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A modulational instability of nonlinearly interacting electron whistlers and magnetosonic
perturbations is studied in the present paper. For typical parameters, there is no
modulational instability. However, modulational instability appears in special cases. For
example, when the whistler wavenumber is small enough, there is modulational instability.
Its growth rate decreases as the angle between the external magnetic field and the
perturbed wave’s direction increases, while it increases as the whistler wavenumber
increases. It is also found that there is no modulational instability when the whistler
wavenumber is larger than a critical value (ko > 0.05), in which the perturbed wave
frequency increases as the angle between the external magnetic field and the perturbed
wave’s direction increases when the angle between the external magnetic field and the
perturbed wave’s direction is large enough. Whereas, the perturbed wave frequency first
increases as the whistler wavenumber increases, reaches a peak value and then decreases
as whistler wavenumber increases.
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1. Introduction

Whistler waves are commonly observed phenomena in both space plasma and laboratory
plasma (Stenzel 1999). They are a special type of electromagnetic wave found in
various plasma environments, including atmospheric lightning, intense particle flows,
magnetospheric turbulence, shock waves and even antennas in laboratory experiments.
The formation of whistler waves involves multiple factors in plasma physics, such as
electron beams, magnetic field instability and magnetic reconnection (Fujimoto & Sydora
2008; Choi et al. 2022). Non-thermal whistler waves are a unique type of electromagnetic
wave propagating in plasmas, primarily along geomagnetic field lines, playing a crucial
role in fast magnetic reconnection processes. Particularly in the presence of sheared
magnetic fields, two-dimensional whistler waves demonstrate remarkable abilities, serving
as a medium to facilitate fast magnetic reconnection (Li er al. 2014; Li, Wang &
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Lu 2023), a fundamental process in rapidly rearranging magnetic field lines. This process
is essential for the energization and acceleration of electrons in the plasma (Hoshino
et al. 2001). Simultaneously, the energy released during magnetic reconnection may excite
two-dimensional whistler waves, and the presence of these waves can, in turn, influence
the dynamical evolution of magnetic reconnection (Bell et al. 2002; Horne et al. 2005).
This interaction involves energy release, dynamical evolution and potential observation of
nonlinear effects, contributing significantly to a deeper understanding of wave phenomena
and magnetic field structure evolution in plasmas.

In plasma physics, whistler waves and magnetosonic perturbations play a crucial role
in understanding the complex dynamics of space and laboratory plasmas. Extensive
scholarly research has been dedicated to unravelling the intricate properties and behaviours
of whistler waves. Notably, a recent laboratory experiment employed a non-stationary
magnetic field (Kostrov et al. 2003; Gushchin et al. 2004), yielding significant insights
into the self-focusing phenomenon exhibited by whistlers propagating parallel to the
magnetic field direction (Karpman & Shagalov 1984; Karpman, Kaufman & Shagalov
1992; Eliasson & Shukla 2005a; Gupta, Choudhry & Bhardwaj 2023). This unique
behaviour resulted in the formation of isolated wave packets (Gaster & Grant 1975).
Experiments also have revealed the capture of whistlers within ducts characterized
by depleted plasma density, highlighting the interplay between wave propagation and
plasma density variations (Nassiri 2008; Singh 2013). Moreover, the confinement of
whistlers within magnetic tubes, characterized by localized regions of enhanced magnetic
fields in a uniform plasma density environment, has been experimentally demonstrated
(Gushchin et al. 2005). Additionally, the generation of electrostatic ion cyclotron waves
has been observed in large-volume spiral reactors, indicative of the parametric instability
associated with high-amplitude whistlers (Sutherland, Giles & Boswell 2005; Tripathi
& Kumara 2008). Findings from the Freja satellite (Huang, Wang & Song 2004) also
reveal the occurrence of envelope whistler solitary waves accompanied by plasma density
cavities.

Modulational instability refers to the phenomenon in nonlinear systems where,
due to the interaction between nonlinear effects and dispersion effects, plane waves
undergo filamentation under high-intensity conditions. This results in small-amplitude
perturbations experiencing exponential growth, ultimately leading to the modulation
or formation of spatial structures in the wave (Inan 1987; Meier er al. 2004; Shukla
et al. 2005). Modulational instability is widely observed in various fields of physics,
including fluid dynamics, nonlinear optics and plasma physics. Therefore, investigating the
development of modulational instability and its propagation in plasmas holds significant
importance (Gurovich & Karpman 1969; Tai, Hasegawa & Tomita 1986; Kivshar 1992).
Considering the mass potential of spatiotemporal correlation in whistler waves (Tskhakaya
1981; Zhu et al. 2023), the modulational instability of nonlinearly interacting electron
whistlers and magnetosonic perturbations is studied in the present paper (Karpman et
al. 1995; Das et al. 2002). It is found that, for typical plasma parameters, there is no
modulational instability. However, modulational instability appears in special cases. It
is shown that when the whistler wavenumber is small enough, there is modulational
instability. It is also found that there is no modulational instability when the whistler
wavenumber is larger than a critical value.

The content of the paper is organized as follows. In § 2, the coupled nonlinear equations
which describe the dynamics of the whistler envelope in the presence of the slowly
varying magnetic field have been presented. Section 3 obtains solutions for background
and perturbation waves. Section 4 discusses various special cases. Section 5 establishes
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the instability conditions for perturbation waves and §6 provides a summary and
conclusions.

2. Theoretical model

We start by obtaining the relevant equations for nonlinearly coupled whistlers and
magnetosonic perturbations in a fully ionized electron—ion plasma. The fundamental
equations for the plasma slow response concerning magnetosonic disturbances can be
expressed as follows (Eliasson & Shukla 20055):

AL 0 @.1)
— +nyV-.v; =0, .
8t 0 1
3 v | F
90 _ Vi By x (V x By) + —, 2.2)
t no dmtm;ng m;
9B,
— —V x (vy x By) =0. (2.3)

ot

The total quantities for ion density, ion fluid velocity and magnetic field can be expressed
as follows: n = ng + n,, B = By + B;; where n is the total electron number density, n; is
the electron density perturbation, B is the total magnetic field vector, B; is the magnetic
field perturbation, vy is the velocity, ny denotes the electron number density in the absence
of any perturbations, By = Bz represents the uniform magnetic field in the direction of z,
where Z is a unit vector along the z axis, C; is the speed of ion acoustic waves, m; is the
mass of ions.
The ponderomotive force associated with whistler waves can be expressed as follows:

0 20 E|? E|?
Foge (2l 20)IEL _ ex o IEF 2.4)
dz  V,0t) 8mny 1—a 8mng

the differentiation operator in this context is defined as V, = xd/dx + yd/dy, where
X and y are unit vectors along the x and y directions, respectively. Additionally, the
following parameters are defined: € = a)ge Jwo(wee — wo) and o = wy/w..; where wy. is
the electron plasma frequency, w.. is the electron cyclotron frequency and w, is the
whistler waves frequency. The frequency of whistler waves with wavenumber k; is given
by wy = *kjwee/ (@7, 4 ¢’kj), where ¢ is the speed of light in a vacuum.

These equations can be further simplified to study the behaviour of nonlinearly coupled
whistlers and magnetosonic perturbations in an electron—ion plasma. By eliminating the
perpendicular components of the magnetic field, B;, and B,,, and velocity, v;, and v,,, the
system of equations (2.1)—(2.3) can be given by

9%b 0? €a |E|?
— =CVIN+C(Vi+— )b \ , 2.5
o2 VIV G ( 1t 072 + l—a *8mmn 25)
0 8vlz
“(N—=b)=— , 2.6
at( ) 0z (26)
vy LON 3 293\ |EP
o R , 2.7
ot ' oz e <8z * Ve 8t> 8rtm;ng @7

where Cy, = By/ (4rtming)'/? is the Alfvén speed; and we have denoted b = B,,/By and
N = nl/no.
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We now focus on the modulated whistlers with right-hand circular polarization and
assume that E = (1/2)E(x, y, z, t) (X 4 ip) exp [i(koz — wot)] 4 c.c., where E represents
the slowly varying envelope of the whistler electric field and c.c. denotes the complex
conjugate. The equation governing the whistler field envelope is given by (Shukla &
Stenflo 1995)

i 3E+ oF + V§82E+ TV2E+{ [(1 —a)N — b] — kovi,}E =0 (2.8)
il — — —=— 4+ — 1) —a)N — b] — kov }E = 0, .
ar ' faz) 2082 207 0 07t

where V, = 2(1 — a)wy/ko is the group velocity, Vé =21 —a)(1 — 4oc)w0/k(2) and T =
(1 — 2a)wy/k} are the group dispersion coefficients. Notice that V, V, and T can change
sign depending on the ratio o, which is critical for the formation of localized nonlinear
wave packets at different frequencies. The kv, term represents the Doppler shift due to
the plasma streaming along the magnetic field.

In the special case where the wave packet is modulated along the z axis and moving at
a speed close to the group velocity V,, we can make certain assumptions to simplify the
equations. Assuming b = 0 and N depends only on & = z — V,t, we can integrate (2.6) to
obtain v,, = NV,, and subsequently, kyv;; = 2wo(1 — a)N.

Assuming that N, b, vy, and |E| are functions of the variables (§,x,, ), where T = ¢
and that 9/07 << 9/0&, (2.6)—(2.8) can be rewritten as follows:

0 _cenie (v D) g 1B (2.9)
¢ Hg2 st AT g2 l—a *8mmng’ ’
9 s,
VN ) = =2 (2.10)
0§ 0§
v, JON 8 |EP
Ve e . @.11)
d& a& a& 8mtm;n

By integrating (2.10) and (2.11), we have V(N —b) =v;, and Vv, = CSZN +
€|E|*/8mm;ny, then, (2.9) becomes
?b |E|?
— — Vb =QeVi ——, 2.12
8{-‘2 voVy Q‘E L Tmng ( )
where 12 = [C2V2/(V2 — C2) + C31/ (V2 — C3) and Q = [C2/(V? — C2) + a/(1 — )]/
(V7 — C3). Furthermore, (2.8) becomes

OE K;Bz_E ZVZE “o

e Toae T2 T v—e

EI?

{[avj + (1 —2a)C} b+ (1 — a)e
8mtm;ng

Jz-o

(2.13)
Equations (2.12) and (2.13) are the coupled nonlinear equations which describes the
dynamics of the whistler envelope in the presence of the slowly varying magnetic field.

3. Instability of the whistler envelope waves
3.1. Linear background wave

To understand the linear background wave, we make the assumptions E = ag exp(i6y(7)),
G = dyexp(iBy(t)), b =|G|>, where ay and d, are constants. Consequently, we
obtain |E|* =d}, b=d3, Vib=0. Additionally, we have VIE =0, 9’b/9&* =0,
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0’E/0E% = 0,0E/dt = 1E06,/d1,0*E/d1*> = —E(00,/07)* + 1E3%6,/91>. After substituting
these equations into (2.12) and (2.13), we have

woT
2 _ (2
V-

bo(r) = —

2
{[av§+(1—2a)c§]d§+(1—a)e % } 3.1)
Tm; N

Then, we have

E=apexp [ i aV?+ (1 - 20)C*d2 + (1 — a)e % T (3.2)
0 Vi-C? g s0 8m;ng ’ '

b=dj. (3.3)
Equations (3.2) and (3.3) represent the linear background wave. Its frequency is
2
_ Wo 2 21 2 ag
Wpe = VoG {[an + (1 =2)Cldy + (1 — a)e 8nm,n0} (3.4)
3.2. Nonlinear wave
For more general case of the nonlinear wave, we assume
E(x,y,§, 1) =alx,y & t)expif(x,y,§, 1], (3.5)
G, y,§,1)=dx y§ 1)explif(x,y, & 1)], (3.6)
b(x,y,§, 1) = |G(x, y, &, DI (3.7

Then we have |E|> = |a(x, v, &, )%, b = |d(x, y, &, T)|*, and the following equations:

82|Cl|2 N 82|d|2
82|d|2 B v2 82|d|2 82|d|2 B QE 9x2 8y2
9E? ax2 ayr )

_ aa+, 00 +V/ 82a+28a89 90 2+, 926 +T 82a+82a
1| — +1a - | = —— —al| — 1a— -1 — + —
aT T 2 | gg2 IE OE & agx | T 2 | axz T 8y?
o 8a80+8a80 36 2+ 30\ 2 i 820+82(9
I|——F+—=—)—a||— — al|—+—
0x 0x  Jy dy ox dy oxz  09y?

2
2 HaV2 4 (1= 20)Cld] + (1 — a)e ™ 1 _ (3.9)
C2 8mtm;ng

: (3.8)

8mm;n

We obtain two equations from both real and imaginary terms of (3.9) as follows:

30 V,d%a aV@ 90\ Td*a Tda al [0\
—a—+2E2—-F| =)+ S+ 5 -5 =

ot 2 9&2 2 \ 3¢ 20x2  209y2 2 \ox
aT (36> awy |Cl|2
—— (=) - V24 (1 =20)Cd)P? + (1 — =0,
> (ay) o {[a . T ( a)Ci1ld|™ + ( Ol)éSTtm,no
(3.10)

https://doi.org/10.1017/5002237782400014X Published online by Cambridge University Press


https://doi.org/10.1017/S002237782400014X

6 J.-J. Cheng, F.-P. Wang, Z.-Z. Li and W.-S. Duan
da ,0a 00 aV; 326 da 00 9a 30 aT 3*0 aT 820

ar " Veagae T2 0e  laxax layay T 2ae 2 O
We rewrote (3.8) as follows:
Plaf | Sl
21,712 21,712 21712 > >
aalgd2| -V (aal)il aa|yd2| ) = Q¢ 8x8nmin08y (3-12)
Further, we assume that
ax,y,§, 1) =ap(r) +eai(x,y,§, 1), (3.13)
d(x,y,§,7) =do(r) + edi(x,,§, 1), (3.14)
O(x,y,&,7) =0(1) + €01 (x,y,§, 1), (3.15)

where all the variables are complex, as later indicated by their complex conjugates.
Then (3.10)—(3.12) become

36 | 06 &’V 361 2T 30, \°
(ap + €ay) +eé + —(Clo + eay) —(ao +ea)| —
aT Fia 85 ax

n 82T( i )(891) EV; 82611 eT 82611 eT 82611
— Eay

2 &2 2 ox? 2 0y?

o
+ o (ao + 801)[06‘/2 + (1 = 20)C:1[|do|* + &(dod} + didy) + €°|dy|]
o
+ —Cz(ao +ea))(1 — a)e p— [laol* + e(aoal + a1al)e|a; |1 =0, (3.16)
ino
w e 0a 0 aViie Vs a0
ot | ot $9E 9E 2 9 2 92 ax ox
+ 2T8al il —I—eﬂ—8 o ezﬂ—azel eﬂ—azel szﬂ—azel =0, (3.17)
dy dy 2 9x2 2 9x? 2 9y? 2 9y? ’ )
2a'* y 9%d, 282|d1|2 ) 82d* 2 *8 d, ) 282|dl|2
g +edige e e ey —evdig s —eviT
B svdeBZd* 2d*a d, 2 9%|d, |? ., Qape 3*a; ., Qage d%a
0y? 0 9y2 0y? 8ttm;ng 9x? 8mmng 0x?
2 Qe 3%|a;|? _ Qage 0a; ., Qate 93%a 2 Qe  9%|a;|? _0
8mtmng  9x? 8nmng 0y? 8nmng 0y? 8nmng 0y? '
(3.18)

The solutions for the lowest order £° of (3.16)—(3.18) are as follows:

wav2d2 1=2 C2d2 1 — 2
eo(r):_[ @Vl | an(1 = 200CH | eon(l —laol | o

V; - C, Vg -C Snmin)(Vg — C20)
ao(t) = Eg, (3.20)
where Eyy is any arbitrary constant and we assumed that @y =1 in the numerical

simulations.
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We have the following equations at the next lowest order of &':

00 90 Vid’a T Tda  awaVidd,

O TN T2 e 2 20y e
apwo V;dl dy ajwoa V; ldol*>  apwoCdodt  apwoC2d,d:
—C? V:-C? V-2 V- (2
aiwC?ldol*  2apawCrdod;  2apawoC?didi  2a;awyC?|dy|?
e e e e
ewoa(z)a’f 1 €lao|*woa, 1 eajwolag)® 1
V; C? 8mum;ny V; — C? 8mmyny ng — C? 8mmyny
awpeaga; 1 lao|>awoea; 1 eajawplag)> 1 _0. @2
V2 —C? 8mumng VZ—C2 8mmng VZ—C? 8mmng - '
0 aoVy 926 T 3%0 T 3%0
g | T07 00, Gof 001 ao__lzo, (3.22)
aT 2 852 2 0x? 2 9y?
82d* 9%d, 82d* 9%d, 2d* 9%d
do—2 + df — — V2dy— — V2d; vy — 2
982 982 o2 o2 9y? 0y
 Qage 0%ar  Qage 0%a, ~ Qage d%at  Qage 9%a, _o (3.23)

8mtm;ng 0x2 8mm;ny 0x* 8mtmng 0y? 8mmng 0y?

We now assume that the perturbations have a sinusoidal waveform with wavenumber
k = (k, ky, k¢) and frequency w as follows:

a; = Aexp(i(kx + kyy + keé — wt) + A"exp(—i(kx + kyy + k& —w1)),  (3.24)
d; = Dexp(i(kx + kyy + ke& — wt)) + D*exp(—i(kx + kyy + ke — wt)),  (3.25)
0, = Oexp(ilkx + kyy + k& — wt)) + O*exp(—i(kx + kyy + ke — wt)).  (3.26)

Substituting these equations into (3.21)—(3.23) we have

BT KT RV,
F ) (Al 4 ATeT)

90y
_AIX A* —ix
ar(e + )+<2 5 5

woaV2d: . C*d>(1 -2 - :
+ Voz _gcf (Ce* + C'e™) + = i/z()(_ Cz_a) (Ce'* + Cre™)
4 s g s
Sempal(l — a) ix e gy, 2a000Cdy(1 = 2a) . —ix
8nmin0(V§ e (Ce +Ce™™) + e (De'* + D*e™'%)
2aw0a0Vg2d0 . . . . .
W(DCIX + D*e_lx) + 1a)a0(@*e_”‘ — @e‘x) = 0, (327)
g K
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2 2
a()kgV;’, n aok)%T n aokyT

iw(A*e ™ — Aelt) — ( 5 5 5

) (@e + @*e 1) =0, (3.28)

(anekf N Qagek;

o — ) (A + A%e ) + (vdok; + vdok; — dokz)(De'™ 4 D*e™) = 0,
iro ir0

(3.29)
where x = kx + kyy + k€& — wr.
We have the following equations from the coefficient of the term of e'x:
RT KT kV,  2ewpal(l —a)
ZaowoO(V:d() 2a0w0Cfd0(l - 2(1) .
|: vioc + Vioc D — iway® = 0, (3.30)
. aklT | akiT  ackiV,
A . e =0, 3.31
iwA + ( sttt (3.31)
ape (k* + k?
Qe T 1) 4 4 (ke + 1ok — dok)D = 0. (332)

8mm;n
In order to obtain the non-trivial solution from (3.30)—(3.32), we have the following
equation:
ewpaj(l — o)
8rumng(V; — C3)

1 d
W = [Z(ka +ET +kVy) +

2 2 2 2 2 2

w0 Qe(@V? +C? —2aC) K +E o ,

- ICT + 1T + k. V), (333
Suming(V2— C?) ke — v2k2 — 122 ETHKRTHEV), (5.3

where w, = czk(%a)w/(a)ge + k3, € = a)ge/a)o(a)ce —wp), ko = ;' ?(1 —a) 2V, =
201 = ywp/ke, V=201 —a)(I — da)an/k, T = (1 — 2)wo/k, A = c/wp o =

0/ @ce, e = (4mnee* fme)", e = eBo/m,, C, = (ykT;/m)'?, Cy = By/(4mmin,)'/%,
V= [CIVE/ (VI = CH+ G/ (VE—C), Q=[C/(V] = C) + a/(1 —a)]/(V} — C}).
Equation (3.33) is the dispersion relation of the perturbed wave.

4. Discussion for some special cases

To study the dispersion relation of the perturbed wave of (3.33), we consider three
typical cases.

First, (ky, ky, kg) = (0, 0, k¢), in which the wave propagates in the direction of § =z —
V,t, i.e. in the z direction. In other words, the perturbed wave propagates in the direction
of the external magnetic field. For this case, (3.33) becomes

ewoag(l — o) :|

KV, (4.1)

1
2 VAV
= | -kV
¢ [4 ele T 8rtmng (V2 — C?)

In the following, we study the frequency of the perturbed wave from (4.1) by using
the plasma parameters (Kostrov et al. 2003) By = 6.5 x 1073 T, ny = 1.2 x 108 m=3,
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3 0.10 ||
- 7x103°
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' l 4x10%°
0.00 0

1.0 15 20 25 3.0 35 4.0
k

FIGURE 1. Dependence of w” on both perturbed wavenumber k and @ with By = 6.5 x 1073 T,
np=12x108m=3, wpe = 6.7 x 1010571, wee = 1.76 x 107571, T, = 1.16 x 10°K, T; =
58x 100K, C;=5.25%100ms™!, C4 =29 x 10*ms™!, m;/m, = 73400, m, =9.11 x
103" kg, ap = 1.

0.20

3 0.10

0.05 |

0.00 1 1 1 1
2.0 2.5 3.0 35 4.0

k
FIGURE 2. Dependence of « on k where w?> =7.4s572 and w?> =1.55"2 in two curves,
respectively, the other parameters are By = 6.5 x 1073 T, ng = 1.2 x 108 m~, wpe = 6.7 X
1019571, wee = 1.76 x 10°s7!, T, = 1.16 x 103K, T; = 5.8 x 103K, Cs = 5.25 x 103 ms~!,
Cp =29 x 10*ms~!, m;/m, = 73400, m, = 9.11 x 1073k, a9 = 1.

wpe = 6.7 x 10057 e =1.76 x 10°s7!, T, = 1.16 x 10°K, T; =58 x 10°K, C, =
525 x 10°ms™!, Cy =2.9 x 10* ms™!, m;/m, = 73400, m, = 9.11 x 1073 kg, ay = 1.

Figure 1 shows the dependence of w? on parameters of both k and «. It is observed that
the frequency approaches zero as both k and « tend to zero. The frequency increases as k
increases. Furthermore, it is zero when k& < 1.78. However, the frequency decreases as «
increases.

In order to further understand the variation of the frequency with respect to both k and
o, figure 2 shows the dependence of & on k when w remains a constant.
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0.30 5x103°
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4x10%
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3x10%
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2x103°
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29
0.05 9x10
0.00 0
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k

FIGURE 3. Dependence of w? on both perturbed wavenumber k and @ with By = 6.5 x 1073 T,
np=12x108m=3, wpe = 6.7 x 1010571, wee = 1.76 x 10757, T, = 1.16 x 10°K, T; =
58x 100K, C;=5.25%100ms™!, C4 =29 x 10*ms™!, m;/m, = 73400, m, =9.11 x
1073 kg, ag = 1.

The fitted equations of two curves in figure 2 are as follows:

a; = (—0.92) exp(—k;/1.22) + 0-21,} 4.2)

ar = (—0.97) exp(—k,/1.31) + 0.20.

Second, (ky, ky, kg) = (ky, 0, 0), about which the propagation direction of the perturbed
wave is perpendicular to that of the external magnetic field. Then (3.33) becomes

Wt — lkf_T+ ewpag(l — o)
4 87rm[n0(Vg2 - (?)

woagQe(@V? + C* — 20{C§)j| o7 @3

8uming(V; — C?)

We also use the same system parameters (Kostrov et al. 2003): By = 6.5 x 1073 T,
ng=12x10"m>, wp = 6.7 x 10057, w,e = 1.76 x 10°s7, T, = 1.16 x 10°K, T; =
58 x 103K, C; =5.25 x 10°ms™!, Cy = 2.9 x 10*ms~!, m;/m, = 73400, m, = 9.11 x
1073 kg, ap = 1.

Figure 3 shows the dependence of w? on parameters of both k and «. It is observed that
the frequency approaches zero as both k and « tend to zero. The frequency increases as k
increases. Furthermore, it is zero when k < 1.78. However, the frequency decreases as «
increases.

In order to further understand the variation of the frequency with respect to both k and
o, figure 4 shows the dependence of & on k when w remains a constant.

The fitted equations of two curves in figure 4 are as follows:

o = (—2.04) exp(—k;/1.28) + 0-40»} (4.4)

o, = (—2.04) exp(—k,/1.34) 4 0.39.

Third, (k,, ky, ks) = (k, 0, 0k), where o =tan6,,, and 6,, is the angle between the
direction of the external magnetic field and the vector of the wavenumber. It stands for the
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k

FIGURE 4. Dependence of o on k where @* =3.7s"2 and w?> =5.6s"2 in two curves,
respectively, the other parameters are By = 6.5 x 1073 T, ng = 1.2 x 108 m=3, wpe = 6.7 X

101071 e =176 x 10°s7 1, T, = 1.16 x 100K, T; = 5.8 x 103K, C; = 5.25 x 10° ms~!,
Ca =29 x 10*ms~!, mj/m, = 73400, m, = 9.11 x 1073 kg, ap = 1.

case in which the perturbed waves propagates in an arbitrary direction, i.e. 0 < 6 < 7/2.
For this case, (3.33) becomes

ewoag(l —a)
8muming(Vy — C3)

1
2 _ 2721 2
w _[Z(akvg-i-kT)-l-

woayQe(@V; + C; —2aCy)

 8mmng(V2 — CH(0? — v2)

} (0%K*V, + K°T). (4.5)

We also use the same system parameters (Kostrov et al. 2003): By = 6.5 x 1073 T,
ng=12x10"m=>, wp = 6.7 x 10057, w,e = 1.76 x 10°s7 1, T, = 1.16 x 10°K, T; =
58 x 10°K, C; =5.25 x 10°ms™, Cy = 2.9 x 10*ms™!, m;/m, = 73400, m, = 9.11 x
103 kg, ap = 1,0 = 1.

Figure 5 shows the dependence of w? on parameters of both k and «. It is observed that
the frequency approaches zero as both k and « tend to zero. The frequency increases as k
increases. Furthermore, it is zero when k < 1.78. However, the frequency decreases as «
increases.

In order to further understand the variation of the frequency with respect to both k and
o, figure 6 shows the dependence of « on k when w remains a constant.

The fitted equations of two curves in figure 6 are as follows:

a; = (—1.23) exp(—k;/1.38) + 0.24, } (4.6)

ay = (—1.23) exp(—k,/1.44) + 0.24.

5. Instability conditions of the perturbed wave

The above study shows that ®? > 0, which indicates that there is no instability. However,
for different parameters, instability may exist. Figure 7 shows the dependence of w? on the
parameters of both o and ky, where o < 1 since wy < we and o = wy/wee. It 1s shown
in figure 7 that w* < 0 for both the first case and the second case in certain regions,
where k = 0.001. It seems from figure 7 that w* may be negative in some regions when
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FIGURE 5. Dependence of w? on both perturbed wavenumber k and @ with By = 6.5 x 1073 T,
np=12x108m=3, wpe = 6.7 x 1010571, wee = 1.76 x 10757, T, = 1.16 x 10°K, T; =
58x 100K, C;=5.25%100ms™!, C4 =29 x 10*ms™!, m;/m, = 73400, m, =9.11 x
1073 kg, a0 = 1,0 = 1.

0.20

0.15} e

3010
0.05 |
0.00 : : :
2.5 3.0 35 4.0
k

FIGURE 6. Dependence of a on k where w? =3.3s572 and w? =5.0s72 in two curves,
respectively, the other parameters are By = 6.5 X 1073 T, ngp=1.2x 1018 m=3, Wpe = 6.7 X
100571, wee = 1.76 x 107571, T, = 1.16 x 100K, T; = 5.8 x 10°K, Cs = 5.25 x 103 ms~!,
Cy =29 % 10*ms™!, m;j/m, = 73400, m, = 9.11 x 103 kg, ap = 1,0 = 1.

ko < 0.05. Furthermore, w® decreases as the o increases. However, w® increases as the
whistler wavenumber kj increases. It suggests that there is instability when the whistler
wave propagates perpendicular to or parallel to the direction of the external magnetic field.
However, it is found that w® > 0 is always satisfied for the third case, which means that it is
stable if the angle between the external magnetic field and the perturbed wave’s direction
is/4 (o =1).

Figure 8 shows w? is positive when ko > 0.05. Here w” increases as the o increases
when o > 25. Whereas, ” first increases as k increases, reaches a peak value, and then
decreases as k; increases.
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FIGURE 7. Dependence of w? on the wave propagation direction o and the whistle wave
number kg where k = 0.001, By = 6.5 x 1073 T, np = 1.2 x 10¥m™3, wpe = 6.7 x 1010571,
wee =176 x 10°s71, T, =1.16 x 100K, T; =5.8 x 10°K, Cy=5.25x%x 10°ms~!, C4y =
2.9 x 10*ms™", m;/m, = 73400, m, =9.11 x 1073 kg, ap =1, kp = 1.38 x 10723 JK~!,
€0 =2885x1072Fm!, o =126 x 107°Hm™.

s.10}
340}
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Z 170}
3
0.00 |
-1.70 : : : . :
0.0 0.3 0.6 0.9 1.2 1.5

kO
FIGURE 8. Dependence of @* on ko where k=0.001, o =180, k=0.001, By=
6.5x 1073T, np = 1.2 x 108 m=2, wpe = 6.7 x 100571, wee = 1.76 x 109571, T, = 1.16 x
10°K, T; =5.8 x 10K, C;, =5.25 x 100 ms™!, Cq = 2.9 x 10* ms~!, m;/m, = 73400, m, =
9.11 x 1073 kg, ag=1, kp =138 x 107PJK™, ¢ =8.85x 10"2Fm~!, pg=1.26x
10 °Hm™".

6. Conclusion

The present investigation focuses on the modulational instability of the nonlinearly
interacting electron whistlers and magnetosonic perturbations. It is found that the wave
is modulational stable for typical plasma parameters. However, modulational instability
appears in special cases. The results show that modulational instability appears in some
regions when the whistler wavenumber satisfies ky < 0.05. Moreover, the growth rate
decreases as the angle between the external magnetic field and the perturbed wave’s
direction increases. However, the growth rate increases as the whistler wavenumber k
increases.

It is also found that there is no modulational instability when the whistler wavenumber
satisfies ko > 0.05. In this case, the perturbed wave frequency increases as the angle
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between the external magnetic field and the perturbed wave’s direction increases when
the angle between the external magnetic field and the perturbed wave’s direction is large
enough. Whereas, the perturbed wave frequency first increases as the whistler wavenumber
increases, reaches a peak value and then decreases as whistler wavenumber increases.
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