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Abstract

The Kelvin-Hehmholt,  KH G istability has lone been sizeested as oo mechamsme for viseous
mteraction at the maenetospheric bonndary but 1t wis not expected to produace significant
s transport. Satellite observations show that the densitv, tetperature. particle pressire
and totad pressure of the plasma sheet are stronely correlated with those of the solar wind
on a tune scale of ~ 2 hours. 1 present o svstematie 2-D stady of reconnection in KH
How vortices s NTHD saned Hall- MHD approximations depending on masnetoshearh and
maznetospherie plasima and ticld properties. The presented results show thar the Kelvin-
Helinholtz mstability can be aomagor plasta transport mechaansm diring times of strongly
northward INE providing o sonree of plasmac into the low latitade: boundary Lwver and
plistia sheet on o tune seade of < 2 hours. 1 have adso anadvzed Eguator-S and Closter
satellite datacar the dawnside magnetospheric ank and compared these resales wirke MHD
~titntdations moorder to distinensh sicnatures cansed oy Kelvin-Heliholt instability o

addition Fhave disenssed tepreal onospherie siznatwees cansed by KH mstabilire
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Chapter 1

Introduction

The most heautitul manitestation of the relationship between Sun and Farthis the northern
lichts. can be seen durine the dark niches e the northern skv cad <outhern skyv i sonthern
hennspliereo The Latin termc for nortchern lichts Narorie Boreadis was fiest used by Galideo
Galiler onc Tol9 which meant “the coddess of the dawn.” Beme [ralie Gadileo probably
never saw the anrora hunseits stnee the phenomena ocesrrme e the wnddbe of the nighe.
and el Luarades laaedly resembles diowne

Theretore, it s not sarpristog ae adl thar the peaple of the noeth didn’s ase the term
anrora from the “burnine. trembling and daneing, ares across the skv™ bur tied the -
roral phenowenis closely to their own mvtholosical beliets Norse mvrhiolooy calls auarorn
the “bridee Bifrost™ across which the cods conld reavel trom Heaven to Earth. Fuonsh
tvtholoay refers to rivers Rutjae wlach stood i tive marking the boundary berween the
realins of the hvinge and the dead. A Norweenan folk-lecend siecest thar the auror s o
celestial danee by souls of dead maidens. Some Eskino people in Northern Americi behieve
that anrorac s produced by spirits plaving a0 giune of celestial foorball with the sknll of o
witlrtis cand some believe that spirits of wadrus were nsine himan skulls for their <ane!?),
The Nostralian aborigines have also reported the = Anrora Mustradis.” as a0 ~danee of 2ods
across the skv™ The Chinese dracon lecends may also have oricinated from the aurora as
the twisting, snake-like auroral ares are observed moving rapidly in the skv Rasinkangas
bl TN

There are several other deseriprions of the anrora by people of ditferent nationalities and
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tribes within these nationadities chronchont historv, However, commmon features for all these
auroral mterpretations s a deseription of movement and hcheo which s also emphiasized
A modern Finmsh word for coarorie “revontuli” . which means fox-tire. The canse for these
beautiful auroral displavs lies within o complicated nteraction between magnetized solar
witkd and Earth's macnetie Held.

In 160l Enclish phyvsician and nacarad philosopher Willizun Gilbert was the first one to
tlustrate that Farth belaves hike o et maenet Reeclson end Russe 1995 0 The magnetie
teld points down towards the surface of the Earth i the northern hemisphere, and awm
from 1o the southern herisphere. Withont the inttuenee of the san or to be more
precise - without the intluence of the magnetized solar wind. Earth's maguetosphers would
veallv b more spherical. Biermann explamed in 1951 thar comers have two tails due to the
coutinious stream of particles from the sune one vl following the orbiv of the coer and
the other one Lacciue behind about 5 frowm the vadial direction. T 1957 Hannes Alfven
postulated that the solar wined was maenetized, and in 195 EOW Parker presented the
tirst theory tor the supersome. contimuons solar wind Roeelson and Brissed 1995 When
the space raee beaun i Fae 1950 between Russians and Americans, several sarellites wers
Evrnched to near Farth space. aad the observidions miade by these space eradts contirnned
Parker's solniia for supersorne solar wind o be trues Another surprise was the discovery of
the Earth's elonzated wagnetotail formed by the interaction of the Farth's dipolar magnetie
field aod macnetized <ol wined, The tollowing vears of spiace exploration were Howering
with discoveries: how shock: maenetospherie boundary biverss tield alicned carrents above
the sroral recions: wonospliere. By now. spacecradt have passed adl the planets o our solar
svstet exeept for Plutos and have revealed that adso Mercury, Jupiter, Saturn. Uriinns and

Neptune afl have intrinsie maenetice fields and thus magnetospheres,

1.1 Interaction Between Solar Wind and Planetary Environ-

ments

Dvuamical processes hetween maznetized solar wind and planetary magnetic tields deter-
mine the plasiie momentim and cuerey transport from the solar wind into the magnes

tospheres. Stnee the magnitiude of the intrinsic magnetic tield. rotation period. tile of the
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rotation axis. mass. dipole tile and distanee from che sun vary tor different planers sianiti-
canthv. also the plisma enviromments of these planets can be very dissimilar. The plsme in
rarth’s nacnetosphere consists meanly on protous and clectrons, and the main souree for
these particles are solar wind and rerrvestrial ionosphere. For Jupiter the primary plisina
~onree is the voleanie activity on its oo, o,

Fhe solar wined i~ the hichlv conductine, expanding solar corona. where electrons and
protous are oving closely tocether with solar magnetic tield frozen mto it. This frozen-
i condition can break o reconnection where two plasinae elements that inirially locared
e the same tux tube can move into o ditferenr Hux tabes: Parker’s soluation for solar
wind expansion wis bised onthe ideas that solia coronn ecannot be i o statie equilibrium
but cither collipses or expands Parker’s assumprtion of plasmac isothermaliey and siplistic
capiation of state canses his solution to prediet hicher densiev values ar 1 AU than observed.
However, the essential point in his solution is that at certain point. the subsonie solar wind
turas tmto o supersome sola wind How, When solar wind s approaching o planer. the
pressure s enhanced e front of the obstacle. This pressure imerease tries 1o rediseriburte
itselt by oo compressional wave, Sinee the solar wied speed s By then the speed of the
cotnpressiotial wave, o shock tront s formed whichs oo rarne will slow. hear. and detlecr
plasta aronnd the planet Roeelsor and Besse 1995 0 The obstacle for solar wind How i<
not the actual planer hut its maznetosphiere or ionosphere. The word magnetosphere s also
extended to surronndings of unmagnetized planets hike Venus and NMarss bur even i these
cases the solar wind How is not free but s detieered by therr wonospheres. Incaddition, our
solar svstew torms amaenetospheric-like cavity i the mterstellar medinnn. stmlarly to oar
mitky wav -cadaxy in the intergaliaetic medinm.

The soliar wind starts adready deviating from s oricainal direction ar the bow shock where
it’s velocity is drastically reduced. The magnetosheath is a tarbulent recion between the
bow shoek and the macnetosphere. The location of the onter boundary of macnetosphere.
twaznctopause. is determined by the pressare balanee between the dvnimic pressure of the
solar wind and the macnetic pressure of the planet’s maenetic field. Inside the magnetopinse
the macnetic ticld becomes stroneer atud more steady, Sinee the magnetic tield is changing
direction ar the macnetopanse and ar the tal plasma sheet there have to exist currents

according 1o ¥ - B = jipd.
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Figure 1.1. Magnetospheric boundary layers and currents Crooker et al.. 1999 .
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1.2 Mlagnetospheric Boundary Layvers

Fhe magnetopanse s not a “plasina proof™ shicld. bur macnetosheath material can enter the
boundary Ewers of the magnetosphere. There are various instabilities that can contribute to
this transport at the nunetopatse but most Qonportant, Daeroscople processes are aag et i
recouncetion Doapge s 1961 and viscons intevaction Arford and Hooos 19610 Mo, 195

Plasia entering the magnetosphere doesn’t cer evenly distribured. but forms recions
of ditferent temperatures and densities. Figure L1 presents the magnetospheric boundary
and enrrent Lwvers. Necording to plasmia How! mazuetic ticld and plasina composition,
Earth's macnetosphere can be divided tnto the magnetopanse enrrent laver, the fow Gitnde
bonndary faver LLEBL. the high aticade bonndary Taver or plasma mantle (HLBL) . the
eutry laver. the eusp. the macnetotadl current Lver, the plasma sheet bonndary Tver, tail
lobes: the plasia sheets the plisma sphere. and the ring current,

lu this thesis T will coneentrate on the processes at the low latitnde boundary bawver. The
low Eatitude bonndary Taver. LLBL. contains aomix of naenetoshearh and magnetosphen
plasuce and the flow velocities in LEBL have intermedinte values trom those of the magne-
toshicath and the macnetosphere. During davside reconnection the entive LLBL is oncapen
tield lies. while for northward IME its inner part may be on closed tield lines Schole s cd
Proarmann, 1997 0 Masnetic reconnection. tapulsive penerration. and wave etfects have heen
considered as plansible formation mechaniss of the LLEBL. and have been diseussed by seve
eral authors Sovg and Busse 119920 Xora, TON 19920 19950 Thomas and Winske . 1991,
PO Fogrmotes andd Frrosoncg, 1994 1995 Seholer sod Trowmann, 1997 0 For southward
INE the formation of LLBL i~ well understood by davside reconnection Sounerup ot al .
VONL: La Belie -Hamer ot al o POSS: Lee and Fuo 1956 0 For northwared INEL high latitade
recotnection hias been the most dominant candidate for formation of the LLBL Scholer und
Trewmenn, 1997 0 According to Schole rand Trowmann 1997 anomadons ditfusive processes
catmot sustain the LLEBL sinee gradient driven non-classical processes. drift and current
istabilities become weaker towards the Hanks of the magnetopause. The Kelvin-Heluholt,
instability can operate along tlanks of the magnetopanse under certain conditions aned has
been suggested to canse viscons momentum transport and be the souree of the LEBLL dur-

e northward INIE conditions Mowra, TOSE 19920 19950 Thomas and Winske . 1991 1993:
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Fugrnoto ard T rasawa, 1994 1995 0 Howevers Seboler and Treamann 1997 conchide thae
althongh the WH mstability tnight provide some nnxing at the magnetopanse. it his not
ver been convineingly identitied as beme unportant for the presence and dyvnamies of the
LEBL The KH wode i~ an tdead plasia nstabibiey aod has therefore not been expected o
produce a sieniticant mass transport. This thesis will provide new evidenee of importanee
of the Kelvin-Hebinholtz Tnstability for beine one of the main cenerators of the low latinnde

bhonndary laver and souree for cold dense plasmie sheer during northward INIF conditions,

1.3 The Tearing Node and Kelvin-Helimholtz [nstabilitites

fustabilitiey is a0 crowing aanplitude of o small perturbation from an minal equilibrin.
Uhese non-cquilibrivan staces arise from the sonrees of free enerevs that o the nein Earth
space are avatlable due to the interaction of the solar wind and Earth's maenetosphere. On
tiacroscopic scale mass, momentumn and cnerey transport from the solar wind cenerates
cradients and inhomoveneities of the plasia. and on the mieroscopic seale 1 leads o dee-
formations of the local plasma distribution tunetions Teowmarn and Bawmyobann. 1997
The wost important mstabilities on macroscopic seades e the tearine mode and Kelvin-
tHehoholt, sKH instalnlity. Thev are of fundaanental importanee for wany spove plasina
svstew varving from onr magnetosphere toostellar atmospheres, active salie tie mnelet and
aceretion disks.

The plasmia. enerey and momentim transport frome the solar wind mto the magneto-
sphere s well understood for sonthward interplnetary maznetie held, INEE . as the macnetic
tmerging at the subsolar maenetopatse opens the Earth's maznetic tield. Opened maenernie
thux i~ pulled by solar wind into the Earth’s magnetotadl, and wopiles up unnid s unloading
process. a maznetospheric substorm releases this energyve A bheantiful end resulr of this
unloading process can be seen as intensitied anrora in high latitudes,

For northward IME the plasina trinsport has beew aclong standing myvstery, KH insra-
bility s been observed operating at the magnetospheric Hanks by several satellite mea-
surements and its contribution to enerey and momentum transport s widelv studied and
understood. However: the KH mode s anadeal instability, el it cannot transport mass

across agnetic field lines or alter the magnetie taopology. The work presented in this thesis
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will illustrate that KH instabifity can be aomajor mass transport mechanism darine peri-
ods of strongly northward INEF Inorder ro comprehend the plisma transport associated
with KH wodes it's iiuportanr vo understand the basic properties of the tearme mode and

Kelvin-Hehnholtz Instabiliey,

1.3.1 The Tearing Mode Instability

Ihe free enerev for tearinge instability i~ the maguetic enerey that becomes avialable duoe
to the wagnetic shear of the anti-pacallel macnetic tield components. Tuowdeal NMHD the
macuetic field is frozen o o plema How and the Ohm's Taw can be expressed s E -
-v - B Dithasion and anathilation of mamenenie fields i< onlyv possible when the plasing
i~ non-ideal. e due the resistivity, 50 The resistivity arises due 1o the collisional rero.
gd. i weneralized Ohw's Lawe with 4 = == where 0 s the collision frequeney. By
using Nmpere’s iw cwithont displacetnent current b, Faradav's Taw and resistive Ohin's Taw,
E - 1J-v - B.oue can derive the indnetion equation of the magnetic tield cassumme that

1S constant 1

] 1 _.,
_13' v - B~ — VR LD

ot Hov
I ditfusion recion the convective, € < ov - B term becomes neclicable and the indaetion

cquation becomes ditfusion equation:

/) [ ,
__§ - _—‘7‘_‘8 \l_‘_’i

it JiaT

By replacing the temporal and spatial derivictives, with = and Lo respectively, one can
derive the characteristic ditfusion timne of the magnetic feld -, = Lo,

The resistive tearing instability happens on a tine scale thie s meh Lareer than the
Alfven transit time.ry = Ly e and is much siadler than the ditfusion time. -, such that
the Lundgvist munber R o= = = 40 It develops ina smaldl region where oppositely
orientated magnetic ield components, (By = =B approach each other. Tu this resion
the wave vector of the instabihity s perpendicular to the magnetic field. k - B =0, and the

resistivity is noti-zero. The tearing wode leads to formation of maenetic islands which grow
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Juring the hnear phiase with an exponential crowth rate, the maxiniun crowth rate scales
as o Chops 1997 0 Tearine wode can adso operate on the collisonless recine. where the
reconnection is cansed by Kinetic instabilities Trogane and Baungobann, 1997

The tearing mode operates ina variety of plasma phvsieal ields. o the Earth's macne-
tosphiere the most widely studied tearing mode areas are the davside reconnection Sowunerup
vt al VONY L Belle <Hamer o al D TOSSD Lee and Fus 19S6  Hux teanster events Lee and
Froo 19N Seholer, VOSS: Sehe ek and Swthe 19920 Elploc . 1995 Ottoaed e oddf 19910 Lee
ot al 1993 and tal reconnection Ran, 199N Sceholor ot al 019910 Schode s and Otto, 1991
There are also numerous simlation and theory stadies of macnetie reconnection assunming
ditferent plastua approximations and ceomwetrvies Boreoaod Hesse D 20000 Hewse ot gl 02001
Lo and Heo YOSST Mo aod Bhattacharpes . 20000 Prectchett, 20000 Shag ot al 200010 Dok
FO90: Lee . 1995 Sehondle o 1995 Sehondler ot ad CTONT Otto, TONO 19900 Otto ot ol 0 1990
Scholer and Otto, 1991 Scholer ot al 0 1991 Ofto, 19920 Mo ot al 19k Ly Belle -Hooer
et al 190 M ot al o 199 Ot 19950 be:s Ot ot 1995 Wae b vr a0 19950 1994
Chen et ad 1997 Woeedon o f al 01997 01t 19N Nehappe s el Oltto, 1999 Ot 2on ]

Do ot oal, 2001 .

1.3.2 The Kelvin-Helmholtz Instability (KHI)

The free enerey tor the Kelvin-Hehuholtz nstability s the Kinetie enerey thar beeomes
avitlable due to the velocity shear of ann parallel velocity commponents «Vy Voo aeross
a plne boundarv, Aocordinary non viscous thod s alwavs KH unstable oo the presence of
the velocity shear. and its crowth rate, for acsiiple case with anitorm densievs s o - AL 20
where Voo =0V = Vais the ditference of the velocities across the <shear ow Lwver and
o= 27 Nis the wave number. This indicates that short wave leneths osmall Vocrow
fastest. and that laree velocity shear inereases the srowth rate. Finid Kelvin-Helinhiolt,
vortices can be seen alwavs when a velocity shear is present: in uprising cizarerte smoke:
in the intersection of two rivers (e Chena and Tanana river in Alaskao: on the ocean and
lakes: in o cotfece cup when one pouars creaan into o cloud formarions. Also. acroplane
wines can 2ot into o stall when the eritical angle of attack is exceeded due to the Kelvin-

Helmholrs Tustability,
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Chandrasekhor 1961 derived theoretical crowth rates for the Kelvin-Helinholrz mode
with several thind and plesma protiles. His resalts indieate thar WH instability i~ statalized
when veloctty shear s parallel to the wavnetic tield, becose it requires additional enerey
to twist the macnetic tield i the boundary or vortex motion.

The onser condition for the KH mode i an deal. incompressible plsma wirh acdiseon-

tinnons carbitraridy thino velocity shear aver s

e v L kB - k-B.i- |3

|2 T o -
where s the ton mass, oo munber deasievs AV 2 oV = Vo s the veloeity shear. B
1~ maenetie field strengthe aned the mdees denote plasina properties onthe tweo sides of the
boundary, One can see that the KH mstabaliey s seabidized for Laree maenene ticekbd vadnes
aonge the k -vector of the mistabihio, I plsmac with constant densiey and constant k- B

this refation becomes

k-VioT ok ovr SN

with V7, SV - Veiand with vy agvay - cavia, Thus the velociy shear adong k
must be fareer than a tvpiead Mtven speed along k toranstabilien. Note thae k- B ean bave
Jdifferent siens seross the bonndary,

For aovery thim bonndary we expect the KH wode 1o propacate i frame moving with

a velocity of

e

P = Py
Chandrase kbar, 1961,
The ‘_:l'n\\‘lh rate ¢ of the KH wave s ';i\'('ll by 0[)['1)\‘i([¢'1| that the ouset condition is

~itistied)

)

TN (\'1‘\'-_))>k".~ o 1V Ay k- - A CE k- Ny

Chandrase khar. 1961 where the indices refer 1o the two sides of the shear How laver.

(=g e = e d Jlll(l \'Ai = Bi \ T:._/T
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I'he Kelvin-Hehnboltz crowth ate and onset condinons have been derived above as-
sttty deall icompressible plasuicand intinitely thin bowwdaey Baver thickness. b realiny
taned in commputer simmlationsis a tinite thickness of the shear Taver stabilizes the KH mode
for suadl waveleneths Alsol compressibility (¥ -V = 00 of plasina has o stahilizing etfect
o WH wode Mora and Protehe tto 1982

[here have heen several nnmerical sannlation studies of the Kelvin-Hebnholtz mstabilin
These stimalations arve carried asine NXHD S Mewra and Protobe 1 19520 Mora, 1951 TONT,
1992 Clhen ot o 1997 Ote and Faortred, 20000 Ko lerand Logsab. 1999 Hal-NTHD Hoabe.
LO9L 1996 Famoto and Dorasana, 1991 0 hvbend and Kiere codes Deovgsama ot i 1992:
Thomas and Wonske B30 Faprmota and Borisawa, T 1995 Thomas, 195 0 The main
objective of these studies have been to understand the non-linear evolation of the KH
mstabihy ar the maenetopanse and tts effeer on the mowenninn and eneres transport aned
ditfuston. T will mtroduce the maan vesnlts of the MHD sunufations below. and disenss the
Hall-NMTHD and partiele soonndations i the mtrodaction of Chaprer

Mo ared Protebott 1952 gsed 2-D MHD simmlaions i reansverse "By~ Ve and
parallel 1By Vo contizurations i homogeneons, compressible plasn, They foand tha
onlv meodes with Ao 2 are nnstable. where o is the scale feeath of the <hear Lver The
tastest crowinge wodes ocenr tor Aao= 05-Too Bothe compressibidion and macnene tield
paradlel to the flow are tond to be stabilizing effects Mowra wod Pratehotr, 19820 Sinee
s\ 27 and the fastest crowine wavelenzoth V= bzl the fastest srowing KH mode
has actregqueney of V20 ot the maenetopause bonndary, which overlaps with the frequena
range of ceonienetic pulsanions < Pe 3-5).

Mowra 1951 used 2-D MHD sinmlations ina homoeeneous. compressible plasma in
transverse and parallel conficurations in order to estimate gonlinear womentn and en-
erev transport due to the Kelvin-Heliholtz instabilitv. He found thae Kelvin-Helubooir,
instability acts gquire ditferently in these two contisurations. In transverse confignration the
viscous interaction is die to the hvdrodvnamie Revoolds stressc and it conld aceount tor
a convection potential drop over the polar cap of 10-30 kKN [u parallel contiznration the
viscots interaction is mosthy caused by hvdromacnerio Maxwell stress. which gives rise to
trausport 2-3 times Larger than that of the transverse cise.

Mowra TONT usedd 2-D MHD <imudations inehnding plisma and nienetic held aradients
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e the ininal contivuration. Results midieare that the maznetopioise current Laver is hizhis
nonlinearly corrnzared by the KH o mstability resaltine e formation of a4 plasma bloh: a
wide veloeity bonndary Liver s formed just inside the naenetopanse current faver by the
anomalous wmomentum transport:s plastua flow s aceelerated by the KH istability due o
the inerease i the electrie tield dreifr E - Beoan inereased electrie tield deift aanplities the roral
voltace drop across velocity honndary bawver. Magnetoshearh plasina momentum s ditfused
mto the the macnetosphere by anomadons tangential stresses that reach few pereent of the
tagnetosheath How womentmm Huxe The vadne of anomadons viseosity ereases rapidly
Between mavnetosheath Afven Moch vianbers V0V 20520,

Mo 1992 stadied the inthience ot the soue Mach wmber. M0 - V0 Vo on the
anomalons viseosity procduced by the Kelvin-Helmholrz instabiliee <V s the maenetosheath
sottd speed For all sonie Mach nmmbers a0 velociry boundary Lwver s formed insicde the
wasnetopause ciiised by the momentimn transport by the Kelvin-Helimholrz inseadalin,
and 1t bhecomes wider for asmaller sonice Mach nmber: The honndary lwver becomes woore
hichlv nonhnearly corrneated by the mstabiliey for o <sndler ~sone Mach nunber, aned the
anotlons viscosity by the Revnolds stress associated with the instability decreases as the
absolute wacuitude of MOomereases. Enerey and momentom hixes teansported into the
macnuetosphere by KH instabilies for Lo M0 3oare 005 Vops and 0.083 pl vespectively
e ts the undisturbed plisina pressurer. These results sugeest that davside and dawn-dosk
stde maguetopanses are the most viseous parts of the boundary.

Chen ot al 1997 2 Chon 1997 studied mutual interaction of the teare mode and KH
instability with 2-D and 3-D NHD <inalations, They fonud that for sub- A fveme tow the
recounection riate decreases with increasine velocity shear. Growth of KH modes tor shear
How less than the Mivén velocity was tound to be itupossible nndess ¢ is very Laree. Sii-
Larlv. if shear How is super-Alfvenie. the tearing wode is stabilized. The information that
reconnection operates. propagates with Mfveén speed along the masnertie tield. Fioure 1.2
illustrates that if the plasma How i~ faster than the local Alfven speed this information
cannot propazite awav from the reconnection side and thus ondy the KH mode will erow
imto e non-linear stage. Thus the tearing and KH instabilities can operate simmltaneonsly.
bur onlv i different planes. In 3-D the nondinear interaction of the KH mode and tearing

mode can lead to current sheet thinninge and formation of wltiple current favers. KH vor-
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tices can induee multiple current Laver reconnection e 3-D couticnration and the mntnal
mteraction of nerchbormye tearine islands leads to st crowth of the tearine mode. This 3-D
vortex-indneed tearinge instability can canse hichlv etficient mixme of plasma and copiex
current Lwver structures Che o, 1997

Reller and Loysad 1999 <tudied the momentin transport assoctated with the KH in-
~tability i o compressional plasma for ditferent contiznrations. Thev also observed inass
transport but didn't gquantity 0 details In disagrectnent with resules by Moorg [958
they found more momentum transport for perpendicnlar conticuration. This s die to the
fact thot Aeller and Lusak 1999 had a0 stroneer maenetic tield alone the K-veetor of the
istability for the paradlel ciases with respect to the siumlations of Vo 19500 This Laree
B :l[l'll;‘ the k-\'w‘ln[' \l:l'»i“/«'(i e illsl.’ll)i“l\' betore tht' .\l:lX\\'t'“ stresses nln‘\'e'ln[)c'([. \\‘hln‘h
mereased the momentwn transport e Mewre 19N stmulation

Probiablv the most convinemy ciase for the existence of the Kelvin-Helmholtz inscadadine
At the wmazuetospoeric: bonndary has been presented by Pt o alo 20000 and - Otto
ane Foprtic 20000 10 whach we will refer as FLand O i the followine,. On Mareh 21
1995, the Geotanl spacecratt observed laree Huetuations of the magnetie tield and plsima
properties at the dask side maenetospherie k. A the time the spacecratt moved feom the
merenetoshearh weo the LLBL abour 15 R, tadlward of the disk menidian. A remarkable
propertyv of the observations reported by FL s a stronedy thietnating magnetie tield warh
briet periods of necative 3 components, althouch the mreeplaneraey waenene tield (INTE
retaned stronelv northward and Lrgely parallel to the plasiie sheet wagnene tield durnine
the entive event. The tield Huetuations and the plasmi properties show acclear grasi-periodie
behavior with o period of 235 min. The (uiasi-periodic signarures were observed throuch
the entire transition of the LLBL Lastiue tor about 5 houes durine which the INHE reniained
tarrly constant with a strong northward field compounent. A detailed account of the overall
dvnamies and the sicnatnres obrained from KH snnubadions s tound in O Here [ will onldy
discuss the most nuportant observational aspects. These results are also pablished by Ot
and Nykyre 2002 0 The exanple in Fienre 1.3 shows uienetic beld and plisma velociny of o
KH stimulation. projected into the oy plane at time =355 seconds. B and plasma densiry
are shown as color scale plots i and current density and reconnection electrie: tield are

plotted i b The twao vertical lines indicates the stices along which plisiia parameters will
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Ficure 120 A5 represents veloctty shear laver wath anti-paralle]l magnetic tield components.
When k- B - k- Viagven RH mode becomes nnstable «B1 When k-B - k- Vg jpepn the

teiaring mode becotes nnstable (Cy
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time = 358 s
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Figure 1.3. A) shows snapshot of magnetic field lines. field vectors. and B, {color code) on
the left and plasma velocity (arrows). field lines. and plasma density (color scale) on the
right at 358 seconds into the evolution of the KH mode. B) represents current density {left)
and reconnection electric field {right).
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be stadied

T the plots of Ficure 1.3 the macnetosheath is on the riche and the vortex i~ movine in
the necative o direction. A satellite s rest with the nagnetosphere wonld move throneh
the KH wave from the top e a time of approximately 2 minntes. The wave s chaneing
~utficient v slow sneh thar o Shice throneh the wave for instance alone the vertieal line
Fienre 1.3 0~ a0 reasonable representation of the tvpiceal stgnatures, The data which wonld
be recorded are presented in Figure 1L

Upper panel of Fleare Lo as acent ar o= 201200 ki es elose to the path of the
probes and the lower panel of Fieure Toéis aear ar o= =3 -Dson ke Ditferent shadines
i Freure L indicarte recions with ditferent chiaracteristic properties. The hchter shadine
tehieates ooreation with hich sheath-like densievs the darker shading indicares a0 reaon of
hich temperature and fow densievs and the verrical lines indicate an additional bonndary.
Both cuts show similar properties. with some slichtlv more prononneed iu lower paael of
Frenre T4 such that we fbeled distinet intervads nsine fettering from aoto e

Recion arepresents the core of the KIH vortex and s characterized by strone Huetuarions
i all plema and ticld properties. The recion can show hieh-density spikes somewhat
resetubling shearhi-like properties chicher £ Cetenn Often visible i this recion are reversals
of Voowhich ean be aecotnpanied by changes e V.

Resion b shows fairly steady plasmicand ticld properties. with magnetospheric-like hieh
temperatares and relatively low densities. Characteristic of this recion s also o farlv sready
decrease of the V) colnponent.

Recion ¢ represents the onthowed transition just priov to the hich-densite intervals,
Tvpieal of revion ¢ are the decrease i teperature and inerease o densitv, a0 hich torad
waznetic ficld wagnitnde. a0 pronounced minimmm in 3.0 ad extrema in the 13, and B
components. The local maxima and nunima i B, and B are often accompanied by a
minimum of £3 prior to the sheathi-like mtervals wich lager and steady £ 0 The outbound
pitss i~ often easy to dentifv i the Geotaal datac cFiaure Thof Farepicld ot alo 2000 )

Recion d shows the adready wentioned high unmber density and low temperature. Lroe
B and steady plastuic and tiekd properties. te. magnetosheath-like properties. The leneth
of hgh-density mtervals decreases with distacce from the magnetosheat b,

Finallv, region ¢ marks the inbound pass into o recion of generadly lower nuber densiry
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Cut at y=2.0, time=358 (reference case)
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Ficure 1L Data along the shees at o= 2 and ¢ = =3 of the contisurations shown in
Fieure 1.3
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and mtermediate or hieh tetiperature. It shows o less pronouneed minitmum e £ and
frequently an extremm e 2 csometimes i B depending on the normad divection of this
boundary),

Ficure L3 allnstraces o strone depletion of £ ourside the vortex close to the oricinal
boundary, We will address this region as the spine of the KH wave, A rotation back imto
GSM coordinares often shows negative 13 valnes in the center of this spine. Tepieal arve adso
lavee B3, and B components i the spine recion and it extends pactiadly into the vortex,
Such s rewion can also been identitied o priov work Moare, TOSNTTONT: e 19560 A
outhonnd pass has to cross this spine and wonld show tvpieal extrenic i £ and £ cwith
opposite polaritv on the dask side Hank:. The KH vortex motion leads 1o a rwisting of the
macnetie Held, which aceounts for the strone vartations of the tield in the vortex srecion ao
Ficnre T4 shows high-density plasma i the vortex explainme the spikes of hiehe nonber
density H"_',inll HE

The Laree macnetic tield maznitnde alons the spine and the depletion of the 3 compo-
uent i the same region s explained as folows. Durine the carlv evolution the KH vortex
recion devilops o stronge depletion of the statie total prossure due to centrifuead torees of
the vortex motion. Plstacis swept into the vortex along the spine cecion as illustreated by
the Large wnnber of plisua elements vasterisksy in the vortex i Fienee 130 The resalong
plisma depletion alone the spine recion tontside the vortexs leads 1o the merease of the
e netic Hux alicned warh this bonndarey o8, and B0 The 18 component along the spe
decreases at the same tune becose the frozen-in condition implies thar £ thix s swepr
into the vortex rogether with the plisia elemenrs,

This evolution eventually deads 1o a0 stabilization of the vortex motion because the
icreasing tield alonge the spine requires a lareer enerey inorder to twist the magnetie tield.
[t i~ expected and indicated by these results that the stabilization ocenrs when the macnetie
ticld enerey density (hased on the 13, and 13 components) approaches the eneroy densiny of
the shear velocity in the bonudary region. This leads loeally to an approximate equipartition
between Kinetic energy of the bulk How and the wagnetic enerav, which mav be relevant
for astrophvsical svstems Bk ot al o 1999 0 The similarity of the sunulation results and
the actual Geotail observations is noteworthy and leaves lictle doubt thar the quasi-periodic

Geotadl events on Mareh 20 1995 Faorpie ld ot al 2000 are cansed by noulinear KH waves
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tmoving across the spaceerafr.

1.4 DMlotivation of the Thesis

Plastie entry into the minguetosphere durine qpuicet geomavnetic conditions with primarily
northward INF has been an nusolved mvstery for longe time. While some of this transport
can be understood by high atitude reconnection Sorg and Ruasso 001992 and diffusive pro-
cesses such as on mixine due ro the Kelvin-Helimbolez istabilies Fagomote and T rasaen.
L9911 . these models can biardly explain why o substantial part of the Farh's maeneronail
i~ efticientlyv tilled with cold. dense solar wind material, especiallv when the hieh Lioude
entry s siid to become less etticient for periods of stronely northward INIE - Fragota ot ai
1995a . I addition. present theoretical ditfusion models cannor aceount for low latitude
boundary Laver thickness ereater than < 0.5 2

Northward INME conditions have long been assoctated with o cold and dense plastia
sheet Factiedd and ot a0 VINE Levpartsson, 1992 0 Baracsky ot al. 1995 demonstrated
that the plasma sheet tewperatre and density are corvelated to sojfar wind properties on
Atime ~seale of 1o 2 hourss N top panel of Fignre 15 represents 220 measured values of
the plasina sheet densiry by ISEE-2 satellite s a tunetion of the sttmilraneonsv measired
vitlies of the solar wind density by [ISEE-3 sarellitey by Boroesky ot al o 1995 For these
data the linear correlation coetficient s 0.7 1L which indicates strong correlation between rhe
~obar wind density and the magnetorail central plisma sheet densiny. The bortom panel
of Fieure 1.0 shows correlation between near Farth plasmae sheet density omensured by
three ceosvnchronous satellitess and solar wind density Boroesky of alo 1995 0 Boroesky
ot al TO9N - adso illustrare (Figure 11 in Boroesky ot alo 1995 ) that these correlation co-
efficients ean be increased o thine g between the solar wind measurements and plasma
sheet measurements i~ imtroduced. The maximum correlations occur tor time faes of 0-
2.5 hours. which indicates thar solir wind material reaches plsuia sheet within this tine
scatle Boroesky ot al. o T99N

Recently Torasawa ot ale 1997 and Fupmoto of alo 1995ah reported o strong correla-
tion between a high densitys cold plasta sheet and a stronely northwiord IMFEF orientation

during the hours prior to the plasma sheer observations, Fieure L6acand b show the plisma
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sheet temperature versius the solar wind kinetic enerey and the plasma sheer density versus
the <olar wind densttv, respectively Fugrmaoto o al 0 199500 Color of datae ponnt deprers
INFE Latitudinal ancle. blue corresponding 1o a northward INIEF and ved tooa sonthward IMEF
ortentation. While borh of the panels show positive correlations for afl INEF orentations v
acrecment with results by Boroeshy ot al. 1995 10 blue dots have Tess scatter. Fiaaee oe
presents normalized plistma sheet density versas INEF orientation. which shows elearly that
hichest densitios oceur durine northward INE conditions. Fopemoto ot al 199500 concludes
that cold-dense plasma sheet appears when [NEF is northwared. boae vers anhikely when INE
1~ sonithward.

Except for eusp magnetic reconnection Song ard Biusse 201992 el anouadons ditfuston

Fupmoto and Derasaea, 1991 oo specttie mechanisims are sigzested toocenerate the cold
dense plasma sheet,

Stmnlation results of Otto and Farpedd 20000 indicate thie when the backeronnd mae-
netie field has o smwall component along the Kelvin-Helmbolrz wave vectors the tustabaling
can twist the wagnetic tield wothe plane of the A-vector vsee Freare T This leads to the
formatior of stronge current lvers embedded i the vortex motion. \When these cotrent Lay -
ers et turther intensified. reconunection detaches o hich densitv. eold temperature maenet e
tsliuned frow the maznetosheatt Iros worth mentoning here thar this s not contradietime
the tesults of Chen ot al 1997 TKH and tearing wiode cannot operate m the siane plane
stinltineonstvi, sinee i these narrow current lavers the shear How s vedueed aned becores
sub-\lfvenie, which adlows reconnection to operate.

The woal of this thesis s to quantfy reconnection wstde Kelvin-Heliholtz vortices m
two ditensions and to determme whether this process i~ ethcient enouch to transport cold.
dense magnetoshearh material into the Earth's plasma sheet during periods of northward
INTE. Sinee the iikunentary current sheets can become thinner than the o inerni lenarh.
the on dvnamies can deconple from the electron motion. [ will study this transport. hirst
assuming that electron and ion motion i~ coupled. and then allow their motion to separate
in scades detined by the local won inectia length seale. o o 0 Sinee the dvnamieal evolution
of the magnetosphere depends on the phvsical processes at the magnetospheric bonnedary,
it i~ cructal to distineguish these ditferent mechanisins operating ar the bonudary from the

satelfite daras T have analvzed o detatl Equator-S and Chaster saretlive datacas o aoal o
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distinenish sicnatures of reconnection inside Kelvin-Helmholtz vortices and compired these

results with NTHD <tidations.
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1.5 Outline of the Thesis

[n this thesiso T oose two=dimenswonal MHD and Hall-ATHD simabations and <atellive data
analvsis methods to investizate plasma triansport associted with Kelvin-Helmholt s modes.
The ity emphasis 1s acquantitative studv of reconnection inside Kelvin-Hehmbioltz vortiees
both tor MHD and Hadl-MHD approximations. T have anadvzed modetal Equaror-s and
Cluster satellite Jdata with the coal to distinenish sienatures of reconnection mside Kelvin-
Heliwholtz vortices and cotmpared these resalts with MHD simulations, T have soudied the
ditferences hetween sicnatures of ux transter events, FTE S and those of reconneetion imside
Kebvin-Helmbolts vornees Understanding the 3-D straetnre of the Earth's macnetosphere
fromn the datie of four sarellites s o challencing and o relanivelv new rasks This thesis
presents examples of how the data from the four Cluster sarellites can be anadvzed. and
how the process of reconnection inside Kelvin-Hehmholez vortices cin beidentified T have
alsordiserssed cround observations associced with Kelvin-Helinholrz modes and estimated
from the stmulation vesalrs what shonbd be o the ropiead tonospherie stenatures dae o the
Ketvin-Helmholtz mstabihiey, The chesis is divided o chaprers inthe followine was:

Chapter 2 ntroduees ninmerieal sianlation codes ssed e this thesis

Chapter 3 presents atwo-dimensional quanticarive NTHD stndation stady of reconnes-
ton and miss transport i KH vortiees depending on naeenetoshiearh aad macnetospherie
plastic properties and disensses the mtluence of resistivity on reconnection process inside
KH vortiees.

lu Chiapter D ctude the Hall-tevmom the sestennr of MHD equations and stadv opaadi
ratively and quantitatively the etfect of the ion inertia term on reconnection mside Kelvin-
Hebimholtz vortices aned plasiiac transport for severad magnetosheath and macnerospheric
plasma and magnetie tield configurations. T oalso study the mthuence of the waveleneth
on the nstability, basie properties of the Hadl-NHD Kelvin-Helinholtz instabiliev, and on
mertia ~cale tarbulence caused by the Hall effect. The Hall-NTHD stmudation resulis are
cotnpared with MHD sunulation results and T diseuss their role o the Earth's magueto-
sphiere.

Cliaprer 5 presents MHD stalacions of the KH instability i a magnetospherie inertial

froune. Mavnetic icld and veloctry perturbations cansed by the KH instability in rhe miaene-
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tosphere are mapped into the wnospliere. T eompare these predicted ionospherie signatures
with radar. optical. and cround observations discussed e liveratiee,

I Chaptrer 6. Eqguator-s satellite divacon NMareh Loth 199 s the dawn side low Laritude
boundary Eiver s analveed and these observations are compared with 2-D MHD sinnla-
tions. 1 determine whether these sionatures are cansed by Hux transter evenrs, FTES
or reconnection inside Kelvin-Helmhottz vortices aned compare tvpical properties of these
prrocesses,

In Chaprer 7 Fanabvze data from the fonr Cluster sarelhites on Jaly Sed 2007 ar the dawn
side macnerospherie Hank. Tillusteare satellite teagectories: boandary normal direcrions sod
de Hotfwan Teller frame velocities in three ditmenstons durtue intervals with recounection
stznatures and current sheet crossines, T studv i detinl plasma aceeleration events observed
by two of the Cluster <atellites and compare this anadvsis with MHD <imalations of the
Kelvin-Helinbiolt 7 instabiliny,

In Last chiapter [ smmmarize the research done o this thesis and diseuss possible future

toples to b stacdiend.
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Chapter 2

Numerical Method

Plasmas are most accenrately deseribed by the evolution of the exact phase space densiny
in the Khmontovich-Dupree equation. which contains exact mteroscopie tields cansed by
cach particle. Salving snch o equation i~ a difticudt task One can detine the plasma
distribion function, fieovaris by averaging over alarge mmber of particies. considering
them as statistically correlated o titne, space. and velocity by thetr mtual interactions
Bawnmohann and Tre wmann, 1997

The Boltzugann equation Fquation 2.1 deseribes the dvnanmeal evobutwm of the dis-
tribution function for species o after the corrections between the fields have been neclected

and correlanions hetween the particles have been ineluded via collisions.

af, Jf. q., of, af,
Mooy e g gy e 2 EXE
ot ar o, i ot

In the collisionless case we can neglect the vight-hand side of Eq. 2.0 and obtain the

Visov equation. There are several tvpes of distribution functions in plasmas but the most
veneral is the Maxwellian distribution. Compnutationally iv is still a0 tine and compurer re-
sources demanding task to try to salve the tine evolution of the exact distribution tunetion.
[t the temporal changes of the plasma system are slow, it is sufficient to know the dvnami-
cal evolution of the macroscopic quantities of the plasmie such as densities. velocities and
temperatures,

We obrain the Huid description of collisionless plasia by taking moment intecrals of
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