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Abstract. Taking into account the pressure anisotropy in the This approach is known as the double adiabatic theory.
solar wind, we study the magnetic field and plasma param- The general jump conditions for discontinuities in a col-
eters downstream of a fast shock, as functions of upstreartisionless anisotropic magnetoplasma in the Chew-Goldber-
parameters and downstream pressure anisotropy. In our theger-Low approximation were derived by Abraham-Shrauner
oretical approach, we model two cases: a) the perpendiculaf1967). Lynn (1967) made a qualitative analysis of the
shock and b) the oblique shock. We use two threshold condijump conditions for the change of plasma parameters be-
tions of plasma instabilities as additional equations to boundween two stationary, uniform plasma regions and specified
the range of pressure anisotropy. The criterion of the mirrorthem as contact, tangential, rotational discontinuities, and
instability is used for pressure anisotropy/p; > 1. Anal- compressible shocks. For the latter, the coplanarity theo-
ogously, the criterion of the fire-hose instability is taken into rem was taken into account. Neubauer (1970) obtained so-
account for pressure anisotropy /p; < 1. We found that  |utions of the jump relations for shocks moving into a col-
the variations of the parallel pressure, the parallel temperalisionless anisotropic magnetized plasma under the assump-
ture, and the tangential component of the velocity are mostion of isotropic conditions downstream of the shock front.
sensitive to the pressure anisotropy downstream of the shockcurthermore, Hudson (1970) discussed the types of discon-
Finally, we compare our theory with plasma and magnetictinuities in a magnetohydrodynamic fluid with anisotropic
field parameters measured by the WIND spacecraft. plasma pressure and gave rules based on their identification
in the solar wind.
Evidence for pressure anisotropy in the solar wind comes
1 Introduction from spacecraft measurements. The Ames Research Center
(ARC) plasma probe on Pioneer 6 showed that the thermal
For a collisionless magnetoplasma, Chew, Goldberger, an@dnisotropy, in general, hdy > 7. A possible explanation
Low (1956) derived the quasi-magnetohydrodynamic equa-on this special feature of the solar wind is discussed by Scarf
tions with an anisotropic pressure tensor. This pressure teret al. (1967), taking into account the conservation of the first
sor is characterized by two scalar pressures, i.e. adiabatic invariant. The opposite cadg, < T, is related
2 to strong local ion heating by macroscale compressions or
Pik = pLuc+ (py = pL)BiBi/B%, (1) plasma ?nstabilities (Bame et al., 1975).
wherep | andp| are the pressures perpendicular and paral- Experimental data aspects were further included in the
lel with respect to the magnetic field, respectively. For thework by Chao et al. (1995). They analyzed the Rank-
strong magnetic field approximation, the two pressures aréne Hugoniot equations for the so-called quasi-perpendicular
related to the plasma density and the magnetic field strengtBhock for low plasma beta and isotropic conditiaffs =

by two adiabatic equations, Tj) upstream of the shock. Using AMPTE/IRM spacecraft

2 data, they obtained the pressure anisotropy rate downstream
i p|B =0, i <p_¢> —0. (2) of the shock, as a function of the plasma betas and the ratio
dr \ p? dr \pB of the magnetic field strengths across the shock. However,
Correspondence td4. K. Biernat their approach is not suitable for predicting magnetosheath

(helfried.biernat@kfunigraz.ac.at) parameters as functions of the upstream solar wind param-
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eters, since their solutions are only applicable for concrete| , p, — UtBn:|:|= 0, (4)
local data analysis at the shock. L
To solve the jump equations for anisotropic plasma con-[[ B2 B?
ditions upstream and downstream of the shock, one has tdf 7+ + (71 — pL)B_Z T g + pvf]]: 0, ®)
use an additional equation, since the set of equations is un :BnB, A (py — pu)
derdetermined. Therefore, experimental studies of the ther 2 ( > - 1) +0vn v¢]= 0, (6)
. . 4 B
mal behaviour of the magnetosheath, the region between the 5 ) )
bow shock and the magnetopause, might be taken into ac O <§ + v + pL 4 Bi )+ann Py — pL)
count. Using data from the AMPTE/IRM spacecraft, Hill et p 2 p  4mp B?
al. (1995) have shown that the double adiabatic equations (B; - v;)B, A7 (p — pL)
do not hold in the magnetosheath. Moreover, the thermal be- T an (1 - B2 )]Z 0, @)
haviour of the magnetosheath is studied by Phan et al. (1996
using WIND spacecraft data. They report that most parts ofﬂBn}]_ 0, (8)

the magnetosheath are marginally mirror unstable.

Erkaev et al. (2000) solved the set of jump equationswhere is the mass density; and B are the velocity and
for perpendicular and oblique shocks for arbitrary pressuremagnetic field strength. Subscriptaindn indicate tangen-
anisotropy downstream of the shock. In their analysis, magtial and normal components with respect to the discontinuity.
netosheath parameters, as functions of upstream solar win@uantitiesp | andp are the elements of the plasma pressure
parameters, are obtained in a wide range of &ff\Mach  tensor perpendicular and parallel with respect to the magnetic
numbers (3< M, < 10) without any restrictions on the field. Quantity¢ is the internal energy;, = p, + p;/2, and
Rankine Hugoniot equations. It is important to note that theirf o = 9, — 01, where subscripts 1 and 2 signify the quan-
calculations are applicable for a wide range of plasma betasijty ¢ upstream and downstream of the discontinuity.
various pressure anisotropy rates, and different shock geome- As mentioned above, we use the mirror instability criterion

tries upstream of the fast shock wave. Furthermore, Erkaegs an additional relation to determine the pressure anisotropy
et al. (2000) used the criteria of the fire-hose and mirrorgownstream of the shock (Hasegawa, 1975),

instability as additional equations to determine the pressure

anisotropy downstream of the shock. These two threshol B1
conditions give some additional restrictions to the behaviour + Z 2 (1 B 5_”) <0
of the plasma upstream and downstream of the shock wave
and therefore, the anisotropy rate cannot be outside of the inm our calculations, we deal with two dimensionless parame-
terval determined by the threshold of these two plasma instaters, Ag and A,;, which are determined for upstream condi-
bilities. Since the Rankine Hugoniot equations can only betions asAg = pu/(plvf) andAy = 1/M2, whereMy is
applied to regions close to the shock wave, the use of thesghe Alfvén Mach number. Furthermore, we introduce a co-
plasma instabilities, which are identified by spacecraft mis-grdinate system to determine the components of the velocity
sions (e.g. Hill et al., 1995; Phan et al., 1996), gives someand the magnetic field strength upstream of the shock with re-
boundaries for the pressure anisotropy for either side of th&pect to the discontinuity (see Fig. 1). For shocks, the tangen-
shock. Different pressure anisotropy rates in the solar windial components of the electric and magnetic fields are copla-
were examined by Biernat et al. (2000), Kiendl et al. (2000) nar. Thus, the components of the magnetic field upstream of
and Vogl et al. (2000). the shock are given aB,1 = B1cosy andB,1 = Bisiny,

This paper is organized as follows: in the next section, wewherey is the angle between the magnetic field vector and
discuss the basic equations and specify the input parameterthe vector normal to the discontinuity. Similarly, the compo-
What follows is the study of the variations of the plasma pa-nents of the bulk velocity upstream of the shock are chosen
rameters and the magnetic field strength from upstream t@sv,; = vicose andv,; = viSina, wherea the angle
downstream for the perpendicular and the oblique shock folbetween the bulk velocity and the normal component of the
lowing the technique performed by Erkaev et al. (2000). Invelocity. Furthermore, we introduce a parametes p | /p
Sect. 4, we use a data example from the WIND spacecrafivhich determines the pressure anisotropy. Using this param-
to determine the input parameters, solve the set of equationgter, we are able to express the parallel pressure upstream of
and compare our theoretical results with the measurementsthe shock a1 = p11/A1. From the conservation of mass,

we definey = p1/p2 andB,1 = B2 is taken into account.

9)

species

2 Basic equations
3 Results
The general jump conditions for a discontinuity in an aniso- . .
tropic magnetoplasma are given by (Hudson, 1970) 3.1 Solution for the perpendicular shock

First, we study the more simple particular case of the so-
pvn (=0, () called perpendicular shock, wheBe = 0. Thus, Egs. (4) to
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Fig. 1. Sketch for the geometric situation of the problem.

(7) reduce to

pv,{”: 0, (10)
vn B,]]: 0. (11)
T B2
L4 ==+ pv,ﬂ]z 0, (12)
N 8
Py viﬂ: 0, (13)
T E v2 v p. B? 0 1 2 3 4 5
__,ov,l (; + > + > + 7 + 4np =0. (14 0L/ Py
The quantities downstream of the discontinuity are Fig. 2. Plasma parameters as functions of the anisotropy rate down-
stream of the perpendicular shock #g = 0.01 andi; = 0.25.
Bi2 = x B, (15)
V2 = Vr1, (16)
B2 1
pl2= PL1+—tl(1—X2)+,01031 <1_ _>~ a7 AT T i
8r X The thick line appearing in each panel represents the mir-

Substituting Egs. (15)—(17) into the energy Eq. (14), leadO" criterion which divides all panels into stable (left side)
to and unstable (right side) regions. All curves are monotonic

functions of the anisotropy raté.,,, and the maximum of
221(Br2 4+ 1)y% — A4 + 1D(2As + Ay + 2)y? the anisotropy parameter, bounded by the mirror instability,
T A2[201(4As + 1+ 24y) + 2As]y + Ayr1 =0, (18) increases substantially #¢, decreases. As seen from the
figure, the changes of all parameters from upstream to down-
wherey = 1/x. stream are strongly influenced by the AfvMach number.
Figure 2 shows, from top to bottom, the variations of the High Alfvén Mach numbers correspond to stronger changes
plasma density, the velocity, the pressures and the temperan the plasma parameters than low Adfv Mach numbers.
tures perpendicular and parallel to the magnetic field down+igure 3 shows the same quantities as seen in Fig. 2, but for
stream of the shock as functions of the anisotropy parameAs = 0.04. In Fig. 4, we show the plasma parameters as
ter, Ao, for different Alfven Mach numbers varying from 2 functions of the Alfen Mach number for different values of
to 10. For all panelsAg = 0.01 andr; = 0.25is used. Ag, Ag =0.01andAg = 0.04.
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Fig. 3. Plasma parameters as functions of the anisotropy rate downFig. 4. Plasma parameters as functions of the AtfWach number
stream of the perpendicular shock fog = 0.04 andx1 = 0.25. for the perpendicular shock for two different valuesAgf.
3.2 Solution for the oblique shock Az = 1673B2,(1+ 202) — 647°311(1 + 4)p)

2
In this section, we derive the jump equation for the case of —~167°B né@+812),
an oblique shock. Solving the set of Egs. (4-8), we introduceAz = 47 Bl e[e(3 + 7h2) — 2(1 + 242)]

the paramete, +3272B2 (1 + 42) + 647%02(2W1 — JD),
—1_ 4m(py — p1) (19) A1 = 872(Hy + Bu1J1)? + B8 e2(1 4 242) (1 — ¢)
Bj +3272B2 hoe(J2 — 2W1) — 4m BY Iie2(1 + 40y),

and obtain two equations which have to be solved simultane-Ag = 47 B2 A2¢%(2B2, W1 + 2B,1J1H1 + HY),
ously (Erkaev et al., 2000),

and
A4y4 + A3y3 + Azyz + A1y + Ap =0, (20) Ds — _BS
D3 4 Dae? + Die 4+ Do = 0, (21) b’

Dy = [ 1+47'L’y(3 Ao) —An 1 (1 — r9)],
where the coefficients are given as Dy = 1601 Bnly (2h2 — 3) + 8n321y[47r L= )]

Az =6473(1+ 3hy), — 87 By — 167 %A2(J1Ba1 + H1)?,
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Fig. 5. Plasma parameters and magnetic field strength as function&ig. 6. Thermal plasma parameters as functions of the anisotropy

of the anisotropy rate downstream of the oblique shockAfgr=
0.01,A7 = 0.25, andy = 45°.

Do = 6413y%(1 — A2)(y — I1) + 16m2B2y?

+872(1+ A2)(J1Bu1 + H1)?.
Here, H; is the tangential component of the electric figld,
is the normal component of the momentum fluixjs the tan-

gential component of momentum flux, aid is the energy
flux upstream of the shock,

Hy = /4w Ay siny, (22)
1 1
11=AS+A5CO§)/ (A——l>+§AMSiI’12)/+1, (23)
1
1 A
J1= 5sin2y) |:—S —As — AMi| , (24)
2 A
1 cody
Wi1=Ags |2+ — —co¢
! 5 < + 2\1 + Al V)
. 1
+ Ay S|n2y + E (25)

In Fig. 5 we show the variations of the plasma density, the
normal and tangential components of the velocity and th

e

rate downstream of the oblique shock féfr = 0.01, 11 = 0.25,
andy = 45°.

thermal quantities, i.e. the perpendicular and parallel pres-
sures and temperatures, as functions of the anisotropy rate,
p12/pj2- Onthe left side in each panel, all curves start from
the points corresponding to the criterion of the fire-hose in-
stability, 8 > 2+ p.. Similar to Figs. 2 and 3, the thick
solid line appearing in each panel corresponds to the crite-
rion of the mirror instability separating into stable (left side)
and unstable (right side) regions. Figures 7 and 8 are similar
to Figs. 5 and 6, but all calculations are doneAgr= 0.04.

3.2.1 Entropy across the shock

In this paragraph, we concentrate on the change of the to-
tal entropy through the shock wave. For the thermody-

namic reversible process, the entropy variation is related to
the heat flux,§Q, and defined agdS = (§Q)/T, whereas

for the irreversible thermodynamic process, the inequality
dS > (8Q)/T holds. In the case of pressure anisotropy,

two degrees of freedom (perpendicular and parallel) are not
in thermal equilibrium and hence, two adiabatic laws and two
entropy functions are considered,

171

tangential component of the magnetic field strength as func-
tions of the pressure anisotropy downstream of the shock in )
the case of an oblique shock fqr different Adfv Mach num- S| =kgln (P_i) and S| = kp In B , (26)
bers,My, = 3,5,8,10 and a fixed parametets = 0.01. pB 2 p3

The angle between the normal vector of the discontinuity and

the magnetic field upstream of the shogk,is chosen to be wherekp is the Boltzmann constant. Inside the shock front,
45°. For the same shock, Fig. 6 shows the variations of thethe kinetic energy is converted into thermal energy and the
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Fig. 7. Plasma parameters and magnetic field strength as function&ig. 8. Thermal plasma parameters as functions of the anisotropy
of the anisotropy rate downstream of the oblique shockAfgr= rate downstream of the oblique shock fég = 0.04, 11 = 0.25,
0.04,11 = 0.25, andy = 45°. andy = 45°.

variations of the entropy functions are caused by heat fluxesof the total entropy through the shock front must be positive.
The increase of total entropy is due to two sources: a) dissi-
pation processes in plasma and b) energy exchange between
Here,q1 andg, are the positive external heat fluxes, and the parallel and perpendicular degrees of freedom. In the
is the exchange heat flux between perpendicular and paralldimit case of isotropy, the total entropy defined by Eq. (29)
degrees of freedom. Summing up the Egs. (27), one obtainbecomes equal to the usual entropy expression for the ideal

T,dS, =—qg+q2 and TydS; =q+q1. 27)

the differential of the total entropy,s, gas with the polytropic index 5/3.
Figure 9 shows the total entropy difference at the fast shock
ds = aTL-T) o + 2 0, (28) as function of the pressure anisotropy for different Alfiv
I T ny T, Mach numbers¥/4 = 3, 5, 8, 10), as obtained from our cal-
where culations. Panel a) and b) correspond to different parame-
5 ters, i.e.Ag=0.01, andd 3=0.04. As seen from the figure, all
S=S +8 = k_B In (Pl_éﬂ) . (29) curves indicate the positive difference of the total entropy, as
2 e required by (29).

In the right side of Eq. (28), the second term is obviously

positive because it is proportional to the heat flux related to4 Comparison with a data example

the dissipation of kinetic energy of the plasma flow. The first

term is proportional to the heat flux, which goes from the For comparing our theory with spacecraft data, we use
perpendicular to the parallel energy. From thermodynamicsplasma and magnetic field observations made by the WIND
it follows that this heat flux must be positive whé&n > Tj, spacecraft for the time period from 19:00 UT until 20:00 UT
and negative, whefi; < Tj. Therefore, in all cases, the first on 30 November 1994. The data are shown as the dots in
term in Eq. (28) must be positive, and hence, the variationFig. 10. They are measured during a subsolar pass of the
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Earth’s magnetosheath. Figure 10 shows, from top to bottom, " 5 e T
the plasma density, the velocity, the magnetic field strength 10 ‘ e ‘
19:00 19:30 20:00

and the perpendicular and parallel pressures and tempera-

tures with respect to the magnetic field. As seen from the fig-

ure, WIND crossed the Earth’s bow shock at approximatelyrig. 10, Comparison of theoretical results with plasma parame-

19:20 UT. ters and magnetic field strength made by WIND spacecraft on 30
From the solar wind measurements (time period fromNovember 1994.

19:00 UT until 19:20 UT), we obtain the following input pa-

rameters for our theoretical analysis:

uT

— normal vectorn, = 0.99,n, = 0.10,n, = —0.04,
— dimensionless parameterdy = 0.0055,A4,, = 0.017,

and21=0.25; experimental data set, we do not take into account this over-
— anglesix = 9.47 andy = 53.44. shoot region and consider only the points after it. As a next
step, we use these input parameters to calculate the varia-
where the coplanarity theorem of the velocity tions of the plasma parameters and magnetic field strength
v — from upstream to downstream, as functions of the pressure

. 2— V1 .
n= o9 o] (30)  anisotropy rate downstream of the shock. Then, we use

2—n

the spacecraft observations to obtain the pressure anisotropy
is used to calculate the normal vector of the discontinuitydownstream of the shock, whichis = 1.65. Finally, we
(Abraham-Shrauner and Yun, 1976). We note that these inputalculate the variations of the physical quantities across the
parameters represent a four point averaging of the solar windhock with the above mentioned input parameters with the
data close to the shock. specific value of.,. The thick line appearing in each panel
As seen from the figure, the shock shows an overshootorresponds to our theoretical calculations. As seen from the
region, where the plasma density and the magnetic fieldigure, our theory fits the spacecraft data well; the averaged
strength have bigger values than the following data pointsdensity jump from the data analysis is abpyfo; = 3.17,
(on average). In obtaining the input parameters using thevhereas our theory gives/p; = 3.13.
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