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Two-dimensional global hybrid simulation of pressure 
evolution and waves in the magnetosheath 

Y. Lin, • R. E. Denton, 2 L. C. Lee, 3 and J. K. Chao 4 

Abstract. A two-dimensional hybrid simulation is carried out for the global 
structure of the magnetosheath. Quasi-perpendicular magnetosonic/fast mode 
waves with large-amplitude in-phase oscillations of the magnetic field and the ion 
density are seen near the bow shock transition. Alfv•n/ion-cyclotron waves are 
observed along the streamlines in the magnetosheath, and the wave power peaks in 
the middle magnetosheath. Antiphase oscillations in the magnetic field and density 
are present away from the shock transition. Transport ratio analysis suggests 
that these oscillations result from mirror mode waves. Since fluid simulations 

are currently best able to model the global magnetosphere and the pressure in 
the magnetosphere is inherently anisotropic (parallel pressure P l • perpendicular 
pressure pñ), it is of some interest to see if a fluid model can be used to predict the 
anisotropic pressure evolution of a plasma. Here the predictions of double adiabatic 
theory, the bounded anisotropy model, and the double polytropic model are tested 
using the two-dimensional hybrid simulation of the magnetosheath. Inputs to the 
models from the hybrid simulation are the initial post bow shock pressures and 
the time-dependent density and magnetic field strength along streamlines of the 
plasma. The success of the models is evaluated on the basis of how well they 
predict the subsequent evolution of Pll and pñ. The bounded anisotropy model, 
which encorporates a bound on Pñ/Pll due to the effect of ion cyclotron pitch angle 
scattering, does a very good job of predicting the evolution of pñ; this is evidence 
that local transfer of energy due to waves is occurring. Further evidence is the 
positive identification of ion-cyclotron waves in the simulation. The lack of such 
a good prediction for the evolution of Pll appears to be due to the model's lack of 
time dependence for the wave-particle interaction and its neglect of the parallel 
heat flux. Estimates indicate that these effects will be less significant in the real 
magnetosheath, though perhaps not negligible. 

1. Introduction 

The magnetosheath is the plasma region downstream 
of the bow shock and surrounding the magnetosphere 
[Kaufmann et al., 1970; Fairfield, 1971]. It consists of 
heated solar wind plasma that is slowed down and flows 
with the magnetic field, which drapes around the mag- 
netosphere. Early magnetohydrodynamic (MHD) mod- 
els of the magnetosheath can be traced back to Midgley 
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and Davis [1963] and Lees [1964], who predicted a deple- 
tion of plasma density just outside of the magnetopause 
due to compression of the draped field lines against the 
dayside magnetopause. The depletion layer was further 
studied in detail by Zwan and Wolf [1976]. The evi- 
dence of this predicted plasma depletion layer was first 
reported by Paschmann et al. [1978] and Crooker et al. 
[1979]. 

Low-frequency waves in the magnetosheath have been 
frequently observed at the bow shock and in the mag- 
netosheath; among them are mirror mode waves [Tsu- 
rutani et al., 1982; Hubert et al., 1989; Lacombe et al., 
1992; Denton et al., 1995a; Lin et al., 1998] and ion- 
cyclotron-like fluctuations [Sckopke et al., 1990; An- 
derson et al., 1991; Farris et al., 1993]. Mirror waves 
are characterized by spatial fluctuations of wavelength 
greater than the ion gyroradius. They possess an an- 
tiphase relationship between the magnetic field strength 
B and the plasma density n. The thresholds of both the 
mirror wave and the ion-cyclotron wave instabilities re- 
quire Tñ/Tii > 1 [e.g., Hasegawa, 1975; Gary et al., 

10,691 



10,692 LIN ET AL.: PRESSURE EVOLUTION AND WAVES IN THE MAGNETOSHEATH 

1994], where T[i and T.L are the parallel and perpendic- 
ular ion temperatures, respectively. Satellite observa- 
tions at quasi-perpendicular shocks, in which the angle 
between the interplanetary magnetic field (IMF) and 
the shock normal is greater than 45 ø , often show that 
ions have a sharp peak in T.L/T[i just downstream of 
the shock, which is caused by ion reflections at the bow 
shock [e.g., $ckopke et al., 1983]. The high T.L/T[i dis- 
tributions are believed to be the source that drives mir- 

ror and ion-cyclotron instabilities [Winske and Quest, 
1988]. Immediately downstream of the bow shock, 
observations also show that the mirror instability is 
likely to produce magnetic fluctuations in the high • 
plasma [Hubert et al., 1989] and that the ion-cyclotron 
anisotropy instability produces the strongest magnetic 
fluctuations in plasma regions with lower •. 

Crooker and Siscoe [1977] suggested that magneto- 
sheath flows may lead to 

/•.L//•1[ > > i + I (1) 

where •[[ - 2•opll/B 2 and fi.L - 2•op.L/B 2 are the 
parallel and perpendicular ion/•, respectively, with p[[ 
being the ion pressure parallel to the magnetic field 
and p.L being the perpendicular ion pressure. Since the 
cross section of a magnetic flux tube decreases as it con- 
vects to the subsolar magnetopause and the length of 
the flux tube increases, the double adiabatic equations 
[Chew et al., 1956] imply that the transverse compres- 
sion increases T.L and that the longitudinal expansion 
decreases Ti[, indicating a condition in favor of mirror 
instability throughout the magnetosheath. Price et al. 
[1986] and Lee et al. [1988] carried out one-dimensional 
(l-D) hybrid simulations, in which ions are treated as 
individual particles and electrons are treated as a mass- 
less fluid, to show the existence of mirror mode insta- 
bility under large T.L/Ti[ in the magnetosheath. Simu- 
lations and observations showed that the most unsta- 

ble mirror waves propagate at angles between 50 ø and 
80 ø relative to the magnetic field [e.g., Tsurutani et al., 
1982; Price et al., 1986]. Nevertheless, the studies by 
Price et al. [1986] and Gary [1992] also indicate that 
the ion-cyclotron instability would tend to dominate the 
mirror instability by growing faster and suppressing the 
anisotropy. On the other hand, the 1-D hybrid simula- 
tion by McKean et al. [1992] suggested that an exter- 
nal compression of magnetic flux tubes, which may be 
caused by draping and compression of field lines in the 
magnetosheath, can maintain the anisotropy and thus 
enhance the mirror waves. The ion-cyclotron mode in- 
stability has also been simulated by Gary et al. [1996] 
using a two-dimensional (2-D) hybrid model of quasi- 
perpendicular shocks. 

In this paper we present a global hybrid simulation of 
the magnetosheath. The evolution of the parallel and 
perpendicular pressures and the plasma kinetic insta- 
bilities in the magnetosheath are simulated using a 2-D 
model in which the bow shock, which contains both the 

quasi-parallel and the quasi-perpendicular parts along 
its curved front, and the magnetosheath are formed self- 
consistently by the supersonic solar wind passing the 
magnetosphere obstacle. As an introduction, the devel- 
opment of the models for the evolution of anisotropic 
pressure in the magnetosheath is given below. 

In the double adiabatic theory of Chew et al. [1956], 
in which the heat flux is neglected, the second mo- 
ment of the Boltzmann equation leads to the double 
adiabatic equations for the low-frequency evolution (fre- 
quency w • the proton gyrofrequency F/p) of parallel 
ion pressure pl[ and perpendicular ion pressure P.L, 

d 

dt (p.L - - 0, 

d(Pll B2 ) d-• n • - O, (2b) 
where the convective derivative d/dt = (O/Ot) + V.V, 
with V as the plasma velocity. Equations (2a) and (2b) 
assume that there is no coupling between parallel and 
perpendicular degrees of freedom. 

The derivation of (2) does not include the effect 
of high-frequency waves in collisionless plasmas. Ion- 
cyclotron waves (with frequency close to the proton gy- 
rofrequency) lead to a local exchange of energy which 
prevents the pressure anisotropy from exceeding a bound 
[Denton et al., 1994, 1995b; Gary et al., 1994], which 
can be expressed approximately [Anderson et al., 1994] 
as 

(P_L) =1 + 0.85 •1]-0'5. (3) • And 
A similar bound has been reported by Fuselief et al. 
[1994] and Phan et al. [1994] from satellite observa- 
tions and by Gary et al. [1996] from hybrid simulations 
of quasi-perpendicular shocks. The bounded anisotropy 
model [Denton et al., 1994, 1995b] is a method of evolv- 
ing Pll and P.L which incorporates the effect of the 
ion-cyclotron waves. At each simulation time step, 
(2) is used to evolve Pll and p.L. If P'L/Pll exceeds 
(p.L/PlI)A•d in (3), an exchange of energy is made from 
P.L to Pll (keeping the total internal energy constant) 
so that P.L/Pll is reduced to (P.L/PlI)A•d. The bounded 
anisotropy model also assumes that the heat flux may 
be neglected. 

The bounded anisotropy model was tested using mag- 
netosheath data for time periods in which the observ- 
ing spacecraft was relatively close to the subsolar line 
[Denton et al., 1994, 1995b]. The results of these stud- 
ies indicated that the model could do a good job of 
representing the separate evolution of P.L and Pll in the 
magnetosheath. The bounded anisotropy model was 
also incorporated in various MHD models of the day- 
side magnetosheath flow [Erkaev et al., 1999; Samsonov 
and Pudovkin, 2000]. In the fluid model of Pudovkin et 
al. [1999] the effects of a finite temperature anisotropy 
rel•ation time were considered in the proton pitch an- 
gle diffusion during the energy exchange from px to PlI' 
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Another recent approach to anisotropic pressure evo- 
lution is the double polytropic model of Hau et al. 
[1993]. This approach uses [Hau and $onnerup, 1993] 

d ( pñ )_ dCñ =0 (4a) dt nBV•-• dt ' 

d(Pll Bv"-• ) dCl, d• nV" - dt = 0, (4b) 
where 

Pñ (4c) Cñ -- nBv•-• ' 
PllBV,-• = (4d) Cii - nVll , 

and where -/ñ and "/ll are the polytropic indices. If 
and •11 can be interpreted as the ratios of specific heat 
for perpendicular and parallel motions, respectively, it 
can be easily shown that equations (4a)-(4d) are essen- 
tially adiabatic equations for pñ in terms of the 2-D 
motion perpendicular to magnetic flux tube and for 
ß ,• terms of • r• motion along •h• flux *,,},- T½ we •h• 
• - 2 and •11- 3, (2a) and (2b) are obtained. On the 
other hand, ff• - 1 (fill - 1) leads to isothermal behav- 
ior for T• -- px/n (Tll - Pll/n). •om the point of view 
of Hau et al. [1993], however, 7x and 711 are determined 
empirically. 

The purpose of this paper is to study the struc- 
ture of the magnetosheath and the associated kinetic 
waves/instabilities by using our 2-D global hybrid sim- 
ulation. The above models of pressure anisotropy are 
also examined. Using data from our 2-D hybrid simula- 
tion, we will be able to study the evolution of pressure 
along explicit streamlines, both on and off the subso- 
lar line. The outline of the paper is as follows. The 
simulation model is given in section 2. The simulation 
results and the analyses are given in section 3. Finally, 
the summary and a discussion are given in sections 4 
and 5, respectively. 

2. Hybrid Code Simulation Model 

The 2-D (O/Oz - 0) simulation is carried out in the 
geomagnetic equatorial plane, in which the x axis is as- 
sumed to be along the Sun-Earth line and pointing to 
the Sun and the y axis is pointing from dusk to dawn. 
A polar coordinate system is used in the simulation; 
this system consists of the radial distance r in the xy 
plane, the z axis pointing from north to south, and the 
polar angle 0 - tan-X(x/y). The Earth is located at 
the origin. The simulation domain is within the region 
with 10 Rz < r < 25 Rs and 0 ø < O _< 180 ø . The 
inner boundary at r- 10 Rs corresponds to the mag- 
netopause. 

The 2-D hybrid code adapted in this study has been 
used by Linet al. [1996] to simulate the interaction 
between the bow shock/magnetosheath and interplane- 
tary discontinuities. In the hybrid code the ions, which 

are protons, are treated as discrete particles, and the 
electrons are treated as a massless fluid. The electrons 

are assumed to flow along magnetic field lines in a way 
that guarantees quasi charge neutrality. In our simula- 
tion the grids are uniformly distributed in the r and 0 
directions, with a total of 280 x 380 grid points. The 
grid size along the r direction is Ar = 0.054 Rs. In the 
calculation the ions are accelerated by electromagnetic 
forces. The electric field is determined from the electron 

momentum equation, and it is then used in Faraday's 
law to advance the magnetic field. The code utilizes 
subcycling; the magnetic field is advanced 10 times for 
every time the particles are advanced. 

The ion gyrofrequency f/0 in the solar wind is chosen 
to be 0.5 s -x, where •0 = eBo/mi, Bo is the magnitude 
of the IMF, e is the electron charge, and rr•i is the ion 
mass. This value of •0 corresponds to an IMF B0 •- 
5 nT. In the solar wind the number of ion particles per 
R} is chosen to be no - 6000, and the ion inertial length 
A 0 ---- C/03piO, where Odpi 0 is the ion plasma frequency, is 
chosen to be 0.17 Rs. The Alfv•n speed in the solar 
wind is V•0 = 0.084 R• s -• The electron temperature 
is assumed to be zero for simplicity. The ion plasma 
beta/•0 is chosen to be 0.5, and the ion gyroradius is 
• 0.12 R• in the solar wind. The above value of the 
ion inertial length is • 10 times the real value in the 
solar wind, and the Alfv•n speed is • 7 times the real 
value to shorten the computing time. In our simulation 
a total of 10,000,000 particles are used. We have also 
run simulations for smaller values of A0 and have found 
that the position, shape, and strength of the bow shock 
are nearly unchanged. 

Initially, the solar wind is assumed to be uniform, 
and the IMF Bo = -B0ey is constant in the simula- 
tion domain. The ion temperature is assumed to be 
isotropic. At t = 0 the solar wind starts to pass the ob- 
stacle, i.e., the semicircular magnetopause. The inflow 
speed V0 of the solar wind is such that the magnetosonic 
Mach number M• = Vo/V•o = 5. Across the front side 
boundary at r = 25 Rs the solar wind flows along the 
-x direction and convects the IMF B0 into the simu- 
lation domain. The straight line boundary segments at 
0 = 0 ø and 0 = 180 ø represent two outflow boundaries. 
The bow shock is formed by the interaction between the 
high-speed solar wind and the magnetopause. At the 
magnetopause boundary the tangential electric field is 
set to zero (perfectly conducting boundary). The time 
step of particle advance is At = 0.03f• •. Note that in 
the 2-D simulation the magnetic flux piles up in front 
of the magnetopause, which results in a longer deple- 
tion layer and a continuous slow sunward motion of the 
bow shock after the average jumps of physical quanti- 
ties across the shock have reached a quasi steady state 
[Lin et al., 1996]. In the present simulation some heavy 
diffusion of magnetic field is added within I Rs distance 
from the magnetopause boundary to reduce the pileup 
of the magnetic flux. 
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The physical quantities are normalized to the solar 
wind quantities as follows. The magnetic field B is nor- 
malized to B0, the ion number density n is normalized 
to no, the flow velocity V is normalized to VA0, and the 
time t is normalized to f]•. The thermal and magnetic 
pressures are expressed in units of Po - B•)/l•o. 

3. Simulation Results and Modeling the 
Pressure Evolution 

Figure 1 shows the magnetic field lines in the xy plane 
superposed on the contour plot of the magnetic field 
strength and the flow vectors superposed on the con- 
tour plot of the flow speed obtained from the simula- 
tion at t = 48f• •. For the grey-scale contour plots, 
the black represents the maximum value and the white 
represents the minimum value. The bow shock has 
formed at a standoff distance of • 17.5 RE in front of 
the magnetopause. Across the front of the bow shock 
the azimuthal component of magnetic field increases. 
Correspondingly, the plasma flow speed decreases and 
diverges to the two flank sides. Figure 2 depicts the spa- 
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Figure 1. (top) magnetic field lines in the xy plane 
superposed on the contour plot of the field strength B 
and (bottom) flow vectors plotted on top of the contours 
of the flow speed obtained from the hybrid simulation 
at t = 48• •. The IMF is oriented in the dawn-dusk 
(-y) direction, and +x points to the Sun. The heavy 
semicircles at r • 10 RE and 25 RE represent the sim- 
ulation boundaries. The black in contour plots repre- 
sents the maximum values, with Bm•x -- 7.4B0 and 
Vmax = 6.4VA0, and the white represents the minimum 
values, with Bmin -- 0.96B0 and Vmin = 0. The two 
thick curves in the bottom panel represent the stream- 
lines analyzed in this paper, starting from 0 - 00 = 90 ø 
(in the center) and 60 ø (to the right), r = r0 = 18 RE, 
and t = 48g• •. 

tial profiles of magnetic field components B•, Bz, and 
Bo, field magnitude B, ion number density n, flow ve- 
locities Vr, Vz, and Vo, perpendicular temperature Tñ, 
and parallel temperature Tii at t - 48• x as a func- 
tion of radius r. The left, middle, and right columns 
of Figure 2 show the profiles along the coordinate lines 
0 - 30 ø, 60 ø, and 90 ø, respectively. The results are 
shown from r: 11 RE to skip the modification by the 
artificial damping near the inner boundary. Note that 
0 = 90 ø is along the Sun-Earth line and that 0 < 90 ø 
is in the right-hand region (dawnside) of the magne- 
tosheath in Figure 1. It is seen that across the bow 
shock, which is a fast magnetosonic shock, the ion den- 
sity n as well as the magnetic field strength increases 
nearly by a factor of 4 at 0 = 90 ø in the subsolar re- 
gion and a factor of 3 at 0 = 30 ø. Evidence for density 
depletion in front of the magnetopause where the mag- 
netic flux piles up is seen from the density profiles for 
r < 14 RE at 0 = 90 ø andr < 16.5 RE at 0 = 30 ø . 
The parallel temperature is also seen to decrease in the 
depletion layer. At quasi-perpendicular shocks from 
0 = 60 ø to 0 - 90 ø, the enhancement in Tñ is much 
stronger than that in Tii across the shock transition. 
The ratio Tñ/Tll then decreases in the middle region 
of the magnetosheath and finally goes up again in the 
density depletion layer. The downstream ion plasma/? 
value ranges from • 0.5 to 5. 

Large, in-phase oscillations in B and n are seen imme- 
diately downstream of the quasi-perpendicular shocks 
near the coordinate lines with 0 = 90 ø to 0 = 60 ø. In 

the deeper magnetosheath farther away from the shock 
front, the correlation between B and n changes from 
the fast-mode-like in-phase relation to an antiphase re- 
lation, as seen from Figure 2. The waves with anticor- 
related B and n appear to have long wavelengths, only 
a few wave periods across the magnetosheath. This 
anticorrelation is indicative of the mirror or slow/ion 
acoustic mode. Transport ratio analysis [Denton et al., 
1995a] (not shown) suggests that these waves are the 
mirror mode. 

We now perform analyses of the pressure evolution 
and wave activities for two streamlines starting from 
0 = 00 = 90 ø (on the subsolar line) and 0 = 00 = 60 ø 
(30 ø off the subsolar line) at radius r = r0 = 18 RE. 
The streamlines, or trajectory lines, are obtained by 
following the convecting fluid elements with time from 
t = 36g• • to t - 63g• •. The two streamlines are 
indicated by the thick solid curves in Figure 1. In Fig- 
ure 3a we display as thick curves the proton pressure 
ratio Pñ/Pll obtained from the hybrid simulation ver- 
sus the number t '• of time steps for these two stream- 
lines. The thin curves plotted in Figure 3a are Anderson 
et al.'s [1994] relation (3). Here and in the following, 
the time steps are counted starting from t = 36g• •. 
In the bow shock transition (t '• • 35 for 00 - 90ø; 
t" • 20 for 00 = 60 ø) the value of Pñ/Pll increases to 
a very large value (24 for 00 = 90ø; 15 for 00 = 60ø). 
This large value in Pñ/Pll occurs because of the specu- 
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Figure 2. Spatial profiles of magnetic field components Br, Bz, and Bo, field magnitude B 
(thick curves), ion number density n (thin curves), flow velocities Vr, Vz, and Vo, perpendicular 
temperature Tñ (thick curves), and parallel temperature Tll (thin curves) at t - 48• x as a 
function of radius r along the coordinate lines of (left) 0 = 30 ø, (middle) 60 ø, and (right) 90 ø. 
The bow shock is located at the places where n and B increase sharply and IV•l drops from its 
upstream solar wind value. 

lar reflection at the shock; essentially, protons crossing 
the quasi-perpendicular bow shock with the large solar 
wind velocity begin to gyrate so that their bulk veloc- 
ity is converted to a gyration velocity around B. Some 
time after the bow shock crossing, Pñ/PII decreases to a 
moderate value •0 2. We will attempt to model the evo- 
lution of the pressures pñ and Pll after this time. The 
fact that Pñ/PII decreases steeply in the immediate post 
bow shock region is indicative of the same type of wave 
activity that occurs in the magnetosheath proper; how- 
ever, we wish to exclude the drastic time dependence of 
the post bow shock plasma. 

3.1. Pressure Evolution and the Double 

Adiabatic Theory 

We now examine the double adiabatic model using 
our simulation data. The double adiabatic constants 

Cñ and (711 can be obtained by setting •ñ - 2 and 
711 - 3 in (4c) and (4d). Thus for double adiabatic 
theory, 

C_I_ - p_l_/(nB), (5a) 
B 2 . CII - Pll / ns (5b) 

The constant Cñ indicates the conservation of magnetic 
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Figure 3. (a, b) The proton pressure ratio Pñ/Pll from 
the hybrid simulation plotted versus time steps t n (thick 
curves) for two streamlines, 00 = 90 ø and 00 = 60 ø. 
The thin curve in Figure (3a) is Anderson et al.'s [1994] 
relation (3) (And), and the thin curve in Figure 3b is 
the mirror mode stability criterion (Mir). 

moment associated with the ion perpendicular thermal 
speed. Combining (5a) and (5b), we can also replace 
the double adiabatic constant all by the conservation 
of the phase-space volume Cvol, with 

where Vllth and vñth are the parallel and perpendicular 
thermal speeds, respectively. 

Figure 4 depicts the quantities B, n, Tii , and Tñ ob- 
tained from the simulation and the corresponding Cvot 
and Cñ obtained from (5a) and (6) at various time steps 
t n for the two streamlines with 00 = 90 ø and 00 = 60 ø. 
The initial time step plotted in Figure 4 is 200 (250) 
for 00 = 90 ø (60ø). These times are large enough that 
the pressure ratio Pñ/Pll has decreased to a moderate 
value • 2, as seen in Figure 3. The quantities Cvot and 
Cñ are found oscillating along the streamlines. For the 
90 ø streamline, Cvot increases from t * = 270 and then 
decreases from the peak value at t * = 320, followed by 
some smaller amplitude oscillations. These oscillations 
may be due to energy exchange with waves. The varia- 
tion in Cñ is not as large as that in Cvot. The decrease 
in the phase-space volume Cvot is found to occur with 
the decrease in Tii and thus the parallel thermal speed 
Vll,•. The percent change in Tñ is not as large as that 
in Tii , because Tñ/Tii > 1. At the times that Tii reaches 
a minimum, the perpendicular to parallel temperature 
ratio is found to reach a maximum value that even ex- 

ceeds the upper bound from Anderson et al.'s [1994] 
formula (3), as can be seen from the thin curve in the 
left column of Figure 3a. Throughout the time period 
the magnetic field B shows a nearly monotonic increase. 

For the streamline with 00 = 60 ø the phase space vol- 
ume Cvot peaks significantly around t * = 500 and de- 
creases significantly at t * > 700. Correspondingly, both 
Tii and Tñ reach a minimum at t n > 700. The increase 
in Cva at t * •_ 500 is mainly caused by the peak in Tii 

and the decrease in n. The increase in Tll at this time 
is found to occur right after the peak in Tñ/Tll (near 
t • = 420) that exceeds the upper bound ratio from An- 
derson et al.'s [1994] formula. The decrease in n at 
t • > 400 marks the entrance into the density depletion 
region, as seen from the density structure along the 60 ø 
streamline. Around the flanks, the plasma downstream 
of the quasi-parallel shock has lower pressure. The con- 
nection to the plasma at the boundary may lead to a 
negative contribution to Pll from the third moment and 
thus a decrease in Tii at t • > 700. 

The fact that Cvot and Ca are not constant indicates 
that there may be particle pitch angle scattering due 
to wave activity in the magnetosheath or parallel heat 
conduction that violates the adiabatic conditions. The 

energy exchange from pñ to Pll due to ion-cyclotron 
instabilities will be discussed later in sections 3.2 and 

3.3. However, we note now that in a plasma with Tñ > 
Tii , energy exchange from Tñ to Tii (which occurs when 
the waves take energy from the particle distribution) 
only leads to an increase in Cvol, and the change in 
Cvol is proportional to (Tñ- Tii ). (This is found by 
differentiating Cvot with respect to dAp, where Ap is 
defined in (14).) Thus oscillations in Cva may imply 
some back and forth transfer of energy between waves 
and particles. 

Because of the compression of magnetic flux tubes 
in front of the magnetopause, which is stronger in the 

0 o = 90 ø 0 o = 60 ø 
I - 

4- . - 

•. - 

%. - 

,, 
4. _L . /•- : 

_ 

1. 

ci 

488 . 888 . 488 . 888 . 

Figure 4. Quantities n, B, •1, and Tz obtained from 
the simulation and the corresponding Cvol and Cz ob- 
tained from (5a) and (6) at various time steps t • for the 
two streamlines with 00 - 90 ø and 60 ø. 
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Figure 5. The perpendicular and parallel proton 
pressure, pñ and PlI, respectively, and proton pressure 
ratio Pñ/Pll obtained in the hybrid simulation (Hyb) 
versus time t • (thick curves) in simulation units for the 
two streamlines 90 - 90 ø and 60 ø. The thin curves show 
the prediction of the double adiabatic theory (DA) for 
pa_ and Pll using their initial values from the hybrid 
simulation and the double adiabatic equations (2). 

subsolar magnetosheath where the flow vector is nor- 
mal to the magnetopause and thus the normal pressure 
is relatively high, particles with high parallel speeds to- 
ward the two flanks may be squeezed out of the magne- 
tosheath within the transient convection time. Suppose 
that the significant decrease in Cvoi at t" > 700 is due 
to the parallel heat loss. We can estimate this decrease 
in Cva by considering the loss of the particles which 
have a high-speed parallel to the magnetic field from an 
initial population with a thermal speed vlltn. Consider 
the net effects of the heat conduction at a local volume 

to be loss of heat. Assume that Tñ is nearly constant 
and that a number dn particles with a parallel speed 
vii = v• > Vlltn are lost from a local magnetosheath re- 
gion. The parallel thermal speed of the new phase-space 
population can be estimated as 

- - (7) Vlltn tn ß 

The ratio of the new C•2o• to the initial C•2o• can be 
written as 

v/ 2 / r• 2 

(8) 

The phase-space volume C'•o 1 < G'vol if v• > 3(1- 
2S% C'½o,/Cvo, 

on the 60 ø streamline for the overall change through 
the density depletion region, the speed vt is estimated 
to be 1.9Vlltn. Taking into account the decrease in Tñ, 
the required speed vt is nearly 1.6Vlltn. 

A major purpose of this paper is to examine the cur- 
rently existing models of pressure evolution in the mag- 
netosheath with our simulation data. Now we investi- 
gate the pressure evolution along the streamlines and 
compare it to the double adiabatic theory. Figure 5 
displays as thick curves the quantities pñ, Pll, and the 
proton pressure ratio Pñ/Pll in the hybrid simulation 
versus time step t n for the two streamlines with 00 - 
90 ø and 60 ø. The thin curves in Figure 5 represent 
the results of double adiabatic theory obtained in the 
following way. First, the constants Cñ and Cii at the 
initial time are calculated according to (2) using the 
values pñ, Pll, n, and B from the hybrid simulation. 
Then, at later times, we keep the values of Cñ and Ci[ 
constant and find the double adiabatic values PñDA and 
PIIDA from PñDA ---- CñnB and PIIDA = CIIn3/B2, re- 
spectively, using the time-dependent values of n and B 
from the hybrid simulation. 

In the case of the 0o = 90 ø (subsolar line) data, n 
decreases while B increases (Figure 4). This leads to a 
steep decrease in the double adiabatic value PlIDA, as 
seen from (5b). Since B increases proportionately more 
than n, PñDA rises somewhat (see equation (5a)). Thus 
(Pñ/PlI)DA increases very steeply, as shown in Figure 5. 
Clearly, the double adiabatic theory is not adequate to 
describe the evolution of the anisotropic pressures in the 
00 = 90 ø case. In the 00 = 60 ø case, n decreases only 
slightly while B is almost constant over the time period 
displayed in Figure 5. While PñDA remains nearly con- 
stant, pñ in the hybrid simulation decreases. Because 
of the steeper dependence of PlIDA on n, as seen from 
(5b), PlIDA decreases. The value of Pll in the simula- 
tion also decreases a similar amount overall, although 
at intermediate times the curves for Pll of the hybrid 
simulation and PlIDA from the double adiabatic fit in 
Figure 5 are quite different. 

3.2. Evidence for Wave Activity 

From Figure 3a we see that the hybrid simulation 
Pñ/PlI, after rising to a very large value, falls to a value 
near that of (3) along both streamlines and stays near 
or below that value. Since (3) represents a condition 
close to marginal stability for the proton cyclotron wave 
[Denton et al., 1994; Gary et al., 1994], the fact that 
Pñ/Pll falls to a value near (3) is indicative of the effect 
of proton cyclotron waves. The thin curve plotted in 
Figure 3b is the mirror mode stability criterion 

(•11) 1 Pñ - i +--. (9) 
Mir 

Comparing Figures 3a and 3b, it is clear that (Pñ/PlI)Mir 
lies under but close to (pñ/Pll)And. Some evidence sug- 
gests that the proton cyclotron mode rather than the 
mirror mode plays the major role in regulating the pres- 
sure ratio Pñ/Pll in the magnetosheath (see references 
in the work of Denton et al. [1994]), but the mirror 
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mode could also be playing some role [see also Hill et 
al., 1995]. 

Besides the fact that P-L/Pll in the hybrid simulation 
lies close to (P-L/PlI)And, further evidence for wave pitch 
angle scattering comes from the fact that the hybrid 
code pñ increases less than the double adiabatic value 
P_LDA, and the hybrid code Pll decreases less than PlIDA, 
as shown in Figure 5. This may indicate pitch angle 
scattering which transfers energy continually from P_L 
to Pll in the hybrid simulation. Note that this is the 
basic idea of the bounded anisotropy model [Denton 
et al., 1994, 1995b], which combines double adiabatic 
driving terms with energy transfer from P_L to 

We have also conducted an analysis of wave modes 
present in our hybrid simulation of the magnetosheath. 
In a low-frequency plasma in which co << •p, where 
•p is the ion gyrofrequency, kinetic theory yields four 
basic modes, the three waves corresponding to the nor- 
real modes of MHD theory and the mirror mode. The 
mirror mode has zero phase velocity in a homogeneous 
plasma (though it can acquire a finite phase veloc- 
ity when there is inhomogeneity [Johnson and Gheng, 
1997]). The three modes with finite phase velocity are 
the magnetosonic/fast/whistler mode, the Alfv•n/ion- 
cyclotron mode, and the ion-acoustic/slow/sound mode 
[Krauss-Vatban et al., 1994; Denton et al., 1995a]. 

The waves in the simulation can be identified using 
polarization information and the following transport ra- 
tios [Denton et al., 1995a, 1998, and references therein]. 
The compressibility of ions is given by 

C(k, co) - fi2 (dB. dB)k• ' (10) 

00 = 90 ø t30 = 60 ø 

2 1•- 2 

1 • '1• 

c 
1• © 

1• -1 

R//n 1 . 0 

-1 .0 
o 1 .2 o .1 

Figure 6. Power spectra of the magnetic field 
fluctuations 15BI2/Aco, the magnetic compressibility 
CB, the Alfv•n ratio RA, the compressibility C, and 
the parallel phase ratio Rii n as a function of angular 
frequency, co/lip, for the streamlines 00 - 90 ø and 
60 ø . The power spectra are given for parallel fluctu- 
ations (solid curve), right-hand-polarized fluctuations 
(long dashed curve), and left-hand-polarized fluctua- 
tions (short dashed curve). 

where k is the wave vector, co is the angular frequency, 
/• and • are the low-frequency ("equilibrium") compo- 
nents of the magnetic field and ion density, respectively, 
and 5B and 5n are the fluctuating components. The 
Alfv•n ratio is given by 

- (Sv. 5v)k • (dB ß dB)k• ' (11) 
where O'A -- t•/X/'4•rgmi is the Alfv•n speed. The par- 
allel phase ratio is given by 

Riin (k, co) - (SgSBII)k• , (12) 
which is equivalent to the cosine of the phase angle be- 
tween the fluctuating component 5Bll and 5n. The mag- 
netic compressibility can be written as 

CB(k, co) - (•BII•BII)k• (13) 

For the two convection streamlines with 00 - 90 ø 
and 00 - 60 ø (starting from t" - 200 and 250, respec- 
tively), we Fourier transform the data in time and plot 

in Figure 6 the power spectrum of the magnetic field 
15BI2/Aco as well as CB, RA, C, and Rll , as a function 
of angular frequency normalized to the local cyclotron 
frequency, co/lip. The power spectra are given for 
parallel fluctuations, right-hand-polarized fluctuations, 
and left-hand-polarized fluctuations. The power spec- 
tra show that at very low frequencies (co/lip < 0.06), 
there are dominant fluctuations with left-hand polar- 
ization. In this frequency range, CB is low, consistent 
with the dominant left-hand power. The Alfv•n ra- 
tio RA is close to unity, indicating equal velocity and 
magnetic fluctuations when normalized to •ZA and /•, 
respectively. The compressibility C is small compared 
to unity, indicating a low level of density fluctuations. 
These features are characteristic of Alfv•n waves. Us- 

ing the mode identification method of Denton et al. 
[1995a, 1998] we find that these waves are well iden- 
tified as either the quasi-parallel Alfv•n/ion-cyclotron 
or the quasi-parallel magnetosonic/fast/whistler mode 
(the quasi-parallel mode is also Alfv•n-like). With the 
additional information that the waves are left-hand- 

polarized, we can confidently identify these waves as the 
quasi-parallel Alfv•n/ion-cyclotron mode. These waves 
are most likely produced by the ion-cyclotron instability 
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which is driven by the anisotropy of the plasma pres- 
sure. 

At higher frequencies there are dominant parallel fluc- 
tuations for the t)0 - 90 ø streamline (at v•/12p > 0.08) 
and a mixture of parallel and right-hand-polarized fluc- 
tuations for 00 = 60 ø (at w/12p > 0.12). Looking at 
the 00 = 90 ø characteristics, we see from Figure 6 that 
C'B is large, RA is of order unity, C' is about unity, 
and Rlln - +1. The latter two quantities indicate 
that the relative density and magnetic fluctuations are 
of the same magnitude and in phase, which is char- 
acteristic of the quasi-perpendicular magnetosonic/fast 
mode. In fact, these waves are well identified as the 
quasi-perpendicular magnetosonic/fast mode using the 
method of Denton et al. [1995a], as are the higher- 
frequency waves for the 00 = 60 ø case. The fast mode 
has purely parallel magnetic fluctuations only for k per- 
pendicular to B. For parallel propagation the mode is 
right-hand-polarized. The fact that there is a signifi- 
cant amount of right-hand-polarized power for 00 = 60 ø 
probably indicates that the waves are oblique (k is 
oblique to B). Such a result is easily understood if 
we regard these waves as fast mode waves reflecting off 
the inner magnetopause boundary. Along the 00 = 90 ø 
streamline, which is nearly the Sun-Earth line, the re- 
flected waves would propagate directly back along the 
same line, and k would be perpendicular to B. Off the 
Sun-Earth line, the waves would reflect at some angle 
to the Sun-Earth line, and this angle will, in general, 
be oblique to the local B. 

There is no indication of the mirror mode in Figure 6. 
This is not completely surprising considering that the 
ordinary (infinite homogeneous) mirror mode has zero 
frequency and would not show up as an oscillation in 
the rest frame of the plasma (along streamlines). We 
have done transport ratio analysis using spatially vary- 
ing data at fixed time (such as that in Figure 2). Note 
in Figure 2 the out-of-phase fluctuations in density and 
magnetic field amplitude to the left of the figure (to- 
ward the magnetopause). Conclusive identification of 
the mirror mode by this means is difficult because of 
the large variation in wavelength of the mode across the 
simulation. Another complicating factor is the simul- 
taneous presence of perpendicularly polarized (Alfvdn- 
like) magnetic fluctuations. Nevertheless, the transport 
ratio analysis (not shown) is suggestive that the out- 
of-phase density and magnetic fluctuations seen in Fig- 
ure 2 result from the mirror mode. These waves are 

observed in the spatial variation and are presumably 
at very low frequency in the temporal domain; they 
should not be confused with the compressional waves 
discussed above with w/12p > 0.1 which were identified 
as the quasi-perpendicular magnetosonic/fast mode. 

Observations indicate that there is spatial variation of 
modes across the magnetosheath [Hubert, 1994; Ander- 
son et al., 1994; Song et al., 1994; Hubert et al., 1998; 
Denton, 2000]. Breaking up the time series used for 
the transport ratio analysis into three segments (start- 

ing right after the bow shock crossing) and redoing 
the analysis for each segment, we find the following re- 
sults: Near the bow shock, it appears that the power in 
the Alfv•n/ion-cyclotron and quasi-perpendicular/fast 
modes is comparable, with the power of both peaked 
at w/12p < 0.1. Farther away from the bow shock, the 
Alfv•n/ion-cyclotron power increases and dominates the 
total power (Figure 6; the power of this mode is greatest 
in the middle segment). At the same time, the quasi- 
perpendicular/fast mode power decreases overall but in- 
creases for w/12p > 0.1. As has been noted from the 
spatially varying data of Figure 2, it appears that there 
are quasi-perpendicular/fast waves near the bow shock 
(consistent with the result just mentioned) and the mir- 
ror mode farther away from the bow shock (which would 
not be expected to be observed in the streamline data). 

3.3. Examination of Bounded Anisotropy 
Model 

To test the bounded anisotropy model, we started 
with the same initial plasma conditions which we used 
to examine the double adiabatic theory at t • - 200 
(250) for the 90 = 90 ø (60 ø ) case. The bounded 
anisotropy values of pñ and Pll, PñBAM and PIIBAM, 
respectively, were given the initial values of pñ and 
Pll from the hybrid simulation and then allowed to 
evolve according to the bounded anisotropy model. The 
bounded anisotropy model, in its simplest formulation, 
is a two-step process [Denton and Lyon, 1996]. In each 
time step, the double adiabatic equations (2a) and (2b) 
are first used to advance pll • and pñ• (time step n) to 
tentative values Pll* and pñ*; then, if the pressure ratio 
Pñ*/Pll* exceeds the bound implied by (3) (a function 
of the tentative Pll * through/•ll ), a local exchange of en- 
ergy at each grid point is made to find the new pressure 
values for time step n + 1, 

Pll •+• - Pll* + 2Ap, (14a) 

pñn+l __ pñ, _ Ap, (14b) 

such that the new pressure ratio pñ•+•/pll '•+• lies on 
the bound implied by (3) (with/•ll now a function of 

Figure 7 shows as thin curves the time-evolved values 
of PñBAM, PIIBAM, and (Pñ/PII)BAM (lower thin curve). 
Also shown as thin curves are the double adiabatic pa- 
rameters (equation (5)) C'ñBAM and C'iiBA M given as a 
function of PñBAM and PIIBAM' Owing to the energy 
exchange, these are not constant. The thick curves 
in Figure 7 represent values from the hybrid simula- 
tion. In the panel for Pñ/Pll the upper thin curve is 
(Pñ/P]])And evaluated from Anderson et al.'s [1994] for- 
mula (3) using PIIBAM for/•ll' The bounded anisotropy 
model seems to do a fairly good job of predicting the 
evolution of pñ (except perhaps for 90 - 60 ø at large 
times). The bounded anisotropy model seems to pre- 
dict the overall downward trend for PlI, but the oscil- 
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Figure 7'. Perpendicular and parallel pressures pñ 
and PlI, pressure ratio Pñ/PlI, and double adiabatic pa- 
rameters Cñ and Cll (equation (5)) versus time t n for 
the bounded anisotropy model (BAM, indicated by thin 
curves) and hybrid simulation (Hyb, indicated by thick 
curves) and for the two streamlines 00 = 90 ø and 60 ø. 
The upper thin curve for Pñ/Pll is the Anderson formula 
(3) evaluated using PlIBAM in/•11' 

lations to large values of PlIB^M and the final value of 
PllBAM for 00 = 60 ø are not consistent with Pll from 
the hybrid simulation. The plot of Pñ/Pll in Figure 7 
is very helpful for understanding the energy exchange 
process in the bounded anisotropy model. It is only 
when the lower thin curve representing (P-L/PlI)B^M be- 
comes coincident with the upper thin curve represent- 

ing (P-L/PlI)^nd (equation (3)) that energy exchange can 
take place. The first time period of energy exchange 
for 00 = 90 ø is fromt • = 230 to -0 300. Noting that 
Cñ cr pñ and Cii cr Pll (equation (5)), the decrease in 
Cñe^M along with an increase in CliB^ M also indicates 
an exchange of energy from PñB^M to PIIS^M as in (14). 
The overall trend of decreasing Cñ and increasing C'ii 
is predicted by the bounded anisotropy model, though 
there are some significant differences between the model 
and hybrid code values. 

One of the greatest differences in the bounded aniso- 
tropy and hybrid code results displayed in Figure 7 is 
the fact that the large increases in PIIBAM predicted by 
the bounded anisotropy model are not observed in 
from the hybrid simulation. Considering the 00 = 90 ø 

case, large increases in PlIBAM occur at t n -- 350, 570, 
and 780. The increases in PlIBAM occur during periods 
of no energy exchange as evidenced by the constant val- 
ues of C_LBAM and CiiBA m at these times. (Since it is 
the decreasing Pll which leads to increased P-L/Pll and 
therefore to waves, it is better to think of the energy 
exchange as a braking effect which keeps Pll from de- 
creasing rather than as a source of energy to make Pll 
increase.) Thus the increase in PlIBAM is required to 
keep CiiBA m constant (see equation (5b)). When large 
increases are predicted for PllBAM but not observed in 
PllHyb, there is a dip in C[i from the hybrid simulation. It 
is impossible for the bounded anisotropy model to pre- 
dict such a decrease, or to predict an increase in Cñ for 
that matter. The only thing in the bounded anisotropy 
model which can change the values of Cñ and Cii is en- 
ergy exchange, and the only energy exchange allowed 
is from pñ to PII, leading to a decrease of Cñ and an 
increase of Cll. The fact that there are peaks in PlIHyb 
indicates that the double adiabatic driving terms are 
playing a role (note also the peaks in PlIDA in Figure 5). 
The peaks in PllSyb may be lower because of damping 
of the oscillations due to the parallel heat flux, or there 
might be a reverse flow of energy from PlIHyb to P-LHyb 
due to damped ion-cyclotron waves. 

The best agreement between PlIBAM and PlIHyb occurs 
during the periods of energy exchange; it is at these 
times that PlIBAM is at its lowest values. During en- 
ergy exchange, the value of PIIBAM is coupled to that 
of Pñe^M for which there is a better agreement with 
pñ from the hybrid simulation. Furthermore, there is 
greater energy in pñ than in Pll (Pñ/Pll > 1), so the cou- 
pling of Pll to pñ contributes to the better agreement in 
PlIBAM and PlIHyb during those times. 

Another difference in the bounded anisotropy and 
hybrid results is that the value of (Pñ/PII)e^M aver- 
aged over the oscillation timescale (-0 100-200 steps) 
is greater than that of Pñ/Pll in the hybrid simulation. 
The agreement with the B AM model in Figure 7 can 

be improved slightly by taking (p.L/Pll)And <_ 1 + l•l] -'5 
(not shown) rather than (p_L/Pll)^nd _< 1 + 0.85/•1•'5. 

Consider now the 00 - 60 ø case. The results for 
t * _< 700 are similar to those for 00 - 90 ø . After 
t * - 700 there is a large increase in the predicted 
PlIBAM' Though PlIBAM decreases at t * -0 850, it shows 
no sign of decreasing to the value of Pll from the hy- 
brid simulation. It is interesting to note that C_LBAM 
and CiiBA m are constant after t * -- 500. The simul- 
taneous drop in C.L and Cll of the hybrid simulation 
from t * -0 500 to t n - 900 cannot be explained by the 
bounded anisotropy model. 

In order to see how well the bounded anisotropy 
model can describe the evolution of P.L apart from the 
effect of the modeled PlI, we have also used the bounded 
anisotropy model to get P_L with PlIBAM set equal to 
Pll of the hybrid simulation. The net effect is that 
P_LBAMx evolves according to double adiabatic theory if 
P-LB^M•_/Pll < (P'L/PlI)^nd, but P_LBAMñ is not allowed 
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Figure 8. Bounded anisotropy solution for the per- 
pendicular pressure P.LBAM• only (thin curve) with P.L 
from the hybrid simulation (thick curve) versus t n for 
00 - 90 ø and 00 - 60 ø- The value of P.LBAM• is lim- 

ited to (a) _< Pll(1 + 0.85•1]-'5 ) or (b) < Pll(1 q-•1•'5). 
The solution here differs from that of Figure 7 in that 
the model Pll is simply equated to the hybrid simulation 
value PlI' 

to become so large that P-LS^M•/Pll > (P'L/PlI)^na' In 
Figure 8a we plot P.LS^M• along with P.L from the hy- 
brid code versus time for O0 - 90 ø and O0 - 60 ø ß In 

Figure 8a we have used (P'L/PlI)^nd --• i q- 0.85/•1]-'5 as 
in (3). The resulting P.LS^M agrees very well with P.L of 
the hybrid simulation. Even better agreement between 

the two is found using (p.L/Pll)^nd _• i q-/•1] -'•. Results 
for this case are shown in Figure 8b. 

The good agreement between the P.LS^M• from the 
bounded anisotropy model and the P.L from the hy- 
brid simulation leads us to believe that the bounded 

anisotropy model describes p.L very well, and that en- 
ergy exchange due to wave pitch angle scattering is oc- 
curring. However, something seems to be missing in 
the description of PlI' It is most likely that the paral- 
lel heat flux, proportional to the third moment of the 
particle velocity relative to the mean flow, leads to a 
significant contribution to the evolution of Pll in the hy- 
brid simulation, as discussed in section 3.1. The heat 
flux could be drawing energy out of the system, thereby 
leading to the simultaneous drop of C.L and Cii observed 
for O0 - 60ø; the heat flux could also be damping the 
oscillations of PlIBAM, leading to much reduced oscilla- 
tions in PlIHy b. Another effect missing in the bounded 
anisotropy model is time-dependent regulation of the 
pressure anisotropy by waves, which will be discussed 
further in section 4. Waves may even give back energy 
to the particles, possibly leading to the oscillations in 
Cvo] discussed in section 3.1. 

3.4. Sensitivity to Initial Conditions 

There is some sensitivity of our results to the ini- 
tial time chosen for the evolution of the model pres- 
sure values. We have chosen t n - 200 and 250 as the 

starting times for •0 - 90 ø and 60 ø, respectively. Gen- 
erally, as expected, the agreement between the models 

and the hybrid code results will be better if we start 
the model evolution later (and so evolve the pressures 
for less time), regardless of the model. If we start the 
evolution of pressures at t • - 300, the double adiabatic 
model appears to do just as good a job at describing the 
evolution of Pll as the bounded anisotropy model does. 
The value of P.L, however, is better described by the 
bounded anisotropy model (deviations from the hybrid 
results of • 20% versus • 40% for P.LDA). The greatest 
difference in results is for the pressure ratio; (P'L/PlI)DA 
is of[ from (P.L/P]])Hyb by a factor of 2 by the end of the 
simulation (t •- 900), while (P-L/PlI)S^M is only off by 
• 20%. 

The bounded anisotropy model gives results which 
are far better than double adiabatic theory if we start 
the pressure evolution at even earlier times than those 
chosen for this paper. If we start the •0 - 90 ø simula- 
tion at t * - 60, by the end of the simulation (t * - 900), 
(P.L/PlI)D,4 is greater than (p.L/Pll)Hy b by a factor of 
30 ((p.L/Pll)D,4 • 100, owing to a large drop in PlID•), 
while (P'L/PlI)BAM varies from (P'L/PlI)Hyb by only 27%. 
l_n fact, it is clear that it is the time period just after 
the bow shock crossing, where (P.L/PlI)Hyb is very large, 
for which the kind of energy exchange modeled by the 
bounded anisotropy model will play the greatest role. 
On the other hand, the bounded anisotropy model in its 
current form will not do a very good job of modeling the 
highly time dependent transition from (p.L/Pll)Sy b >> 1 
to (P.L/PlI)Hyb "'• (P.L/PlI)Ana, since it assumes that the 
waves are always regulating P'L/Pll to be at or under 
(p.L/Pll)And. If the model pressure evolution is started 
at t n - 60, by t * - 900, P.LBAM is larger than P.LHyb 
by • 50%, and PlIBAM is larger than PIIHyb by • 18% 
(which is still a far better agreement than the double 
adiabatic theory yields). 

3.5. Double Polytropic Model 

We have also tested the double polytropic model [Hau 
et al., 1993] using the hybrid simulation results. The 
values of ?.L and "/11 were chosen to minimize the stan- 
dard deviation in the respective C.L/(C.L) and Cii / (Oil). 
Here (e.L) and (all) are the values of e.L and all av- 
eraged over t, and Cii/(CII ) are calculated using n, B, 
P.L, and Pll from the hybrid simulation. The values of 
?.L and 711 and the standard deviations in the respec- 
tive C.L/(C.L)and Cii/(Cii ) are listed in Table 1. From 
Table i we see that for 00 = 90 ø, the optimal ?.L -• 1, 
indicating that the perpendicular pressure is approx- 
imately isothermal with P.L • n. Hau et al. [1993] 
found using their model that the magnetosheath pres- 
sures typically evolve with a dependence which is in 
between double adiabatic (?.L = 2 and ?ll = 3) and 
isothermal (7_L = 711 = 1). 

4. Summary of Results 

We have carried out a 2-D global hybrid simulation 
to study the structure of the magnetosheath for a case 
in which the bow shock is a perpendicular shock in the 
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Table 1. Double Polytropic Indices a 

0o 7ñ 711 

90 ø 1.07 1.51 
60 ø 1.29 0.58 

aThe values 7ñ and 711 were determined by minimizing the standard deviation in 
Cñ/(Cñ / and Cll/{Cll/, respectively, based on the simulation data. 

subsolar region. In particular, the wave activity and the 
evolution of pressures in the magnetosheath are inves- 
tigated. Here we summarize the results: 

1. Wave activity: In the bow shock transition, the 
value of Pñ/Pll increases to a very large value because 
of the conversion of the large solar wind inflow veloc- 
ity to a thermal velocity gyrating around the magnetic 
field. Large-amplitude in-phase oscillations of B and n 
are seen near the shock transition, indicating the quasi- 
perpendicular magnetosonic/fast mode; this result is in 
agreement with observations by Lacombe et al. [1992]. 
Alfv(•n/ion-cyclotron waves (most likely driven by the 
anisotropy of the plasma pressure) are observed at all 
data segments along the streamlines; their power peaks 
in the middle magnetosheath. The decrease in power 
toward the magnetopause is consistent with the results 
of Hubert [1994], Song et al. [1994], and Hubert et al. 
[1998]. The presence of these waves is evidence that 
there may be energy exchange from pñ to Pll in the 
simulations. Away from the shock transition, Pñ/Pll de- 
creases to a moderate value. Antiphase oscillations in 
B and n are present, and these waves have long wave- 
lengths up to the order of Earth radii (Figure 2). Along 
flow streamlines, Pñ/Pll falls to a value near that of An- 
derson et al.'s [1994] formula (3), which represents a 
condition close to marginal stability for the proton cy- 
clotron wave, and stays near or below that value. The 
ratio Pñ/Pll also stays above or near the marginal sta- 
bility condition of the mirror mode wave. 

2. Pressure evolution: Using our 2-D hybrid code 
simulation of the magnetosheath, we have tested the 
double adiabatic models and the bounded anisotropy 
model for the evolution of thermal pressures in the mag- 
netosheath. An attempt has also been made to fit the 
simulated pressure evolution with the double polytropic 
model. 

3. The double adiabatic model cannot model the 

physics of the pressure evolution in the magnetosheath. 
4. The bounded anisotropy model appears to do a 

good job of describing the evolution of pñ, and this is 
evidence that the kind of energy exchange described by 
the model is taking place. The evolution of Pll does not 
appear to be as well described. 

5. Our test indicates that the double polytropic 
model is capable of fitting the pressure evolution very 
well (not shown). Nevertheless, it must be remembered 
that the double polytropic model is an empirical fit with 

several free parameters, "/ñ, •ll, (Cñ), and (Oil). It is 
difficult to infer the underlying physics from the double 
polytropic results unless they indicate that the plasma 
is isothermal or double adiabatic. In addition, the re- 
sults shown in Table i are sensitive to the minimiza- 

tion procedure used. For example, starting with the 
initial values of pressure and minimizing the deviation 
of PñDP --Pñ (as was done for the bounded anisotropy 
model) led to-/ñ = 0.61 • 1. 

5. Discussion 

In the real magnetosheath, enhanced Alfv•n/ion- 
cyclotron wave activity is sometimes observed near the 
magnetopause where the plasma beta is very low (par- 
ticularly for northward IMF) [Anderson et al., 1994]. 
In our hybrid simulation, beta does not become nearly 
as low as is sometimes observed in the plasma depletion 
layer, and we also do not observe enhanced Alfv•n/ion- 
cyclotron activity there. (Also note that the streamlines 
do not get very close to the magnetopause, as can be 
seen from Figure 1.) Also, while we do have some evi- 
dence for the mirror mode in our simulation, in the real 
magnetosheath the presence of alpha particles (He 2+) 
decreases the growth rate of the proton cyclotron insta- 
bility (which lead to Alfv•n/ion-cyclotron waves) and 
increases the likelihood that the mirror mode will be 

observed [Price et al., 1986]. 
The most likely effect leading to the discrepancy be- 

tween the bounded anisotropy PIIBAM and Pll from the 
hybrid simulation is the neglect of the parallel heat flux. 
We know that this term is not included in the dou- 

ble adiabatic equations [Chew et al., 1956] upon which 
the bounded anisotropy model is based. The parame- 
ter indicating the relative importance of the heat flux is 
(r,•,Vlltn)/Lii , where Vlltn is the parallel thermal veloc- 
ity, Lii is the parallel scale length, and r,•, is the transit 
time across the magnetosheath. 

The parameter (r,•,Vlltn)/Lii at the two streamlines 
with 00 = 90 ø and 60 ø in the hybrid simulation can be 
estimated as follows. The convection scale length across 
the subsolar magnetosheath is Lll -• 18 RE -- 108•0. 
Considering the slow convection speed along the Sun- 
Earth line and the fact that the flow stagnates in front of 
the subsolar magnetosphere, the convection time across 
the subsolar magnetosheath is r,•, > 100f• 1. The par- 
allel thermal speed Vllth • 1.5VA0 on average. Thus 
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(r,•svlltn)/Ll[ • 1.4. The fact that this number is 
greater than unity indicates that the heat conduction 
plays an important role during the convection. For the 
60 ø streamline, the convection time r,•8 •" 44f• • for 
an average convection speed of 3V,40 across the mag- 
netosheath from the dayside to the flanks, and the av- 
erage Li[ •" 30 RE in the azimuthal direction. Thus 
(r,•vlltn)/Ll[ • 0.4, which also indicates that the heat 
conduction is not insignificant. Note that in the 3-D 
situation the convection will not be stopped at the sub- 
solar magnetopause. Our 2-D hybrid simulation may 
have exaggerated the transient time across the magne- 
tosheath because of the pileup of the plasma in front 
of the magnetopause boundary. In the real magne- 
tosheath, for a parallel temperature of • 106 K and 
average convection speed of • 150 km s -x across the 
magnetosheath, the number (rm•V]]tn)/L]] "" 0.6 on av- 
erage. This indicates that the heat flux will not be quite 
as important in the real magnetosheath. (Denton et al. 
[1994] argued that the heat flux could be neglected in 
the depletion layer.) 

Another effect not included by the bounded anisotro- 
py model is time dependence in the ability of waves to 
regulate the pressure ratio. From Figure 3 we see that 
Pñ/Pll from the hybrid simulation oscillates. This can 
be understood as the following. Because of the large ini- 
tial overshoot in the anisotropy ratio (pñ/pll)Hy b down- 
stream of the bow shock, as shown in Figure 2, a large 
wave amplitude develops which transfers a large amount 
of energy from pñ to PII' This reduces Pñ/PlI, as seen in 
Figure 2, to the extent that the ion-cyclotron waves are 
stable. At this point the wave amplitude dies down and 
possibly transfers some energy back to the ions, but 
then the compression of field lines that drape around 
the magnetopause causes the anisotropy to increase. 
The oscillation timescale would be determined by the 
timescale for wave growth and damping • 10f• -x. 

The bounded anisotropy model allows Pñ/Pll to vary 
up to (pñ/pll)Ancl unimpeded by wave activity; then 
Pñ/Pll is not allowed to exceed (pñ/pll)Ana. This as- 
sumption is best justified if the timescales associated 

with wave growth and damping, • 10f• -x, are small 
compared to the timescale associated with changes in 
pressure anisotropy • rm•. In that case we expect 
some sort of steady state to develop with a constant 
amount of wave activity. In our hybrid simulation, 
rm•/(10f• x) • 13. For the real magnetosheath we es- 
timate B • 30 nT, speed across the magnetosheath • 
150km s -x and magnetosheath width • 3 RE, and get 
r,•8/(10f• x) • 40, indicating that such time-dependent 
effects may be less important in the real magnetosheath. 
These time-dependent effects would be difiqcult to model; 
one needs to integrate the growth of the waves over time 
depending on the instantaneous plasma parameters. 

Finally, it is noted that the case shown in this pa- 
per is only for the magnetosheath with a perpendicular 
shock at the subsolar line. The kinetic structure of the 

magnetosheath is expected to vary if the IMF orien- 

tation is different. Further systematic simulations are 
necessary for the understanding of the presence of var- 
ious kinetic wave instabilities and their effects on the 

magnetosphere. 
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