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Instability of ion cyclotron waves(ICWs) is investigated in presence of lower hybrid drift waves(LHDWS) turbulence.
Plasma inhomogeneity in the Earth’s magnetopause region supports a range of low frequency drift wave turbulent fields
due to gradients in density in different regions of the media. One of these drift phenomena is identified as lower hybrid
drift waves(LHDWSs)which satisfies resonant conditions w — k - v.= 0. We have considered a nonlinear wave-particle
interaction model where the resonant wave that accelerates the particle in magnetopause may transfer its energy to
ion cyclotron waves through a modulated field. In spite of the frequency gaps between the two waves, energy can be
transferred nonlinearly to generate unstable ion cyclotron waves which always do not satisfy the resonant condition
Q — K - v # 0 and the nonlinear scattering condition 2 —w — (K — k) -v # 0. Here, w and € are frequencies of
the resonant and the nonresonant waves respectively and k and K are the corresponding wave numbers. We have
obtained a nonlinear dispersion relation for ion cyclotron waves (ICWs) in presence of lower hybrid drift waves (LHDWSs)
turbulence. The growth rate of the ion cyclotron waves using space observational data in the magnetopause region has
been estimated.

Keywords: lon Cyclotron Waves; Lower Hybrid Drift Waves; Wave Amplification; Density Gradient; Nonlinear wave-
particle interaction

PACS: 52.35.Hr, 52.35.Qz,52.35.Kt,05.45.-2,52.35.-g

1. INTRODUCTION

Plasma covers nearly 99.9% of the universe. A wide range of electrostatic waves and electromagnetic waves
dominate the nature of plasma.But, in general a real plasma can never be entirely homogeneous. Plasma is
made up of different boundary layers which are very dynamical and active regions comprising many waves. One
of them is the LHDWSs which are supported by the free energy reserved in density gradients. The LHDWs are
strong plasma waves found in Earth’s Magnetosphere. According to some scientists, LHDWSs cause anomalous
resistivity and thus initiate magnetic reconnection (MR).It transfers the energy stored in the magnetic field to
particles, further heating and accelerating them|[1]. Many observations of the LHDWSs have been made in the
magnetosphere [2, 3] as well as in laboratory plasmas [4, 5].

For many decades,electrostatic and electromagnetic ion cyclotron waves have been observed, [cf. Gurnett
and Frank, 1972; Kintner et al., 1978] in the terrestrial auroral zones.Recently from the data, [cf. McFad-
den et al.,, 1998; Carlson et al., 1998; Lund et al., 1998; Cattell et al., 1998; Chaston et al., 1998] it was
found that these waves are the source ion heating (conics)and parallel electron acceleration in the auroral zone.
Ton cyclotron frequency is common in the terrestrial magnetosphere. Broughton et al., has also reported the
observation of ion cyclotron harmonically related waves in the vicinity of the plasma sheet boundary layer [6].

In Tokamak, LHDWSs heating has attracted maximum attention for heating and toroidal current drive
efficiency. Here, the ions are directly heated at the lower hybrid resonance layer where they can convert the ion
waves into fast ion waves and the latter are strongly Landau damped on ions. Several experiments of tokamaks
have disclosed that LHDWS give rise to parametric excitation of ion cyclotron modes [7].

Huba et al., [2] proposed that in various confinement systems of magnetic fusion [e.g., Davidson et al.,
1976; Comrnisso and Griem, 1976], the lower hybrid-drift instability [Krall and Liewer, 1971], operates over a
large area of magnetotail. Furthermore, it plays a significant role in the development of field line reconnection as
a source of anomalous resistivity.Gurnett et al., carried out some experimental observations [1976] considering
the theoretical studies of the lower-hybrid-drift instabilities .He found some strong evidence for the existence of
lower hybrid drift instability in terms of existence criteria, spectral characteristics, and amplitude of fluctuations.

In the magnetosphere and plasmasphere very often different wave modes are observed at the same time.
For example, in the Freja mission,the data analysis of the waves shows a close relationship between Alfven wave
activity and ion acoustic wave activity within auroral energization regions [Wahlund et al., 1994]; similarly,lower
hybrid wave (LHW) activity has been observed at the same time with ultralow-frequency waves [Olsen et al.,
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1987; LaBelle and Treumann, 1988; Pottelette et al., 1990]. Again, simultaneous wave activity has also been
observed in the active ionospheric sounding rocket experiments [Arnoldy, 1993; Bale et al., 1998]. Colpitts
[2015] reported that the Van Allen Probes observations show very strong modulation of whistler, magnetosonic,
and lower hybrid waves by EMIC or ultra low-frequency waves. He relates this modulation to wave-wave and/or
wave-particle interactions [8].

The inhomogeneous plasmas like the solar corona or planetary magnetospheres one can observe drift waves
to propagate extensively. The electrostatic drift waves propagate perpendicular both to the ambient magnetic
field and to the gradient due to density gradients or temperature gradients. But, they become unstable during
collisions or electron Landau damping. Hence these waves may play an important role in the destabilization
process of the magnetotail before a substorm. Fruit et al., 2017 proposed a kinetic model with trapped bouncing
electrons for the electrostatic instabilities in the resonant interactions. Thus, in the period of electron bounce
period a linearized Vlasov equation is solved for electrostatic fluctuations and through the quasineutrality
condition, a dispersion relation is obtained [9].

Singh and Deka (2005) studied the plasma maser effect in inhomogeneous plasma in the presence of drift
wave turbulence. Here they studied the growth rate of the high frequency Bernstein mode in presence of the
spatial density gradient parameter [10].

Borgohain and Deka (2010) studied the instability of electrostatic waves in inhomogeneous plasma in
presence of drift wave turbulence. Here, they studied the interaction of ion acoustic waves with drift waves [11].
Deka and Senapati (2018) studied the amplification of upper hybrid waves in presence of lower hybrid waves in
an inhomogeneous plasma through a non linear wave particle interaction. Here,they studied the energy transfer
from the accelerated electrons which are in phase relation with the LHDWSs turbulent field to the unstable upper
hybrid through a modulated field nonlinearly. On the other hand, dissipation of unstable upper hybrid wave
energy is possible through radiation phenomenon after conversion while propagating through inhomogeneous
plasma [12].

Deka and Deka (2022) [13] studied the growth rate of whistler mode in presence of kinetic alfven wave
turbulence through nonlinear wave—particle interaction. Here, in this model he considered an external force
F which helps to create a drifting motion.

Kumar et al., (2022) [14] studied the effect of dust charge fluctuations on the parametric upconversion of a
lower hybrid wave into an ion cyclotron wave and a side band wave in a two-ion species tokamak plasma. Here,
the lower hybrid wave becomes unstable and decays into two modes: an ion cyclotron wave mode and a low
frequency lower hybrid side band wave. Here, the growth rate decreases with the increase in the size of dust
grains and electron cyclotron frequency.

Our present investigation is based on the lowest order mode-mode coupling process in a turbulent plasma
which was proposed by Nambu [19]. This mode-mode coupling and wave energy conversion process was also
suggested by Tsytovich [16] simultaneously. This process suggests that even though there is a large frequency
difference, wave energy exchange may be possible. Nambu and Tsytovich proposed that if in a plasma both
resonant and non-resonant waves are present, wave energy from resonant mode may be transferred to non-
resonant waves. By resonant wave, we mean that the Cherenkov resonant condition w —k-v =0 is satisfied
whereas for non- resonant waves both the resonant condition and nonlinear scattering conditions are not satisfied,
ie. Q—K-v#0and Q—w— (K—k)-v#0. Here, w and Q are frequencies of the resonant and the
nonresonant waves respectively and k and K are the corresponding wave numbers. The LHDWSs operates in
the frequency range[l] where both ion and electron dynamics play a crucial role: we; € w < wee . The wave
oscillate at a frequency in between the ion and electron gyroradius.

In this present paper we have studied the interaction of high frequency ICWs with low frequency LHDWSs
turbulence. Here, we have used a zeroth- order distribution function that satisfies the time independent Vlasov
equation. There is a non zero current associated with the drifts; this current represents a free energy that can
drive instabilities and further we obtain the dispersion relation as well as estimate the growth rate of ICWs.

2. FORMULATION

We consider a non-uniform electrostatic LHDWSs turbulence to be present in the system with propagation
vector k= (ky,0,k/,) . We consider a weak density gradient perpendicular to By of the form [17]

1 (y) = n;(1 + eny) (1)

So, the density gradient is taken along the y — direction and the external magnetic field
B = By(y) is taken in the z — direction. €, is the density gradient scale length n.
The particle distribution function is considered as

) = 2 v 22 e () 8

(27rvj)%
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The first and second velocity moment of the above distribution are
0 N
Tl = NjUn; Y (3)

J

n; Ty = n;T;(1+ €ny) + o(es,) (4)

Where the density gradient drift speed of the j* species [17]is

Unj = Qj (5)

Here, §; = % is the cyclotron frequency.Here the subscript j refers to j7 =4 for ions and j = e for
electrons.
Now,

The interaction of the high frequency ICWs with low frequency LHDWSs turbulence is well explained by
the Vlasov-Poisson’s equation

a a e VvV X B 8
[c’)t+v.arm(E+ p )'8v} Foi(r, v, t) =0 ©
V- -E = —dren; / Joi(r, v, t)dv @

The non-perturbed distribution function and fields are considered according to the linear response theory
of the plasma.

Foi = foi + €f1i + € fa (8)
EOi = GEZ + €2E2 (9)
B, = By (10)

where ¢ is a small parameter associated with LHDWs turbulence field E; = (E;1,0,E;;/). fo; is the space
and time average parts, fi; , fo; are the fluctuating parts of the distribution function. E, is the second
order electric field. By is the total magnetic field in the system in presence of LHDWSs turbulence.But LHDWSs
is an electrostatic turbulent that doesnot contribute turbulent to the system.

From eq.(6), we have

0 0 e VvV X B() 0
|:6t + V~§ - E (EEZ + 62]'32 + C> 8V:| [fOi(rvvv t) + Efli(rvvat) + €2f2i(rvva t)} =0 (11)

To the order of €,we have

0 0 e (v x By 0 e 0 _
|:8t “rVa — a ( c ) 8\;] fli(l',V,t) = %El.a—vf()z(r,v, t) (12)

To find f1;, we use Fourier transforms of the form

H(r,v,t) = > H(k,w,v)expli(k.r — wt)] (13)
k,w
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The Fourier component of f1;(k,w) is given by-

ie enTik | O foi
Sk, w) = (*) {Tlﬂ Eu{l + (w — kv — e, ) " b}fm Ez//a Py (14)
where
/ —
o w—k//v//—aQi
o = kivy (16)

To this quasi-steady state, we consider high frequency electrostatic ICWs with propagating vector K =
(K1,0,0) with electric field 6E = (§F},0,0) and a frequency 2. So, we have Q =~ Q; This high frequency
non resonant ICWs acts as the perturbation to the system.

Thus the total perturbed electric field and the distribution function are

§f = b fn + ped fin + pe’ Af (17)
OE = pdE;, + pedEy, + pe2 AE (18)
§B =0 (19)

where JE;;, AE are the modulation fields, ¢ f; is the fluctuating part, 0 f;n, Af are the particle distribution
function due to modulating field and g is the smallest parameter for the perturbed field, which is also smaller
in compared to e.

Linearizing the Vlasov-Poisson equation to the order u, je, pe?, we have

e 0
Péfn = E(SEh-afvai (20)
0 0 0
Pé fin = £5Elh-7f0i + £5Eh-*f1i + EEl-*(;fh (21)
m ov m ov m  oOv
e 0 e 0
PAf = EEZ-EWUL + EéElh'aivf“ (22)
where the operation P is given by-
70 0 e (vxBy\ 0
P= |5 +v ar_m( - )'av} (23)

Now, we evaluate the various fluctuating parts of the perturbed distribution function using the Fourier
transform and integrating along the unperturbed orbits to obtain the nonlinear dielectric function of ICWs in
presence of the LHDWSs turbulence.

Now,
expii 0}y 0
§fh—f5EhZZ —aél( a) }% 0i (24)
Kle
h =
where « o,
Again
6.flh = Illh + Ilzh + Ilgh (25)
where

ie o) Jy(a)exp{i(b— a)0} af); 00 fr, 00 fr,
Ilh_( )ZX}): k//'l)//— Q w)—aQ {ElL((KL—kL)’UL) 8'UL +E//8v// (26)
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j. (Ze)zz o) Jyle"ep{ib = )9} 6Fu (K — F) e o O , 1 Oho] o

k//v//f Q w)—aﬂ |RZ,?| Klka)UL)).a’UL //81)//

df1; e:vp{Z( a)d}
3 _
Ilh - ( ) 81}L Z Z — — CLQ (28)
Here
o (Ki—Fki)vy K v,
Again ' '

_ e Jo (&) Jp(a")exp{i(b — a)0} afl; 0 fin, 0 fin,
Af_(m)zz kjw ) —afl; —Q {E“‘((KJ_—kJ_)vJ_)' vy + By, 81)//}

5E1h K o) Jy(a"exp{i(b— a)0} all; Of A frs
G )ﬁzz Fypopy = afi = {KL((KL*kL)’UL)) oL +k//8v//} (29)

Here, from Poisson’s equation we find the modulated field dE;;, (K — k)

V‘dElh = —47Teni-/5flhdv (30)

o) (" exp{i(b— a)0} al; 9 fin
6Elh(K k) |K k| LK k /ZZ k//’U//* Q w)faQ {EZL((KLka)’UL). a’UL

85flh ea:p{z( —a)f} Ofi
E E . 1
By, /5 hZZ ~ ) —al adeV 3D
where
o) Jp(a)exp{i(b — a)f} afl; 9 foi 9 foi
K-k K : k d
( ) ‘K k|/zz k//'l)//— —w)—aQi { L((KJ__ICJ_)'UJ_)) 8vj_+ //811//} v
(32)
Again, using the Poisson equation we obtain the dielectric response function :
V.0E;, = —4men; /[5fh + Afldv (33)
we have
0EL(K,Ven (K, Q) =0 (34)
The dispersion relation €, (K, Q) of ion cyclotron wave is evaluated using the equation given as-
en(K, Q) = (K, Q) + (K, Q) + ¢,(K, Q) (35)

where ¢y (K, )is the linear part, ¢;(K, Q) is the direct coupling part and €,(K, §2) is the polarization coupling
part.
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So, we have

2
oK, Q) =1+ = |2/ 211+ (O U’”KL ) foil ZZ fxgg( D) 4y (36)

2
Here, vy,; = % is the density gradient drift speed of the j** species. The subscript j represents ions, j =1 .
J
vn; bears the sign of e; , there is a non-zero current Jy associated with these drifts; this current represents
a free energy that can drive instabilities.

alK.0) = u‘f’P( PIBL P e o) o [t Gy o o 211+ (2= 21255
foi}}+5a,bai (w—kyvy — %)}}Tp qu]dv |;§2( )|y, Popg— 0
Qs,taf//{z-zu,v;j[um L) o)+ ST g b (37)
where
"
Py = ZZ k;]/’v ” _ezg{l( 5 a)6} (38)
D k/;;f;_ ae @

) “Q’ —exp{i(v —u)0}

ZZ v (40)

exp{i(b—a)f
-X Y fi;;)_ij;( i m
a)exp{i(q — p)0} "
p,q ZZ wfk//v//faQ ( )
Again
an‘ ()°
ep:_Ki\K—kPL(K—k)[(A—i_B)X(C+D)] (43)
where
, o)) (e ZiyerJexp{ib — )8} 9 ra (o) (" Vexp{i(t — )0}
|Ell| /ZZ k//v//—aQ-—Q X%[ k//v//—sQi—(Q—w)
s dfoi 9 foi ") Jy(a)exp{i(b— a)0}
{KL((KJ_—]fJ_)UJ_)a’UJ_ k//a d +/22b: kyvsp—afl; — (2 —w)
ex 0} 0fo; uf; 0
[ZZ Llejeonito - o) s g o+ 1B (4
9 o) Jp(a"exp{i(b— a)0} 9 1Js(a")J(a")exp{i(t — s)0}
|El//| /ZZ k//v//—aﬂ - Q X ﬁfu//[ k//’l)//*SQ'*(wa)
Q; O foi O foi Yexp{i 0 o 9
{KWKﬁmRaﬁ R DIy e e (CHSSEN
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0 enT KJ_ a)exp{i(q — p)o}
%{Tkll—‘r(w_k//v//_ ZZ wfk//v//faQ }f }
exp{l(q p)9} 9 foi
+1By| f{Z Z} - ,W// O A (45)
o/ J(aMexp{i(t — s)6} s82; 0 0
¢= /Zzt: k://v//—sQ —(Q w) [{((KL—kL)UL)(%—’_W//)
a)exp{i(v —u)b} 8f0Z o) Jp( )((Ki%)exp{i(b —a)f}
ZZ Qw0 avl dv JFKL/ZZ kv, — a%; —

a)expli(g —p)0} O foi
8’Ul ZP:Z w—k//v//—aQ 8’0//)dv (46)

GTKJ_)
ms;

ewp{@(q p)o} a)exp{i(g — p)0} O foi
ZZ wfk//v//faQ + 40 }fz ZZ UJ7]C//U//*(IQ + 40 ﬁv//}dv

o)y (o )exp{i(b— a)b} af); 0 0
/ZZ k;//v//—aQ - [{KL((KJ_—ICJ_)'UJ_) aUJ_+k//aU//}

enTK exp{i 0
(0 k= g ) S5 B P v ()

D= /ZZ expjlég = afl[TKL{H(“_k//“//_

Tilﬂ

3. GROWTH RATE
We have obtained the growth rate by using the formula:

Yh Ime —+ 10
- [W]ﬂzﬂi (48)

The second part of the expression of the growth rate is due to the reverse absorption effect, which is in our
case is given by-

0% expii a)f Un; K 1 0 foi
o = G [ [y ARGl s T e o

n;

After partial integration,we find that the contribution of ggg’t in the growth rate becomes zero due to
the reverse absorbtion effect.

Now,we consider the plasma maser interaction between the ICWs and LHDWSs turbulence. The condition
for the plasma maser is w = k;/v/, and assuming (2 < Kwv,, .Here firstly we estimate the linear part of the
dielectric function of the ICWs from eq™(36) . Considering the fact that for the ICWs, the most dominant
contribution to Bessel sums come from the term a=b=1,s=t=u=v=p=q=1.

We have evaluated the linear part of the dispersion relation of the ion cyclotron wave as-

w2, Q; A1
=1 L
e =1+ KL 0_ Qz (50)
So, we have
860 wgi _Algi
0 _ Tt 1
20~ K2 ((Qme) (51)
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The imaginary part of the direct coupling term after partial integration, we have obtained-

Imeq(k, Q) =0 (52)

Again,
For evaluating the imaginary part of the polarization coupling term, we have-

wh (&)
I K Q) =--2 n A x ImD + C x ImB]d 53
mep (K, Q) Ki|K—k|2L(K—k)/[ x ImD + C x ImB|dv (53)
Now,
Q; 0 s8); U Vi K1 af(h
:EQPaiieKi—JlQ—J k
1 | Pl G o) s 9 K ey e (@ = P2 ok )
n; UWKJ_ ufd; 8Ru7v 5 ORy 4
stl—[1 E 2mdv, d 54
+/Q ,t[vj[ + (€ " H{IEL (( _kJ_)UJ_) o, +1By/1" o0, }]} mdvydvy, (54)
Here, after partial integration the first part of the product is contributing zero. So, we have-
A=0 (55)
Again
Agn \/> (KLka)Z 2 Un‘Kl
ImB = |E,;,|? J K +k 1+ e -
B =R 1= k1)y; Uz|k//|[{ o & v 20t Q-2+ KL—/H))( n; &
Vd \2 VT Ay kypva — Q2 2 2y € 2204
—(— — E E — 4+ 2|F, 56
eon{= AP = o e g (B P+ By P+ 218y P (56)
_ 4k// Q? (QQ + QZQ) Agﬁ(ﬂ 3 GU?KJ_ ﬁ 4K | , k;//vd —Q (57)
KJ_'U? (KJ_ — kj_) (QQ — 912)3 Uy ani ’Ud‘k//| 'Ué (k//vd — Q)2 - Q%
Where,
A1 = fooo QWUng(ai)foe(’UJ_)d’UJ_ 5 A2 = fooo 27T’UiJg(Oéi)foe(’UJ_)d’UJ_
Vg = k‘;’—/ is the phase velocity.
ve is the electron thermal velocity.
9foe (v, /) (
v A foe(v ) _ 2ﬁ w
T e =g dvr = = J oo M0 = hyyop )75, 15 = S8 T et
So, we have the growth rate as-
Jp _ @
a=3 (58)
where
R ) R S 59
"Rk P )
(960 A Q
=0—= Q m —_—
b= OQ ((Q 0,)? ) (60)
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4. DISCUSSIONS AND CONCLUSIONS

In earlier studies, Tang et al., (2015) [28] in the THEMIS observation of electrostatic ion cyclotron(EIC)
waves and associated ion heating found that the gradient in plasma density are the possible sources of free energy
for the EIC waves. Rosenberg et al., (2009) [29], in his paper discussed that wave frequency increases, the growth
rate of higher harmonic EIC waves tends to increase within certain parameter ranges. Khaira et al., (2015) [30],
considered the Kappa distribution function and discussed the growth rate with respect to wave vector and its
effects.

Here, we have considered the inhomogeneous plasma model for which the particle distribution function is
constructed on a zeroth order distribution function that satisfies the time independent Vlasov equation. We
assume a weak density gradient perpendicular to By and we may take the magnetic field to be uniform. Here,
we have considered v,; is independent of m; . We have considered the instabilities driven by the ion density
drift. vy,; carries a nonzero current Jo which represents free energy that can drive instabilities. The ion density
drift wave satisfies w, ~ kyvn; at kya; <1 and w, remains less than §); . At perpendicular propagation, we
have ICWs at w, > Q; .

Here, we have the effect of density gradient parameter in all the fluctuating parts of the particle distribution
function. The study have been performed space plasma and investigated the amplification process of the non-
resonant wave by estimating the growth rate considering only the dominant terms, neglecting other terms.
Though the wave amplification process is mostly affected by the dominant term but we cannot neglect the
influence of other terms involved in the calculation of growth rate.

Now, we consider the observational data in magnetopause of magnetosphere [32], [33]-

K, = 171m™ 1, wpi = 1.32 x 10°Hz , w; = 2.1 x 10Hz , vy ~ 10ms™ | E; = 1.4 x 10~ *om™! |
By = 10%vm~!, & =1.75 x 101 Ckg~" , k,y =2m x 107°m=t |, k; ~1073m™! | v, =419 x 10°ms~! |

m

Q= 5x 10°Hz,Q;=56x10Hz, A =1, Ay =0,
For the regions of plasma with very weak density gradient (e, = 0) as-

Tp -6

_— Y 1 .

g ~ 10 (63)
The growth rate with a gradient (e, # 0) , we have
For (e, =0.1),

Tp -3

— ~107". 4

10 (64)

So, this shows that due to the presence of density gradient, free energy become apparent and thus influences
the amplification process of ICWs in presence of LHDWSs turbulence.
Now, we have plotted the graph of & vs 2. for ICWs with different values of the density gradient

parameter.
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Fig.A.1: Growth Rate

Again, we have plotted the graph of %" vs vn; for ICWs with different values of the density gradient

parameter.
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Fig.A.2: Growth Rate vs density drift speed

So, it has been clear from the Fig.A.1, that for different values of ¢, , we have growth rate increases with
the increase in the value of the density gradient parameter. The growth rate is faster with the increase in value
of €, . We can also say from Fig.A.2, that the growth rate increases for different density drift speed. Here,
drift speed increases, frequency of the drift wave increases with successively higher ICWs and thus yields larger
growth rate with the help of non-linear approach and these agrees with the earlier results of Gary in terms of
linear approach [31]. Thus, we can say that there is an amplification of waves due to the interaction of ICWs
and LHDWs. So, for the study of ICWSs instability, we have identified that the density gradient and the density
drift speed may play a significant role.
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HECTABIJIbBHICTHh IOHHUX IINKJIOTPOHHUX XBI/IJ'HB (ICW) 3A PAXVHOK
EHEPTII TYPBVYJIEHTHOCTI HU2KHIX TIBPUIHUX APEUP®OBUX XBUJIb (LHDW)
Pakimma Mynaxpa, II.H. Heka
Daxysvmem mamemamury, Yrnieepcumem Jibpyzapz, Accam, Inodis
Jlocmimkeno HecTabLIbHICTE 10HAUX MuKI0TpoHEX XBuyh (I11X) 3a HASBHOCTI TYpPOYIEHTHOCTI HIPKHBOTIOPUIHIX APEii-
dbosux xpuwms (HI/IX). HeomaopigaicTs TIa3mu B 00/1ACTI MarHiTOmay3m 3eMJli MiITPUMYE iama30H HU3bKOIACTOTHIAX
XBUJIb ApeiidoBux TypOyIeHTHUX IIOJIiB epe3 IPAJi€eHTH IYCTHHU B pi3HUX 00sacTax cepenosumia. O e 3 nux siBULL Apeii-
by inenrudikosano ak mux«i ribpumai apeiidosi xpur (LHDWS), axi 3amoBonbaa0Th yMOBI pe3onancy w —k-v = 0.10
Mu po3r/IgHyIN HETHINHY B3a€MO/II0 XBWIL T YACTUHOK MOJEJNb, /1€ PEe30HAHCHA XBUWJ/Is, KA IIPUCKOPIOE UACTUHKY B
MarHiTonay3i, MOXKe IIepeJaBaTh CBOIO €HePriio I0HHNM NUKJ/IOTPOHHAM XBHJISAM Yepe3 MOyJ/iboBaHe mose. He3pakaoun
HA JaCTOTHI TMTPOMIKKHU Mi¥XK JBOMA XBUJISIMHU, €HEPTist MOYKe TepeaBaTUCs HeJIHIHHO 1JIs reHepariil HecTablIbHIX 10HHIX
IUKJIOTPOHHUX XBUJIb, sIKi 3aBXKIM He 33I0BOJIbHSIOTH yMOBI pe3oHancy ) — K -v # 0 Tta ymoBi HesiHiifiHoro po3ciio-
Bamaa ) —w— (K —k)-v#0. Tyr w i @ — me 9acTOTH PE30HAHCHOI Ta HEPE30HAHCHOI XBWJIb BiAMOBiAHO, a k Ta
K — Bignosigai xermpoBi uncra. Orpumano HemiHIEE qucnepciiiie CHIBBIAHONIEHHS A8 I0HHUX OUKJIOTPOHHMX XBHJIb
(ICW) 3a masBHOCTI TypOyneaTHOCTI HEKHIX ribpuaanx apetidosux xsunbp (LHDWs). Ouineno mBuakicTh 3pOCTaHHS

I0HHUX IUKJIOTPOHHUX XBUJIb 3 BUKOPUCTAHHAM JAHUX KOCMIYHUX CIIOCTEDEKEHb B 00JIaCTi MarHiTOmays3u.
KurouoBi ciioBa: (0HHI YUKAOMPOHHE TEUNM; HUNACHT 216pUOHT Opetiho6l TeUN, NOCUNEHHA TEUAD; 2PAIIEHM 2YCNUHU;
HENTHITNG 83GEMO0LA TOUAA-LACTNUHKG


https://doi.org/10.1051/0004-6361/201629717
https://doi.org/10.1038/s41586-021-04281-w
https://doi.org/10.1038/s41586-021-04281-w

	Introduction
	Formulation
	Growth rate
	Discussions and Conclusions

