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This paper reports a two-dimensional hybrid simulatiordgtu anisotropies, and. are usua]ly observed near the margiabilist
which utilizes an expanding box model to represent the slom-c 0f the corresponding instabilitynderson and Fuselier, 1993]. As
pression of the plasma as it flows through the magnetoshéath. & consequence, the magnetosheath protons are charatteyize

; . ticorrelation Fuselier et al., 1994;Gary et al., 1994b] between
the code we model the compression as an external force: T p n :
ical sizes of the simulation box decrease with time. We pTEsgﬁle temperature anisotrop. , /7j,, and the parallel betd,

results of a simulation which starts in a parameter regiotowf T, a
beta where the plasma is stable with respect to both thesAlfoh W - ﬂ_b @)
cyclotron (AIC) and mirror instabilities. In this stablegien the P Pl

plasma behaves double-adiabatically and an importandptem-  \hereq ~ 1 andb ~ 0.5. This anticorrelation is consistent with
perature anisotropy appears. When the plasma becomeslansta the marginal stability relation, the linear thresheldv 0, of these
AIC instability, the adiabatic behavior is broken and th&€Avaves instabilities. The simulation studieSgry et al., 1994a;McKean
keep the system close to marginal stability, the theoregimawth €t al., 1994, and references therein] show that the (quasi-lreee:
rate being about constant, small and positive. The AIC waves uration level of these instabilities follows a relation gtitatively

; : : similar to Equation (1).
s o o o TS W1k Suggest tat he magnetoshesih plasma ol 3
' X marginal stability pathNanheimer and Boris, 1977] in the (3,,
proton parallel beta, where the mirror mode becomes urestdile 4 — T, /T, —1) parameter space going from the higly ~ 2,
mirror waves rapidly grow and coexist with AIC wave, in latenow anisotropyA, ~ 0.4 to opposites, ~ 0.2, A, ~ 2 region
times the growth of AIC waves is inhibited and mirror waves be[c.f. Denton et al., 1994;Farrugia et al., 2001].
come dominant. During the stages dominated by AIC and mirror In this paper we present results from a novel technique, itybr
waves, anticorrelation between anisotropy and protonligatzeta €Xpanding box (HEB) model, applied here in the magnetokheat

is observed. The hybrid expanding box simulation directlyifies CONteXt. Using this modified hybrid code we study the efféa o
th inal stabilit luti fth tosheathmi slow compression on the magnetosheath plasma. The siowlati
€ marginal stability evolution ot the magnetosheathipias results directly verify the hypothesis of the marginal digbpath

of the magnetosheath plasma. This paper is organized asvioll
Section 2 describes the HEB code, in section 3 we presenirthe s

1. Introduction ulation results and in section 4 we discuss the results.

The magnetosheath plasma flow around the magnetosph
cavity exhibits large-scale inhomogeneitié3h@n et al., 1994;

Hill e al., 1995]. Their typical scale is usually much larger |, his paper we use a modified version of a 2-D hybrid code
than the kinetic ion (and electron) scales. Therefore thgnea Matthews, 1994], a Hybrid Expanding Box (HEB) code. The HEB
tosheath plasma may be considered locally as homogenedus \i,ge is an implementation of the expanding box model used in
flow-induced processes, for example a field-line stretcling magnetohydrodynamic context I§§rappin et al. [1993] to study
plasma compression. The double-adiabatic the@el e al.,  the effects of plasma expansion on the wave evolution. ThB HE
1956] predicts that these processes lead to strong ion f@pe q4e models the expansion as a linearly driven evolutiorrevties
anisotropiesl’, > T, whereT andT) are the ion temperature .y sical lengths:, varies with time Liewer et al., 2001;Hellinger
perpendicular and parallel (with respect to the ambientmeég ¢ 3 2003]. In order to study the impact of a slow compression

field), respectively. The strong ion anisotropies > T} are not 4 the magnetosheath plasma we use the same scheme, but we set
actually observed. The magnetosheath ion properties am—domr — La whereZ is a diagonal matrix with

nated by a low-frequency turbulence transported from thelslor

generated locally. The magnetosheath turbulence behingithsi- _ _q_

perpendicular portion of the Earth’'s bow shock is relagivelell L =1, Laags =1 —t/tc )
Iundflelrstoog: Thebturbuleréc% IS supposEo: t% ble genertar:e(;i_r%/[ma%dtc is a characteristic time of the compression. Note the differ
ocally and may ebreg%rBZ astal‘ggg_ Scl;]r u tene(zeaIWI1996 €€ent sign in Equation (2) from that used for the expanside finger
wave modesl{acombe and Belmont, 1995;Schwartz et al., I:  etal, 2003]. The HEB code is a sophisticated version of driven hy-
in low-beta plasmas transverse Alfvén ion cyclotron weaesob- 4 gimylations Gary et al., 1994b, and references therein].
served whereas compressional mirror waves are observedhn h ' '

b | Allth dbythe i The code solves the evolution of the system in the coordinate
eta plasmas. All these waves are generated by the lontalaper , 4,44, co-moving with the expansion. The physical velocities

arev, = Lv. The equation of the movement for an ion with charge
g and massn reads:

&I Hybrid expanding box model

Copyright 2003 by the American Geophysical Union. dz dv q ., .- _ - .
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Figurel. Evolution during the plasma compression in the space

Boil» Ap = Tp1 /T, — 1). The double-adiabatic prediction ~ Figure 2. (left) The total fluctuating wave energyB|* /B3,
(Equation 3) is overplotted using dash-dotted curve. Tlag-gr  the fluctuating wave energy in waves withg < 40° (dashed
scale plot denotes linear predictions of the maximum growth curve), and the fluctuating wave energy in waves Wiilz >
rateyarc = yarc (B, Ap) of the AlC instability: Darker gray 40° (dash-dotted curve) as a function@yj . (right) Correlation
denotes stronger instability whereas white correspondtatue betweenB) andn as a function of3, .

or marginally stable region.

The effective magnetic field3 in these coordinates evolves with o5k & [ = 0.25 [ b: By =1
the physical electric field asoB /0t = —rot(LE) and is related
to the physical magnetic field ki = £B/det L. The electric
field E is given ask = (rotB x B /uo—J; x B—gradp.)/(en),
wherep is the magnetic permeability of vacuumjs the physical
electron (and proton) number density,= [ fd*v/det L, J; is -0.5¢ 1T
the proton current,J; = ef[:vfdsv/ det £, andp. is the elec- s RO
tron pressure. = nkpT. (kp is Boltzman constant arifi. is the o g T d 3 =20
electron temperature; electrons are assumed to be isajerm osp 7l H 7

Units of space and time argw,io andQo, respectively, where e
c is the speed of lighty,:o = 1/noe?/mypeq is the initial proton 4 0.0L  — A= 3 ]
plasma frequency, arfd;o = eBo/m,, Is the initial proton gyrofre-
quency By is the initial magnitude o, no is the initial density,
e andm,, are the proton electric charge and mass, respectively; fi- -0-5
nally, o is the dielectric permitivity of vacuum). The code use a VTSRS et
spatial resolutiondz = 0.25 anddy = 1.0, and there ard 28 00 01 02 %3 0.4 05 0600 01 02 %3 0.4 05 0.6
particles per cell. Fields and moments are defined on a 2-® gri I I
with dimensions12 x 256. The time step for the particle advance
is dt = 0.029;,", while the magnetic field3 is advanced with a  Figure 3. Spatial wave spectrurid B|? as a function ok and
smaller time steplts = dt/10. k. for different 3,: (a) 0.25, (b) 1, (c) 5, and (d) 20.

The initial magnetic field isBo = (Bo,0,0). During the
simulation the plasma is being compressed inghend z direc-
tions (see Equation 2). The continuous compression leadsi top | T, = 1.5att = 0. The plasma is homogeneous at time
increase of the density and the magnitude of the magnetit figl'— ), ‘except for the statistical noise due to the limited numbier o
n,B o 1/(1 — t/t.)?. In a case of slow compression one exparticles per cell.
pects that the first and second adiabatic invariants areegmnt During the simulation, the plasma is slowly compressed with
[cf. Chew et al., 1956], so that the proton temperature anisotropyhe characteristic time scale = 200092;,'. The evolution of the

ki

0.0} - | | e ]

and parallel beta evolves as plasma properties during the compression is shown in Fidure
Figure 1 displays the evolution in thgy, A, = T, /T, — 1)
T,. B? 1 n® space. The double-adiabatic prediction is overplottedpgldash-

2

T, %2 1 —t/t)? Byl B (1 —=t/te)”. (3 dotted curve. In order to compare simulation resuits with th-

el ear theory we have calculated the growth ratef the AIC insta-
bility in a homogeneous plasma which consists of isotrojgc-e
trons with 3. = 0.1 and of anisotropic protons for many differ-
ent parameterg,; and A,. For all 3, and A, we have calcu-
lated maximum eovelk vectors) growth rateys;c. The result,
varc = varc(Bp, Ap), is shown in Figure 1 as a gray-scale plot:
Darker gray denotes stronger instability whereas whitessponds
3. Simulation results to stable or marginally stable region.

The evolution may be split into three phases. During the first

We show here the results of a simulation starting in the stabphase, the plasma is stable with respect to the AIC/mirrstain
regime with respect to both the mirror and Alfvén ion cyabotin-  bilities, and evolves double-adiabatically in agreemeitih Equa-
stabilities. We seps,; = 0.1, and proton temperature anisotropytion 3. The double-adiabatic evolution (Equation 3) trates into

The proton temperature anisotropy increases with time. HBEB
code will show us a self-consistent reaction of the plasmtn¢o
compression when the anisotropy exceeds the threshole &fIth
and mirror instalities.
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an upward motion in thed,, A,) space of Figure 1. This evolu- plasma often followsya;c ~ const. > 0. Observations sug-
tion leads to the development of an important proton tentpega gest different values of4;c. The comparison of observations with
anisotropy, which crosses the threshold for the AIC indityt{Fig-  the present results is difficult since the magnetosheanmausu-
ure 1, gray scale plot). Then starts the second phase of thatien  ally contains a small abundance of alpha particles whicddr afte
where the generated waves heat the plasma and keep the sygiEsma properties. Moreover, the proton distribution fiorcdur-

near the marginal stability. The system follows the cownditi ing the evolution deviates from the bi-Maxwellian one; tasonant
interaction of protons with AIC waves produces suprathéipaa-
varc ~ 0.0842;. (4) ticles.

For 3, 2 3 the plasma path deviates from the marginal stabil-

During the second phase, the system follows the path deschlp ity relationyasc ~ const of AIC waves. This phenomenon is not
Gary et al. [1994a]. surprising since the marginal stability behavior of the Aidde is

The third phase is characterized by a departure from the reisrupted by appearance of mirror waves. As one expects tiem
lation y47c ~ const. The transition takes place in the regionlinear theory, the mirror instability sets on for the higata plasma
Bp) ~ 0.5+ 1. During the second and third phases, the flucttand during this phase the AIC anq mirror waves coexist. Fgin-hi
ating wave energydB|?/B¢ increases with, . Figure 2 (left beta plasmas, = 10 the energy in the mirror waves exceeds the
panel) shows the total fluctuating wave energy (solid cyrtte) energy in the AIC waves; the growth of AIC waves is inhibited i
fluctuating wave energy in waves with z < 40° (dashed curve), the later stages is inhibited. . . .
and the fluctuating wave energy in waves withs > 40° (dash- Let us now discuss the relevance of the simulation resulisein
dotted curve) as a function @f,;. There is an important increaseMagnetosheath context. The simulation results are in ggozea
of |6B|2/B in the transition regiors, | ~ 0.5~ 1. This transition ment with predictions of the linear theory, standard andedrihy-
is connected with the development of mirror instabilityg(thblique brid simulations and some observations. In the case presethie
waves, see left panel of Figure 2, dash-dotted curve). simulation results directly verify the proposed margintbslity

Let us now check that the oblique waves have properties of tRath- However, the simulated system goes from low-betagh-hi
mirror waves: A correlatior< Bj,n > between the parallel com- eta plasma whereas situ observations often exhibit opposite be-
ponent of magnetic field and the density. is negative for mirror Navior [Farrugia et al., 2001}, especially in the near-subsolar mag-
waves whereas for AIC waves this quantity is positive [@combe ~ N€tosheath and the plasma depletion laféap et al., 1994]. This

; ; ; ion is characterized by an increase of magnetic fielchgthe
and Belmont, 1995]. Figure 2 (right panel) displays the dependend&9!0" 1S € . . etic Tie .
of the correlation< By, n > on 3, during the second and third and a decrease of plasma density. This behavior is inabtessi

; ; ; " to our present model which includes only compression whiage t
phases. Figure 2 (right panel) shows tkatB;,n > is positive 2 e ;
during the second phase and becomes neggtive in the thi&daphg]agnet'c field strength and the p_Iasma density increaseltaimu
This anticorrelation is a clear signature of the mirror weave heously. To account for the density decrease one shoult_idelcl

During the second phase, the wave spectrum is dominateahby 1A the _model other_lmportant effects. For example, the fiielel-
AIC waves, whereas during the third phase the mirror becahees stretching leads typically to a decrease of proton bpemfonetal.,

dominant mode. The transition between the two phases isthno&994]' Our simulation model is based on a separation of tealpo

. . ; d spatial scales. This assumption may be violated in thge ma
and for a wide range of,,| the two modes coexist. Figure 3 shows™" e X
the spatial spectruid B|® — 5B (ka, k, )| for different3, . The netosheath. First, it is possible that the magnetosheaitepses

J Vectors are given in units of,,; /¢ (wherew,; is the local plasma are faster than the typical heating scales by the AIC andomiin-
9 2 1”1/62 Wpi p stabilities [Gary et al., 2000]: In our simulation we investigated
frequencyw,: = (noe/mpeo)™’). Note, that the second and

X : . . relatively slow compressioty = 2000/€2; and the characteristic
third phases are characterized by an anticorrelation WS, oating time estimated fro®ary et al. [2000] is about ten times
andg,, . During these two phases we have

smaller (fory ~ 0.1). Second, the heated protons with high par-
o5 allel velocities are able to escape along magnetic fieldlitiethe
Ap ~ L1307 (5)  typical inhomogeneity scales are small, these escapirtgmsanay
not be replaced by similar protons from adjacent regionstherk-
fore the proton parallel beta may decrease.
. . . Despite the limitations of our model, its first results stylyn
4. Discussion and Conclusion support a bounded anisotropy mod€iafy et al., 1994a;Denton
gt al., 1994;Gary et al., 1996] and suggest that in the region domi-
ated by a slow compression the system follow the margiaailst
ity path from low-beta to high-beta plasma. In the future vanp
to study the effect of a speed of compression: for exampkreth
is a natural question whether the coefficientc ~ const (Equa-

We have presented the first results of the hybrid expandixg b
model in the magnetosheath context. Using the 2-D HEB simul
tions, we have investigated the effect of a slow compressiotihe
plasma and low-frequency turbulence. The compressed plagm

tially evolves double-adiabatically as long as the plassnstable tion 4) depend on the chosen value for Moreover, we want to
with respect to the Alfven ion cyclotron instability. extend our model by including the field-line stretching tool

Later on, the AIC waves appear with relatively low amplitside X X
The low amplitude AIC waves are able to keep the plasma-wavg'%nf3 the question when the plasma goes from low-beta toliug-

system close to the marginal stability criterion of the AiStability region and when the opposite path_ takes place. We also plan to
in agreement with the quasilinear theofydry et al., 1993b]. The g?snselcrjsei\r/éher(r)olgrggglgzg p?g/l\zlhefast;nscgfttlheelrlgﬁ?%naeﬁéze
trajectory in the(3,, A,) space forg,; < 3 may be expressed P prop 9 ay ’
asvyarc ~ 0.089;, whereyrc is the maximum linear growth rate  Acknowledgments. The authors acknowledge useful discussions with
of the AIC instability in a homogeneous (bi-Maxwellian) gtaa C. Lacombe and S. P. Gary. This work was supported by the gRIGS
consisting of isotropic electrons and anisotropic protowghy is 1175 and GA AV B3042106.

the value ofyarc positive? This is probably due to the fact that

the system is continuously compressed and the AIC waveare ¢
tinuously generated in order to keep the system close toinarg
stability. Indeed, the wave energy increases with time (@nd.
This result is in agreement witim situ observations@ary et al.,  anderson, B. J., and S. A. Fuselier, Magnetic pulsationsiffbl to 4 hz
1993a;Anderson et al., 1994] which suggest that the wave energy and associated plasma properties in the Earth’s subsolgmetmsheath
|6B|?/B3 in the magnetosheath increases wilfj and that the  and plasma depletion layel, Geophys. Res., 98, 1461-1479, 1993.
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