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Electromagnetic Instabilities Excited by Electron Temperature Anisotropy *
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One-dimensional particle-in-cell simulations are performed to investigate the nonlinear evolution of electromag-

netic instabilities excited by the electron temperature anisotropy in homogeneous plasmas with different param-
eters. The results show that the electron temperature anisotropy can excite the two right-hand electromagnetic

instabilities, one has the frequency higher than (2., the other is the whistler instability with larger amplitude,
and its frequency is below (2.. Their dispersion relations are consistent with the prediction from the cold plasma

theory. In the initial growth stage (prediction from linear theory), the frequency of the dominant mode (the mode

whose amplitude is large enough) of the whistler wave almost does not change, but in the saturation stage the
situation is different. In the case that the ratio of electron plasma frequency to cyclotron frequency is larger than

1, the frequency of the dominant mode of the whistler wave drifts from high to low continuously. However, for
the case of the ratio smaller than 1, besides the original dominant mode of the whistler wave whose frequency is

about 2.6w., another dominant mode whose frequency is about 1.55w. also begins to be excited at definite time,

and its amplitude increases with time until it exceeds the original dominant mode.

PACS: 52.35. Hr, 52.35. Qz, 52. 65. Rr, 94. 30. Gm

The plasmas in terrestrial magnetosphere are usu-
ally sufficiently hot and rare that they can be con-
sidered as collisionless, and the electron velocity dis-
tributions observed in such an environment by in
situ satellite display an incredible richness of nonther-
mal properties, including temperature anisotropy.!*2!
Electromagnetic instabilities are thought to be unsta-
ble to an electron temperature anisotropy T’ /T > 1
(where L and || denote the directions perpendicu-
lar and parallel to the background magnetic field
By, respectively), while 7. and ). are also the cru-
cial parameters that affect the driven electromag-
netic instabilities,[>* where 7, = we/$2. and B =
2unekBTe/Bg with w., and 2. being the electron
plasma frequency and cyclotron frequency respec-
tively. Linear theory and computer simulations reveal
that when 7, > 1 the whistler instability can be ex-
cited by the electron temperature anisotropy, and an
upper bound is imposed on it, i.e.[%]
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where S, and «. are the fitting parameters. The max-
imum fluctuation of the magnetic fields excited by the
whistler instability can be scaled as (¢!
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where Sp and ap are also the fitting parameters.
When f|. increases, the whistler mode is easier to be
excited by the electron temperature anisotropy, and
the fluctuation of the magnetic field is also larger,

while other parameters remain unchanged.

However, the background magnetic fields in the
low altitude of the terrestrial magnetosphere are rela-
tively strong; the observations by DE 1 and POLAR
show that the representative parameters at altitude of
2 to 4 Rp are 0.25 < 7, < 1.0, 1075 < Bjle < 10737,
In this Letter, we use a one-dimensional particle-in-
cell (PIC) simulation to investigate the nonlinear evo-
lution of electromagnetic instabilities driven by the
electron temperature anisotropy with different 7. and
Ble, and the emphasis is on the frequency drift of the
dominant whistler mode.

A one-dimensional PIC code based on the explicit
algorithm is used. In the simulation, we only move
the electrons and neglect ion dynamical effects, and
the relativistic effects of the electron motion are also
included.* 1% The one-dimensional simulations allow
spatial variations only in the z-direction, but include
the full three-dimensional velocities and electromag-
netic fields, and the ambient magnetic field By is
directed along the z-axis. The periodic boundary
conditions are employed. Initially, an anisotropy bi-
Maxwellian distribution f. is assumed to be

fe(v) =

- (@m3 )P T

where vr.(= \/kpTje/me) is the electron thermal

speed defined by the parallel temperature. The grid
cell is Az = 0.05¢/w,. with ¢ being the light speed
(here we assume ¢ = 20vr.), and the time step is
At = 0.02w_!. We use 1024 grid points and 204800
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superparticles in the simulations, and take T /T}| =
16.

Figure 1 shows the time evolution of the energy
density of fluctuating magnetic field and electron tem-
perature anisotropy with 7. = w./f2. = 1/3 and §). =
2.78 x 107%. It can be seen that the electromagnetic
instabilities can be excited by the electron tempera-
ture anisotropy. The fluctuating magnetic field first
undergoes an initial growth phase (prediction of the
linear growth theory), then it approaches saturation
at about w.t = 100 with (§B2 4+ 6B2)/Bj ~ 0.20. At
the same time, the excited electromagnetic waves can
scatter the electrons, which reduces T . and enhances
T)je so that the electron temperature anisotropy 7' /7|,
and the maximum growth rate are strongly reduced.
After the saturation, the magnetic field energy density
(6B; +6B?)/Bj and electron temperature anisotropy
T1c/T)e are about 0.30 and 5.8, respectively.
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Fig.1l. Time evolutions of the energy density of fluctu-
ating magnetic field and electron temperature anisotropy
with ne = we/f2. = 1/3 and Blle = 2.78 x 1074 (a)
fluctuating electric energy density (6B2 + §B2)/Bg, (b)
electron temperature anisotropy 7' /Tj| (solid) and 7T} /To
(dashed) with Ty being the initial electron temperature in
the direction parallel to the background magnetic field.

In order to determine the types of the excited
electromagnetic instabilities, we show the w — k di-
agram obtained by the Fourier transformation of the
magnetic field component By(z,t) from w.t = 51.2
to wet = 76.8, w.,t = 230.4 to w.t = 256.0, and
wet = 409.6 to wet = 435.2 in the simulation domain
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Fig. 2. Characteristics of the w — k diagram obtained by
Fourier transformation of the magnetic field component
By(w,t). The darkness in the figure denotes the amplitude
at definite w and k. (a) From wet = 51.2 to wet = 76.8,
(b)wet = 230.4 to wet = 256.0, and (c) wet = 409.6 to
wet = 435.2 in the simulation domain, compared with the
dispersion relations of the cold plasma theory (solid line).

in Fig.2. The dispersion relations of the right-hand
electromagnetic modes predicted by cold plasma the-
ory are also displayed. According to the cold plasma
theory, the dispersion relations of the right-hand elec-
tromagnetic modes can be described by

, ck? w? Jw?

T T bl 4
" w? 1- 2. /w 4)

The right-hand electromagnetic modes include two
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waves: the one with the frequency above the right-
hand cutoff frequency wr = 2./2+/w? + 22 /4 takes
the value wg =~ 3.3w, in our simulation; the other with
the frequency below (2. is the whistler wave. From
Fig. 2, we can find that the w — k diagram calcu-
lated from the simulation results is consistent with the
dispersion relation predicted by the cold plasma the-
ory, and the detailed analysis show that the excited
waves have also right-hand polarization. Therefore,
we can infer that when 7. < 1, the electron tem-
perature anisotropy can also excite a whistler wave
whose frequency is below (2.. Initially, the wave num-
ber and frequency of the dominant whistler mode are
around kc/w. = 3.71 and w/we = 2.60 respectively,
and the ratio of the electric field to the magnetic field
is about E/cB =~ 0.05. With the evolution of the
whistler instability, the ratio E/cB of this mode be-
comes large, which is about 0.5 and 3.0 at w.t = 230.4
and wet = 409.6, respectively. After the saturation,
another dominant whistler mode with kc/w. = 1.81
and w/w. = 1.55 is also excited, its ratios of the elec-
tric field to the magnetic field E/cB at wet = 230.4
and w.t = 409.6 are about 0.5 and 1.0, respectively.

0.6 T T T T

. RS
gl ok
i oot . ]
A0
s ( a)
e ]
A

P

L= 1 1 1 I
0 100 200 300 400 500

0 100 200 300 400 500

wel

Fig. 3. Time evolution of the energy density of fluctuating
magnetic field and electron temperature anisotropy with
Ne = we/ 2 = 2.0 and Bjje = 0.01 for the cases (a) the fluc-
tuating electric energy density (535 + 6B2)/B2, (b) the
electron temperature anisotropy 7' /Tj| (solid) and T} /To
(dashed).
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Fig. 4. Characteristics of the w — k diagram obtained by
Fourier transformation of the magnetic field component
By(z,t). The darkness in the figure denotes the amplitude
at definite w and k. (a) From wet = 25.6 to wet = 51.2,
(b)wet = 230.4 to wet = 256.0, and (c) wet = 409.6 to
wet = 435.2 in the simulation domain, compared with the
dispersion relations of the cold plasma theory (solid line).

Another example with 7. = w./f. = 0.5 and
Bjle = 0.01 is also shown in Fig. 3, which exhibits the
time evolutions of the energy density of fluctuating
magnetic field and electron temperature anisotropy.
The situation is similar to the case with parameters
Ne = 1/3 and B, = 2.78 x 107%. The electromagnetic
instabilities can also be excited by the electron tem-
perature anisotropy, and the saturation time is about
wet = 60 with the energy density (6B2 + §B2)/B§ ~
0.5. With the excitation of the electromagnetic waves
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the electron temperature anisotropy 7'y /T reduces,
which is about 1.6 at w.t = 500.

The w — k diagram calculated from the magnetic
field component B, (z,t) from w.t = 25.6 to wet =
51.2, wet = 230.4 to w.t = 256.0 and w.t = 409.6
to wet = 435.2 in the simulation domain is pre-
sented in Fig. 4, which is consistent with the predic-
tions of cold plasma theory. Firstly, the wave num-
ber and frequency of the excited dominant whistler
modes are around kc/w, = 1.70 and w/w. = 0.31
with E/cB = 0.12. Then, with the reduction of the
electron temperature anisotropy due to the scattering
of the excited electromagnetic waves, the wave num-
ber and frequency of the dominant whistler mode drift
from high to low. At w.t = 230.4, the wave number
and frequency are kc/w. = 1.22 and w/w. = 0.29
with E/cB &~ 0.15. At w.t = 409.6, the mode drift to
kc/we = 1.0 and w/w, = 0.24, and the ratio E/cB is
about 0.25.

In summary, we have studied the electromag-
netic instabilities excited by the electron temperature
anisotropy by using a one-dimensional PIC code. The
results show that two electromagnetic instabilities are
excited: one with the frequency above the right-hand
cutoff frequency wg = £2./2 + \/w? + 22/4, and the
other is the whistler instability with frequency below
£2.. The amplitude of the whistler waves is larger, and
their dispersion relations calculated from the simula-
tions are consistent with the prediction of the cold
plasma theory. The time evolutions of the excited
dominant whistler mode for different 7. are also in-

vestigated. For n, = 1/3, at first the dominant mode
is around kc¢/w. = 3.71 and w/w. = 2.60, then in
the saturation stage, another mode with kc/w, = 1.81
and w/w. = 1.55 is also excited. For n. = 0.5, the
first excited dominant whistler mode by the electron
temperature anisotropy is around kc¢/w. = 1.70 and
w/we = 0.31, then in the saturation stage, it drift
from high frequency to low frequency until it reaches
w/we = 0.24 at w.t & 250 due to the reduction of
the electron temperature anisotropy. In the terres-
trial magnetosphere, there is richness of electromag-
netic wave activity with frequency around §2.. The
relation of our simulation results and such wave activ-
ities needs further investigation.
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