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Abstract. We study the plasma passage over astrophysicaformulated systems of magnetohydrodynamic conservation
MHD shocks with frozen-in magnetic fields in arbitrary incli- equations that help to determine the plasma properties down-
nations with respect to the bulk plasma motion. As a functionstream of the shock. It is, however, recognized for quite
of the compression ratio at the shock, we aim at the predicsome while now that a complete description of the ion pas-
tion of ion plasma properties downstream of the shock, espesage over an MHD shock with the help of a standard set
cially the resulting downstream temperatures, pressures anaf MHD shock relations (seaumjohann and Treumann
pressure anisotropies as function of the upstream magnetit996 Gombosj 1998 Diver, 2001]) is not possible, since the

tilt angle. Using dynamical invariants governing the ion mo- amount of entropy generation at the shock passage in these
tions, we derive the independent reactions of the ion veloctelations remain unspecified. This becomes clearly evident
ity components parallel and perpendicular to the local mag<or anisotropic plasmas for which the MHD shock relations
netic field at the shock passage. This allows us to determinelefine a system of under-determined equations that do not al-
not only the associated downstream ion velocities, but thdow for the derivation of an unequivocal set of downstream
ion distribution function and its velocity moments like pres- plasma properties (sé&kaev et al.200Q Vogl et al, 2003
sures and temperatures. We find pronounced increases of theu et al, 2007 Génot 2008 Fahr and Siewer2008 Siew-
downstream ion temperatures with respect to correspondingrt and Fahr2008.

upstream values. The down-to-up temperature ratios thereby In the following part of this paper we shall revisit the
strongly depend on the upstream magnetic tilt angle attaininghasis of these earlier results and shall thereby demonstrate
maximum values in case of a quasi-perpendicular shock. Wehat when using an appropriate coordinate system for the de-
also obtain fire-hose-unstable temperature anisotropies witBcription of the shock and when using dynamical ion invari-
valuesT, /T «1 at small tilt angles (quasi-parallel shock) ants will then help to overcome most of the earlier prob-
and mirror-unstable values of anisotropigs/7>>1 at tilt  lems in giving unequivocal representations of the down-
angles nearr /2 (quasi-perpendicular shock). stream plasma properties.

1 Introduction 2 Arevised setting of the scene of MHD jump conditions

Astrophysical shocks are highly important dynamical struc-2-1  The tangential mass flow - an overlooked parameter
tures in space plasmas, not only because they transport and

dissipate over large dimensions huge amounts of energieds emphasized throughout the literature, the generally used
that mostly originate in stars and stellar winds, but also be-anisotropic system of MHD jump conditions is underdeter-
cause they serve as particle accelerators and X-ray radiatorlined, with only 6 equations available to determine 7 down-
To describe these latter phenomena in a satisfactorily relistream plasma parameters (see &gmbosj 1998 Erkaev

able manner, one needs well developed and appropriatel§t al, 200Q Diver, 2001, Vogl et al, 2003 Siewert and Fahr
2008. Considerable effort has been put into this field over

. the last decade (e.g. by Erkaev et al., 2000; Fahr and Siew-
Correspondence t. Siewert ert, 2006; Liu et al., 2007; Lucek et al., 2007; Siewert and
BY (msiewert@astro.uni-bonn.de) Fahr, 2008; @not, 2008; Treumann, 2009; Fahr and Siew-
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This equation is only valid in the shock rest frame, though;
in a more general rest frame moving with‘, we obtain the

Bl more general formulation
p1(U1+U™) = p2Usa. 4)
ﬂ] Therefore, any tangential mass flow which vanishes on one
side of the shock, but not on the other one is a clear hint for
Ul U2 a moving (but still inertial) frame of reference. (It should be

noted that Eq.3) can also be proven more rigorously using

a finite shock layer, the limit to infinite thinness and some
B2 mathematical arguments, but since this proof is not relevant
to this study, we shall leave it out at this point.)

At this point, we have to remind the reader that the new
tangential mass flow conservation remains consistent with
the classical MHD jump conditions. If, for example, we take
the frozen-in field condition (Eqg. (2.2) &rkaev et al.2000),

we obtain a downstream tangential velocity of
ert, 2010) ranging from isolating one downstream parameter

that needs to be determined by other independent method@l2= Un2Bi2 — Un1Bi1+ U B ®)

to more ambitious theoretical attempts to extract additional B2

mfo_rmatlon from cgreful kinetic modell_ng_. In this section, For U,1=0, we obtainB,o=sB,1, andU,2B,5=Uy1B,1, i.e.

we introduce a revised approach to this issue, based exclul—] . .

sively on MHD, but helping to overcome the above men- 12=0, as required by the new relation. If, on the other hand,
i ’ U,1#0, we obtain

tioned problem.
. We now repeatafew selected results ofthe'theory ofMHp B Un2Bi2 —Uy1 B U
jump conditions. Shock waves appear as discontinuities i/r2= T UnBn 11
the solutions of the MHD equations, meaning that MHD

alone is unable to describe the physical processes resultinige.

in the jump of MHD parameters, leaving only conservation UnoBoo— UntBoa\ 1
equations to describe the discontinuity. One of these equay — <1+ M) ) @)
tions is based on the more general conservation of the mass Ui B2

flow in general plasma physics: From Eq. (2.4) oErkaev et al(2000), it additionally follows
p1U1=p2U>. (1) that

This is a vector-valued equation, which in principle results . _ 1 ) 8)
in three individual scalar conservation equations. Now, in  1—pBj2+ 8.2

most theoretical studies, the shock is studied in a SpeCia,IAllt ther thi that for th deri
rest frame, characterised @y xn=0, wheren is the nor- ogether this means that lor the case we are considering

mal vector defining the orientation of the shock surface. Inin this paper the so-called “kinematic approximation” applies

other words, Eq.1) boils down to one conserved component where magnetic forces do not influence the plasma dynamics.
U.—U-n of the mass flow. i.e In the following studies, we shall consider a rest frame that
n— g e

is explicitly at rest with the point-like shock transition. This
p1Un1 = p2U,2. (2) allows us to compliment the MHD jump conditions with the
new Eg. 8), a condition which is notably absent from the

This commonly found simplification holds the potential vast majority of the shock literature, where a specific refer-
for misunderstandings. Even though the upstream tangen- jorty ' P

tial velocity component of the plasma flow vanishes (i.e. ggﬁtneef;ame for the jump conditions is not always explicitly
Uin=Uxn=0), the downstream velocity component typi- This (;hoice allows us to introduce a seventh equation into
cally is different from zero (see e.d=ikaev et al.200Q Vogl q

et al, 2003). This may be understood in the context of a ref- the system of jump conditions, allowing in principle a unique
S . : ; solution of the 7 free downstream parameters. This result
erence frame which is at motion wiili,; perpendicular to

the magnetic field. In a rest frame at rest at the shock, an(;]Ints that the system of Rankine-Hugoniot jump conditions

using Eg. 1), the tangential velocity flow must be conserved may not pe as underdetermined as quqted throgghout litera-
aswell ie. ture, but instead be perfectly closed, with the missing equa-

tion being systematically discarded. We shall study this im-
p1U1 = p2Uyo. 3) proved set of jump conditions in a future publication.

Fig. 1. The geometrical configuration of the solar wind termination
shock.

(6)
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2.2 The solar wind termination shock We now summarise and expand the basic arguments given
in Fahr and Siewer2008; Fahr and Siewei2010, i.e. un-

In this publication, we study the solar wind termination der which conditions the magnetic moment is conserved at
shock in the upwind region of the heliosphere, where themMHD shock waves. As we have shown in this reference, it
solar wind is facing the interstellar gas inflow. In this SYS- can be proven by 50|Ving the equation of motion for indi-
tem, the supersonic solar wind meets the shock surface alongidual ions in the plasma bulk system that ions do in fact
the shock normall{ ||n, i.e. U;1=0 in the rest frame of the  conserve their magnetic moment at their passage over the
shock, see Figl), where Eq. §) is perfectly valid without  shock structure, if their gyration periag is short compared
any additional modifications. In this case, it follows from to the passage time, =Drs/U1>1,. We now generalise

Eq. @) that this proof and demonstrate that the same result also applies
oo Un to systems where,>>1, or 7, ~1),.

— = =y, (9) For the case of large gyroperiods, > t,), only at a very

PL Un2 small passage along one gyroperiod, an electric induction

which is the classical first step in solving the jump condi- force operates that changes the velocity. This force follows
tions. Now, however, it follows from Eq3] that, similarly, ~ from Faradays induction law,

A¢ dB 12)
U / Eind-dsz—f o2 4o, 1
P2 ll_s (10) 0 o Ot

1 Uz . .
p ! where we integrate over the surfacecovered by the line

meaning that forU;1=0, we automatically obtai®/;»=0.  joining the gyrational center and the ion (i.e. only that frac-
Furthermore, it follows from the frozen-in field condition tion of a full gyration period where the force is active). As-
(Eq. (2.2) ofErkaev et al.2000 andU,;,=0 that suming that all vectors are located in one plane and selecting
ds=rgdyp, we obtain

Un1
Bio = U—Bt1=SBt1- (11)

n2 % 28_8

r .
This result is notably different (and simpler) froBrkaev 2m - F Bt
et al.(2000 and results from the specific choice of the refer- Therefore, the energy transfer induced by the action of this
ence frame. For this above explained scenario, we now deforce is given by
rive kinetic properties for the plasma passage over the shock.

A@rgEind= — (13)

m dv? e 0B
EWZEEindULZ—ErgULE , (14)
3 Selected properties of the kinetic model . . . .
propert inet which again may be transformed int&ahr and Siewert
3.1 Introduction to ion velocity invariants and 2008 Fahr and Siewey2010
velocity coordinate transformations V2
—+ =const. (15)

It is well known from basic plasma physics that in absence B

of stochastic processes like collisions or wave-particle inter- - For the more complicated casentt,, the properties in
actions ions moving along magnetic fields with a field mag- Eq. (12) become time-dependent, resulting in

nitude gradient along the field line behave, as if they have
to conserve a dynamic quantity called their magnetic mo-
mentl'=(m/2)v? /B (see e.gChen 1984 Baumjohannand  J,
Treumann 1996. In addition it is, however, interesting to
note that this quantity” also plays the role of an invariant,
if ions are co-convected with a plasma bulk into the motion
of which a magnetic field is frozen in. If in the direction Qq (1) At
of the bulk flow the frozen-in magnetic field magnitude de- T2
creases, as for instance is the case for the Archimedian spiral hereQ. —eB is the avrofreauency. This results in
field in the inner heliosphere (s&arker(1958, or Forsyth w g=eB/mel 9y quency. Thi uist
et al. (2003), then it can be shown that ions, while being gy, cv, OB

co-convected with the plasma bulk, also in this case have to ;,” = "2 5 5, (18)
conserve their magnetic momdn{seeFahr, 2007, Fahr and ] ]

Siewert 2008 Fahr and Siewer2010. The only restric- ~ &nd finallyin

tion hereby is that typical periods; of the field magnitude v

€L
changes be large compared to the ion gyroperigds JB const. , (19)

t+At OB
Eind(t)-ds(t)z—/ (At)—-dO (16)
0 Jat

for any given times at which the force is acting. This then
results in

IB
Qg (1) A1 -14(1) Eing(1) = — nrg(t)W , (17)
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34 H.-J. Fahr and M. Siewert: lon passage over the solar wind termination shock

which is proportional to the square root of the magnetic Introducing the anglex and using Eqgs.9 — 11) and

moment. B, =const. (seeErkaev et al.2000, it is possible to elimi-
Even though these calculations prove that the magnetidate the magnetic field magnitude ratio,

moment is conserved in the vast majority of shocked sys-

tems, there are more complicated contributions which might B, \/szJrBtzz \/ 2 +sB%

invalidate these arguments. For example, there may beg, —\ p2 . g2 ~\ p2 g2~

shock-reflected particles which in velocity space are located nl T e

outside the loss cone of the shock-generated magnetic mirfhis expression may now be parameterized in terms of the

ror configuration. Such reflections can only occur for supra-upstream magnetic field angie by introducingB,, = B cosx

thermal upstream ions with thermal velocities much higherand B, = Bsina, finally leading to the result

than the bulk velocityU; (see e.gTerasawal979. Any-

way, most of these ions cannot escape upstream, but are agai?n /cou 1 s2sirPa. 23)

swept downstream with the frozen in magnetic field. Itis, By

however, very interesting to note that even in the study by

Terasawg1979, it was already found that independent on This is an improvement over the earlier results obtained by

the relevant timescales (i.e. Wheth§r<rp or 7y >1,, these Siewert and Fah(2008, since it eliminates the previously

reflected ions behave adiabatically, i.e. conserve their magt"Known ratioBz/ By with a function depending only on up-
netic moment. stream parameters and the MHD compression gatio

Another contribution which has not been studied in detail ‘ Liﬁmg tCihlgcjeqLJIatlcl)n, Fthe upstream ttotdow?stregr:l relations
yet is the effect of the magnetic field strongly changing its or the individual velocity components transtorm into

orientation during one gyration period, i.B(¢t)}fB,. This B>
might result in a complication of Stokes theorem, espemallyvlz = vil B sz_l\/ coa +s2sirfa (24)
when the concept of the enclosed surface over one gyration
breaks down. For situations where magnetic field reorien-gnd
tation is sufficiently slow, the magnetic moment however is
conserved in first order approximation. (Blpz) 2 52 (25)

In addition connected with differential motions of ions ”2 YL oo +s2sina’
parallel to frozen-in fields, in case of bulk velocity gradi- . ) o
ents parallel to the field, there appears a quantity that carlrm'fy'ng the above results, we may dgrlve the total kinetic
serve as a second particle invariant=v B/p (Siewertand ~ €neray gain suffered by an individual ion at the shock pas-
Faht 2008 Fahr and Siewert2008, which is associated sage with the upstream velocity and an upstream ion pitch
with the second plasma invariant in the CGL-thecghew ~ an9lefr=<(B.v):

etal, 1956.
These ion invariants can profitably be used to also describez% =vf (Sinzﬂl\/ cofa +s2sirfa
the change of the dynamical properties of ions at their pas-

sage over the solar wind termination shock where both an 52 ) (26)

(22)

abrupt decrease of the solar wind bulk velocity and an in- +00§ﬂ1m
crease of ion densities and of frozen-in magnetic field mag-
nitudes occur. =v{C(a,p),

. s . where we have introduced the notation
3.2 A new representation of the kinetic invariants

i / 26
We now derive a new formulation of the kinetic invariants by € (®#) =sir 1/ coF e +s2sirfe

introducing the magnetic field angle=/(n, B) (and, again,
selectingd =/ (n,U)=0), wheren is the shock normal. The
single-particle formulation of the invariants are given in the

following form (Siewert and Fah2008): Using vy =vcosp andv, =vsing, as well as Eqgs.24) and
(25), we obtain the downstream ion pitch angle by

§2 (27)

T P —
p cofa +s2sirfa

2 2 2
LA LAY 3 const. (20) 52
B~ B B Ctg o = ctg 1 - (28)

(coRa + s2sirfa)3/2

and . . . . . .
It is obvious that this equation does automatically introduce

viB  vjiBr  y,B2 an anisotropy of the distribution function and a pressure
o o1 p2 = const. (21)  anisotropy on the downstream side.
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4 Downstream pressures and temperatures -

4.1 Isotropic distribution functions §=2
35 F g=3 -
Using the new parameterisation of the shock properties with 30
the upstream magnetic field tilt angle we now briefly
demonstrate that the resulting upstream-to-downstream re- 5
lations between the corresponding pressure components re-

main unchanged from what was derived Bghr and Lay 15 |-

(2000; Siewert and Fah(2008 as long as isotropic func- 10

tions are treated. Beginning with the assumptions made by 5k

Fahr and Lay2000, we also want to make the additional as- o e e —— e — )
sumption that due to rapid pitch-angle scattering by &ifv 0 10 20 30 40 50 60 70 80 90
wave turbulence normally occuring without energy changes ar

of the ions. Therefore, one may expect to obtain pitch-angle
isotropic distribution functions both on the upstream side,'9- 2. Temperature gains from the upstream to the downstream
and also on the downstream side after some relaxation pro S|de after pitchangle isotropisation as a function of the magnetic
field anglex and the compression ratio
cesses have taken place over a flow distande@ a7, .
In this publication, we are only interested in the pressure
(or, equivalently, the temperature) of the plasma, which is

given on the downstream side by pressure weights twice as much as the parallel pressure, since

it is related to gyrational motion, i.e. two cartesian coordinate
directions. Typical results for the corresponding temperature
increasely/ T1=p2/ p1-p1/ p2 over the full range of possible

The integral can be simplified by applying Liouville’s theo- of magnetic field angles and typical compression ratias
rem (similar to the approach Byahr and Lay2000), which are presented in Fi@-

states that the differential phasespace flux is conserved, i.e.
W, (v1)=Wa(v2). EXpressing the gyro-averaged phase space
flow by W =27 U f (v) v2sing dBdv, we obtain 4.2 Anisotropic distribution functions

Uz f2(v2) v3singz dfadvy

4
pa=—2 f / singo v} f2(v2) dva dps. (29)

=U1 f1(v1) v%sinﬂl dBidvy . (30) Now, we study the kinetic properties of the downstream
Multiplying this with v2/ U, we obtain plasma in a configuration before rapid pitchangle scattering
2/ V2 at ALFénic turbulences occurs, i.e. where the downstream
f2(v2) v3singz dBadvz system is explicitly anisotropic (with a distribution function
Uy . denoted byf = £2"S9, The parallel and perpendicular pres-
= szl(vl) v1v5SinB1 dpaduy . (31)  sures are then defined by

Using this equation and EqR€), we can transform Eq2Q)
into

drm [T © ,
pe=gs /0 sinf fo v3C (@, B1) fr(vr) dfadvy
P (32)
=p1 S/o sinp1C (a, B1) dpardvi.
Evaluating the remaining integral finally yields
2
p2=p1s (5\/ coLa + s2sirfa
(33)

1 52
o
3cofa + s2sirfa

The large bracket, derived from the integral ogrmay be

4 .
pL= ;T”;/famso(v) UJZ_ 43
477 m aniso, 3 (34)
/ F3NS%p) v2sin? B d3v
and
P\|=4—nﬂ FA%w) v2 d®v
(35)

47[ m/fanlso(v) v 0052,3 d3

interpreted as the weighted average over the parallel and pero derive a functiorp; 2=g(p;.1), i.e. an expression similar
pendicular velocity contributions, where the perpendicularto Eq. @3), we start with Eqs.Z4) and £5) and obtain with
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These above results deliver the following downstream pres-
sure anisotropy:

pr2  vcofa+s?sifa

2
P|,2 R
I coRa+s2sinfa

_ pL1(cofa+s2sifa)¥/?
pla 52 '

(40)

A graphical representation of this equation is given in Big.
Since this generalized result is based on the same physical

concepts as those used®igwert and Faht2008 for special

tilt angles, it should be equivalent to their earlier results for

a=0andae=m/2. For a parallel shocky=0), Eq. @40) leads

to their earlier result,

Fig. 3. Downstream pressure anisotropies as a function of the

magnetic field anglec and the MHD compression ratio before

pitchangle isotropisation.

the Liouville relation
21 v%szz""”isodvzvgcoszﬁzsinﬁzdﬂg

2
. v
2 .
=27v2U1 2% vy cod f1 -1 sinprdpa
v
I

=27 U%Ulffnisodvlv%COSZ,Bl

SZ .
(ﬁ)’“ﬂ

and

27'[v%sz;nisodvzv%Sinzﬁzsinﬁzdﬂg

2
. . 'U .
=2 UJZ_Ulffmsodvlv]Z_SInz,Bl %2 sinB1dps.
Vi1
=2 valflanisodvlvainzﬂl

\/ coLa + s2sirfasinBidp.

(36)

37)

pr2_1lpia (41)
P2 s2ppa

and the perpendicular shoak<£7/2), we obtain

P12 :Sm,l’ (42)
D|,2 Pi1

which is, again, equivalent to the results®igwert and Fahr
(2008. In addition to this Siewert and Fah{2008 also de-
rived a more general expression for arbitrary angles

pr2 1 <&>3P¢,1

PLz_ - pL1 (43)
pr2 s2\Bi) pja

This result is similarly compatible with our new results,
where the explicit upstream magnetic field angles taken
into account (i.e. Eqs1@) and @0)).

It must be noted that this simplification would not have
been possible without explicitly taking the conservation of
the tangential mass flow into account (E®))( without
which the tangential magnetic field would be considerably
more complicated (seerkaev et al(2000, Eq. 5.1).

4.3 The entropy gain across the shock

Integrating these above relations over velocity space then

leads to the two relations

47 m Uy 52
PI2=73"2 Uy cofa + s2sia
/ f vi FANSY v cod B1sinBrdpi
§3
P o@a +s2siPa
and

47 m Uy .
=———=y/co? 2sin?
pL2 320, oa+s o
/ f vi FANSY vy sin? B1sinrdpy

=p.1 .15y CoLa +s2sirfa.

Astrophys. Space Sci. Trans., 6, 39-2010

(38)

(39)

With the obtained results, we now are provided with the in-
gredients to derive the thermal entropy jump across the shock
as a function of. According toErkaev et al(2000, the en-
tropy on the upstream and downstream sides is given by the
expression

L 2
s= 2Ll
2 pd

Using this expression and our Egs. (39) and (38), we can thus
derive the downstream entropy,

(44)

k 2
S2:—|n pJ_ZFI:HZ
& (45)
2 (2 26irP) 5>
:Em Pl (C032a+s Slnza)cogoﬂrszsinzap”’l
2 s5p2
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which simplifies to 3 g —
2.2 3 be |- =
S2="mn M =S1. (46) Tl =
2 5503 o1 PR
This means that the thermal entropies obviously do not de-
pend on the tilt angle. and have not been increased at the Loy |
shock passage, if the conservation of dynamical particle in- < il |
variants is fulfilled. This is true even though thermal heat- 7
ing does occur inside the system. Nevertheless the entropy o5 e
has been increased due to an increase of the kinetic entropy [
and further will be increased by stochastic scattering pro- 0 : e
0 10 20 30 40 50 60 70 80 90

cesses connected with the excitement of waves of the fire-

hose mode or of the mirror-mode (s€ahr and Siewert

2007). Fig. 4. Normalised entropy gain across the shock as a function of
In this paper we do not aim at treating this situation quan-the magnetic field angle and the MHD compression ratioafter

titatively, but shall take a look on that situation which re- pitchangle isotropisation.

sults after the initially anisotropic ion distribution due to

pitchangle scattering processes has been rearranged into a

pitchangle-isotropic distributionf2(v2)=(f2(v2, 82))g- In 5 Conclusions

Fig. 2, we have thus shown the isotropic downstream

temperatureT» calculated with this isotropized function We have shown that in an appropriate description of the

f2(v2)=(f2(v2, B2))p according to Eq.33). Using this ex- shock we can find unequivocal solutions for the downstream

pression, it is now possible to derive the entropy gain due tovelocity moments of the plasma. Our description is espe-

pitchangle isotropisation after first building up an anisotropy, cially suited to describe the solar wind termination shock

al”

which is obtained by generalising Ed4j to in ecliptic regions of the upWind hemisphere of the solar
system, since tangential upstream bulk velocities can be ne-
S k N Pf Pk n P3 (a7) glected here. Since this is just the type of shock that recently

has been crossed by the two NASA spaceprobes Voyager-1/-
2 there exist interesting possibilities to compare our results

On the downstream side, this equation transforms into with in-situ space plasma measurements.
s With the use of the newly derived dynamical ion invariants
k p3 we first transform ion velocity components from upstream
So==1In . .
2 Spr to downstream of the shock and show that immediately af-
5 3 ter shock passage an anisotropic ion distribution is estab-
k (2] . 1 s i i i i i -
50 ( 5 cofa + s2sirta + = . lished which can be c_haracterlzed by anisotropic tempera
2 \3 3coda +s2sirfa tures7»; and7> | . In Fig. 3, we have shown that the result-
k 1 ing temperature anisotropie&%H :Tz’J_/Tzl,”:.spJ_,z/pJ_,l
=81+ Elnﬁ strongly depend on the upstream magnetic tilt angl8mall

values ofAi” <1 result for small values ok (i.e. quasi-

3
2
+§|n (2 /coRa + s2sirfa + S ) ) parallel shocks), while large valueéuzlresultfortiltval-

cofa +s2sirfa ues ofa~x/2 (i.e. quasi-perpendicular shock). As evident
(48) from Fig. 3, these types of anisotropies furthermore are the
stronger pronounced the larger is the compression satio
This result clearly demonstrates that only after the pitchangle The resulting downstream temperature anisotropies can
anisotropy has been removed by stochastic pitchangle scabe checked with respect to associated unstable ion velocity
tering processes one obtains a physical entropy increasdlistributions driving, dependent in strength on the prevail-
This expression, which depends both on the tilt angénd ing magneticg, - values, either fire-hose instabilities in
the compression ratie, is displayed in graphical form in case of quasi-parallel shocks or mirror instabilities in case
Fig. 4, which clearly demonstrates that the entropy gain isof quasi-perpendicular shocks (see discussiorisaimr and
largest for parallel shocks, average for perpendicular shockSiewert 2007 Génot 2008 Fahr and Siewer2009 Lazar
and minimal for inclined shocks at around~40°, where  and Poedi{s2009 Siewert and Fahr2009. Interestingly
only a small initial downstream pressure anisotropy is generenough, the conversion of an isotropic upstream into the as-
ated, which in turn nicely correlates with the absence of ansociated anisotropic downstream distribution does not imply
entropy increase. athermal entropy increase, which is exclusively related to the
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following reisotropisation on the far downstream side due toFahr, H.-J. and Lay, G.: Remote diagnostic of the heliospheric ter-

pitchangle scattering processes. mination shock using neutralized post shock pick-up ions as mes-
It also becomes evident that with EQ3} and the result sengers, Astron. Astrophys., 356, 327-334, 2000.

shown in Fig.2, we can give a fairly satisfying explanation Fahr, H.-J. anq Siewert, M. Kinetic study of the ion passage over

of the downstream solar wind proton temperatures which has tzhoe ;0!10""1'8‘;I?(;ggzagggls_;gggégjgogé (,)Aéstrophys., 458, 13-

been measured by Voyager-2 at the cross-over of the terming-_ "™ ol 10 . ) - - C o

tion shock in September 2007 (sRehardson et 212008 ahr, H.-J. and Siewert, M.: Anisotropic unstable ion distribution

: . : . P 8 . functions downstream of the solar wind termination shock, AS-

According to Fig.2, we would expect to see temperature in-  tga 3 21-97 2007,

creases by factors of 10 till 12, vyhllélchardson eta(2009 Fahr, H.-J. and Siewert, M.: Dissipation-free ion cooling in plasma

show measured values fluctuating between 10 to 15. In con- flows with frozen-in fields, Astron. Astrophys., 484, L1-L4,

trast, the classical MHD shock relations instead would have 2008.

predicted a temperature increase by a factor of abo@it 10Fahr, H.-J. and Siewert, M.: Pressure anisotropies mapped through

which by far is not reflected in the data. the solar wind termination shock, Astrophys. J., 693, 281-284,
More important, however, is the recognition of the  2009. _ _ o

strongly pronounced sensitivity of the downstream plasmaFaht. H.-J. and Siewert, M.. Upstream ions converting into down-

properties on the upstream magnetic tilt angle Most of stream pick-up ions: The effect of shock-decelerated frozen-in

the time a magnetic tilt angle~ /2 may be realized at fields, Astron. Astrophys., 512, A64, doi:10.1051/0004-6361/

the upwind near-ecliptic termination shock, however, itis in- 200913805, 2010.
' ! Fahr, H. J., Scherer, K., Potgieter, M. S., and Ferreira, S. E. S.: Lon

teresting to keep in minq that during' passages of magneti.c gitudinal variation of the pickup-proton-injection efficiency and
sector structures determined by the interplanetary magnetic 4te at the heliospheric termination shock, Astron. Astrophys.,
current sheath one will have changes of the tilt angle from 486, | 1-1 4, doi:10.1051/0004-6361:200809561, 2008.
a=+m/2 overa=0 to o= — /2 within about 2 days (see Forsyth, R. J., Balogh, A., and Smith, E. J.: The underlying di-

e.g.Fahr et al. 2008 Scherer and Fah2009. It is thus rec- rection of the heliospheric magnetic field through the Ulysses
ommended to study the plasma passage over the shock underfirst orbit, J. Geophys. R. (Space Physics), 107, 1405-1415, doi:
time-variable upstream magnetic tilt angteg). We shall 10.1029/2001JA005056, 2002.

look into this interesting problem in an upcoming paper. Génot, V.. Mirror and firehose instabilities in the heliosheath, As-
trophys. J., 687, L119-1.122, do0i:10.1086/593325, 2008.
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