6× 10−14

·

[
G

8
Ei(−8) −

C

α
Ei(−α)

]
[cm3s−1

]. (44)

In the above the following definitions have been used:

G = 0.75exp(0.46)C

C = ne,2(r)

α =
EH,i

KTe,2

8 = α + 0.46

Ei(−b) = −b

∞∫
exp(−bx) lnxdx.

With the earlier result of shocked electrons representing a
temperature ofKTe,2 ' 1 MeV and having a downstream
electron density ofne,2(r) = 2× 10−3 cm−3, we then calcu-
late with the following definitions:

G = 0.75exp(0.46)2× 10−3

C = 2× 10−3

α =
EH,i

KTe,2
=

13.6

106
= 1.36× 10−5

8 = 0.46

Ei(−α) = −1.36× 10−5

∞∫
exp(−1.36× 10−5x) lnxdx,

obtaining the result

βe,H(r) = 23.2× 10−17
·

[
1.18

0.46
Ei(−0.46) + Ei(−1.36× 10−5)

]
' 3.3× 10−9s−1

(45)

Compared to the charge exchange frequencyβp,ch = σex ·

np,2 · v̄rel,p = 2×10−11 s−1 with downstream solar wind pro-
tons, one thus obtains a ratio of

βe,H(r)

βp,ch
' 1.65× 102, (46)

meaning that electron impact of H-atoms compared to charge
exchange in the region downstream of the shock is the highly
dominant loss process for incoming interstellar H-atoms.
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8 Conclusions

We have shown in this paper that, contrary to the hitherto
conventional thinking, solar wind electrons cannot be ex-
pected to keep thermal equilibrium with solar wind pro-
tons, at least not after passage of the solar wind plasma
over the termination shock. Due to their interactions with
the shock-associated electric field, they undergo a substan-
tial heating process which in its magnitude depends on the
shock compression ratios and on the bulk velocity differ-
ence1U1 at the shock. It does, however, practically not
depend on the strength and direction of the magnetic field
at the shock surface, since the Bunemann instability redis-
tributing kinetic overshoot velocities into thermal electron
speeds operates so strongly that electrons essentially do not
recognize the background magnetic field before becoming
thermalized. This then also indicates something concerning
the global interaction of solar wind electrons when pass-
ing over the 3-dimensional geometry of the shock surface.
One may conclude that the downstream electron temperature
only varies through variable upstream solar wind bulk veloc-
ities and through correspondingly variable compression ra-
tios s. Furthermore, it may now be plausible that the 106 K-
hot downstream electrons do spatially diffuse relative to the
background solar wind bulk flow and thus behave similar to
cosmic ray electrons, as described by Ferreira et al. (2001a,
b) and Lange et al. (2006) and in fact measured by Voyager-
1/-2 (Webber, 2006).

It must of course be stated here that the solar wind termi-
nation shock is a multifluid shock phenomenon, where more
than just solar wind electrons and protons are involved. Es-
pecially the so-called pick-up ions definitely play an impor-
tant role (see, e.g. Fahr and Chalov, 2008; Zank et al., 2010;
Siewert et al., 2013). They collectively as a multifluid plasma
define the consistent compression ratio as shown in the im-
plicit multifluid compression equations = S(s), as derived
by Fahr et al. (2012). Instead of making everything consis-
tent, in this paper here we have derived an expression only
for the downstream solar wind electron pressure as a function
of the compression ratios. In other papers (Chalov and Fahr,
2011, 2013) we have solved the multifluid MHD Rankine–
Hugoniot relations; however, there we have parameterized
only the downstream electron pressure as a multiple of the
downstream solar wind proton pressure.

In these multifluid solutions it is shown that, in fact due
to conservation of their higher upstream magnetic moments,
pick-up ions consequently appear on the downstream side as
a much more heated ion population compared to normal so-
lar wind protons. They thus also constitute the much larger
downstream ion pressure compared to normal solar wind
protons. Nevertheless it can be shown (Chalov and Fahr,
2013) that these multifluid approaches only then can repre-
sent the shock results, i.e. downstream proton temperature
and compression ratio (obtained by Voyager-2 at its termina-
tion shock crossing), if the downstream electron temperature

is higher than the downstream solar wind proton temperature
by about a factor 10 to 15 (see Chalov and Fahr, 2013). This
factor we do in fact obtain with our present calculations.

Finally we should confess here that the problem of ther-
malizing the shock-electrons is not as clear-cut as we treat it
in this paper. We only consider the Bunemann instability and
can show that under cold plasma conditions and low electron
beta conditions this instability can do the job of efficiently
thermalizing the electron overshoot kinetic into electron ther-
mal energy. For this process to operate one should consider
the foot region of the shock as a place of electron heating
where the background plasma can be considered as suffi-
ciently cold. We think that in fact the ion heating takes place
further downstream in connection with ion pitch-angle scat-
tering. As shown by Scholer and Matsukiyo (2004), in com-
petition to the Bunemann instability also the modified two-
stream instability should be considered as effectively heating
electrons. The relative efficiency of these two instabilities is
strongly related to the Mach number of the shock (i.e. below
or above whistler critical Mach numbers) and of the upstream
electron plasma beta value. For electron plasma beta values
below 0.02 the Bunemann instability seems to dominate, and
we believe that we are in that region of low electron plasma
beta values.
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