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Large Scale Instabilities and Dynamics

of the Magnetotail Plasina Sheet
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K. Schindler (Ruhr-Universitit Bochum. 1630 Bochum 1. FRG)

Abstract

We review the stability properties of the magnetotail current sheet againat large scale modes in the
framework of ideal MHD. resistive MHD. and collisionless Viasov theory. It appears that the small devia-
tions from a plane sheet pinch (in particular a magnetic field component normal to the sheet) are important
to explain the transition of the tail from a quict stable state to an unstable dynamic state. It is found that
the tail is essentially stable in ideal MHD, but unstable in resistive MID. while both stable and unstable
configuritions are found within collisionless theory. ‘The results favor an interpretation where the onset of
magnetotarl dy namies leading 1o a sudden thinning of the plasma sheet and the ejection of a plasmoid is
caused by the onset of a collisionless instability that either directly leads to the growth of a collisionless
tenring mode or via mieroseopic turbulence to the growth of a resistive mode. The actval onset conditions
are not fully explored yot by rgorous methods. The onset. may be triggered by Jocal conditions as well as

by boundary conditions at the ionoxphere or at the magnetopause (resulting from solur wind conditicns).



1. Introduction

The geotail plasma sheet is certainly the best studied example of a current sheet in space plasmas
Since current sheets, their formation and break up. are usnally considered as of eminent importance for a
variety of dynamic eruptive processes in space a~ well ax n laboratory plasmas, it i worthwhile to study
the stabilivy properues of this best known example in considerable detail. While the general existence of
the tail current sheet is a manifestation of itx overall stabihty. it~ oreasional unstable behavior 1< probably
most clearly demonstrated by the sudden and drastic thinning that occurs close to the onset of a substorm
expansive phase and by the later thickening associated with the onset of substorm recovery (lones. ¢t al..
1984b)  The statisue evidence as well as individual current sheet observations elearly show that the
observed effsets near substorm onset are due 1o thinmng to probabiy less than one-tenth of the average
sheet thickness during quiet times (e g.. Fairfield et al.. 1981. McPherron and Manka. 1983). The timescale
of this pracess is appa-ently not directly related Lo an external change. The thinning and later thickening
is observed at distances from around 15 Rg. covered by the VELA and ISEE satellites. up 1o at least about
35 Ry downtail as covered by the IMP satellites At much larger distances of around 200 Rg as explored
by ISEE 3 the consequences of the near-carth thinning seem o be the passage of a thich plasmod. wiach
1 considered us a severed part of the near carth plasma sheet (Hones of al . 195 13). roughly 20 nunutes

adler subntorm onsel

These observations seem to elearly suggest the existence of o large-senle instalnhiy mvolving s major
portion of the tnl current sheet and posubly related 1o chianges - magnetie topalogy which would allow
for the severance of a part of the plasmia sheet that was~ ongimally msgnetically conneceted with the earth.
In this paper we will review our present hnowledge of the stabaliny properties of the 1l current shieet
concentrnting on large scale modes After a <hort presentation of stabuhity tools in Seetion 2, we will start
i Section 3 wath anstalnhties of a one-dimensional sheet panch beeanse the Gal careent sheet resembles
such a pinch 1o a hoph degrec We will see, however, that i particular the transition from stability 10
instabihity and the dyvpanne chanpes i the nenhinear esalution of the tal cannot be understood withone
tahing the more reabistic tno dimensional (or even threcadimensional) =cometey ita aeconnt This wall he
discussed i Secnon 1T While these i secthions basieally Tollom g clasaeal statabitn analyas diarepandine
boundarsy ellior Secnon will b coneerned swaith modilie atoon s primanly associated with bonadarie bat

wlso with detals af the placma popalation that can posahhy boad o viererimy o enhancoment ol e



graw th of the instabilities.

We would like tu stress that we do not intend to give a complete review of all relevant papers but

rather want to illuminate typical results by selected examples of the literature.

2. Stability Tools

Linear stalnlny properties are usually studied by variational appreaches or by a classical perturbation
method =tudying small perturbations of an equilibrium or quasi-equilibrium. By quasi-equilibrium we
mean configurations that may change slowly (as compared to the growth of the istabilities of interest)
due 10 erther external forees or an imternal process such as diffusion  T'his concept s particularl, useful

within resistive magnetohydrody nanues where the requirement of an exact equlibrinm.
V.E V.(ny) 0

it often toa restricuive (e g.. Barston, 1972)  The nonlincar evolution is maost ofien studied by a numerical
integration of the dynamie equations

We do not want to go into detail about hinear perturbation theory and munerical megration  Both
methods are straightforward in principle, although they may become very trichy in detail., We wenld like,
however, to make a few comment~ abont the existing vanational inethods because they seem 1o shed some
hight on an underlying “frec energy ™ concept and on diflerent stabihzimg effeets due ta certaimn restrictnons
on particle or fuid mation

Variatuional principles have been dernved witlnn the framework of weal MUD (Bernstemn of al . 1958),
resistive MDY (CPisso, 1975), and Viasos theors (Laval of al., 196G Schidler. 196G, Sclindler of al  1972)
With the exeeption of the wdeal NMHD erterion these prineiples are restricted o a spatial dependence en two
coordinates only - bodch Tor the egalibennn and the perturbations We will therefore restriet our disenssion
to this ease heepanr 0 nond chat the derved instabiliny thresholds may be sallicient for instabnhty only

The mteresting fo vure of these sanational proaeiples s that they can all he watten i the form
SR RQ 0 pecesary Tar statiliny (1)

where F517 s cammon for all casee whale 220 1~ ditlerent for the diflerent model bat penerally posating

{Schindler o of 21982 The verme &1 0 the secomd varnation of g fumctonal 77 pinen In
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using a constraint that keeps the function P(A) fixed (for more details zee also Schindler and Birn, 1986).

One finds

. ) Ju' s
prp . ! /[v.-n.;- " ;.’_‘.|,4,{- drd> (%)

.,
where it s assumed that y is the ignorable coordinate expressing the magnetic field by B = VA(z,z) v y.
ignoring also. for simplicity. the magnetie fickl component H,. In Equation (3) we have also used the

equilibrium condition

I o, dP(A)
A N (4)

which can be derived from the first variation of (2). For the explicit form of the additional positive terms
&2Q we refer 1o Schindler ef oL (1983). A dynamic model that keeps the pressure fixed on perturbed field
lines (as identified by the value of A) is the most unstable one. while other coustraints add stabilizing
terms. In the case of ideal MHD this most unstable case corresponds to isobaric variations where the

pressure stays constant in a moving fluid element.

3. Ntability of a I’'lane (One-Dimensional) Current Sheot

The svabiliny of a plane sheet pineh within ideal MID is well known (a proof is given for example by
Schindler e al.. 1952, unfortunately we do not know the first published proof). It is the major reason why
the magnetotail plasma current sheet keeps existing to distances well beyond 200 ;..

Nonideal effeets generally destabibze the eurrent sheet, The linear instability of the plane sheet pineh
hax been first shown within resistive MHD by Furth of al. (1963) and within collisionless Viasov theory
by Furth (1962) and later through variational approaches by Laval of al. (1966) and Schindler (1966),
The most relevam unstable modes, called 1earing modes, are symmetrie with respeet to the symmetry
plane of the sheet pineh. Becanse nomdeal efleets are importam only in o thin laver around the sy ngnetry
plane (where I8 O or at ast kB 0, where ks the wave veetor parallel to the shieet) the modes
ure essentially identieal i restive NMHD and collisionless theory  “They produee localized thinneg and
the prowth of mapnetie wland. with fast flow from the thinning regions mto the islamd regron. This e
iHusteated by Figo 8 showany resulie Tromea resisoine MTHD simntlation by Biskamp (1982)

At this pomt we may alsoctress two mportant stabihity loones valud for hoth the collisonal (e resis
tive) and the collisionless regine Teanine wodes are stable tor b L where Lo the charactersne seale

of the current sheet (delined eop by aovaration of the man magnene hebd component 18, « tanh(. 1)),



and wall stabilization becomes nnportant 1f a ~olid conducting wall 1= present parallel to the sheet a
a distance close to L These condition= mpose certamn minnmmum regquirements on the size of numerical

simulation boxes 1f unstable tearing miodes arc 1o be treated

The mmstabihity of the collisionless sheet pinely was used by Coppi e ol (1966) Lo explain auroral
acuvity  Tae prabiens with this imterpretation. however, s that 1t dees not explain the transiuon from
stability tomstabiliny becausc the one-dimensienal shicet pinelos alway ~ anstable within collisionless Vasoy
theory Onc therefore hiss to look for stabddizimg ellecrs and thar possiblc svercoming. One Line of thoughn
that imvaolves the more rehingd geatnetry of the =heet ichiding o <malt normal magnetic fidd componem
will be diseossed i the following <ection A possible alternatog i2 10 loak for the nonhncar evolution of

the tearmg in<tabihties, <atiration mecharisms and their possible ovorconnmg

The ronlinear growth of resistive tearing me des has been stadied with analy ucal and numerical metk-
ods While shorter warvelergth maodes may saturate at a relatively low level (White 1 al |, 1977) or exhibit
a reduced (algebraie insead of exponential) growth (Rutherford, 1973). larger wavelengths are found o
grow to linne size with magnetic island width< comparable to the sheet thickness (e g Biskamp. 1982 <t

igure 1o Steinalfson and VanlHoven. 19%1)

Nonlinear resulte wathon the callisianiless regnipe scem less certam Numenical similateen= suffer from
the fact that eloetran conmrilagtans arc either seyleaed or are treated within unrealisie paramicter regime-
characterizod by b ebeotron gon moss ranioss a himited sheet thackness of a few clearon Debyve bength

and megranion tmes of Jomdreds of cledrron plasma oselllation times anls

l'\lllg nli.‘||_\l|( estingtes Drahe aned L Hasy) pn-(lul the tran~ition of collisionless Teanng modes
It a " setm=callisaanal  resome cbharae L rezed by clecrron diffucion whers the proswth hocomes slpebras

simlar to the resistive =gt of Kutheefora (1973) Thar appraach licwever. excludes alsa the very lany
warelenpth= A mor <praulgtine Approai b by Galees o1 gl (I'_'T!) |-rr(|i! P the Uriibsidpiedy 1ilis o1h q'\l\Ll\I\l

gromth A ol resal s Tonted from namerce gl sommbatians by Slerasaowa (19%1) copspdermy however

Gy ape partech compecnent whale Wetangme s apd Kovpmore s (19%00) Lave agned andy an aleebarsn pront b

Frome the hincar cined monhin e gr <t babhiny resnlt- Lo plane cne domenswonal corpent <boon Gt s ot alng
v bew the trane o beaan s U stabsde s Lot 1o b e unstabibe b b wcemphi- bl
P'roorpn oy nesh o hesvever be Logsed oon 1l et o b b Tallbavingy <ot whie boane b b

||i| l'”ll 1= ot g vl prea ey sl th. |'--=|.|||



4. Stability of the (2D or 3D) Maguetotail Current Sheet

Although the magnetotail plasma sheet reseinbles a plane current sheet to a good degree of approxima-
tion. the slight diflerences are apparently quite iinportant for its stability properties and dynamic behavior.
These properties are demonstrated by Figure 2 which shows magnetic field lines of a self-consistent equilib-
rium model of the quiet tatl similar ©o those obtained by Birn (1079). The most important difference from
a plane current sheet, as far as stability is concerned. 15 the presence of a magnetic field component 3,
nerpendicular 1o the sheet. which is positive in the center of the sheet and becomes negative in the Jobes
producing closed field lines within the plasina sheet and flaring of the lobes. While the presence of B, ¥ 0
at the center of the plasma sheet has an important stabilizing etiect, as we will discuss below, the change
of the sign of I3, near the plasma sheet lobe boundary is in fact a feature necessary to allow for iestability,
It is the consequence of o general eriterion that a (2-D) plasina configuration is stable. if any Cartesian
magnetic field component can be found which does not change sign within a closed area (Schindler, 1970;
Birn 1 al.. 1975). The presence of B, 7 0 is closely related to variations with r along the tail axis, since
the j, = I, force is typically balunced by o pressure gradient dp/dr.

Other features that involve a y dependence across the tail are a laring of field hines in that direction
also and the plasma sheet thickening towards the tail fanks which is also related to an increase of B, with
Y.

No rigorous ideal MHD stability analysis has been done for such a two- or threesdimensional tail
conlignration.  The numerical MUD simalations of Birn (1980) and Birn and Hones (1981). however,

indicate stability, as in the one-dimensional case.

A stabibity analvsis within resistve NEHD  stmilar to that of Fueth e al. (1963). has been performed by
Janicke (19805 for o two-dimensional (e, rand 2 dependent) quasi-equilibrium, In the wave lenpth regime
L. A- - L. where Loand L, denote the characteristic lenpth seales for variations of the equilibrinm
with z and r. respectively. he Tound no change of the tearing growth rates although the vigenmodes became
adleeted by the presence of B "The nonlinear evolution in the resistive regime wis stidied via numerical
stilation by Birn (1980) o the 2D and Bien anag NHones (1981) 1 the 3D case, The transition from
stabibny to nestabihity wis accamphshed by asadden oceorrenve or merease of resistivity . The growth of
tearine et abilities developed ont of anomal slosc dilbusions These simdations prodaced leavares sueh o

plasing sheet thimming i the near tail the Tormaoon and taitward ejection of o plasimond . whose aze wae



limited in the y-direction, consistent with observations and empirical substorm: models (e.g.. Hones, 1971).
Results from Birn and Hones (1981) are shown in Figures 3 and 4.

While a resistive model may be applicable to the unstable evolution, a discussion of the stability
transition requires collisionless theory. Schindler (1971) first considered the role of the normal component
in a stability analysis of two-dimensional equilibria. He found a transition from stability to instability when
ions became nonadiabatic in the center of tne plasma sheet with a stability criterion involving the product
n. LE"% . Destabilization thus occurs not only by a reduction of 13, but also by a compression of the plasma
sheet (i.e.. a reduction of L), Schindler's analysis. however, neglected the stabilizing effect from electron
contribution to the term ¢7Q in equation (1). A more detailed. yet still not fully rigorous treatment by
Galeev and Zelenyi (1976) confirmed Schindler’s results but also gave a more restricted unstable regime
which required a scale lensth L, below a few times the jon Larmor radius. A rigorous W K B approach in
the wavelength regime L.« - A - - L, predicted general statility (Lembege and Pellat, 1982). Goldstein
and Schindler (1982). however, shewed by numerical evaluation of the full variational integral including all
stabilizing terms. that unstable solutions exist in the regime where A = L,. i.e., for large wavelengths of the
order of tens of carth radii Figure 5, taken from that paper shows that a stability transition exists even in
the regime where electrons are adiabatic. The actual stability properties result from several contributions
o the energy principle (1) ‘Fie verin 82 F is negative for any reasonable plasma sheet configuration which
I8 @ necessary reguirement for uln instability to be possible.  Stabilizing effects that appear in differem
contributions to **@Q) arce due to restrictions of the arcessible phase space for cach particle species and
to clectrostatic potentials resulting from charge separation effects. The configuration is unsable if the
minimum of #*W #2F . 2*Q becomes negative  The finite element repeesentation of trial functions in
the variational integral was ~omew st conrse such that the transition parumeters may not be very accurate.
A more refined analysis. however, ean only expand the unstable region.

The results from numerical particle simalations starting from 2-1D equilibrium (Hamilvon and East-
wood, 1982 Swift. 1982) are not yet conclusive. They suffer not only from the limitations in space and
tite mentioped in the previons seetion, but also from the fact that initial configurations did pot include

the flaring of the iobes wineh is necessary for instabiliny ol a closed system.

5. Refinements

The results disenssed 0 the previous 1no sections were based essentially on the elassical (linear or



nonlinear) stability concept where it. is assnined that perturbations of the equilibrium (or quasi-equilibrium)
vanish at the boundaries of a given box. Since the magnetotail is obviously not enclosed by a solid hox
and it is impossible to treat the infinite problem. it is important to look for refincinents which result
from widening the boundary conditions. Variational principles typically are no longer valid for generalized
boundary conditions. YWe must therefore rely largely on numerical resulis baxed on some ad hoc assumptions

and on more speculative argumenta.

I'wo ways are suggested in which vhe ionosphere might influence the onset and or the growth rate of
a collisionless tearing mode. (1) The stabilizing space charges in the magnetotail could be discharged by
ficld-aligned currents closing through the jonesphere (Goldstein and Schindler. 1978; Swift, 1986). This
would imply a conirol of ionospheric resistivity over the onset of a tail tearing mode and a close relation
of the accurrence of sheets of field-aligned currents with this onset. (21 The presence of heavy ions (e.g..
oxygen of ionuspheric origin) can lower the threshold for the onset of an ion-tearing mode (Baker el al.,
19832). Since O ° jons are pulled out from the ionosphere preferably in the pre-midnight sector, this can be

related 1o an cast-west asymmetry of the occurrence of substorms.

The most importamt role of the solar wind boundary conditions can be ascribed to a growth phase of
magnetospherie substorms (MePherron, 1973). The gradual deformation of the tail (e.g.. stretching and
compression of the plasma sheet resulting from addivion of magnetic flux from the front side magnetosphere
to the tail) cither direetly pushes the tail plasmu sheet beyond a certain stability threshold (ax madeled
within resistive MDD by Sato and Hayashi, 1979, or Ugai, 1980) or brings it into a “metastable” state
(Schindler and Birn. 1986) which might be subject to unstable ion-tearing modes but is stubilized by
clectron effects, A destabilization and the onset of the ion-tearing mode conld then result from ionospherie
discharging or an oceurrence of fluctuations scattering the electrons anywhere along the fiekl hines (Coroniti,
1980). After the onset of a tearing instability the influence of driving fields at the boundary is probably
less important. Computer resulis within resistive NHD show that the major effeet is 1o modily the tearing
Arowth by changing the relevant seales such as plasma sheet width and a typical Alfvén wave travel time
(Birn and Schipdler, 1986)  Comtinnoas driving, however, may also be responsible for repetitive ejection

of plasmuoids (Lee of al.. 1985)

In adddition to boundary elfects. one nupht consider puehfications due 1o local properties of the plasma
\ ! ]

population. Such properties night . of course, also be related 1o boundary effects (o Torimstance the ahove

h



discussed role of heavy ions). We mentioned already that the presence of fluctuations scattering the
pitch angles of electrons. can considerably destabilize (Coroniti, 1980). There are several ways how such
Auctuations could be generated. An obvious way is the onset of micro instabilities not necessarily in the
center of the plasma sheet. An alternative would be the resonant absorption of waves generated, e.g.. near
the magnctopanse (Goertz and Smith, 1936).

Anisotropies of the ion distribution can lead 1o an increased growth rate of the collisionless tearing
mode (Chen ¢l al.. 1986; Ambrosiano ¢f al., 1986). The presence of plasma flow (beams) can also influence
stability and growth rates. Fast beams near the plasma sheet /lobe interface can generate Kelvin-Helmholtz
instability, i.e., ideal MIID surface modes. ‘To produce an effect on the body of the plasma sheet these
mades have to penetrate to the center of the plasma sheet and to interact with the modes from the opposite
surface. Such an interaction seems more likely to lead to an enhanced antisy mmetric flapping mode than o
a sausage type mode, although to our knowledge a rigorous analysis has not been done. There is. however,
a destabilizing effect of the plasma flow on resistive tearing modes (e.g. Paris and Sy, 1983) that scems

algo 1o exist in the collisionless limit (Lakhina and Schindler, 19806).

G. Sununnary amd Discussion

The maost dramatic dynamic behavior of the geomagnetic tail is the sudden thinning in the tail region
from about 15 Ry to more than 30 R distance which is apparently related to effects in the distant ail
identified as plasmoid ejections and also a cause of auroral activity., This. dynamie behavior is mast likely
the result of a large scale instabilitn that may or may not be triggered externally but proceeds on an
intrinsic time scale. Sinee the tail currem sheet is stable within ideal MID, the instability must involve
nonideal effects. e.g.. resistivity or particle inertia effects. Iis appearance should be that of a tearing mode
which involves the formation of magnetic islands (in a more realistie 2-D or 3-1) geometry, however, first
at an advanced stage of the evolution).

Our present himited knowledge of the stability of eurrent sheets allow the following suggestions for the
vransition from <tability 1o large-seale instability, which are discussed in sevoral places in the literature:

In all cases we must assume that during the guiet stave the collisionless tearing instability ix stabilized
by the presence of a suliciently larpe normal magnetie licld component B, or has saturated at a sullicient |y
low level por effeeting the averape larpe scade geometrs, 10 s conceivable that the Tormer haolds i the near

tatl up to the distanee of the sygpested “quasi-steady distant neatral line”™ while the latter is the case



beyond that distance. A destahilization might occur througi one of the following mechanisms which may

be neither exciusive nor complete:

(a) A gradual change of magnetotail conditions (e.g.. stretching or compression as suggested 1o be char-
acteristic of the substorm growth phase: Nel*herron, 1973) leads to the onset of a microinstability which
generates turbulenee and thereby an effective resistivity that allows a large scale resistive tearing maode
to grow as simulated. e.g., by Birn (1980) and Birn and Hones (1981). The problem with this concept
is that an appropriate microinstability has not vet been identified. Current driven instabilities typically
require too narrow a current sheet: the lower hybrid drift instability (Huba ef al.. 1977) can be exited for
thicker sheets, however, near the plasma sheet boundary. It does not penetrate into the center where the
registivity is needed unless the plasma sheet becomes sufficiently thin (of the order of a typical jon Larmor

radius of a few hundred kilometers),

(b) A gradual stretehing of the tail reduces B, until the threshold for a collisienless tearing instability
i~ exceeded, which grows to finite amplitude. Although such a transition i~ shown to exist in principle
(Goldwrein and Sehindler, 1982) it 1s not yet proven rigorousty that the parameters at the transition point

are realistic nor that the growth afier the rransition is fast enough.

(¢} A gradual externally driven process as in (a) and (b) brings the tail current sheet into a stage that
15 unstable to an ion-tearing mode but stabilized by electron effects as discussed in Seetion 4. There are
several possibilities for o destabilization of thes: eleetron elfecta. (1) The stabilizing electrostatic potentials
could be discharged a1 the jonosphere (Goldstein and Sclundler, 1978, Swift, 1956). This process would
closely associate the onset of the unstable evolution with the build-up of sheets of field-aligned currents.
(2) A loading of ficld hines with heavy ors of ionospherie origin could make the onset eriterion for an ion
tearing mode less strinpem (Bake: of ol 1982), (2) A sudden onset of Inetnations leading to piteh angle
seattering, of eleetrons wonld alse destabilize (Coroniti, 1980). In contrast to the resistive mode] (a). this
seattering need not happen vear the center of the plasma sheet but could ocenr any where along @ field
hue, in particndar also near the houndary of the plasma sheet which seems to be more easily subjeet 1o
micromstabihties due o strong, pradients and beanung of particles The fuetuations may also resalt from
the resonant abrorption of an externally penerated vave field (Goertz and Snoth, 1986) mstead of from i

local micromstability.

i)



These possibilities show that the instabilits altho.gh relving on nonideal effects in the center of the
plasma sheet might actually be triggered not only by conditions in the center. but as well by conditions
near the plasma shezt ‘lobe boundary. at the iancsphere. or in the external (magnetopause. magnctoskeath)

region, 1.e.. by the solar wind
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Figure Captjons

Figure 1. Results from a resistive MHD simulation by Biskamp (1982) showing the time evolution of the

magnetic field configuration.

Figure 2. Self-consistent magnetotail equilibrium showing magnetic field lines in the northern dusk sector
of the tail and the width of the plasmaycurrent sheet (hatched region). Length values are normalized
by the scale length L equal wo the characteristic half-thickness of the plasma/current sheet at the near

carth (left) side at local midnight (v 0).

Figure 3. Results from a three-dimensional resistive MHD sinmmlation of magnetotail dyuamies by Birn and
Hones (1981) showing magnetie field lines in the midnight meridian plane. Length values are normalized

as in Figure 2,

Figure 4. Velocity vectors and magnetic neutral lines (dotted lines) in the equatorial plane in the 3-1

computer simulation of Birn and H. nes (1981).

Figure 5. Resulvs from a numerical analysis of tail stability using Vlasov theory by Goldstein and Schindler
(19R2) showing dilferenmt contributions to the energy integral in Equation (1) as a function of the nor-
mahzed eleerron Larmor radius «, (a) the term #2F, normalized wo 1, (b) the sum of (a) and the
on contribution 1o #7Q., (¢) the sum of (b) and the eloctron contribution, and (d) the total sun #*41

incluching also an electrostatie potential term,
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