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;:j"; NON-MAXWELLIAN FREE-ENERGY GENERATION IN THE MAGNETOTAIL
[:: 3 DUE TO CHAOTIC PARTICLE MOTION

! z. Introduction

Tne motion of charged-particles in the earth's magretotail has been
under extensive investigation for the past %wo decades in order to fully

understand the rproperties of the magnetotail plasmas Irom bdoth the

axperimental and theoretical points of view. A rnumber of specialiczed ‘
aspects of the single-narticle motion have been analyzed using various ;
metnods including approximate analytical methods (Speiser, 1965; Alexeev

and Xropotkin, 1970; Sonnerup, 1971; Stern and Palmadesso, '975; Ccowley,

1973; Pellat and 3Schmidt, 1979) and numerical methods (3Speiser, 1967T;

Zewlay, 1971; Zastwcod, 1972; Swift, 1977; Wagner et al., 1979: Gray and

Lee, 1382; Speiser and Lyons, 1984),

The magnetotail field may »e modeled, in its simplest Zorm, by a

neytral sheet magnetic profile Bo(z)g with Bo(z = Q) = 0 and a superimposed

2omponent 3_2 normal to the piane of the reutral sheet (the so-callead
"suasi-neutral 3sheet" geometry). We use the standard nagnetotail

coordinate system with % in the earthward direction. In the above works,
tne fundamental questicn regarding the integrability of the particie motion
“4as not addressed. However, it has recently been shown (Chen and
23 madesso, 1984a) that the magnetotail-like system is (intrinsically
nornintegraosle due to the presence of the ncrmal coamponent 3,.
Suasequently, Chen and Paimadesso (1985), henceferin referred to as C-2,
have identified varicus phas;e space structures in detail. More

specifically, using She Poincare surface of section methoa, they have shown

o thz% zarticle gotisng  in the magnatotail-like oonfliguraticn 2an e
"‘ 21253if%iad into sthree 2istingt tyctes of ordits oceupring disjoint regicons
38 the shase 3pace; -he bcunded integrabi2 orbdits, unbounded stochastic

Jrnits and unbounded trancient or2its.

o

'_:-:'_Z In studving individual orbdita, a numder of researchers have noted
J.'_. -~ ] L4

I "randconess" in cartain orhits.,  For 2xample, 3Wwift (1977) noted that scme
o . . . .. .

i Zr3i%3 3ap5pe3r S0 randemize in the squatorial plane alter 3 lew crossings.

..
SN

Aagner 2t al,, ('G679) fcund <that certain <crdits exhidbit sensitive
S 3.

Manuscript appreved March 13, 1986.
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dependence on initial conditions. Cray and Lee (1982) noted that the
magnetic aoments for some particles exhibit randomness 3cross  the
2quatorial plare. We now understand that this randcmness i3 a
manifestation of the intrinsic rnonintegrable nature of the system. The
work of Chen and Paimadesso (1984a; 1985) provides 3 systematic and unified
understanding of <the nature and properties of the particle motion
throughout the entire phase space. More recently, Martin (1985) showed
thnat particle motion near an X-point is chaotie. Also, it has long been
knownn (Jdragtc and Finn, 1976) that moticn in the <dipole field is not

integrable

The integrzbility of the particle motion is nct purely of rmathematical
intarest., The existence of distinect classes of ordits has profound effects
on the plasma particle distribution and on the response of the magnetotail
plasmas to external influences, In this regard, the concept of
"qiffarential memery" was introduced bty C-P to describe the property that
particles in the disjoint regicns of the phase space respond to external
inflyences <on differsent Sime scales. This impiies +that a plasma
distributicn function has a natural tendency <0 develop non~Maxwellian
features in response to changes in physical oonditions. In turn, the
distribution and character of the charged-particle ordits can have a
significant impact c<n other dynamical properties of the =agnetatail. OJre
important example is the ecoilisicnless tearing-mode instability (Furth,
1962; 2firsch, 1962; Laval ot al,, 1966) which has long 9een thought 0
play an impertant role in magnetic field reconnection (Coppi 2t al, 1966:

Scnindler, 13966). It has recently been shown that the growth rates of the

collisionless %tearinz instability can be enhanced By up to 2 few orcers of
magnitude due tO the presence of temperature anisotrcpy or Jthner non-
Maxwellian features in the particle distridution (Chen ard ?Palmadesso,
19845; Clnen 2t al., 198%4; Chen 3nd lLee, 1885). Thus, the particls dynamics
plays 2z fundamental role in influencing the magnmetotall Iymamios, A
fundamertal question, =then, i3 whether tihe magnetitail 2arn sustain free-
energy carrying non-Maxwellian f=atures that can 3upport .Large-sca.2
1nstabilities of poterntial relavance to nagnetotail Zynamics, such 3is the
acn~Maxwel.ian col.isioniess tearing mcde.

-

In tnis zaper, we Will 2xamine tne way tne magnet.c flell tipelogy of

A 4uasi-neutril sheet carn generate non-Maxwelllan features In nJiasma

distrizut.sn functions and the attendant free-energy tnat can Irive certain
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onstants of motion means that one can find a canonical transformation to a

Y

rame in <hica the N coordirates are cyclic. The bpresent system (3 an
interesting eoxample of a nonintegrable system whicnh possesses three exact

corstants. For more detailed properties of 2quation (2), see C-P.

-t

In descriding the orbits, the following normalization will de used; o,
53{39’ X (39-2? /msn)/bns. Y = (y + Cx/man)/bns' Z = Z/bns' T = Qnt.
and 4 - #/(a%2%s

"

e a4

properties of the particle motion is to use the Poincare surface of secticn

). A useful technique for displayi:g the long-time
method (see, for example, Lichtenberg and Lieberman, 19383). For _our
furpose, a surface of section plot at 2 = 3 for a3 given value of 3 is
sonstructed by following an ordit by numerical integration and recording
the cocrdinates X and X = dX/dr a% each point where <he orbit c¢rosses the
aquatorial plare. Figure 1{a), reproduced from C-P, shows 3such a :zlot
for ; = 500 ard 5. = 0.1, evaluated at Z = Q. All kinematically allowadlz

R : . . ~ 1/
orhits are ccnfined within the cirele of radius (2H) 2.

The orbits in the regicn marked A are bounded and integrable., There
2xists an additicnal invariant in this 1localized region of the phase
space. This means that the nmotion of an integrable orbdit is constrained te
3 two~dimensional invariant surface wWwhose cross—section through 2 = 2 i3 2
closed curve. However, this additional invariant is not a gichal 1solatin
qonstart and is 10t expressible in closed form in terms of elementary

Sunctions. Mote also that integrable ordits are not necessary adiabatic.

The figure a.30 clearly demonstrates that there i3 a larg2 stochastic
regior, marked 3. The stochastic region i3 disjoint from the integrablie
region A; there i3 no orbit that can connect the two regions. The orsits
in region 3 2are stochastic (n the sense that ordits are sensitively
lepencert on initial conditions, with two neardy ordits Jdiverging raprdly
“4ith time.

ar froo tne =2quatorial plare 2> 8), tae meticn .8

‘)

oy ! o . . - ‘ - - - -
regular. We not2 that TLZ. 2 ¢f Wagner 2t 3l, ("3T9 ecorreszponds I 3

3%ochastiz orbis

The nonintegratla 2rvits may Se thought 3 as forming twe flux w.ites,

<hien are nirror images o eacn other, originating from ard escapling =9

infinity., Trhe regions C1 wnrough % 3re tre I = 0 orcess-sectlions of the
flux %Subes 33 3ney uaread tne equaltyrial p.ane, ALl ordits 3t 1nfiniuy

trat 2an reagn I s 0 are mappes into region 20, Tre orbdita <hen
3uccess3.vely 2aross regions 2 through I35, These regicong, 21 througn 2%,
o)

have inateresting substructures a3 spcwn in Fig. i{
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orbits entering C1, those crossing S!' and T!', enter the stochastic region B
after crossing 35 or 7T5. That is, region B can only be accessed from

'J}

}ﬁ region C5. The remainder of orbits escape to infinity after crossing C5 or
k} Cl just above T4, The latter orbits are referred to as transient orbits dy

c-P. These transient orhits appear to be the type studied by Speiser

v
'3

-

{1367). OQnly orhits of this type are shown in Tigure 1(b), 1In Fig. 2, we

2y
4

‘v--
SRSV AVARES

show a surface of section plot for H = 500 and b,= 3.15. Note that ail the

.

basic fsatures are similar to those ir Fig. 1(a) (b, = 0.1). However, with

a stronger Bn component, a larger fraction of the phase (i.e., the regions
cerresponding to C1 through C5) is cccupied by the flux tube structure and
the trangient ordits therein. This 1s becayse the field lines are
"straighter" fOor larger B, so that the orbits can translate in the =z
direction more easily. {In the limit bn +» =, 311 orbits mcve in the 2z
direction freely.) Similar structures exist i{n the suc;aces of section for
diffarent values of é. In general, as the value of H is reduced, large-
3cale integrable regions bLecome more fragyented and complicated. ror b, =
0.1, iarge integrable regicns vanish for H < 6.2 and essentially ail ordits
are of the stochastis or the transient types. For ¢the parabolic case,
simiiar fe2tures exist. A nore detailed descriptiod of the phase space
structures {or both cases can be found in C-P.
III. Current Distributions

The surface of section plots provide ancther important piece Oof
information., 1t 13 clear that the integrable (regular) orbits in region A
carry 0 net current, On the other hand, the nonintegrable orbits, i.e.,
the transient and stochastic orbits, do carry furrents decause they ccme
from and escape to infinity. For exanple, for H = 500 in the Harris case,
all norintegrable orbits (ilons) enter the equatorial plane through region
C1 (Fig. 1{a)) and escape from C5 and the nearby hashed regions. This

means that r~egardless of &the actual path for different orbits, there 13 2

LIt

net Irift in the +Y direetion in the vicinity of the =2quatcrial

O

"l

rlane (12 € 6). The eleciron motion is, of course, the oppcsite so that

L

the electrorn and ion currerts are acdditive, For the parabolic case in

whicn essentially all nonintegrable ordits are eventually reflected back,

A

o v & 2 4

the orbits still set up a ret drift near the equatsrial plare. 1In this

2,

case, tne return drift is established away from tne 2 = O plane with zero

total 4drift integrated over all Z. Thus, for both the Harris and paraboliz

.
1t

case, the non-integrable ornits form 3 net current in the dawn-to-dusk
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direction near the equatorial plane. Note that Stern and Palmadesso (1975)
showed that particles which are trapped bhetween mirror points exhibit no
net drift across the equatorial plane. Subsequently, Cowley (1973) and
Pellat and Scnhmid:t {1979) generalized <he prcof. From our analysis, we
conclude that the proof is exactly appiicable to the integrable orbits.
The transient and stochastic orbits in the Harris case do carry a net
drift{ because the motion i{s unbounded in the z direction. In the parabolic
field, the proof is still applicabie but there 13 a net drift near the 2 =

J plane as deseribed above,

7. Generation cf Free-Inergy

A prominent f2ature of the particle moticn in the gquasi-neutral sheet
gecmetry i3 the axistence of disjoint regions in the phase space near 7 =
3, =each regicn consisting of orbits of distinct nrature; (1) bScunced
integradle orbits, (2) unbounded 3stochastic ordits and (3) unbounced

ransient orbdits. In effsct, there exist boundary surfaces Setween the
iisjoint regions which do not allow randomizaticn of information or
par%icle 2rnergy hYecause of the phenomenon of 2differential memory {(Chen and
Palmadesso, 1585). If noise flields are introduced to the magnetic field,
“he boundary surfaces will break up and allow "cdiffusion” of orbdits. The
time scale for this process depends on the strength of the noise field and
{3 sicw for low levels of noise. The basic disjointness of the regions and

d:ffarential memory ar2 expected to he insensitive to low-level ncises.

The concept of diffarential memory has 2 number of physicalily

,-

nterestin implicaticns. Suppose tae svstem contains 3 population of
crarged parvticies in thermal aquilibdrium, There must also De 3 steady
supply >f particies in the distant regions to maintain equililtrium, If the

saradeters of tnhe distant plasma distribution are changed, thern the fact

b; “ne orzits are divided into distinct types selonging to 2iscoint regions of
b -
N he pnase 3pace ~eg8ulis (a3 nighly non-=Maxwelllan distr:ibution secause f
o 117f2rential zemory. The resulting non-Maxwellian distridutions may e
r‘ ar.tten in <he fornm FfH,?y) for the nonintegrable regions and F{H ],gW for
;i the intezradle regions where g i3 the additional invariant of mot.icr. The
}}. ex.atence of bdoundary surfaces can thus =23tablisn free-crergy «nicn carn -e
2y
S tagped by sultabie plisma instabilities.
,
e In the ccrntext o0 the 22artn's magnetntail, it 1s htelieved =nat tre
8
& coiilsioniess tearing instabilics; may play an  {aportant role  in
N . '
L
~°,

6

?
¢
b
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reconnection processes. It has recently been shown (Chen and Palmadesso,
1984b; Chen and Lee, 1985) that the growth rate of the collisionless
tearing mode in a non-Maxwellian ~neutral sheet car be substantially
greater, by a3 few orders of magnitude, than in the Maxwellian case. The

gereral form of the distribution functions which can provide the necessary

E’

free-cenergy is ?(H,Py,c) where C s an independent corstant of motion.

Thus, 1if the mnagnetotail whiea is initially in thermal 2quilidrium is
subjected to changes in external conditicns, e.g., the solar wind, pressure
distribution, magretopause, etc., then the magnetic topclogy can develop

cpropriate plasma distributicns tc drive the non-Maxwellian tearing
mode. An {mportant pcint is that the free-energy for tais instability is
the particle energy and that the ccnventional tearing mode aliso oceurs but
on faster time scales. That is, changes in external <conditions can
generate Dby the process of differential memory an additional source of
free-energy in the form of non-Maxwellian distributions.

“e add, however, that the above discussion does not %take into account
the influerces of the normal magnetic field on the instability itself under
certain ‘circumstances (Caleev and Zelenyi, 1976; Lembege and Pellat, 1982;
Coroniti, 1880). This point warrants further consideration and will bde
addressed in a separate paper. Finally, the abeove results and discussicns
are based on 3ingle-particle motion. In order to determine more
quantitatively the nature and asscciated time scales of these processes, it
is necessary to follow an ensembie of particlses. This work is currently

underway.

Acknowladgments

This research was supported by the Naticnal Aercnautics and Space

Administration angd the Office of Naval Research.




it

T

Nk S S Badi S DA IR AN ' St RO Rie_ fia_jie | kha - A e Bia Mia e

‘From
darr

1ntagrsa

I

0CGCO
g.on

re rs

3

«

m

~,
wnen

i3-%/pe

.
oi2

21

olnts.

ARSI RA e b tah ta e i O 0 el St Sl b Bl il Sk

L

S

> Heso0o -~ :
c3
: ez . : : '
i NS
; \< ’ ~a - ’ ’ ‘\' 8 E
o~

LN N R T R 3 N H : E S S O

T g
4 E
;o

: |

- I

ang Pa.macdesso, 1985) Surfzce of section plots for the
field with b, = 0.!' and H = 3C0. {a)Represertative

3
<
3
<
>

cr
w

stochasty: im reglon B.

‘H)Trans.2n sugsLructures Ln

o
[&)
]
(&3
sl
or
[7]

showing tne

. "
~arough C3.

N SN REVRNTRLARS N
R S, S et . B 1 i
RPN O WL By LS TP SV O




AN SRR EREEERERRRERRRRERRNA] jrevreprTey I Trry —!—,ﬂ~|_.—.]J‘—w—lﬂd.d.-lq‘-‘d.—.d pvryr

0 ,

H i
4
v’.
&) 4 .
b O t
S Te) )
. ] i
z i .
’ N
gt et oralrcnc oo v beree oot rr v bonee oo et e ol
[T} (@] L )y in ) (KA} (g8 tn ) i ) w ) wn
[43] m fJ [ ] —1 -t ) .t .t [aY] (AN ] () (L3}
) L] ' 1 ] 1

<

[gR}

and H = 500,

ar

3

The structures are sinmi




ﬂspigquyvgvrvvnv.‘ (ade ate im0 e o s Ao e e fin Ante mano g g ant LR o ARRari ot “aidi afia~aing ui _a N aitahb aite ach ate RV ARGl ANk A A A Al i R i A
v LW T TN TR TR T e SLAPRAN .. .
-

References

—————————

v

Alekseyev, I.I. and A.P. Xropotkin, Interacticn cf energetic particles with
the neutral sheet in the tail 3f the magnetcsphere, Ceomagn. Aercro.,

10, 815, 1973,

Zhen, J. and P.J. Palmadesso, Chacs and Ncrnlinear Dynamics of Single-
Parcicle Ordits in 3 Quasi-rneutral Sheet #ith Normal Field, ECS, 25,

1065, 1984a, .
Chen, J. ard ?. Palmadesso, Tearing iastabiiity i~ an anrnisotropic neutral
sheet, Phys. Fluids, 27, 1198, 1584b.

chen, J. 3and ?. Pa.madesso, J.A. Fedder and J.3. Lyon, rFast coirlisjionlaess

tearing in an anisotropic¢ neutral sheet, GCecphys. Res, Lett. 1%, 12,

Chen, J. and Y.C. Lee, Collisionlass ctaarin insgtahility in a -~on-
Maxwelll neutral sheet: An integro-d:ffarential formulation, ?2hys.
Fluids, 28, 2137, 1985.

Chen, J. and P.J. Palmadesso, Chacs and Nonlinear Dynamics of 3ingle-
Particle OCrhits i{n a Magretotail-like Magretic Field, J. Geophys.
Res., in preas, 1985,

Chen, J., P.J. Palmadesso, and Y.C. Lee, Magnetic Reconnection in a Non-
Maxwellian Neutral Sheet, in these proceedings, 1986.

Coppi, 3., G. Laval, and R, Pellat, Dynamics of the geomagnetic tail, Phys.
Rev. Lettl, 15, 1207, 1966.

Seroniti, F.V., Cn the tearing mode I quasi-neutral sheets, J.
Geophys.?es., 33, 5719, 1980.

Cowley, S.4.H., The adiabatic flow model of a neutral sheet, Zosmic

Zlectrodynamizs, 2, %90, 1971.

Cowley, 3.,4.3., A note on the motion of charged particles in one-
dimensional magnstic current sheets, Planet. Space Sei., 29,539, '379.

Jragt, A.S., zInd J.M, Tinn, Insolutility of trapped particle motion in 3

magnetic dipolz field, J. Zeopnys. Res., 31, 2327, 1975. 1

ZastwWcoe, J.4., Consistency of fieids ana particle motion in the '3pe.ser’

nodel 5f the current sheet, 22ant. Space Sei., 22, '55%, '972

Turtn, H.2., The "qirror .nstadbilicy” for finite particle gyroraciug, Nuc.

ptre-ast

Fusicon 3uppl., 2%, 1, 159, 1562,

Zaieev, AJA., andé w. M. lelenyy,

2aring imstasiiity o siasma

eonfiguration, Sov, ?hys. JITP, 1113, 1975,

10




. v
o e
-

g
1}
s

g [l

»
l.r
[

-
(4

!
[}

~

T

i

I~

L

"-

.
v

"-:‘-.‘::},‘:'.
R

o
sl:.l' -

Gray, P. and L.C. Lee, Particle pitch angle diffusion due to roradiabatic
effects in the piasma sheet, J. Geophys. Res., 87, 7445, 1982.
Laval, G., }. Pellat and M. Vuillemin, Instabilites electromagnetiques des

plasmas sans coollisions, in Plasma Phvsies and Controlled Nuclear

Fusicn Research (International Atomic Energy Agency, 1966), Vol. 2.
Lembege, 3. and R. Pellat, 3tability of a thick two-dimensioral
quasineutral sheet, Phys. Fluids, 25, 1995, 1982.

Lichtenberg, A.J. and M.A. Liebermar, Regular and Stcchastic Motion

(Springer-Verlag, New York,1683).

Martin, R.F., Chaotic particle motion in a magnetic neutral line field,
20S, 26, 1044, 1985.

Pellat, R. 2nd G. Schmidt, Absence of particle drift in magnetic fieids of
translational symmetry, Phys. Fluids, 22, 381, 1979.

Pfirsch, 2., Mikroinstabili:; terr vom 3piegeltyp in irhomogenen Plasmen
(Mirror type instabilities in inhomogeneous plasmas), Z. Naturforsch,
17a, 361, 1962.

Senindler, K., in Proceedings of the Seventh International confarence cn

Phenomena in Iornized GCases (Gradevinska Knjiga, 3Seograd, Yugoslavia,
. 1966), Vol. II, p. 736.
3onnerup, B.U.a.. Adiabatic particle orbits in a magnetic null sheet, J.
Geopnys. Res., 76, 8211, 1971.

Speiser, T.W., Particle trajectories in model current sheets, 1. Analvtical
Soluticns, J. Geophys. Res., 70, 4219, 1965.

Speiser, T.w., Particle trajectories in model <current sheets, 2.
Appiications to auroras using geomagnetic tail model, J. GCeophys.
Res., 72, 3919, 1967.

Speiser, T.W. and L.R. iyons, Comparison of an analytical approximation for
sarticl motion in a current sheet with Dprecise numerical
calculations, J. Geocnys. Res., 89, 147, 1384,

3tern, 5. and ?. Palmadesso, Orift-free magnetiz gzecmetrias in adiapatic

motion, J. Geopnys. Res., 80, d42uu, 1975,

Swift, D., The effect of the neutral sheet on magnetospheric plasma, J.
Geophvs. Res., 32, 1238, 1977.

.

Wagner, J.3., J.R. Kan, and 3.-1. Akasofu, Particle dyramics i{n the plasma

sheet, J. Secphys. Res., 24 391, 1379,

-
—

11




SRR ‘-‘T"-.'uw

il

. *

Balk &

LGRS &



