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Anisotropic magnetosheath: Comparison of theory with
Wind observations near the stagnation streamline

C. J. Farrugia,! N. V. Erkaev,2 D. F. Vogl,>* H. K. Biernat,>*5
M. Oieroset,® R. P. Lin,® and R. P. Lepping’

Abstract. We carry out a first comparison with spacecraft measurements of
our recent three-dimensional, one-fluid magnetohydrodynamic (MHD) model for
the anisotropic magnetosheath [Erkaev et al., 1999], using data acquired by the
Wind spacecraft on an inbound magnetosheath pass on December 24, 1994. The
spacecraft trajectory was very close to the stagnation streamline, being displaced
by less than 1/2 hour from noon and passing at low southern magnetic latitudes
(~4.5°). All quantities downstream of the bow shock are obtained by solving the
Rankine-Hugoniot equations taking the pressure anisotropy into account. In this
application of our model we close the MHD equations by a “bounded anisotropy”
ansatz using for this purpose the inverse correlation between the proton temperature
anisotropy, Ap (= Tp1/ T, —1), and the proton plasma beta parallel to the magnetic
field B, observed on this pass when conditions are steady. In the model the total
perpenc{icular pressure is prescribed and not obtained self-consistently. For all
quantities studied we find very good agreement between the predicted and the
observed profiles, indicating that the bounded anisotropy method of closing the
magnetosheath equations, first suggested by Denton et al. [1994], is valid and
reflects the physics of the magnetosheath well. We assess how sensitive our model
results are to different parameters in the A, = aoﬂp_“‘” (ap > 0) relation, taking

for a1 the two limiting values (0.4, 0.5) resulting from the two-dimensional hybrid
simulations of Gary et al. [1997], and varying ao in the range 0.6 — 0.8. Input solar
wind conditions are as measured on this pass. In general, the model profiles depend
more strongly on ag than on a;. In particular, decreasing ao narrows the width
of the plasma depletion layer (PDL) and widens the mirror stable region. For the
lowest value of ag, the mirror stable region extends sunward of the outer edge of the
PDL. For the other two values of ag, and regardless of the value of a1, it is contained
within the PDL. Finally, we also study phenomenological double-polytropic laws
and find polytropic indices v, ~ 1 and v = 1.5. These results agree well with those
of Hau et al. [1993] inferred from Active Magnetospheric Particle Tracer Explorers/
Ion Release Module data on a crossing of the near-subsolar magnetosheath.
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The presence of a magnetic field in a plasma intro-
duces temperature anisotropies which can drive var-
ious instabilities. The Active Magnetospheric Parti-
cle Tracer Explorers (AMPTE) (1984-1986) mission
has highlighted the importance of proton temperature
anisotropies in the terrestrial magnetosheath, which is
typically characterized by Tp1 > Tp), where the sym-
bols L and || denote directions perpendicular and paral-
lel to the background magnetic field, respectively. The
magnetosheath is found to be prone to both the mir-
ror and electromagnetic ion cyclotron wave instabilities,
with the value of the proton plasma beta determining
which of these two modes dominates the magnetic fluc-
tuation spectrum [e.g., Fairfield, 1976; Crooker and Sis-
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coe, 1977; Tsurutani et al., 1982; Anderson et al., 1991;
Phan et al., 1994; Gary, 1993]. In magnetosheath mod-
eling the question then arises as to the suitable way of
closing the anisotropic magnetohydrodynamic (MHD)
equations. When the parallel and perpendicular de-
grees of freedom are energetically decoupled and when
the heat flux is negligible, the double adiabatic equa-
tions of Chew et al. [1956] are appropriate [see, e.g.,
Kulsrud, 1983]. From AMPTE observational work [Hau
et al., 1993; Hill et al., 1995] and simulations [Denton
and Lyon, 1996] it transpires, however, that they are
unsuitable for closing the MHD equations in the mag-
netosheath. Other avenues have to be explored.

AMPTE/Charge Composition Explorer (CCE) inves-
tigations have revealed an empirical relation between
the proton thermal anisotropy A, (= Tp1/Tp — 1)
and the plasma beta parallel to the magnetic field £y
Thus, using a set of data pairs (8, A,) measured by
the CCE spacecraft in the magnetosheath under com-
pressed conditions necessitated by the low CCE apogee
of 8.8 Rg, Anderson and Fuselier [1993] and Anderson
et al. [1994] proposed an inverse correlation described
by A, = 0.85ﬂp_"°‘48 for the magnetosheath plasma
downstream of a quasi—perpendicular shock. The phys-
ical mechanism giving rise to this relation is that parti-
cle scattering in the fluctuating wave fields generated
by the anisotropy result in energy transfer from the
perpendicular to the parallel directions which inhibits
the temperature anisotropy from exceeding an upper
bound given by this relation [e.g., Gary et al., 1994].
This empirical relation is consistent with results of lin-
ear Vlasov theory, and one- and two-dimensional nu-
merical simulations which for a homogeneous electron-
proton plasma and bi-Maxwellian proton velocity dis-
tribution functions predict a functional form for the
temperature anisotropy of the type A, = aoﬁglll [Gary
et al., 1994, 1997, and references therein]. A bounded
anisotropy fluid model, where the MHD equations are
closed by this CCE Ap(Bp) relation, has been elab-
orated by Denton et al. [1994] and it has recently
been employed in the magnetosheath in one- and two-
dimensional simulations (Denton and Lyon, 1996, 2000)
and in three-dimensional, analytical/numerical models
[Erkaev et al., 1999; Samsonov and Pudovkin, 2000]. It
may be noted that AMPTE/Ion Release Module (IRM)
results under less restrictive conditions on the solar
wind dynamic pressure predict somewhat different val-
ues for parameters ap and a;, which are also found to
depend slightly on the magnetic shear at the magne-
topause, and may vary from pass to pass [Phan et al.,
1994] (see also discussions of Denton et al. [1995], Gary
et al. [1997], and Farrugia et al. [2000]). However,
recent two-dimensional hybrid simulations by Gary et
al. [1997] show that under fairly general conditions, the
exponent a; should lie in the approximate range (0.4,
0.5) for fBp) in the range (~ 0.05, ~ 5).

In this paper we compare spacecraft observations
with the model of Erkaev et al. [1999]. In the present
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application of this analytical /numerical scheme, we close
the MHD equations by the relation between A4, and By
derived specifically from data acquired on this magne-
tosheath pass when conditions are time steady. The
crossing was made on December 24, 1994, by the Wind
spacecraft early in its mission. The pass was near
the magnetic equator and within 1/2 hour of the noon
meridian. The solar wind dynamic pressure was of the
order of 4.5 nPa, which corresponds to the lower end of
the range of values included in AMPTE/CCE analyses.
Aspects of this pass have been discussed by Phan et al.
[1996], to which reference will be made where appropri-
ate. When we fit model profiles of magnetosheath field
and plasma parameters to the measurements we find
very good agreement between theory and observations.
This agreement shows that the “bounded anisotropy”
method of closing the MHD equations in the magne-
tosheath is valid and reflects well the underlying en-
ergy exchange between the parallel and perpendicular
degrees of freedom mediated by wave-particle interac-
tions. In view of the recent generalized hybrid code
results of Gary et al. [1997] mentioned above, we shall
then examine from the point of view of our model the
effects of different exponents a; by comparing with re-
sults obtained using the two extreme values quoted by
Gary et al. [1997]. Parameter ag is also varied over a
range of values obtained in the cited observational work.
We can thus gauge how sensitive the model results are
to the precise form of the A, (8 ) relation. The results
presented here are the first application of our three-
dimensional theory of the magnetosheath to spacecraft
observations.

2. Wind Observations

Data from the Magnetic Field Investigation [Lepping
et al., 1995] and the Three-Dimensional Plasma Ana-
lyzer [Lin et al., 1995] on the Wind spacecraft for the
inbound magnetosheath crossing on December 24, 1994,
are shown in Figures la and 1b. The panels in Figure
la display from top to bottom the components of the
magnetic field in GSM coordinates, the total field, and
the angle § between the local magnetic field and the
flow velocity. Figure 1b repeats the total field for refer-
ence, interpolated to the resolution of the plasma data,
and then shows the proton density, temperature, and
bulk flow speed, the sum of the magnetic field pres-
sure and the plasma pressure perpendicular to the field
(Piot,. = nkT,, + B?/8n), the proton betas, the pro-
ton temperature ratio Tp, /Ty, and, separately, Tp1
and Tp|. The plasma data in the magnetosheath and
the magnetosphere are from the PESA-H electrostatic
analyzer, which measures particles in the energy range
80 eV to 27 keV. These data are not suitable to repre-
sent the solar wind, and the data in the solar wind (see
below) are as acquired by the Solar Wind Experiment
[Ogilvie et al., 1995], also on the Wind spacecraft. The
solid lines in the panels will be discussed later (they are
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Figure 1. Wind data for the inbound magnetosheath pass close to the subsolar streamline on
December 24, 1994. From top to bottom the panels show (a) the components of the magnetic
field in GSM coordinates, the magnetic field strength, and the angle between the magnetic field
and the plasma flow vector and (b) the total field, for reference, the proton density, temperature,
and bulk speed, the sum of the magnetic pressure and plasma pressure perpendicular to the
background field, the proton betas, the ratio of the perpendicular-to-parallel proton temperatures,
and the perpendicular and parallel temperatures. The solid lines in Figure 1b represent modeled

variations.

not averages). The temporal resolution of the magnetic
field data is 3 s, while that of the proton measurements
is ~48 s. Mixed quantities are formed by linearly in-
terpolating the magnetic field quantities to the plasma
data resolution. The spacecraft is located at (10.8, -0.1,
-0.7) Rg and (7.4, 1.7, -0.8) Rg (GSM coordinates) at
1000 UT and 1200 UT, respectively. With orbital mag-
netic latitudes and local times of (-4.2°, 12.1 hours) and
(-5.4°, 12.5 hours) at the start and end times, Wind’s
trajectory lies very close to the Sun-Earth line.
Initially, the spacecraft is in the solar wind, cross-
ing first into the magnetosheath at 1017 UT at a radial
distance of 10.35 Rg (first vertical guideline). A brief
reentry into the solar wind occurs during the time in-
terval 1028 — 1030 UT. The spacecraft enters the mag-
netosphere at 1127 UT (third vertical guideline) at a
radial distance of 8.65 Rg. As noted by Phan et al.
[1996], the local magnetic field rotation across the mag-
netopause at this crossing is ~5.5°. From previous work
[e.g., Midgley and Davis, 1963; Lees, 1964; Zwan and
Wolf, 1976; Paschmann et al., 1978, 1993; Crooker et
al., 1979; Erkaev, 1986; Phan et al., 1994] we expect to
find a region adjacent to the sunward side of the mag-
netopause where the density decreases systematically as
the magnetopause is approached and the magnetic field
piles up against the magnetopause. Wind observed such

a region from 1107 UT to 1127 UT. This is the plasma
depletion layer (PDL) and it results from the stretching
of magnetic field lines near the magnetospheric obstacle.
Assuming stationary conditions to translate time into
length scales, this PDL is ~0.6 Rg wide, that is, wider
than average [Paschmann et al., 1993]. Wide PDLs
result from low solar wind Alfvén Mach numbers [Far-
rugia et al., 1995, 1997]. Indeed, that the solar wind
Alfvén Mach number during this pass is low may be in-

ferred from the relatively modest increases of B and n
at the bow shock (from ~15 to 35 nT, and from ~14 to
28 cm ™3, respectively [Figure 1b, top panels]).

For the anisotropic magnetosheath, we proposed iden-
tifying the sunward edge of the PDL as the location
where B, = 1 (second vertical guideline [Erkaev et
al., 1999; Farrugia et al., 2000]. As Figures la and 1b
show, the outer location of the PDL (1106 UT) thus de-
fined agrees well with the experimental one based on the
behavior of the density and total magnetic field noted
above.

After a sharp rise at the bow shock, the density fluc-
tuates around values of 30 cm™2 up to ~1045 UT, after
which it decreases smoothly toward the magnetopause
in the PDL. The trend in the magnetic field strength
is generally to increase from ~35 nT just behind the
bow shock to ~100 nT at the magnetopause. Assuming
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Figure 1. (continued)

the magnetopause to be a tangential discontinuity, as is
warranted by the low field rotation there and the ab-
sence of a jump in the magnetic field strength [Farrugia
et al., 1995], we may find the solar wind dynamic pres-
sure P4yn by equating the magnetic pressure of the mag-
netospheric field just inside the subsolar magnetopause
to 0.88 times the solar wind dynamic pressure [Spreiter
et al., 1966]. This procedure gives a value of ~4.5 nPa.
(Simultaneous solar wind data during this crossing are
not available.)

Superposed on the generally increasing trend in the
magnetic field strength are large-amplitude (6B/B ~
0.7), low—frequency (0.15 Hz) magnetic field fluctua-
tions directed mainly parallel to the background field
along the z direction (Figure la). These are mirror
mode oscillations and, indeed, according to the analysis
of Phan et al. [1996], the mirror instability criterion

is satisfied until ~1114 UT. However, mirror mode os-
cillations continue until ~1120 UT (Figure 1a). Thus
the mirror mode waves inside the PDL on this pass are
in part generated locally and in part convected inward
with the magnetosheath flow from outside the PDL.

The proton temperature anisotropy A, increases to-
ward the magnetopause and is evidently anticorrelated
with the proton . Peak anisotropy values reached are
moderate, ~1.8 (Figure 1b, last panel). A scatterplot
of A, versus B, for the entire magnetosheath is shown
in Figure 2. A least squares fit of the data, shown by
the solid line, yielded

A, =0.6780%.

|

While this relation fits the region B, < 4 well,
there is a fair amount of scatter for higher g, val-



FARRUGIA ET AL.. ANISOTROPIC MAGNETOSHEATH

3: T T T IIIII T T T lllll\ T T T T IlII:

- WIND December 24, 1994 ]

- A= 0T8T

| L ]

= L ]

~ L ]

N 2 1

e 1F E

o ;

< : ]

O:— e

- °

_1 E 1 1 I I||l|| 1 1 1 Illlll 1 1 | OIIII:

0.1 1.0 10.0 100.0

Boi

Figure 2. A least squares fit of the proton tempera-
ture anisotropy A, and the proton beta parallel to the
magnetic field By for the entire magnetosheath pass in
Figure 1.

ues. The scatter corresponds to the early segment of
the pass when nonsteady conditions are evident (for
example, Wind encountered the bow shock briefly at
~1028 UT). The flow model we shall discuss below as-
sumes steady state conditions and thus it is appropri-
ate to use the dependence of A, on 3, from ~1045 to
1127 UT. Least squares fitting gives for this time inter-
val Ap = 0.73[?17];)‘50. The corresponding 3y range is
(0.15, 4). Though we shall obtain model parameters for
the whole magnetosheath, we do not expect very good
agreement in the early part of the pass.

3. Subsolar Anisotropic Magnetosheath:
Model Ideas and Results

Our model has been described in detail by Erkaev et
al. [1999] and we give here only a brief recapitulation
to show how the code is implemented in the present
example. Jump conditions at the bow shock taking into
account the temperature anisotropy are also elaborated.

In our approach we solve the MHD equations for
an infinitely conducting, inviscid, dissipationless fluid.
These are

1o, 1 ~
p(u-V)u+V-P+ VB~ —(B-V)B = 0,1)
u? B?
V-{pu(?+m+5>+P-u
—i(B~u)B} = 0,2
4m
V-(pu)=0, Vx(uxB)=0, V-B = 0.(3)

Here p, u, and B are the mass density, velocity, and
magnetic field, respectively. Quantity P is the pres-
sure tensor, Py, = P1dy, + (P — P)B;By/B? and £
is the thermal energy, £ = P, /p + 0.5P/p. Equation
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(1) is the momentum equation; equation (2) expresses
the conservation of energy flux, while (3) are the mass
continuity equation, the frozen—in magnetic field rela-
tion, and the divergence—free condition on the magnetic
field, respectively.

Steady state conditions are assumed, and this as-
sumption is consistent with the data, particularly af-
ter ~1045 UT [see also Phan et al., 1996]. The equa-
tions are closed by relating the plasma pressures by
P, /P“ =1+ 0.73ﬁ;”0'50 derived above. Boundary con-
ditions are specified at the bow shock (see below) and
at the magnetopause. The magnetopause is modeled as
a tangential discontinuity for which the normal velocity
u, vanishes. The magnetospheric shape is represented
by a paraboloid with the Sun-Earth direction as sym-
metry axis. The solar wind is assumed uniform and its
parameters are averages over those measured by Wind
in the interval 1013-1018 UT.

To relate quantities upstream and downstream of the
bow shock on December 24, 1994, we solve the following
jump conditions, expressing various conservation laws
under anisotropic pressure conditions [see Erkaev et al.,
2000; Vogl et al., 2000]

-pun]] o, 4)
-unBt - utBn]] =0, (5)
:pu%+pl+(P”—PJ_)~g—’22‘+§£] =0, (6)
e BB
e (55 ) e
(B 4171:)Bn [1 47r(P|JB; P_L)]:H =0, (8)
-Bn]] _o. 9)

Subscripts t and n denote tangential and normal com-
ponents to the discontinuity and symbol [Q] denotes
the jump in quantity @) across the discontinuity.

We consider parameters Ag and A which are deter-
mined for upstream conditions (subscript 1) by

1 Py
Ay = —= = AL 10
M g As PRy (10)

where M 4 is the Alfvén Mach number (M3 =4mpu?/B?).
The components of the magnetic field upstream of the
shock are given as By,; = Bicos,,p and By = Bisin 6,5,
where 6,5 is the angle between the magnetic field vec-
tor and the normal vector of the discontinuity. Sim-
ilarly, the components of the bulk velocity upstream
of the shock are chosen as un; = u1 €08 0p, and uy =
Uy sin @, where 8,,,, denotes the angle between the bulk
velocity and the normal vector of the shock. We denote
the pressure anisotropy P, /P, by parameter A.
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Figure 3. Variations of plasma and magnetic field quantities across the bow shock on December
24,1994, as a function of pressure anisotropy downstream of the shock, A, = Py3/P;. The curves

are parameterized by the pressure anisotropy ratio upstream of the shock (A;). For further details,
see text.

In order to solve (4)-(9) we introduce the parameters ~ where the coefficients are given as
€ =1—4n(Pjs — P12)/B? and y = p1/p2, and obtain _ 3
two equations which have to be solved simultaneously As = 647:;(;2_'- 3ha), 5
A3 = 167 14+ 2X2) — 647° I (1 + 4)
Asy* + Asy® + Aoy® + A1y + Ag = 0, ’ 2n12( ?) i ?)
and (1) —167°B;, (3 + 8)2),

D3e® 4 Dog? + Die + Dy = 0, Ay = 47Bpiele(3 +7h2) — 2(1 + 2)s))]
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+3272B2 Iie(1 + 4)2) + 6473 X\ (2W; — J?),

A1 = 87%(Hy+ Bu1)? + B8 e?(1+2))(1 —¢)
+32m% B2 \oe(J7 — 2W1)
—47BA L2 (1 +4)),

Ay = 4nB% Xe*(2B2, W, + 2B, J H, + H?), (12)

Ds = -Bfm

Dy, = B (B2, +4my(3— ) —4n1(1 - )Xy)),

Dy = 16x2B2y*(2)\2 — 3) 4+ 3272B2 y1(1 — \)
—8m By — 167 X3 (J1 By + Hy)?,

Do = 6473y%(1 = Xo)(y — I1) + 1672 B2, y?

+87l'2(1 + AQ)(Janl + H1)2.

Here H; is the tangential component of the electric field,
I; is the normal component of the momentum flux, J;
is the tangential component of momentum flux, and W,
is the energy flux upstream of the shock,

H1 = \/47!’AMSin0nB,
I, = As+ Ascos®0,p (/\i — 1)
1

+1AM sin®6,p + 1,

1 13
Ji = =sin(20,B) -A—S —As—Anm|, (1)

2 A1 \

_ 1 cos 0nB 2

W, = Ag (2+ T + W — cos OnB)

+An SinzenB + —;—

Figure 3 shows results for various field and plasma quan-
tities as functions of the pressure anisotropy, P12/Pj; =
A2, downstream of the shock, for fixed solar wind pa-
rameters obtained from the data on December 24, 1994;
As = 0.012, Apr = 0.026, 0,5 = 52.2°, and 0y, = 3.9°.
The three curves in each panel are parameterized by
three different values of A; (= 0.5, 1.0, 1.5). From top
to bottom are plotted the variations of the plasma den-
sity, the normal and tangential components of the ve-
locity, the tangential component of the magnetic field
strength, and the pressures and temperatures perpen-
dicular and parallel to the magnetic field. The vertical
dashed line indicates the value for each parameter im-
mediately downstream of the bow shock on December
24, 1994, which will be used as boundary condition on
the model described below. All parameters are mono-
tonic functions of the anisotropy rate . All have only
a weak dependence on the anisotropy in the solar wind
A1-

Next we discuss the magnetosheath model of Erkaev
et al. [1999]. To integrate the MHD equations, we stip-
ulate the variation of the total perpendicular pressure
along and perpendicular to the magnetopause. Along
the magnetopause we assume a Newtonian variation,
that is, Piot, 1.m = (Prot, 1,0~ Prot, 1,00) €0S> 8+ Prot, 1,005
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where Piot,1,m is the total perpendicular pressure at a
given point R on the magnetopause and Piot, 10 and
Piot, 1,00 are the total perpendicular pressures at the
stagnation point on the magnetopause and upstream of
the bow shock, respectively. Parameter 6 is the angle
between the normal to the magnetopause at point R
and the stagnation streamline. This is the preferred
form for this pressure variation as given by Petrinec
and Russell [1997] review. For the variation of the total
perpendicular pressure P, with distance u from the
magnetopause along the normal, we have in past work
used a quadratic variation, that is, we have assumed

Ptot,J. = Ptot,_l.,m(:l - N2/62) + Ptot,l,sll'z/&z’

where § is the magnetosheath thickness and Piot,1m
and. Pyot,1 s are, respectively, the perpendicular pres-
sures at the magnetopause and immediately downstream
of the bow shock derived from the model. Experi-
ence with data suggests that this specific functional
form models the variation of Py ;. well. Its validity
is checked against the observations a posteriori. Note,
however, that by prescribing, rather than obtaining,
Piot, 1, the model is not self-consistent.

Before integrating, the MHD equations are trans-
formed twice. First, they are written as “magnetic
string” equations via a transformation from Cartesian
to frozen—in coordinates [Pudovkin and Semenov, 1977].
(Magnetic string equations are so called because of a
formal analogy with the equations of a vibrating string.
The string here is a magnetic field line loaded with
plasma.) Second, these equations are expressed in body
coordinates [see Erkaev et al., 1999, equations (26) -
(34)]. Details of the numerical integration procedure
are given by Erkaev et al. [1999].

A map of the magnetic field lines (dashed) and flow
streamlines (solid) in the vicinity of the magnetopause,
obtained from the numerical solution, is shown in Fig-
ure 4. The spatial unit in this figure is the curvature
ratio of the magnetosphere at the subsolar point. The
view is from the Sun. The subsolar point is at the cen-
ter. One can see that away from the subsolar region
the flow streamlines become almost perpendicular to
the magnetic field lines. This is stagnation line flow. It
may be seen that the magnetic field lines converge near
dawn and dusk. This is a real effect and is due to the fol-
lowing. The frozen-in magnetic field lines drape around
the dayside magnetopause, and they converge asymp-
totically as we recede from the subsolar point along the
interplanetary magnetic field (IMF) direction. The cen-
tral part of the field line (dashed) shown in the figure is
closest to the magnetosphere. It moves rapidly with the
accelerated plasma flow in the direction perpendicular
to the magnetic field. The acceleration of the plasma
flow is caused by a strong magnetic field tension near
the magnetopause. However, on the flanks the field line
is far away from the magnetopause and it thus moves
rather slowly in the direction perpendicular to the mag-
netic field.
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Figure 4. The pattern of magnetic field lines (dashed)
and flow streamlines near the dayside magnetopause
computed by our model. The view is from the Sun.

The model results for various magnetosheath quan-
tities are shown by solid lines in Figure 1b. The input
solar wind parameters are the averages shown by short
horizontal lines in each panel before the spacecraft first
crosses the bow shock. It is evident that the time se-
ries of all parameters are reproduced well by the model,
particularly after the large fluctuations in the high beta
regime in the outer magnetosheath subside and more
steady conditions prevail. Thus the oppositely directed
changes in B and n in the PDL are also present in the
theoretical variations, and the modeled degree of de-
pletion is similar to that observed. The predicted bulk
speed profile also has the (small) increase in the PDL
resulting from plasma acceleration in the stagnation line
flow pattern at the low-shear magnetopause [Sonnerup,
1974; Phan et al., 1994]. The modeled temperature
ratio, after the interval 1015-1045 UT where it over-
estimates the measurements, follows the observations
closely. The modeled T}, /Ty ratio increases primarily
as a result of a decrease in T|; the modeled T}, com-
ponent is nearly constant up to the magnetopause (last
two panels). Similar behavior is seen in the data on
this pass and is common to other magnetosheath data
sets in the PDL region (see, e.g., the superposed epoch
analysis profiles of Phan et al. [1994].

4. Discussion and Conclusions

In this paper we have reported the first compari-
son of our ideal MHD model incorporating anisotropic
pressures (P, > Pj) with spacecraft data in a mag-
netosheath traversal very close to the flow stagnation
streamline. In line with recent theorizing and simula-
tion work, we have closed the equations by an empirical
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relation derived from data on this pass relating the pro-
ton temperature anisotropy and the proton plasma beta
parallel to the magnetic field. The physical meaning of
this bounded anisotropy condition is as follows: The
temperature anisotropy acts as a macroscopic driver of
plasma instabilities and the wave-particle interactions
in the associated field fluctuations redistribute the en-
ergy and thus limit the anisotropy to remain at this
bound.

The evident agreement between modeled and ob-
served magnetosheath quantities, particularly at those
times where the data suggest that the steady conditions
presupposed by the model actually prevail, lends con-
fidence in the correctness of the algorithm and in the
use of empirically derived A,(B,) relations as closure
relations for the magnetosheath plasma.

Figure 5 plots the (T, /Ty,) —1—(1/B,.) as a func-
tion of UT in the magnetosheath. A value of zero cor-
responds to the threshold condition for the mirror in-
stability in the limit of zero growth. It is seen that
from 1045 to 1115 UT the magnetosheath is contin-
uously mirror unstable, with positive growth. On this
pass this corresponds to the range of 8, = (~ 3, ~ 0.6).
Thus while statistically the magnetosheath is generally
considered to be marginally mirror unstable [Hill et al.,
1995; Phan et al., 1994], it may have positive growth
over large segments on individual passes like this one.

In extensive IRM and CCE data and theoretical
investigations over the last decade, various Ap(By))
relations of the functional form A, = aof," have
been proposed, with the different parameters reflecting
partly the local and partly the solar wind conditions un-
der which the measurements were made. Thus, under
elevated solar wind dynamic pressure, AMPTE/CCE
measurements behind quasi—perpendicular and quasi-
parallel shocks may be summarized by ag = 0.85,a; =
0.48 [Anderson et al., 1994], and ap = 0.83,a; = 0.58
[Fuselier et al., 1994], respectively. AMPTE/IRM re-
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Figure 5. A plot of the threshold condition of the
mirror instability (zero growth) as a function of UT.
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instability calculated by the model for two limiting values of the exponent a; in the A,(By)

relation: (a) a; = 0.4 and (b) a; = 0.5. The same input solar wind conditions as observed by
Wind on December 24, 1994, are used. For each quantity, three curves are shown corresponding

to ag = 0.6, 0.7, and 0.8, respectively.

sults, which are more extensive and less constrained by
the solar wind dynamic pressure, gave for low—shear and
high-shear passes, respectively, the fitted pairs of coef-
ficients ag = 0.63,a; = 0.50, and ag = 0.54,a; = 0.47
[Phan et al., 1994].

Examining the question of the magnetosheath anisot—

ropy upper bound by two-dimensional hybrid simula-
tions, Gary et al. [1997] found that (1) coefficient ao
is of the order of 1 but its exact value depends on the
anisotropy rate, the composition of the magnetosheath
plasma, and the presence of a cold H* component, and
thus can be quite variable; and (2) for a value of the
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proton fp in the approximate range (0.05, 5), expo-

nent a; should vary within the range [~0.4, ~0.5] in
anisotropic homogeneous plasmas characterized by bi-
Maxwellian hot distribution functions. We now wish to
examine from the point of view of our model what dif-
ferences would result with the data for the two extreme
values of a; predicted by Gary et al. [1997]. For each
value of a; we compute model profiles for three values
of ag (= 0.6, 0.7, 0.8). The results for ap = 0.7, a; =
0.50 correspond to nominal values obtained in this case
and results have been shown already in Figure 1b. For
the total magnetosheath profiles (not shown), trends
are qualitatively similar to Figure 1b for all values of aqg
and a;. Quantitative differences in corresponding indi-
vidual profiles are small. In particular, the main body
of the magnetosheath is mirror unstable in all parame-
ter variations, with the highest growth rates occurring
for the largest ap and the lower a;.

We now focus on the inner magnetosheath. In Figure
6a we plot from top to bottom B, Ny, Ty, Up, Bp)» BpL,
Tp1/Tp) and the mirror criterion. In Figure 6b we only
show Ty, /Ty and the mirror criterion. Figures 6a and
6b refer to a; = 0.4 and 0.5, respectively. (Note that the
UT on the horizontal axes is given in decimal hours.)
The vertical guidelines indicate the location of 8, = 1
for each value of ag, moving earthward (to the right) as
ap decreases.

It can be seen that the model results are not very
sensitive to the assumed variations of parameters ag and
ai. The only sizeable difference occurs in B, (which
determines in our model the outer edge of the PDL),
the modeled Tp /Tp” ratio, and the mirror threshold
criterion for zero growth. The modeled temperature
anisotropy is highest for the largest value of ap. While
the influence of a; on the PDL position is insignificant,
PDL width decreases substantially with ag. The mirror
stable region is widest for ag = 0.6 and a; = 0.5, and it
is narrowest for ap = 0.8 and a; = 0.5. Thus decreasing
parameter ap makes the mirror stable region wider. A
comparison of the relative widths of the mirror stable
region and the PDL for different ao shows that for the
lowest value of ay and both values of a;, the mirror
stable region extends sunward of the PDL outer edge.

Mirror
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For the other two values of ag it is either coextensive
with the PDL (ao = 0.7) or is contained well within the
PDL. In the latter case therefore the outer part of the
PDL is still locally mirror unstable.

In an alternative approach to the modeling of the
thermodynamics of the anisotropic magnetosheath plas-
ma, Hau and Sonnerup [1993] developed a phenomeno-
logical approach based on double-polytropic closure.
These are polytropic laws of the form P, /pB"+~! =
Ci. and PyBM~!/p" = Cj. (The double adiabatic
equations of Chew et al. [1956] are a special case for
which v, = 2, and v = 3.) Subsequently, Hau et al.
[1993] applied this formalism to a set of 29 crossings of
the dayside magnetosheath made by the IRM spacecraft
and found ~, and v to lie typically in the ranges 0.94
+ 0.10 and 1.14 +0.13, respectively. These passes were
spread over 6 hours in local time range (8-14 hours) and
had magnetic latitudes < 30°. They included both low
and high shear cases [Hau et al., 1993]. A case event
study was also made for the IRM pass on October 24,
1985, which being at comparable southern latitudes and
an average of only 1.5 hours postnoon, bears compar-
ison with the Wind pass on December 24, 1994. For
the October 24, 1985, pass, Hau et al. [1993] derive
the following polytropic indices for the protons: v, =
0.83 and v = 1.47. They thus conclude that in the
direction perpendicular to the field the behavior of the
protons approximates the isothermal limit. Hau et al.
[1993] then studied theoretical predictions for the de-
pendence of Ty, /T, on (|, considering three models:
(1) the mirror stability threshold; (2) the A, (8p) rela-
tion derived from CCE data, A, = 0.856;”0'48; and (3)
the polytropic approximation. They concluded that the
quality of agreement with data of model 3 was compa-
rable to that of model 2.

We attempt a similar treatment for December 24,
1994. Figure 7 shows the result of a least squares fit to
polytropic expressions in the perpendicular (top panel)
and parallel (bottom panel) directions. Normalization
of polytropes was done by dividing by their average val-
ues, so that optimal agreement is achieved when C, =
€y = 1. Parameters v, and ) were fitted to be 1.04



FARRUGIA ET AL.: ANISOTROPIC MAGNETOSHEATH 29,383
5 E T T T T T T T T T T T T E AT T T T T T T T T
: E - 1
4 —E— Cl = PJ_/(/O B7‘_1) Vi = 1.04 _E 3 :— ° (TL/TII)MIrror / (TJ./TIl)Obs *:
3E 3 : ]
E 3 2 -
2 E - % 1
F 3 1 _:_... Qo e%o_oom_ _ oo_ :) oo_&o_o_;°_°°_o o_ 0% o _ ]
1 ;_ _____ _°°c§o_%.e°_%%e %—omoo%%o%w Wm - E o 00 ® oS &?& o% > S 1
8 E——————————— = 9F -+ ) ]
4 ;_ C" = p" B‘h-i/p*r- = 1.51 '; 3+ (T.L/Tll)rn / (T.L/Tll)obs —E
3F = . o ]
E ° 3 2 =
2F - % 1
: ® 900, 005, o 1 1 oo voosonpueots o °&-i££:—°?°—°io-°— oo
1 ;— ————— o $0i0W03°0' w%%o‘%‘o ﬁf&o@w@o—m%; - —g E ®TS ]
OE e SR : 9 4] e
10.0 10.5 11.0 11.5 F

uT

Figure 7. Least squares fits of polytropes normal-
ized to their average value over all the magnetosheath
measurements for the (top) perpendicular and (bottom)
parallel pressures. The fitted values of the polytropic
indices are y; = 1.04 and v = 1.51.

and 1.51. respectively. The level of agreement with the
data is seen to be quite good except in the parallel pres-
sure close to the magnetopause. The sums of residues
are 1.44 and 2.68, for the perpendicular and parallel
polytropes, respectively. In both studies therefore the
perpendicular pressure obeys an isothermal law reason-
ably well, while in the parallel direction, the polytropic
indices are of the order of 1.5 in both studies. The re-
sults of Hau et al. [1993] and this study suggest that
the thermodynamics of the magnetosheath plasma in
the subsolar region may be described reasonably well

P_L//)?ZC_]_, P”Bl/2/p1'5:C”.

Figure 8 shows the temperature ratio normalized to
the observed values for the three theoretical approaches.
From top to bottom the points show the ratio from the
marginal mirror instability criterion, from the empiri-
cal Ap(Fp)) of Figure 2, and finally from the polytropic
laws. It can be seen that the polytropic values are com-
parable in quality to that of the empirical fit. The sum
of squares S is however least for the empirical fit in the
middle panel (S=4.56 versus S=6.69 (marginal mirror
instability) and S=5.84 (polytropes)).

In conclusion, we have shown that our anisotropic
magnetosheath flow model with an A4,(8,) closure re-
lation derived from data on the pass examined can ac-
count for the observations well. It is desirable to study
other passes to further confirm this conclusion. We have
studied how sensitive our results are to variations of the
coefficients in the A,(By)) relation using values typical
of those quoted in the literature. The double polytropic
approach, though phenomenological in nature, does ap-
pear to suggest that near the subsolar region the pro-
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Figure 8. The T}, /T, ratios predicted by three mod-
els: (top) mirror instability, (middle) empirical A, (8y)
fit, and (bottom) double polytropic fits. The measure-
ments are normalized by the observed values.

tons obey double polytropic laws of indices 1 and 1.5 in
the perpendicular and parallel direction, respectively.
This last point confirms the original work of Hau et al.
[1993].
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