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[11 We performed two-dimensional (2D) and three-dimensional (3D) hybrid simulations
in open boundary models to study the nonlinear mirror-mode structures driven by the
temperature anisotropy (7', /T} > 1) of protons in the magnetosheath. In the open systems,
because of the propagation of EMIC waves, we obtain the clearer non-propagating
mirror-mode structures. We analyzed the relation between the mirror instability and the
magnetic peaks and dips observed in the magnetosheath. In the 2D open boundary model
with low beta (3] < 1), we obtain fine structures of the magnetic dips at the nonlinear stage.
In the 3D model, on the other hand, the mirror instability makes the magnetic peak
structures with the same parameters. The parametric analysis indicates that the magnetic
peaks also arise in both 2D and 3D high beta cases (3 < 1) as shown by the Cluster
observations. In the high beta cases, the high mobility of the protons helps continuous
coalescence of the diamagnetic currents inside the magnetic dips. The coalescence makes
the magnetic dips larger and shallower. Between the large and shallow magnetic dips, the
magnetic peaks appear in the high beta cases. In the 3D models, because degree of freedom
increases in the perpendicular direction, the continuous coalescence can take place even in
the low beta cases. Thus, the magnetic peaks appear in the 3D models in both cases.

Citation: Shoji, M., Y. Omura, and L.-C. Lee (2012), Multidimensional nonlinear mirror-mode structures in the Earth’s
magnetosheath, J. Geophys. Res., 117, A08208, doi:10.1029/2011JA017420.

1. Introduction

[2] The mirror instability is a well-known electromagnetic
phenomenon which is excited by the temperature anisotropy
(T /T > 1) of hot ions in the perpendicular direction to the
ambient magnetic field [Vedenov and Sagdeev, 1958;
Chandrasekhar et al., 1958; Hasegawa, 1969, 1975]. The
associated mirror-mode structures are often observed in
the magnetosheath of the Earth [e.g., Tsurutani et al., 1982,
1984; Hubert, 1994; Phan et al., 1994; Lacombe and
Belmont, 1995], the planets [e.g., Tsurutani et al., 1993;
Violante et al., 1995], the comets [Tsurutani et al., 1999a;
Russell et al., 1989; Glassmeier et al., 2003] and the
heliosheath [Tsurutani et al., 2011]. They are formed when
the anisotropic hot ions satisfy the condition: 3,/3;>1+1/3,
[e.g., Hasegawa, 1969; Price et al., 1986; Lee et al., 1988;
Southwood and Kivelson, 1993; Kivelson and Southwood,
1996], where 3, and 3| are the ion beta values perpendicu-
lar and parallel to the background magnetic field. The mirror
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instability has the largest linear growth rate when the wave
numbers directions become more oblique as the threshold
excess of the instability increases [Pokhotelov et al., 2004]
and the frequency w = 0. Thus the mirror-mode structures do
not move from the region where they arise.

[3] The temperature anisotropy also drives the L-mode
electromagnetic ion cyclotron (EMIC) instability [Kennel
and Petschek, 1966], which has a larger linear growth rate
than that of the mirror instability [Gary, 1992; Lacombe and
Belmont, 1995]. Comparing the L-mode EMIC and mirror
instabilities in the multidimensional periodic boundary
systems, we have shown that the mirror instability dominates
over the L-mode EMIC instability in the Earth’s magne-
tosheath [Shoji et al., 2009]. We have found that one of the
important points for the dominance of the mirror instability is
the 3D spatial distributions of wave number spectra. The
mirror-mode structures have wave number vectors mostly in
the oblique directions and thus their wave number spectra
become like a “torus”. The difference of nonlinear evolutions
of the L-mode EMIC waves and mirror-mode structures are
also important because the L-mode EMIC waves cause the
nonlinear wave-particle interactions, heat ions, and lose
energy. As a result of the competition, only the mirror-mode
structures remain in the space.

[4] Satellite observations [Soucek et al., 2008; Balikhin
et al., 2009, 2010] indicate that the mirror-mode structures
are observed as large amplitude quasiperiodic sinusoidal
structures called magnetic peaks (also called humps) and
magnetic dips (also called holes) in the terrestrial magne-
tosheath. Soucek et al. [2008] reported observations of
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Figure 1. The skewness of 6B, and the typical magnetic structures in the 2D open boundary models with
T, /Ty= 4 and 3 = 0.5. (a) The skewness of 6B, calculated with whole grid points. (b) Contour of
B/By = 1By + 6BI/By at t = 120/Q)z; which is indicated by a dashed line in Figure 1a. (¢, d) Waveforms of the
magnetic field components along y = 70 V,/Q); and x = 100 ¥4/, which are shown by dashed lines in
Figure 1b, respectively. In each panel, the black, red, and blue lines show 6B,/B,, 6B,/B,, and 6B./B,,

respectively.

magnetic peaks near the bowshock and of the magnetic dips
near the magnetopause. They also showed the dependence of
magnetic structures on the temperature anisotropy and beta
of ions. A one-dimensional hybrid simulation [Califano
et al., 2008] and quasi-linear theoretical analyses [Hellinger
et al., 2006] were performed. They show contributions of
the nonlinear term of the mirror-mode structures to the
magnetic peaks and dips.

[5] The torus-like wave number spectra in the 3D space
also make magnetic structures different from those in the 2D
space. The purpose of the present study is to understand how
the spatial dimensionality affects the nonlinear mirror-mode
structures. We also perform parametric analysis on the ion
beta to explain the observational results that the magnetic
dips appear in lower beta conditions [Soucek et al., 2008].
Since the simulations just start from an initial velocity dis-
tribution in a uniform model, comparison of the temperature
anisotropy and distance dependencies with the observation is
difficult. Therefore, in this study, we concentrate on the ion
beta dependency. In the present study, we perform the 2D
and 3D hybrid simulations with open boundaries. In section 2,
we briefly explain the model of the hybrid simulations. In
section 3, we compare the 2D and 3D simulation results

in the open boundary models with the same parameters. In
section 4, the simulations with higher spatial resolution are
performed. We discuss different evolutions of the mirror-
mode structures in these models. The dependence on the ion
beta is also discussed. Finally, we summarize the results in
section 5.

2. Multidimensional Hybrid Code
With Open Boundaries

[6] We developed the multidimensional (2D and 3D)
hybrid code with open boundaries based on Shoji et al.
[2009] in which the modified Current Advance Method and
the Cyclic Leapfrog (CAM-CL) [Matsumoto and Omura,
1993] and the area sharing method to compute the ion cur-
rent are used. We extended the 1D open boundary model
[Shoji and Omura, 2011; Shoji et al., 2011] to 2D and 3D
models. The dumping layers [Umeda et al., 2001] are set
outside the physical region when the open boundary is
selected. The three-point digital filter [ Birdsall and Langdon,
1985] is applied to suppress current noise that can arise in
high wave number space caused by lack of particles. In this
code, we can select the periodic or open boundary in each
direction. The transverse wave magnetic fields are dumped as
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Figure 2. The skewness of 6B, and the typical magnetic structures in the 3D open boundary model with
T,/T=4and 3= 0.5. (a) The skewness of 6B, calculated with whole grid points. (b, c) Cross sections of
B/By= 1By + 6BI/By at t = 40 {2;; which is indicated by a dashed line in Figure 2a in xz (y =410 V,/)y;) and
xy (z=170 V,/Qpy) plane. (d, e, f) Waveforms of the magnetic field components along z = 170 V,/Qy in
Figure 2b, y = 410 V,/Qy in Figure 2¢ and x = 430 V,/Q) in Figure 2b, respectively. In each panel, the
black, red, and blue lines show 6B,/By, 0B,/By, 0B./By, respectively.

Baump(x) = r(x)B(x) at each time step, where 7(x) is the
masking function defined as

. (Il < X/2)
r(x)—{er("C"X/z)2 CES NS

Lp

where X is the size of the simulation space, Lp is the length
of the damping region in each direction and rp = 0.12 is a
coefficient for the best dumping effect given by the exper-
imental equation [Umeda et al., 2001]. The number of the
grids of the dumping layers for the open boundary is 32 in
each end of the axis. Protons forming the bi-Maxwellian

distribution are uniformly distributed in the simulation
space. The plasma frequency of protons is w,y = 300 Qy,
where 2y is the proton gyrofrequency. A constant back-
ground magnetic field By is assumed in the x direction. The
electron beta is 3, = 1.0.

[7] We discuss the contribution of the mirror instability to
the magnetic peaks or dips in the 2D and 3D models. We use
the skewness (or called peakness in Soucek et al., [2008]) to
identify the magnetic structures as magnetic peaks or dips,
which is introduced in Califano et al. [2008]. The skewness
is a statistical value to measure an asymmetry of a distribu-
tion of samples. When the skewness is positive, the right tail
of the distribution is longer than the left tail. In this case, the
mass of the sample is concentrated on the left side. When
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Figure 3. (left) Skewness of B, and (right) Mirror-mode structures in the 2D model with the initial ion
parameters 7', /T) = 2 and (a) B = 1 at ¢t = 1308.6/Qy, (b) B = 4 at t = 652.8/Qy, and (c) G = 10 at

1= 652.8/0.

the skewness is negative, the left tail is longer, the mass of
the sample is concentrated on the right side. Applying this
statistical analysis to the mirror-mode structure, we can find
out whether the magnetic field slant on the left or right tails
of the distribution. The positive skewness indicates magnetic
peaks, while the negative one indicates magnetic dips. The
skewness s for a set of sample values {s;} is defined as the

normalized third momentum: s = /0>, where 1, is the nth
N

1
momentum of the sample defined by pu, = NZ(xk —m)",

(m is the mean of {x;}) and 0 = /11, (standardkzileviation).

3. Nonlinear Structures in the Open
Boundary Systems

[8] In a system with the periodic boundaries, the L-mode
EMIC waves propagating along the parallel direction stay
in the simulation space. We cannot neglect the effect of the L-

mode EMIC instability such as formation of the nonlinear
potentials by the forward and backward propagating EMIC
waves [Omura et al., 1988]. Especially, in the 2D model,
the L-mode EMIC instability dominates over the mirror
instability [Shoji et al., 2009]. To obtain clear magnetic
structures excited by the mirror instability, we perform the
hybrid simulations with open boundaries. In the open
boundary models, the L-mode EMIC waves go out from the
simulation space. On the other hand, the frequency of the
mirror-mode structures is zero, and thus they do not propagate
away from the place where they arise. Therefore, only the
mirror-mode structures remain in the open boundary model.
We performed both 2D and 3D hybrid simulations with the
open boundaries and compared the mirror-mode structures in
these models. The grid spacing Ax is 1.0 Va/Q2y (=1.0 c/w,py),
where ¢ and w,; are the speed of light and the plasma fre-
quency of the proton, respectively. The numbers of grid
points are (ny, n,, n,) = (512, 512, 1) and (512, 512, 512) for
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Figure 4. Spatial profiles of the magnetic field B/By=|By + 6BI/By at (a) t =222.72/Q, (b) t = 355.84/Q,
(c) t=601.6/52, and (d) £ = 1308.16/€2;; in the 2D model with 3 = 1. The time evolution of the ion pressure
at (e) t = 222.72/Qy, (f) t = 355.84/Q4, (g) t = 601.6/Qf, and (h) t = 1308.16/82y;, where po = Bj/2.

the 2D and 3D models, respectively. The time ste ep i is At =
0.04/Q2y. The number of superparticles is N, = 27" in both
models.

[s] The 2D open boundary results with the temperature
anisotropy 7',/T| = 4 and the ion beta 3 = 0.5 are shown in
Figure 1. The time evolution of the skewness of B, is shown
in Figure la. The skewness turns from positive to negative

as Califano et al. [2008] discussed. As the time increases,
the absolute value of the skewness becomes larger. This
indicates that the magnetic dips sustain and grow solitary in
the 2D model. We find large and clear magnetic dips in
Figure 1b, which shows the magnetic field amplitude at
t = 120/ (shown by the dashed line in Figure 1). The
depth of the magnetic dips is ~0.5 By. The waveforms in
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Figure 5. Velocity distribution functions of protons in the 2D local regions (a) inside and (b) outside

the dip. The black dashed lines in Figure 5b show the pitch angle sin~!

™ — sin_l (Bdip/Bout) .

the x and y directions are shown in Figures 1d and lc,
respectively. The scale of the magnetic dip in the x direction
is larger than that in the y direction. At this time, because of
the open boundary effect, the L-mode EMIC waves have
already disappeared from the simulation space and we
obtain clear magnetic structures of the mirror mode which
only persists in the box (no propagation). The variations of
the perpendicular components B,, and B, are much smaller
than that of the parallel component B,. This means the
magnetic dips formed by the mirror instability are mostly
the parallel component. Because of the condition V - B =0,
the components of the magnetic field in the y and z direc-
tions exist although they are small. The angular change in
the magnetic dip in the 2D model is ~8°. Tsurutani et al.
[2011] indicates that the magnetic decreases have larger
angular change and the magnetic decreases which have
the angular change <10° are called “linear magnetic decrea-
ses” [Winterhalter et al., 1994]. Thus, the magnetic dips
formed by the mirror instability can correspond to “linear
magnetic decreases” as mentioned in the previous studies
[Winterhalter et al., 1994; Tsurutani et al., 1999b; Zhang
et al., 2009].

[10] The 3D open boundary results with the same tem-
perature anisotropy and ion beta as the 2D simulation are
shown in Figure 2. The skewness of B, is always positive as
shown in Figure 2a. The skewness has the maximum value
at t = 22/Qy which is around the time when the mirror
instability stops growing [Shoji et al., 2009]. After the wave
growth, coalescence of the mirror mode takes place [Shoji
et al, 2009], and the magnetic structure becomes larger.
The skewness becomes smaller after 1 = 22/, resulting
from depression of the magnetic peaks. Since the magnetic

A/ (Bdip/Bout) ) and

structure collapses finally due to the coalescence, the
skewness approaches 0. A more precise analysis between
the coalescence and the magnetic structures is given in
section 4. Figures 2b and 2c show cross sections of the
magnetic field at ¢ = 22/Q) in xz and xy planes, respectively.
Variations of the x, y, and z components of the magnetic
field vector are plotted as functions of x, y, and z over the
ranges including the magnetic peak structure in Figures 2d,
2e, and 2f, respectively. The magnetic peaks are also found
only in the x component (in black) of the magnetic field.
The mirror instability saturates around ¢ = 40/ faster than
in the 2D model [Shoji et al., 2009]. It corresponds to the
change of the temporal stages of the decreasing skewness as
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Figure 6. Kinetic energies of the protons in the perpendic-
ular directions inside (solid line) and outside (dashed line)
the magnetic dip in the 2D model with g = 1.
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Figure 7. Spatial profiles of the magnetic field IBy + Bl at (a) ¢ = 58.88/Qy, (b) t = 79.36/Q,
(c)t=245.2/Qy, and (d) 1= 652.8/§2 in the 2D model with 3 = 10. The time evolution of the ion pressure at
(e) t=58.88/,, (f) t="79.36/Qy, (2) t = 245.2/0;, and (h) ¢ = 652.8/2, in the 2D model, where p, = Bj/2.

shown in Figure 2a. A more precise study of the time
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evolution of the skewness is left as a future study.

4. Higher Resolution Simulation for Mirror-Mode

Structures

[11] In order to analyze the magnetic structures more
precisely, we performed 2D and 3D simulations in small size
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A08208

simulation boxes with higher spatial resolution. The numbers
of grids (ny, n,, n.) are (128, 128, 1) and (128, 128, 128) for
the 2Dand 3D models, respectively. The grid spacing Ax =
0.5Qg/ V4 (i.e. 0.5 c/w,y) and the time step Az =0.02/€), are
used. The number of particles in each grid is assumed as
N,/cell = 2048 and N,/cell = 128 for the 2D and 3D

models, respectively.
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Figure 8. Velocity distribution functions of protons
averaged in space in the 2D model in the case with the ion
beta 3 = 10 at (a) ¢ = 0/Q and (b) £ = 652.8/C0;.

4.1. Magnetic Structures in the 2D Models

[12] Magnetic field structures ((By + 0B)/B,) generated by
a temperature anisotropy 7, /7)) = 2 with different parallel
betas B = 1, 4, and 10 in the 2D model are shown in the
right panel of Figures 3a, 3b, and 3c, respectively. The
skewness of B, of each case is also shown in the left panel.
We can find the magnetic dips in the right panel of Figure 3a
at t = 1308.6/Q2y. The scale size in the parallel direction
(~20 ion gyroradius) is larger than that in the perpendicular
direction (~10 ion gyroradius). The skewness shown in the
left panel of Figure 3a becomes negative within the whole
time of concern. This result agrees with that in Figure 1. On
the other hand, in the right panels of Figures 3b and 3c,
which show the magnetic field at £ = 652.8/€), we find that
the magnetic peaks exist dominantly. The left panels of
Figures 3b and 3c show that each skewness becomes posi-
tive in the later stage. The left panel of Figure 3b shows the
skewness temporally turns negative in the later stage. This is
because the magnetic peaks go outside slowly through the
coalescence and diffusion of the structures, and there still
remain magnetic dips around 20 < X < 40, 0 < Y < 10,
where X = xQpy/V4 and ¥ = yQy /V,. This trend, that the
magnetic peaks appear instead of the magnetic dips as the
parallel component of the ion beta becomes larger, shows a

SHOIJI ET AL.: NONLINEAR MIRROR INSTABILITY
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good agreement with the observation results [Soucek et al.,
2008].

[13] The time history of the generation processes of the
magnetic dips with 3 = 1 is shown in Figures 4a, 4b, 4c, and
4d. The time evolution of the skewness shown in the left
panel of Figure 3a indicates that the magnetic dip is domi-
nant. We also show the perpendicular component of the ion
pressure p | in Figures 4e, 4f, 4g, and 4h, where p, = B(z)/2.
Because of the pressure balance condition of the mirror
instability [Kivelson and Southwood, 1996], the ion pressure
becomes larger where the magnetic field is weak and vice
versa. Because the initial condition of the plasma (3 = 1 and
T, /T = 2) is near the threshold of the mirror instability [e.g.,
Hasegawa, 1969]

T /T =1+1/6, (2)

the mirror instability driven by the temperature anisotropy
generates the sinusoidal magnetic structures. The mirror-
mode structures have wave vectors almost in the perpen-
dicular angles as shown in Figure 4a due to the linear growth
rate. Some particles are trapped inside the region where the
magnetic field is weak (magnetic dip), and the ion pressure
becomes larger in it as shown in Figure 4e. In Figures 4b
and 4c, we find coalescence of some of the magnetic dips,
and diffusion of the magnetic peaks. Figures 4f and 4g also
indicate the coalescence. In Figures 4d and 4h, we can find
that some particles are inside the magnetic dips due to
magnetic trapping and thus the pressure becomes larger.
The trapping of the protons has been shown in Pokhotelov
et al. [2008, 2010]. They have discussed the role of the
trapped particles in the nonlinear mirror-mode structures.

[14] The velocity distribution function of the protons in
these localized regions is also shown in Figure 5. The regions
inside and outside the magnetic dip are defined as 16 < X <
48,0<Y <16 and 16 < X <48, 16 < ¥ < 32, respec-
tively in Figures 4d to 4h. The top panels show the initial
distributions. A top-flatted velocity distribution function is
found in the lower panel of Figure 5b. This is due to the mirror
motion of the protons trapped by the magnetic dips. The
magnetic structures become like a magnetic mirror device.
When a pitch angle « of a proton satisfies

sin”! \/ (Bdip/Boul) <a<m—sin! \/ (Bdip/Bout)v (3)

where B, and B, are amplitudes outside and inside of the
magnetic dip, respectively, the proton is trapped in the mag-

\/ (Baip/Bout)

(Bdip / Bout) in Figure 5b and find the top-flat

velocity structures inside the region satisfying (3). The
formation process of the top-flat velocity distribution func-
tion has been theoretically driven by Pokhotelov et al. [2008,
2010]. The distribution function inside the magnetic dip
shows a good agreement with these theoretical results. The
pitch angle of these particles are well scattered through this
motion and thus the distribution becomes top-flat. Therefore
the pressure inside the magnetic dips becomes larger as
shown in Figure 6. The proton distribution functions outside
the dip shown in the lower panel of the Figure 5a, on the other
hand, do not have such a top-flat structure. Because the

netic mirror structure. We plot the angle sin™!

and 7 — sin”!
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Figure 9. Time histories of magnetic field energies and temperature anisotropies for (a and b) 3 = 1 and

for (c and d) 3 =
profile in Figures 4 and 7.

mirror instability starts from the low beta condition near the
threshold of the instability, the particles are less heated.

[15] THEMIS observation [Balikhin et al., 2009] shows
that the evolution of perpendicular temperature inside the
magnetic dip increases as magnetic field decreases within
the dip. Balikhin et al. [2009] explain this as the evidence of
the macro-effects of the particles trapped inside the magnetic
dips. Since a number of the particles are trapped and the
adiabatic invariant 4 is conserved, the perpendicular tem-
perature 7| inside the dip should become larger than that
outside the dip. We calculate the localized kinetic energy of
the protons in the perpendicular directions both inside and
outside the magnetic dips in Figure 6, which show an
agreement with the THEMIS observation. Since the trapped
particles inside the magnetic dip have larger pitch angles than
those outside the dip, the perpendicular energy is larger than
the parallel energy in the later stage.

[16] The time evolutions of magnetic structures and ion
pressures in the perpendicular direction in the case of 3| =
10 are shown in Figures 7a and 7b, respectively. Since the

initial condition of the protons (3 = 10 and T /T = 2) is far
from the threshold of the mirror instability
T /Ty > 14+1/8, 4)

according to the linear growth theory, the mirror-mode
structures are initially driven with larger wave vectors in

10 in the 2D models. Dashed lines correspond to the times of the panels of the spatial

oblique angles as we can see in the top panel of Figure 7a.
Through Figures 7a to 7d and Figures 7e to 7h, we find
coalescences of magnetic structures [Shoji et al., 2009] and
the associated pressure of ions, respectively. After the coa-
lescence, the magnetic dips almost disappear as shown in
Figure 7d. Strong diffusion of magnetic structures can be
found through the coalescence. The skewness of this case is
shown in the left panel of Figure 3c. At an early stage, both
the magnetic peaks and dips exist and thus the skewness
changes rapidly. Due to the diffusion of the magnetic struc-
tures, the skewness becomes smaller at later stage. However,
they do not turn to the negative value, i.e. the magnetic dips
do not appear dominantly.

[17] In Figure 8, we show the distribution functions
averaged in space in the case with 3 = 10. There is little
difference between the distribution functions inside and
outside the magnetic peaks since the particle trapping do not
take place after the magnetic peaks appear as we can see in
Figure 7h. The upper panel of Figure 8 shows the initial
distribution function. After the magnetic peak is generated,
shown in the lower panel of Figure 8, the distribution function
becomes larger in the parallel direction. In the growing phase
of the mirror instability, the mirror-mode structures have the
electric field in the parallel direction because they are caused
by the oblique wave numbers. The wave amplitude becomes
larger in Figure 7a than that in Figure 4a because of the larger
initial growth rate. At the growth phase, the electric fields
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Figure 10. Spatial profiles of the magnetic field line
(black lines) in the 2D model with 3 = 10 at (a) = 58.88/(2,
(b) t = 79.36/Q0y, and (c) ¢t = 245.2/C)y;, and the schematic
plots of the diamagnetic currents which reduces the magnetic
field density inside the magnetic dip regions (red lines). The
attractive force between the current loops leads to coales-
cence of neighboring magnetic structures.

of the mirror instability are generated strongly since the
magnetic field changes in time, and thus the perpendicular
energy of the protons is transferred into the parallel direction
both inside and outside the magnetic peaks as shown in the
lower panel of Figure 8.

[18] Figures 9a and 9c show the time evolutions of the
magnetic energies in the cases of 3 = 1 and G = 10,
respectively. Figures 9b and 9d show the time evolutions of
the temperature anisotropies in these 2D models. In the lower
beta case, the growth of the magnetic energy stops around
T,/T) ~ 1.8 since it reaches the marginal stable. The mag-
netic energy decreases in the nonlinear stage although the
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amplitude of the magnetic dips does not change. This is
because the magnetic structures go out from the simulation
space slowly as we can find in Figures 4b to 4d. In the high
beta case, on the other hand, the energy transfer of the par-
ticles resulting in the strong diffusion of the magnetic peaks
can be also found in Figures 9c and 9d. After the coalescence
starts (¢ ~ 58.88/€)), the temperature anisotropy starts to
decrease quickly. After the linear growth finishes around
t ~ 100/Q in Figure 9c, the magnetic energy becomes
smaller due to the currents caused by the coalescence. Com-
pared with Figure 9c, the temperature anisotropy in the high
beta model becomes much smaller than in the low beta model.
This also indicates the particle energy transfer into the parallel
direction in the high beta condition. The currents diffusing the
magnetic structures are discussed in the next paragraph.

[19] These results indicate that the magnetic peaks in the
2D models are formed through the following processes. The
temperature anisotropy of the protons excites the mirror
instability far above the threshold. The generated mirror-
mode structures form sinusoidal mesh structures as shown in
Figure 7a. At the same time, the protons have larger parallel
velocity due to the growing mirror-mode structures and thus
the protons gain higher mobility. The magnetic field lines at
this time are shown in Figure 10a. In the magnetic dips, there
appear “ion bubbles”, which consist of the trapped ions inside
the magnetic dips as shown in Figure 7e. The schematic plots
of diamagnetic currents (red lines) inside the magnetic dips
are also shown. The neighboring current loops attract with
each other and thus, these currents merge. As a result, the
coalescence of the ion bubbles in the magnetic dips takes
place. The coalesced magnetic dips form “magnetic troughs”
as shown in Figure 7b. The magnetic field lines are shown
in Figure 10b. The magnetic troughs are supported by the
merged current lines. As the coalescence proceeds further,
the troughs become larger. The regions with larger magnetic
fields remain between the magnetic troughs, appearing as
the magnetic peaks as shown in Figures 7c and 10c. Since
the particles with high mobility have large velocities, they
easily go across the magnetic structures causing the dia-
magnetized current. Thus the high mobility of the particles
helps the continuous coalescence. These particles also move
across the magnetic peaks, and thus the magnetic peaks
diffuse as shown in Figure 7d.

4.2. Magnetic Structures in the 3D Models

[20] The right panels of Figures 11a, 11b, and 11c show
cross sections of B = |By + 6Bl in the 3D model with the
temperature anisotropy 7', /Tj; = 2 and the ion beta 3 = 1 (at
t=164/Qy), B =4 (at t=164/2;) and 3 = 10 (at t = 92.25/
Qp), respectively. The background magnetic field By is
along the x direction. We find magnetic peaks structures in
each case of the 3D simulation (skewness of B, is always
positive in each left hand panel), although we use the same
plasma parameters as in 2D models.

[21] In order to clarify this result, we plot the magnetic
field and the density of protons respectively in Figures 12a
and 12b at different times of the simulation, with the ion
beta 3 = 10 and the temperature anisotropy 7', /T}| = 2. The
top panel of Figure 12a shows the configuration of the
mirror-mode structures at a time corresponding to the linear
growth phase. Through the middle and bottom panels of
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Figure 11. (left) Skewness of B, and (right) Magnetic field in the 3D models with the initial ion para-
meters 7', /T =2 and (a) B = 1 at t = 164/ (b) B = 4 t = 164/Qy, and (c) B = 10 ¢ = 92.25/Q,.

Figure 12a, we clearly find the coalescence of magnetic
structures. On the other hand, in the top panel of Figure 12b,
we find the density enhanced due to the diamagnetism in the
mirror-mode structures. Because of the increase of the
degree of freedom in the perpendicular direction, there exist
more neighbor magnetic dips (bubbles) than in the 2D
model. As a result the merging of the diamagnetic currents
takes place in these neighboring dips. As the mirror-mode
structures coalesce, the magnetic peaks appear similar to

those in Figure 10. In Figure 12b, as the time proceeds, the
density becomes larger around the magnetic peaks.

[22] Figures 13a and 13b show the time evolution of the
magnetic energy density and the temperature anisotropy of
the protons. Times #, #,, and #3 correspond to the times of the
top, middle and bottom panels of Figure 12, respectively.
The evolution in the range of 0 < 7 < #; is associated with the
fast generation of the EMIC instability with the larger initial
growth rate. The magnetic energy becomes slightly larger
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Figure 12.  Cross sections of the 3D structures of the (a) the magnetic field B and (b) density p; with 3 = 10.
The top, middle, and bottom panels show the values at ¢ =41/Q, t = 61.5/Q, and t = 92.25/C, respectively.
White dashed circles show the region where the coalescence takes place in the magnetic field (Figure 12a)
and where the ion density increases (Figure 12b). The ion density is large at locations where the magnetic
field is weak and vice versa (similarly to Figures 7a and 7b for 2D simulations).

while the temperature anisotropies of the particles are
relaxed at the same time as shown in Figure 13b. In
t; <t < t,, the mirror instability grows dominantly, because
the mirror-mode structures stay in the system, while the
temperature anisotropy is relaxed rapidly. After the

saturation, ¢ > t,, the magnetic energy starts to decrease due
to the particle heating during the coalescences of the mag-
netic structures as shown in Figure 7d. Because of the
heating, the temperature anisotropy also keeps decreasing.
As the magnetic peaks are generated, the magnetic field
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Figure 13. Time history of the (a) magnetic energy density
and (b) temperature anisotropy in the 3D models. Times
t1 = 41/Qy, t, = 61.5/Q, and t3 = 92.25/Q;; correspond to
the times of the top, middle, and bottom panels of Figure 12.

outside the magnetic peaks become smaller as we can see in
Figure 12.

5. Summary of Simulations and Comparison
With Observations

[23] We have compared the magnetic structures generated
by the nonlinear evolution of the mirror instability between
the 2D and 3D open boundary models. In the 2D model, fine
structures of the magnetic dips are locally generated. On the
other hand, in the 3D system, the magnetic peaks are found
in the localized regions. These magnetic structures mainly
have parallel component B,. We also performed the small
size simulations with higher spatial resolution both in the 2D
and 3D models with various ion beta values. We only find
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the magnetic dips in the 2D model with the low ion beta
(8) < 1). For other cases, the magnetic peaks appear. In the
3D model, we obtain the magnetic peak structures as shown
in Figures 11. We summarize the simulation results in
Table 1. Compared with the 2D results, the timescales
become faster in the 3D model, because more modes con-
sume the free energy of the temperature anisotropy faster
[Shoji et al., 2009]. The timescale in the high beta conditions
also becomes faster than that in the low beta condition since
the linear growth rate becomes larger as the ion beta
becomes larger. In the high beta condition, the ions have
larger thermal velocities. Therefore, some of them have large
velocity and thus they have large mobility supporting con-
tinuous coalescence.

[24] The mirror instability has the maximum growth rate in
the higher wave numbers (smaller wavelength) with the lower
initial ion beta. In the lower initial ion beta B = (Vy/ VA)2
condition most of the thermal particles have small parallel
velocities. Some particles with larger pitch angles are
trapped by the magnetic structures. Because the magnetic
structures are uniform in the z direction in the 2D models,
they are easily trapped in the area with decreased magnetic
field compared with those in the 3D models. Thus, the
magnetic dips appear in the 2D models. In the higher ion
beta cases, on the other hand, because of the stronger pitch
angle scattering into the parallel direction and the large
initial parallel velocities, the number of the particles which
can be trapped by the magnetic structures become smaller.
The coalescence of the magnetic dips takes place in both
low and high beta cases. The coalescence is explained by the
attraction of the diamagnetic current loops inside the mag-
netic dips (bubbles) as shown in Figure 10. Since the coa-
lescence rate becomes larger as the mobility of the particles
trapped inside the dips becomes larger, the current loops
merge effectively in the high beta cases. The recent obser-
vation study [Balikhin et al., 2010] indicates that the mag-
netic peaks are observed as “walls” between “huge magnetic
dips”. The continuous coalescence results in the “huge
magnetic dips” corresponding to the observations.

[25] The magnetic dips are observed near the magneto-
pause rather than near the bowshock [Soucek et al., 2008].
The simulation result that the magnetic dips are generated
only in the 2D model of the low ion beta condition indicates
the possibility that the magnetosheath near the magneto-
pause has a 2D spatial configuration for the mirror-mode
structure. Because of the existence of the magnetopause
which works as a magnetic obstacle, the wave number vector
in the normal direction to the magnetopause is restricted.
Since the magnetic field becomes larger near the magneto-
pause, the ion beta becomes smaller. Thus, the region near the

Table 1. Summary of Parametric Analyses of the Magnetic Structures®

2D With Low Beta

2D With High Beta

3D With Low Beta 3D With High Beta

T ~400/€2; ~100/€2;
Bw N02 B() N08 B()

Ty ~1200/Q ~240/82;
Ion mobility low (trapped) high
Coalescence weak strong
Structure magnetic dip magnetic peak

~170/Qy ~60/Q;

~200/0; ~90/QY;
high high
strong strong

magnetic peak magnetic peak

Saturation time, maximum wave amplitude, and timescale of formation of nonlinear magnetic structures are indicated by 7, B,,, and 7, respectively.
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magnetopause becomes similar to the 2D model with low beta
condition. In other regions of the magnetosheath far away
from the magnetopause, the spatial configuration becomes
3D, and the magnetic peaks are observed dominantly. The
temperature anisotropy also changes through the bowshock to
the magnetopause and this analysis is left for a future study.
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