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Abstract. In this paper we study the temperatures of elec-1 Introduction

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 rayThetheoretical description of the plasma passage over an as-
regime, is known about the thermodynamical behaviour oftrophysical MHD (magnetohydrodynamics) shock, e.g. the
these distant electrons from in situ plasma observationssolar wind termination shock, even nowadays is not a gen-
Hence it is tacitly assumed these electrons, due to their adi€rally agreed upon topic. Especially the role of electrons in
abatic behaviour and vanishing heat conduction or energizastructuring such a shock is not at all well understood, though,
tion processes, have rapidly cooled off to very low temper-2S it appears to us, this role is extremely important. Usu-
atures once they eventually arrive at the solar wind termi-ally it is assumed that ions and electrons remain in ther-
nation shock (at about 100 AU). In this paper we show thatmodynamical equilibrium at the shock passage, thus retain-
such electrons, however, at their passage over the terminatidRd their pre-shock densities and temperatures with identical,
shock due to the shock—electric field action undergo an overthough changed, densities and pressures also downstream of
adiabatic heating and therefore appear on the downstreai€ shock. It has, however, meanwhile been recognized that
side as a substantially heated plasma species. Looking quaglectrons are likely to be heated over-adiabatically (see Leroy
titatively into this heating process we find that solar wind €tal., 1982; Sgro and Nielson, 1976; Schwartz et al., 1988; or
electrons achieve temperatures of the order of 244° K Tokar et al., 1986). This points to the fact that non-adiabatic
downstream of the termination shock, depending on the upheating, at least of electrons, takes place at the shock, which
stream solar wind bulk velocity and the shock compres-S€ems to be controlled by the conservation of the magnetic
sion ratio. Hence these electrons therewith play an imporParticle moment (Schwartz et al., 1988). _

tant dynamical role in structuring this shock and determining  The so-called “magnetic moment” of charged particles,
the downstream plasma flow properties. Furthermore, theyt = mv3 /2B, has experienced a somewhat controversial ap-
present an additional ionization source for incoming neutralPreciation in the plasma literature of the past. Though in
interstellar hydrogen and excite X-ray emission. They alsomodern MHD shock simulations of the solar wind termina-
behave similar to cosmic ray electrons and extend to somd&on shock it is not explicitly required that ions and elec-
limited region upstream of the shock of the order of 0.1 AU trons conserve their magnetic moment, there are, on the

by spatial diffusion and thereby also modify the upstream so-Other hand, affirmative conclusions achieved in the earlier
lar wind properties. shock literature. For example one finds in the paper by Sar-

) _ris and Van Allen (1974) that these authors using moment-
Keywords. Interplanetary physics (Interplanetary shocks; hsering theoretical calculations can successfully repre-

Solar wind plasma) — Space plasma physics (Electrostatige; ohservational data obtained by the satellites Explorer 33
structures) 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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achieved when considering that these particles are multiphal. (2006), Nkosi et al. (2011), or Potgieter and Nndanganeni
reflected at their magnetic mirror points and eventually move(2013).

downstream of the shock with an energy gain corresponding

to v%/vf ~ By/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 crossg responsible for braking down the upstream to the down-

ing over the shock. . . . .
. stream bulk velocity. Looking at the shock-associated, inher-
Terasawa (1979) compares ion spectra of MHD shock- 4 9

. , ent electric potential jum@A®, it then can be derived that
refle“cte_d lons calculated”by two different aprirqaches, name,,%ulk velocities of protons and electrons, respectively, change
the “adiabatic approach” and the so-called “kink approach -according to
The first is applicable when the shock structure is large with
respect to the ion gyroradius; the second is applicable when A ¢, — }M(UZ —U2) )
the shock structure is small with respect to the ion gyrora- 2 ! 2
dius. Interestingly enough the results for the spectra of theand
reflected ions are nearly identical in both cases, emphasizing 1 5 5
that obviously in both cases particles behave as if their mag—¢A® = 5m (U1 — Ug). (2

netic moments are conserved, independent of the extent qﬁere m and M are electron and proton masses, and the

the shock trar'15|t|.on region. ) suffixes “1” and “2” characterize upstream and downstream
A further hint is also given by Fahr and Siewert (2013) quantities

who show that_the I__iouviIIe operator in con_ventional ion Their resulting downstream momentum flows are thus
transport equations just takes care that particle energy angiven by

magnetic moment are conserved at free ion motions, while

simultaneously operating typical Fokker—Planck diffusion F62=m”eZUezz ()
terms, e.g. for pitch-angle scattering, can be additionally con g

sidered as counteracting the magnetic moment conservation. )

Nevertheless the full transport equation requires the operaf’p2 = Mnp2Up,. (4)

tion of a Liouville operator describing the tendency to con- | goking now for that bulk velocity of theentreof mass
serve particle invariants in the case of absence or weakneggOM) system, which results from these two momentum

of stochastic processes. In this paper we shall therefore nafows and represents the system to which the magnetic field
only consider shocks that conserve magnetic particle mois frozen-in, one then derives the following relation:
ments and thereby strongly heat particles, but also pay at- M
tention to the very different influence this has on electrons; = anzU§2+mner§2= 2n3 (m_> Uz, (5)
compared to ions, as we shall show. 2

Another encouragement for proceeding in this direction isSince in all systems the particle number flow must be con-
that Voyager-2 measurements at the termination shock (TS$erved, one finds
crossing (Richardson et al., 2008) deliver data which are un- okgprx
predicted by presently existing TS models in the Iiterature,znlU1 = 213Uz = ne2Ue2+ np2Up2 ©)
like those by Fahr and Chalov (2008) or Wu et al. (2009). which yields
Based on identical upstream plasma conditions, none of the m+M
presently existing models can consistently explain all the TSM Up2 + mUe2 =2 < ) U;. (7)
observations such as the compression ratibthe shock, the ] ) )
thermal proton temperature junt, 2/ Ty 1, and the down- This then delivers thg bglk velocity of the centre of mass sys-
stream magnetosonic Mach number of thermal protons. 1€, the COM-velocity, in the form
this paper, we shall, however, show that with the shock- 1

* —
heated electrons treated here all these measurements can b8 ~— ,,, 1 3/ (MUp2+mUe2). 8

surprisingly well explained. It is important to take into ac- Inserting from Eq. (2) the above result fe,, one then fi-
count that the thermodynamical behaviour of thermal pro-na"y obtains
tons at the passage over the TS shock is essentially differ-

ent from that of electrons, so that especially the downstream MUpz+m /%(Ulzp — U22p)
temperatures of these species are substantially different, i.d/5 =

2 The centre of mass system downstream of the shock

Here we first want to find the electric potential jump that

the electrons are much hotter and even start spatially diffus- m+ M
ing with respect to the background plasma flow as described sg -1
by Ferreira et al. (20014, b), Langner et al. (2001), Lange et = Uzp| 1+ 1840 9)
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which clearly shows that the COM velocity is essentially AU in most cases is much higher than thermal speeds of

identical toUs p. both the electronsine, and the protonsimp, hence fulfilling
the relation
3 The electron overshooting at the shock AUz > vthe >> Vthp.

Fahr et al. (2012) have shown that the electrically-inducedThese jump-induced conditions are similar to those of a
electron overshooting at the shock into the downstream COMplasma with an electric current, in which the Buneman in-
plasma frame is a highly important physical process thatstability is triggered (Alexandrov et al., 1984; Chen, 1984).
eventually leads to strong electron heating, to entropy generbue to the above inequalities at the initial stage of the insta-
ation and to high compression ratios. Starting from the aboveility, the approximation of a cold plasma is valid at least in
consideration of a shock potential st& affiliated withthe  the foot region of the shock. In this case the dispersion equa-
deceleration of the proton bulk velocity from its upstream to tion corresponding to the Buneman instability can be written
its downstream COM value, one finds that electrons in thein the following form (Alexandrov et al., 1984)
first step from just this potential jump experience a strong
bulk velocity acceleration, as they are injected into the down-k2e¢ | + k2e| =0, (14)
stream flow. .
As Fahr et al. (2012) have shown, the initial overshoot ve-Wheree . ande; are the components of the cold plasma di-
locity of the electrons (i.e. differential velocity with respect €l€ctric tensor with

to the downstream COM flow) is given by w2
pa

(15)

—1-—
1 o 2 [(0—K U2 — 2]

M
U,—Us 1+—(1——2)
m N

whereUs » are the centre of mass plasma bulk velocities at 2

the upstream and downstream side of the shock, respectivel¥“ 1 Z ®pa _ (16)
This formula evidently shows that according to the mass (w — kug)?

ratiom/M = pej = 1/1840 the resulting overshoot velocity

turns out to be as large as

8 Ue = ) (10)

and

The a-indices correspond to electrons and protons, @pnd
and wpy are plasma frequencies and cyclotron frequencies,

M 1 respectively. In the reference frame moving with protons we
8Ue= U2 — Uy, |1+ Py <1— S—2> find from Eqgs. (15) and (16) the following dispersion equa-
tion:
~ Wis) |1— |22 = 1| = 430 (11) 2 co2 24 M2
>~ (Ui/s . s = 1. WpeCO Ol(w—k - AUy) +Ma) ]
+wdeSiPO{[(w — k- AUp)? — ] ™
4 Conversion of overshoot kinetic into thermal energy + ﬂ[wZ — wéi]—l} -1 (17)

M

Tthe elecéroorl\bls ovetrshoptlltr_]g”fromttr:.ekupstre?mtlnto the ‘E'F%W”We now consider the dispersion Eq. (17) at the condition of
stream system initially act fike an electron Jet. ThiS yayima) growth of the disturbance, i.e. @tk k- AUz =~

jet, however, creates an unstable plasma condition, excitin%)pe; the inequality corresponds to the a-periodic type of in-

e_Iect_rostatic p'?‘sma waves that finally convert the OVershoogtability and the equality corresponds to the resonant condi-
Kinetic energy into thermal energy. Hence, we now ConSId‘E’rtion. We will take into account that in the solar wind plasma

the Buneman instability in the downstream plasma frame of » 2 ; ;
. e i i W5 > wh, (1.8, ¢ > va/M/m) is always valid. Indeed,
electrons moving with high speeds relative to protons, i.e. the, ° Be A /m y

o9 2, 2 : :
COM bulk system, thereby acting as an instability driver. "€ faliowpe/wge = (m/M)(c%/vy) for typical solar wind

A . . . . . 2
The downstream electron overshoot speed is equalto ~ Plasma parameters is sufficiently high, icGhe/ e > 1&-
Also note that in the distant solar windat- 5 AU the ratio

2\ 111/2
Uze= Uzps {1+ (M/m)[1— (1/s*)]}"/ (12) whe/w§, does not depend on solar distance. Assuming also
and the differential speed U of electrons relative to pro- @/wsi > 1, one can show that Eq. (17) has three solutions,

tons is equal to
q = (m/2M)wpe = o1, (18)

M1
AUz = Uze— Uzp=Uppls[1+ —[1— 5112 - 1) w=awp3= 121+ iv3w1, (19)

~ Usps /ﬂ' (13) i.e. under conditions of the distant solar wind the influence
b of the local magnetic field can be neglected. The Buneman

www.ann-geophys.net/31/1205/2013/ Ann. Geophys., 31, 120812 2013



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 consider the foot region of the shock where the background
resonance conditiork - AU» = wpe (See Alexandrov et al., plasma can be considered as sufficiently cold. As shown by

1984; Chen, 1984), and there it is given by Scholer and Matsukiyo (2004), competing with the Bune-
3 mann instability the modified two-stream instability should

Vinax = \/i(m/ZM)l/%pe. (20) be con5|de_red a_s_heat_lng electrons. The relative efficiency of
4 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-
earing in waves and turbulences that are driven by these

Note that the inequality/wgi ~ (M/m)?3(wpe/wge) > 1
used above is fulfilled for Eq. (20). The typical growth pe-
riod ymay Of this instability is of the order of 10*s for typ-
ical values of the plasma density of~ 10~3 cm~2 at solar
distances of about 100 AU. Landau damping of these oscilla-

tions at protons is very weak under these conditions and Caihstabilities. This we cannot do in this paper in a consistent

be neglected in our ongoing considerations.
The Landau damping at electrons is described by theform.Thus we have to conclude here that the thermal energy,

decrement (Alexandrov et al., 1984: Chen, 1984) according to our present calculation created by electron ther-

malization, somehow represents an upper limit of what can
3
b (,()pe 2
= /= —— ) expg—1.5— k , (21
Ve =,/ 8wpe<k| Uthe) o] (wpe/ kjune)“1,  (21)

be discussed in this context.
wherek is the component of the wavevectbrparallel to 5 The electron temperature jump at the shock
the magnetic field. Taking into account the conditivdy, > )
vthe 3> vthp, ONE can see that, at the initial stage of the insta-NOW we evaluate as function of the downstream COM
bility, Landau damping is exponentially weak. This is the rea- Plasma speed the fraction of relative kinetic energy trans-
son why the nonlinear stage of the instability develops Veryferred to thermal energy of the electrons. We had obtained
fast and leads to plasma stratifications on very small scaleshe€ COM bulk speed which with < M leads to
i.e. scales of the orddis ~ AUs/wpe. An interaction be-
tween electron plasma bunches and oscillating electric fieldd/2 ~ Uzp+ (m/M)Uze ~ Uzp+s/m/MUzp (22)
then results in electron braking and proton acceleration. Dur- . . .
ing this process the relative spead/> will decrease and, in and shqws tha_t the difference betweénandUzp is small in
line with this, Landau damping given in Eq. (21) becomes comparison withl/zp.

more and more important. This finally leads to electron heat-h T?e pirr:AWg* ?cf eledc]Eron I:;]netlc energy convetrtedl Into
ing and, in turn, to further deceleration and heating of elec- eat can then be Tound from the energy conservation law ap-
trons. plied to the pair of particles thusly:

Such a scenario can be called a spontaneous local relax; 2 2 2
ation. It occurs if the shock front canpbe considered as inféAWe = mUge+ MUp = (m+ M)U3, (23)
finitesimally thin. In the opposite case of an extended ShOCKNhiCh results in
front structure, however, a spatial scenario takes place in
which the relaxation to the stable state is instead a contin- mM 2
uous process acting at the instability threshgihy= ye ~ 22We= [m+—M] (Uze — Uzp) (24)
along the whole effective length of the shock-induced elec-
tric potential jump. The full electron spedde is not fully or
achieved in this spatial scenario because the work of the elec- )
tric potential on electrons is continuously transferred to elec-AWe~ (1/2)mUje. (25)
tron heating. This is a little similar to the case already con-__ ) o
sidered by Verscharen and Fahr (2008) for the parallel MHD This expresses the fa_ct that essent_lally the who!e kinetic en-
shock. The final stage of the instability for both scenarios€"9Y of the _overshootlng electrons is converted into electron
is the motion of protons and heated electrons with one and'€@t: meaning that the spegge plays the role of the down-
the same speetl; equal to the downstream bulk speed but stream thermal speed of heated electrons. _
with electrons that appear much more heated than at classical Hence the above relation allows one to estimate the jump
Rankine—Hugoniot shocks. in the_electron ter.‘nperaturzteTle after shock passage by the

In this paper we only consider the Bunemann instability following expression
and show that under cold plasma conditions and low electron M
beta conditions this instability can do the job to efficiently ATie= mUZZe/Sk = (mAUlz/Sk){l—i- —[1- (1/s2)]}
thermalize the electron overshoot kinetic into electron ther- 2 2 "
mal energy. In favour of this process operating, one should ~ ~ (MAUT/30)[1— (1/59)]. (26)

Ann. Geophys., 31, 1205:212 2013 www.ann-geophys.net/31/1205/2013/
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Using typical values for the termination shock (see Richard-This shows that at large distances/fp>1; ro=rg =
son et al., 2008) with ~ 2.5 andAU; ~ 350kms?, we 1 AU) only the second term on the right-hand side counts
find from the above relation and thus diffusion competes with convection if the following

5 relation holds:
ATie~ MAUZ/18 ~ 3.5x 10°K. (27)

Thus, surprisingly enough, the above shows that the electrofi1 7~ Fe=U Pe. (32)

temperaturd, » downstream of the shock must be expected

to be much higher than the measured downstream solar winét the termination shock this relation can be interpreted as

proton temperatur@, », which is only of the order of a few stating that, at a critical value of a relative Change _in tr_le

10° K, hence yielding ratios ofe 2/ T 2 ~~ 35. electron pressure (or temperature), electron spatial diffusion
The above formula also shows that e|ectrons' when propastarts Competing W|th ConVeCtion. ThIS Critical Value can be

gating downstream of the shock, will finally have picked up calculated from the following relation:

about (1/6) of the upstream kinetic proton energy with re- AP 1

spect to the downstream bulk velocity rest frame, becausezf’e_l1 €2 ~Ur/ky, (33)

—Pe| =~
from the above one finds 1s Py D

dr

1 2 where D denotes the shock transition distance. This then
3/2kAT1e~ (1/6)[§ M- AUT]. (28)  |eads to the following limit:
~ PelD
6 Spatial diffusion of shock-processed electrons APe L Us, (34)

Another question of importance may now, however, occuror written in terms of temperature by

connected with the new appearance of energetic downstream 7D D

electrons, which is that by their new energy they may partly A7, ~ fellell = 2 Ui Ter (35)
attain the freedom to spatially diffuse relative to the bulk flow Ne2C 1L SKkL

of the background plasma, i.e. they might not any longer besing now the result that we have presented in the section
co-convected thh the solar wind bulk flow. T_he alqequateabOVe (see Eq. 26) will give us

transport equation for the electron pressueis derived

from the original transport equation for the cosmic ray distri- 9 MAU12 D

bution function (see Parker, 1965; Potgieter, 1996) and afteT1e= [1—(1/57)] T EUlTel’ (36)
neglect of curvature drifts and production of pressure mo-

ments (see e.g. Fichtner et al., 1996; Kissmann et al., zoog)vheres denotes the shock compression ratio and leads to the
in the case of electrons is given by the following (Ferreira etfequirement

al., 2001a, b; Langner et al., 2001; Lange et al., 2006; Nkosi

2 1,2

etal., 2011; Potgieter and Nndanganeni, 2013): [1_ si2:| MU; ;11; $° L %UlTel, (37)
i
d Pe N 4
9 Violie-VPe) —U-VFPe— éPe(V 0, (29 \which for the crucial extenD. of the transition region means
wherex denotes the spatial diffusion tensor for the elec-
trons. Studying in-ecliptic regions where near the termination 14 %MU12 KL
shock the Archimedean magnetic fields are quasi—azimuthaI,Dc ~6+DA- ;) 3Ty [ (38)
2 e

this then means that a diffusive transport of electrons off the

position of the shock in upstream direction mainly works by Now we want to evaluate this expression and start with
spatial diffusion perpendicular to the magnetic field, regu-choosing

lated by the tensor element . Thus the above vector equa-

tion. for upstream e!ectron diffusion then reduces to the fo"}MUlz/%kTel: M? ~ 102

lowing scalar equation: 2 2 ’

AP 1d o d and with setting = 2.5, which yields
—— == - [r (kL Pl
ot redr dr 1\3

d 4 d (s—l—l)(l——) =0.75

—U-—Pe—=Pe-—U 30 -9

dr ¢ 3°% ar (30) §
with r being the solar distance. This then essentially means This then finally leads to
oPe 2 d d d KL
——=~Z(kL—Pe)+ —[(kL— Pe) — U Pel. 31 D¢ = 75—. 39
5 =~ (el Pe) 4 —-[(kcL ——Pe) = U Pel @) De=T57 (39)

www.ann-geophys.net/31/1205/2013/ Ann. Geophys., 31, 120812 2013



1210

From Lange et al. (2006) we take
K1 (r,0) =102 ko B(v) - g(r, V),

wherexo = 4.5 x 10?2cmés 1 is a constant andl(v) = v/c.
For a 1 MeV electron, one thus hasv) = v/c = 0.86. The
functiong(r, v) in our case is given by (Ferreira et al., 2001a,
b):

(40)

g(r,v) = g(rs, 1) = (1/5)(Po/ Po)*5(1/50) (P Po) (rs/10)?,
(41)

where Pp = 1 GV andrs = 100+. Thus for the functionf
one obtains

g(rs, v) = (1/5)(1/50)(107%) x (1002 = 4 x 1074
Hence the diffusion coefficient is then calculated by
k1 (re,7) = 1072.45x 10?2.0.86- 4 x 10~

= 1.55x 10*" - [cmPs71].
With the above values we then finally find
% — 75.1.55x 10'7/4.5 x 107
= 2.58x 10"t cm~ 0.02 AU.

Dc >~ 75
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one is then lead to the following ionization rate when as-
suming the electron velocity distribution function to be a
Maxwellian with a temperatur& > (see Rucinski and Fabhr,
1989):

Ben(r) =116 x 10714
. |:€Ei(—<l>) — gEi(—a)] [cm®s™1]. (44)
O o
In the above the following definitions have been used:

G =0.75exp0.46)C

C :ne,Z(V)
En,i
o =
KTe’Z
®=ua+0.46

o0

Ei(-b) = —b/exp(—bx)lnxdx.

With the earlier result of shocked electrons representing a
temperature ofK 7g2 >~ 1 MeV and having a downstream
electron density ofie 2(r) = 2 x 10~3cm~3, we then calcu-
late with the following definitions:

This says that 1 MeV electrons appearing near the shock
should be able to diffusively redistribute to a region of about G = 0.75exp0.46)2 x 10>

a few 1072 AU upstream of the shock over which they build

up their strong temperature ramp. Considering that in theC =2 x 103

1P K electron velocity distribution function also higher than

1 MeV energetic electrons are contained thus means that such= KTon

Eni 136 _

1.36x 10°°
106 x

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

d =0.46

e @]

Ei(—a) =—-1.36x 107> / exp(—1.36 x 10°x) Inxdx,

obtaining the result

impact ionization of neutral interstellar H-atoms by theseﬂ H(r) =232 x 10°17.
shock-processed electrons. As shown in Rucinski and Fahr® )

(1989), the electron-impact ionization rate of H-atoms is

given by
8r i 3. —1
BeH(r) = ) / oH(E)f(E,r)EdE [cm™S 7], (42)
e
Eni

whereme is the electron mas#n i = 13.6 eV is the ioniza-
tion energy of the H-atomgy (E) is the H-atom impact ion-
ization cross section, anfl E, r) denotes the electron energy

distribution function. With the impact cross section given by Ber(r)

Lotz (1967) in the form
oH(E) =5.77-[1—-0.75ex—0.46(E/Eni — 1))

(2INCE/EnD) 1 oaa g2

T (43)

Ann. Geophys., 31, 12051212 2013

1.18
[O—%Ei(—o.%) + Ei(—1.36x% 10—5)} ~33x10 91
(45)

Compared to the charge exchange frequefigyh = oex-
np2- rel,p = 2x 10711 s~ with downstream solar wind pro-
tons, one thus obtains a ratio of

e’ ~1.65x 10,

46
/3p,ch ( )

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.

www.ann-geophys.net/31/1205/2013/
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8 Conclusions is higher than the downstream solar wind proton temperature
by about a factor 10 to 15 (see Chalov and Fahr, 2013). This
We have shown in this paper that, contrary to the hithertofactor we do in fact obtain with our present calculations.
conventional thinking, solar wind electrons cannot be ex- Finally we should confess here that the problem of ther-
pected to keep thermal equilibrium with solar wind pro- malizing the shock-electrons is not as clear-cut as we treat it
tons, at least not after passage of the solar wind plasman this paper. We only consider the Bunemann instability and
over the termination shock. Due to their interactions with can show that under cold plasma conditions and low electron
the shock-associated electric field, they undergo a substarbeta conditions this instability can do the job of efficiently
tial heating process which in its magnitude depends on thehermalizing the electron overshoot kinetic into electron ther-
shock compression ratio and on the bulk velocity differ- mal energy. For this process to operate one should consider
ence AUz at the shock. It does, however, practically not the foot region of the shock as a place of electron heating
depend on the strength and direction of the magnetic fieldvhere the background plasma can be considered as suffi-
at the shock surface, since the Bunemann instability redis€iently cold. We think that in fact the ion heating takes place
tributing kinetic overshoot velocities into thermal electron further downstream in connection with ion pitch-angle scat-
speeds operates so strongly that electrons essentially do ntering. As shown by Scholer and Matsukiyo (2004), in com-
recognize the background magnetic field before becomingpetition to the Bunemann instability also the modified two-
thermalized. This then also indicates something concerningtream instability should be considered as effectively heating
the global interaction of solar wind electrons when pass-electrons. The relative efficiency of these two instabilities is
ing over the 3-dimensional geometry of the shock surfacestrongly related to the Mach number of the shock (i.e. below
One may conclude that the downstream electron temperaturer above whistler critical Mach numbers) and of the upstream
only varies through variable upstream solar wind bulk veloc-electron plasma beta value. For electron plasma beta values
ities and through correspondingly variable compression rabelow 0.02 the Bunemann instability seems to dominate, and
tios s. Furthermore, it may now be plausible that thé K0 we believe that we are in that region of low electron plasma
hot downstream electrons do spatially diffuse relative to thebeta values.
background solar wind bulk flow and thus behave similar to

cosmic ray electrons, as described by Ferreira et al. QOOlaAcknowledgementsHans Fahr is grateful to the International

kl)i-gn(?lvlt_aabgg(:, 3%%'6)(?006) and in fact measured by VOyager'Space Science Institute (ISSI) at Bern, Switzerland, for inviting him

.to the workshop “The Heliopause” organised by R. Jokipii.

It must of course be stated here that the solar wind terml-Th. K fiall ted by the Russian Acad ¢
nation shock is a multifluid shock phenomenon, where more, IS work was par“'a y supported by the Russian Academy o
Sciences program “Fundamental problems of research and explo-

than just solar wind electrons and protons are involved. ES:ation of the solar system” and partially by the Russian-German

pecially the so-called pick-up ions definitely play an impor- p; national cooperation grant: 436 RUS 113/110/0-4 sponsored by
tant role (see, e.g. Fahr and Chalov, 2008; Zank et al., 2010he peutsche Forschungsgemeinschaft DFG and the Russian Sci-
Siewert et al., 2013). They collectively as a multifluid plasma ence Foundation RFFI.

define the consistent compression ratio as shown in the im- Topical Editor C. Owen thanks two anonymous referees for their

plicit multifluid compression equation= S(s), as derived  help in evaluating this paper.

by Fahr et al. (2012). Instead of making everything consis-

tent, in this paper here we have derived an expression onl

for the downstream solar wind electron pressure as a functio

of the compression ratia In other papers (_Chalov and F‘T"hr' Alexandrov, A. F., Bogdankevich, L. S., and Rukhadze, A. A.:

2011, 2013) we have solved the multifluid MHD Rankine—  principles of plasma electrodynamics, Spinger Series in Electro-

Hugoniot relations; however, there we have parameterized physics, Springer Verlag, Berlin, vol. 9, 488 p., 1984.

only the downstream electron pressure as a multiple of thechalov, S. V. and Fahr, H. J.: Spatial variation of the supersonic

downstream solar wind proton pressure. thermal plasma flow downstream of the termination shock, Adv.
In these multifluid solutions it is shown that, in fact due  Space Res., 47, 1523-1528, 2011.

to conservation of their higher upstream magnetic momentS,Cha|OV, S. V. and Fahr, H. J.: The role of solar wind electrons at the

pick-up ions consequently appear on the downstream side as solar wind termination shock, Monthly Notices Royal Astron.

a much more heated ion population compared to normal so- Soc., 433, L40-145, 2013.

. . Chen, F. F.: Plasma physics and controlled fusion, Plasma Physics,
lar wind protons. They thus also constitute the much larger Plenum Press, NY. vol. 1, 421 p., 1984.

downstream ion preSSl.Jre compared to normal solar Wlnq:ahr,H.J.and Chalov, S. V.: Supersonic solar wind ion flows down-
protons. NevertheIeS$ 't, can be shown (Chalov and Fahr, stream of the termination shock explained by a two-fluid shock
2013) that these multifluid approaches only then can repre- model, Astron. Astrophys., 490, L35-L38, 2008.

sent the shock results, i.e. downstream proton temperaturganr, H. J. and Siewert, M.: Revisiting the role of magnetic mo-
and compression ratio (obtained by Voyager-2 at its termina- ments in heliospheric plasmas, Astron. Astrophys., 552, A38, 1—
tion shock crossing), if the downstream electron temperature 11, 2013.

#eferences

www.ann-geophys.net/31/1205/2013/ Ann. Geophys., 31, 120812 2013



1212 I. V. Chashei and H. J. Fahr: Electron temperature beyond the termination shock

Fahr, H. J., Siewert, M., and Chashei, I. V.: Phasespace transpoiRucinski, D. and Fahr, H. J.: The influence of electron impact ion-
of a quasi-neutral multifluid plasma over the solar wind MHD izations on the distribution of interstellar helium in the inner he-
termination shock, Astrophys. Space Sci., 341, 265-276, 2012. liosphere: possible consequences for the determination of the in-

Ferreira, S. E. S., Potgieter, M. S., Burger, R. A, Heber, B., and terstellar helium parameters, Astron. Astrophys., 224, 290-298,
Fichtner, H.: Modulation of Jovian and galactic electrons in the  1989.
heliosphere; I. Latitudinal transport of a few MEV electrons, J. Sarris, E. T. and Van Allen, J. A.: Effects of interplanetary shock
Geophys. Res., 106, 24979-24987, 2001a. waves on energetic charged particles, J. Geophys.Res., 79, 4157—

Ferreira, S. E. S., Potgieter, M., Burger, R., Heber, B., and Ficht- 4173, 1974.
ner, H.: Modulation of Jovian and Galactioc electrons; Il. radial Scholer, M. and Matsukiyo, S.: Nonstationarity of quasi-
transport of a few MEV electrons, J. Geophys. Res., 106, 29313— perpendicular shocks: a comparison of full particle simulations
29318, 2001b. with different ion to electron mass ratio, Ann. Geophys., 22,

Fichtner, H., Sreenivasan, S. R., and Fahr, H. J.: Cosmic ray modu- 2345-2353, doi:0.5194/angeo-22-2345-20@D04.
lation and a non-spherical heliospheric shock, Astro. Astrophys.,Schwartz, S. J., Thomsen, M. F., Bame, S. J., and Stansberry, J.:
308, 248-260, 1996. Electron heating and the potential jump across fast mode shocks,

Kissmann, R., Fichtner, H., Heber, B., Ferreira, S. E. S., and Pot- J. Geophys. Res., 93, 12923-12931, 1988.
gieter, M. S.: First results of a new 3-D model of the time- Sgro, A. G. and Nielson, C. W.: Hybrid model studies of ion dynam-
dependent modulation of electrons in the heliosphere, Adv. ics and magnetic field diffusion during pinch implosions, Phys.
Space Res., 32, 681-686, 2003. Fluids, 19, 126-138, 1976.

Lange, D., Fichtner, H., and Kissmann, R.: Time-dependent 3DSiewert, M., Fahr, H. J., McComas, D. J., and Schwadron, N. A.:
modulation of Jovian electrons, Astron. Astrophys., 449, 401- Spectral properties of keV-energetic ion populations inside the
410, 2006. heliopause reflected by IBEX-relevant energetic neutral atoms,

Langner, U. W., de Jager, O. C., and Potgieter, M. S.: On the local Astron. Astrophys., 551, 1-13, 2013.
interstellar spectrum for cosmic ray electrons, Adv. Space Res.Terasawa, T.: Energy spectrum and pitch angle distribution of parti-
27,517-522, 2001. cles reflected by MHD shock waves of fast mode, Planet. Space

Leroy, M. M., Winske, D., Goodrich, C. C., Wu, C. S., and Pa-  Sci., 27, 193-201, 1979.
padopoulos, K.: Structure of perpendicular bow shocks, J. Geo-Tokar, R. L., Aldrich, C. H., Forslund, D. W., and Quest, K. B.:
phys. Res., 87, 5081-5093, 1982 Nonadiabatic electron heating at high-Mach-number perpendic-

Lotz, W.: Electron-Impact lonization Cross-Sections and lonization  ular shocks, Phys. Rev. Lett., 56, 1059-1062, 1986.

Rate Coefficients for Atoms and lons, Astrophys. J. SupplementMerscharen, D. and Fahr, H. J.: A kinetic description of the dissipa-
14, p. 207, 1967. tive quasi-parallel solar wind termination shock, Astron. Astro-

Nkosi, G. S., Potgieter, M. S., and Webber, W. R.: Modelling oflow-  phys., 487, 723—729, 2008.

energy galactic electrons in the heliosheath, Adv. Space Res., 48Mebber, W. R.: Modulation in the heliosheath and beyond, in:

1480-1489, 2011. Physics of the Inner Heliosheath, CP 858, pp. 135-140, edited
Parker, E. N.: The passage of energetic charged particles through by: Heerikhuisen, J., Florinski, V., Zank, G. P., and Pogorelov,
interplanetary space, Planet. Space Sci., 13, 9-49, 1965. N., American Institute of Physics, 2006.

Potgieter, M. S.: Heliospheric modulation of galactic electrons: Wu, P., Winske, D., Gary, S. P., Schwadron, N. A, and Lee, M. A.:
Consequences of new calculations for the mean free path of Energy dissipation and ion heating at the heliospheric termina-
electrons between 1 MeV and10 GeV, J. Geophys. Res., 101, tion shock, J. Geophys. Res., 114, A08103, 1-15, 2009.
24411-24422, 1996. Zank, G. P., Heerikhuisen, J., Pogorelov, N. V., Burrows, R., and

Potgieter, M. S. and Nndanganeni, R. R.: The solar modulation of McComas, D.: Microstructure of the Heliospheric Termination
electrons in the heliosphere, Astrophys. Space Sci., 345, 33—40, Shock: Implications for Energetic Neutral Atom Observations,
2013. The Astrophys. J., 708, 1092-1106, 2010.

Richardson, J. D., Kasper, J. C., Wang, C., Belcher, J. W., and
Lazarus, A. J.: Cool heliosheath plasma and deceleration of the
upstream solar wind at the termination shock, Nature, 454, 63—

66, 2008.

Ann. Geophys., 31, 1205212 2013 www.ann-geophys.net/31/1205/2013/


http://dx.doi.org/10.5194/angeo-22-2345-2004

