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Abstract

The intricate and intellectually challenging process of wave-wave coupling, a
phenomenon that can push the system into a turbulent state, is a key focus of this thesis. The
Magnetopause reconnection region, a complex and dynamic environment, has identified many
wave modes. This thesis, a testament to the in-depth research and understanding, is built upon

the investigation of wave-wave coupling using numerical modelling and computer simulations.

The MMS mission's observations of Lower Hybrid Waves (LHWs) and turbulence in
the Magnetopause reconnection region of Earth's atmosphere are of paramount importance.
These observations not only shed light on the behaviour of LHWs in reconnection regions but
also provide crucial insights into their role in anomalous resistivity, particle heating, energy
transfer, and particle diffusion. The mission's findings, including the observation of turbulence,
temperature anisotropy, and anomalous heating near reconnection regions in Magnetopause,
form the cornerstone of this thesis. The thesis is dedicated to a comprehensive study of LHWs
in reconnection regions of Magnetopause, leveraging the invaluable insights provided by the

MMS mission.

This thesis aims to investigate the evolution of LHW, the effect of nonlinearity and
field perturbations (magnetic islands) on LHW dynamics, and the evolution of current sheets
near reconnection regions of Magnetopause. Further, the precise mechanism of particle heating
and anisotropy observed in the Magnetopause is unknown. LHW can be a source of electron
acceleration and electron temperature anisotropy in Magnetopause reconnection regions. This
work has tried to explain these phenomena using a 3D LHW model, a computational model
that simulates the behaviour of LHW in a three-dimensional space. It then discusses the

similarities of the simulation results with MMS observations.

The first chapter of the thesis serves as a concise introduction to the plasma
fundamentals, discussing various wave modes, turbulence, and magnetic reconnection in the
Earth's Magnetopause. It also outlines the motivation and scientific goals of the thesis. The
second chapter presents a 'simple 2D model' to explain lower hybrid turbulence in the
Magnetopause. Based on the concept of nonlinear wave-wave coupling, this model provides a
practical application of concepts, considering the interaction between pump LHW and low-

frequency magnetosonic wave (MSW).
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The third chapter shows the effect of nonlinearity and the magnetic islands on lower
hybrid turbulence and current sheets. The results show that both nonlinear effects and magnetic
islands are responsible for the evolution of LHWSs and current sheets to a chaotic and turbulent
state. This chapter concludes that to study the LHW evolution, one will have to consider the
reconnection process, along with nonlinearity. The fourth chapter discusses a model of 3D
electrostatic lower hybrid wave (LHW) in cold magnetized plasma with magnetic islands. The
simulation results illustrate the formation and evolution of localised structures and the current
sheets. The turbulent power spectra have also been studied. The distribution function of
energetic electrons due to these turbulent structures is obtained using the Folker Plank diffusion

Equation with the new velocity space diffusion coefficient.

The fifth chapter studies lower hybrid waves (electromagnetic mode) and turbulence in
Magnetopause's presence of magnetic islands (at the reconnection sites). Simulations show the
turbulent power spectra with scaling of k=2#® (approximately) and k=2 (approximately) along
perpendicular and parallel directions, respectively, indicating anisotropy. The power-law
scaling of turbulence generation has been used to study the formation of the thermal tail of
energetic electrons. The fractional diffusion method has also been exploited to determine
electron acceleration, plasma heating and temperature anisotropy. LHW may be responsible

for the acceleration of the energetic electrons and temperature anisotropy in Magnetopause.

The Sixth chapter further improves the model by including the thermal effects. The
lower hybrid waves (LHWs) should be locally excited by the electron beam (produced by the
magnetic reconnection process) at the reconnection sites. The model is solved numerically with
the pseudo-spectral method for spatial integration, and the finite difference method with a
modified predictor-corrector approach for time domain integration. The spatiotemporal
evolution of current sheets and the interplay between current sheets and LHW for beam-driven
mode is also discussed. From simulations, one can anticipate that the LHW interacts with
current sheets and fragments them into small-scale structures. From the semi-analytic
approach, the current sheet dimensions may depend upon the wave mode, thermal effects,

temperature profile, and anisotropy.

The thesis concludes with a summary of the findings and a thought-provoking proposal
for future work. These proposed studies, if undertaken, have the potential to not only further
enrich the understanding of lower hybrid waves and turbulence in Magnetopause reconnection

regions but also to open up new and exciting avenues for research in the field.
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R

TR G bl STfeat 3R difgep B9 J FArdrgol ufshar, ves VT gedT it fieH &l
372ITd 31T W Ul Hebdll 8, S 1EH BT J&I BIeby g1 HAIATST JIHAISH &1, U Sifee
3R TIRMe aTATeRoT, § & AR HIS &l Uge Pl 2| g HIE, T 2 3R HHST &1 JHIT 8,
TP AT 3R IR FAeteM T 39T I aaT-aiiT I B STid R 3THTRA 2

gedt P IIgHSA b Wl debae &3 H dI3R grefeis ded (LHWs) 31 3rerifd &
MMS fHM & Tl 3d HE@qUl 81 A 3dcich 7 had Ab1are[ &A1 H LHWs &b TdgR
R BTl STAd &, dfeh ATATT UfaRIEdhdl, BUT dTd, Holl g&didoT 31R BT TR § 37T
AT & IR H Heaqul TSGR HY 9alT &_d &1 Hedis H JddbAde &3l & I 372rifd,
ATYHT TIHAT 37R 3THTHTT dT0 & 3Tdcich diad W2 & wpy g9 iy &l TR 2
T I AeIdist & ApAaeA &1 H LHWs & T 317 & folg Iafid 2, it MMS fiem
GRT V&I I T8 3 S BT @ 3a1dT &l

S oMY BT 382T LHW & fasra, LHW Tfaeftedr iR IR-3&ewar 3k & meast (gabra
&19) o IHTa 3R HARIYTST o YAHarS 851 & Ui uRT it & foebry &l STie 31 81 $Hb
AT, HHTTST ¥ 3@ 7Y HT e 3R ARAIgd &1 Jie dFf 3177 81 LHW Heers
YAHAISI &1 H geiag i @R 0T 3IR Sl aTaAT I &7 Hid 81 FebdT 81 §9 B 4 3D
LHW HIEd, Ut BrRIAe AISH Bl IUANT Pk S TSI bl HHSI I PIfRAILI PT B ST dfl-
ITTITHY 37aRer & LHW & SdgR &1 10T &l gl fih I8 MMS 31dciebl b e fagete
YRUTHT &l FHAAT3 O Tl T 2

I BT UgeTl AT WATSHT bl gAATET aTdl 1 Higied aRed 8, fS9d gedt &
Heerdtst ® fafi= ad Are, srerifd 3R b ga=fare w gaf & 7€ 21 ag a7 B oRom
3R Afep el Bl Wi IEifhd Bear 81 GERT 376 el H LHW 3120ifd P Tei &
T Tep TR 2D Hise TRd Bl &1 ATATSIR dg-dd BUFAT T TR &b ITUR R, T8
Higel 99 LHW 3iR ®H 371gfd arel A da (MSW) & &9 ardeiid W fdaR &d gu
IR &1 Teb ATagRep JIHANT HalT &l &l

ARRT 3reay IR PBAT 3R Yoy gl & [H Fope 3120ifd 3R URT 2ffe W yMTa &t
cerfar g1 aRomw gerfd € fob IRATd wira 3R Jaba g A1 & LHW 3R uRT 2fie &
AR 3R 37T 31T H fdepry & ey fomieR 21 I sty fAsesy fAererar & fis LHW
fdepTH T 37 B & foig, R-IWphar P Fry-H1ef gAHars gfcbar o= Wi fa=m &1 g
TN 3T GBI GIUT b H1Y S8 aIeh I TATSHT H 3D geidiee(eep (M Hee a¥i (LHW) &




Ueh Hisd W T Bl | AgereM IR RITHI SRAT31 3R URT offe & 11 3R fdery &t
gorfd &1 31eria erfary ey T Wt 3nea fohar T 1§ 37e0id FRA13N & BRUT Holid
Sotarl T faavoT ST, Y I T YR T[UTich & HTY lehy Tidh TR FHIBIUT BT 3TN
TP T faT ST @ |

UToraT 3T HEIiST B gechd gt (I: T el W) Y 3ufeafd ® e dow
RN (fdga grerebiar A1) 3R 3721ifd BT 37ed BT 21 YA HHeI: dadd 3R FHMIR
fEomat & e k28 (@M 3R k=21 (@) ThieiT & Jrer 37207d 2AferT Wery f&zamd €, i
ARG BT gATdT 81 FHoffd SoidgiAl Pl AR Y8 b TS BT 3T B b @y 1enifa
3CATEA T QfRI-SBTT b BT IYANT BT TAT 81 Feldwid @RUT, WTSAT st 3R aTadH
fAAerdt B fAufRa o & fore 3ifeie R fafer &1 i sua foear mar &1 e
FoATaT etariAl & @RoT 3R ATIHT 1A & fag LHW fSrigR 8 gasar 21

BoT 3T 2 YHTd] BT MHA b A Pl AR dga¥ 941ar ol 7+ grsfs a3
(LHW) ! GHIISTT R[el IR geiergiq ¥ (Faeha GRS Ufhar gRT 3cmied) gRT R
B Jaford fbar STHT A1gq | Hisd Bl TG TebIdpruT o foiy BaT-Tagd fafd 31k a7 s
UehleuT & feiq HeNfed vidsraamr-guRe gfecepivr & drel aRfed 3icR fafe & drer Hearcds
B9 { g oot ST €1 SH-Fanfeid Ais & g e 2fte & werfe-awy faer 3R #ie oite
3R LHW & &t RER fobar R} /=i &6 778 81 [Ggeied &, BIg g8 31ga™ & Febd @ fb
LHW @3 2fte & Href 37c:feham &l & 3R 3% B¢ YA bl FRem131 # fTfoid e 81 37
faoeTuTTaes GIRPIvT I, e e & AT aiT HIS, e YT, ATIH HIhTed 31R TR
W PR e Hed B

e fAeepsf & IRILr 31K Wfasg 6 B P AT Ta foaRSTe YRdTd 6 1 JAT
Bl 21 IS IATfad 3Tega fohT STd &, T 7 haet Hiedist Ao &1 H &H gTgfsle aim
31R 3120ifd BT THST BT 3R HYg B BT &IHAT 2, Ffeeh 39 & A 3THUM b feiq T 3R AHTaH

IR T el |
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