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MAGNETIC RECONNECTION IN A NON-MAXWELLIAN NEUTRAL SHEET

I. Introduction

The collisionless tearing mode (Furth, 1962; Pfirsch, 1962; Laval et

al, 1966) nas attracted considerable attention in connection with the
earth's magretotail (Coppi et al, 1966; Schindler, 1966). It was suggested
(Coppi et al, 1966) as a possible mecharism for magretic field reconnection
in the magnetosphere. The tearing mode may also be relevant to the dayside
magrnetopause (e.g., Greenly and Scnnerup, 1981; Quest and Coroniti,
1981). The basic idea i3 that the magretic field enrergy stored in the
magretotall as a result of interaction with the solar wind is released in
other forms of energy via reconrection processes. The cocllisionless
tearing mode i3 a possible instability that allows necessary changes in the

magnetic topology in the absence of resistivity.

The gecmetry mcst c¢ften used to model the magnetotail is the neutral
sheet geometry. The standard analysis {e.g., Laval 2t al, 1366) uses 2
Maxwellian plasma Jdistribution functicn. However, in a collisicnless
plasma such as the magnetotail, the mction of particles parallesl to the
magnetic field is <decoupled frem the perpendicular aotion arnd non-
MaxwWellian fsatures are lixkely tc persist. Laval and Pellat (1363) shcwed
that the collisionless %tearing mode iglg‘) can be strongly modified by weak

2lze¢tron temperature anisotropy, |7 = 1] € p, /8 < 1, where X is the

el e|
Aave vector, 3,, 13 cthe equilibrium magnetic field, o4 i3 the tyrical
alectron Larmor radius, 3 13 the characteriatic hall-widta of tne neutral

3heet, and T and T are the electrcn temperztures asscciated with tn

K

ular and parallel i) 35, respectively.

ic
23) obtained zn approximate 3isgersion relation

with wezkly z2nisotrcpic electrens. The work showed 3 3sutstantial
enhancen of the <earing-mcde growth rate for T’L > Ta‘, consistent Wwitn
<ae result of Laval znd P=llat {13843).

In the wcrk = Forslund ("3hR8), the =2ffscts of 3xis-cressing lon
orh.t3 2xterding  seyond  tae  2lsctren imner  regicon of She order
of 5335)1/2 ere <en o se negligisls (tne cenventiclnal Mtwomregion”

Manuscript approved Marca 14, 1986,
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approximation). Recently, Chen and Paimadesso (1984) hnave shown the
existence of an ion intermediate region with a thickness of the ordcer of

(955)1/2 >> (peé)w2 where the axis-crossing ion orbits make a majer
contribution. Inclusion of the ion intermediate region (the "three-region”

approximation) shows that a given degree of iorn anisotropy (‘I‘i /T > 1)

IS

1)
car increase the growth rate by nearly one order of magnitude over the
result cobtained using the two region approximation. Furthermore, in the
twoc~regicn approximaticn, because %tne lon anisotropy 2ffacts are neglected,

)

a neutral sheet with (1 - T 7/ /= pe/s << 1 i3 completely stable unless

T
el @
unrea’isticaily high degrees of ion anisotropy is inclucded. However, the
three-region treatment shows that only mcdest icn anisctrcpy 1s needed to
destapiiize such a neutral sheet. This I1s of particular interest since any
significant anisotropy in the electron population would ten to be
isctropized or very fast ¢time scales (see, for example, Coppi and
Resenbluth, 1968). The time scale for the ions i3 longer, of the order cof

3 minute, making it more relevant for magnetotail reconnection processes,

The nree-region apprcximation also sncws that a more adequate
treatzent of physically i{nteresting systems containing 3aniscotrepic ilons
uires an accurate treatment of large ion orbits. In the above wcrks,
tne complizcatad equili®rium orbits ard orbit integrils were approximated,
The inablility to treat orhits exactly Zeads -0 2 number of limitations such

as -he z2onstant—v approximation (i.=2., J L3 constant {n the inner region

~

and weak anisotrocy. In addition, 12 anisotropic ion eoffa2cts 4dcminats in

the Lon intermediate r~egion wnile the =2lz2ctrons still deminate in the inner

o

e
nen the or»it3 f2r bHoth species witn disparzte scal2 3izes nust te

region,

treatad accurately. Holidren (1970; carried out full integro-diffsrential
caizulaticns of the tear:ng mcde in 3 {reiativistiz) neutral sheet, in

Lni3 wWork, =the oroits were calzulated numerically and an iterative netihcca

was isec with Ziscrete variables. As 3 resulsi, the numer:.2s reguired were
3ugstant.al., Regently, Chen anc  Lee *335)  Zevelsped  an intagra-

.31 merhcd wWhi2n wreat3 all the 2quilizriluim; orolts 2xactly and

aralytizally for Sotn species.  This method maxkas Lt TcesSsitl2 o remcva2 tne
e’

icova L artatiins and tney Cravizel an 3Courats trestment of 2ighlv neon-
Aax~el_l3in n2utril 3neeft 2lasTmas Wit minimal num=erical  caloulztLon

Inceed, 1T 433 TLunC Tazt tne 2ligenmede sTructure (s onlgnlyo oLscaloca2toat
“ne null plane ani tnat a2 2gnstant-ow agproximaticn L3 not vl fTIr otne
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In this paper, we incorporate the recent results {into a model of
magretic reconnection in the magnetotail. We will first review the
theorsetical results described above pertaining tc the non-Maxwellian
collisionless tearing-mode instability in a neutral sheet.

-

IZ. The Non-Maxwellian Tearing Mode (NMTM)

Consider a neutral sheet whose magnetic field profile is glven

by 3,(z) = Bx(z) X such that Bx(-z) = - Bx(z). The current cdensity is

Q
given by J(z) = Jo(z)z = (c/tm)V x §0 with JO (-2) = JO(:). The equatigns

of metion admit three independent cornstants of motion; H = (1/2)mv_L ,
2
P.=mav + (g/c)A_(2), ard H = (1/2) a v ~ where v e v 2, v 2
¥ y y - | 1 y z
and v = v_. Here A(z) = Ay(z) y is the equilidbrium vector potsntial and

th

-

brium electric field 1is set equal to zero. The tearing

(]
(D o
L
=
b=
[

instabilivy can be described by perturbations of the Jerm
p(x,z,t) = p(z)explixx - iwt) where the wavevector X = kx is parallel <o
the =2quilinsrium magretic fisld. Although not necessary, we will zonsider
serturbations with jw} < B3 and neglect perturbed scalar potential. We

assume charge neutrality %o first crder.

)

Ae z2cnsider a class of equilinria described ny distribution Junctions

¢

T

Y the “ype T, = j<HL’ Py, Hl) where j i3 the species index. YUsing the

~
standar<d netncd of characteristics, the first order 7Tlasov distriduticn

2unction for each species can Se written as

q, oF aFi 3F aF
- . PN { N -~ ’
T,om = ==y * lwq, == S, - ikq, sy - =7 3, {1
s ¢ 3P . qJ g . 7] qg T ol 7 k72!
¥ 1J 1J |
where y 13 tne certurted vector cotertial » = A,  and 5. 13 tne zIrbis
: : 7 v
Lntegril ziven oy
T
- tor P
S =~ = 22" T, (27
b4 e - 7

PRI I O ST PN . -
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The integration i3 carried out along equilibrium orbits. The perturbed

vector potential then satisfies the equation

fa
€
[\¥]
=
E |

_—‘—Y N PR ») g (=
2 P(-U"‘c J1y(u/ O N o

ey
3

where

As a general remark, the full soluticn of the first-order problem zan
be obtained by solving the integro-differentlal equation (3). In the work
cf Torslund (1968}, an approximate cispersion relation for weaxly
aniscircpic electrons was obtained using (two) velocity moments to axgress

tne ortit integral. Essentially the same dispersion relation was osottained

[AS]

- s . oy
oy Chen and Palmacesso ('985) by wmatching the innrer |z < (2p_3)° and

/
ouzer [z > (2p 5 2

o ) 3oluticns which are both analytically accessible.
n this work, the straighi-line orbit approximation (Coppi 2t al., 1966 ;
Cobrowoiny, 1383, wWas used faor %the axis-crossing orhits in the =21lsactren

nmer reglin JIr soth stecies.  3oth aprroacnes, nowever, neglect the fact

tnat tne 3xis-cressing {on corhits extend far teyond the 2l2c¢tron region.
3y ineclucing the axis-~2ressing ion orsits, Zhen and Palmacessc ‘285,
Incwec tne ax.stence of an ion intermed.ate2
regisn, C23e537'2 gz < 12915}1/2, in which the an.sotregLa on

contrizsutisn Zominates. 3y matcning the 3olutisns (. tne tnree regions,
chey founc that, fzr 3 given degree of an:30tropy, the Ircowth rate tasea on
Sne three-ra2glisn 3pproxinatisn 2an 2xceed, v nearly an crder o7

magnltule, tne  Zrowts ratas octained Ty the TwWo-reglon approximation.

Flgure ° 3ummarizes <these results, snowing the Irowth r3tes Sor severzal

73l ies 28 T ’Ti Wit lsotrcples  elsctreons. n particular, Curve
Ll |

17T

3 3

tase.
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In the above works, various approximations were used to treat the
orbit integrals such as the straight-line orbit approximation, constant-y
approximation and expansion in terms of veloecity moments,. These
simplifications constitute severe limitations on the applicability of th
analyses to physically interesting systems. Chen and Lee (1985) developed
an integro-differential equation method which uses all the equilibrium
orhits for both species exactly and analytically. They showed that the

dispersicn relation fer jwj < w_, has the general form

ci

0

- (=)o 4)

FY| ,-<l

where Y = Y/u , with w_. = eB /m ,c B, and K = 6. Here, D is 2a uriversal
ci ci 07 Q

Sunction of T_ /T, T, /T. and T_ /T, . Using the Galerkin metncd, they
21 "ey il iy 2 i
30lved the integro-differential equaticn (2] and obtained the the universal

functicn 2 and the »igenmode structure, Figure 2, reproduced from Chen and

Lee /1385, sncws the 2ispersicn relation for several values of Tel/Tel.

farred wWavelsngih i3 seen %0 Dde reduced significantly although the
neglact of the scalar pctential 2id nct allow the zaccurate determination of
the valle of x for the maximum Irowtna rates.  In this work, bcth species
are 3l.owed n0 De nighly non-Maxwelllan, As 2 result, the instability is
Jeminataed Hv “he electirens. A non-Maxwellian icn populaticn with isotropice
2l2ctreone nas similar dehavior but with smaller enhancement 58 the growth

~3Te. A recent numerical 3simulatisrn study <Ambrosiano et al, 686! closely

w
[t
0
(0]

port3s the tenavior described above.

ZI1. Magnetic Reccnnection in a Nen-Maxwelllian Plasma

Zguaticn ¢ 3ncwa that the type o ncen-Maxwelllan f2atures must te
represgencacla 2y distributicn functicns of the form T o= F(il, “v 2,
3ince tne filrst tWo terms are the usual cte2aring terms. JeFt, 5 is 2
censtant o zeticn indecendent of Hl ard ?,. In the apcve Z.scussion, we
have .ised tn2 case with T = H ., Note <hat it s 2cssibls to ccenstruct a
non-Maxsellizn dissrizution of|:ﬁe form FUE ,?’\, atz. Hcwevar, “nis tuse
of distrioyticons zan only giva rise oo :he.%cr}enzlcral tearing mocde. The
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non-Maxwellian tearing mode, in effect, consists of two parts; the usual
tearing mode and the part driven »y the non-Maxwellian distribdution of
particle energy. The latter process is gererally much strcnger. This
suggests that the NMTM can rearrange the internal particle erergy as well
as the magnetic erergy on a fast time scale (pessiti; as high
as Y -~ w_,). The instability shouic lead to the formation of small scale
islands. The islands <ther should ccalasce rapidly {(Finrn 2and Kaw, 1377,,
which 13 a well documented process (see, for example, Pritchet and Wu,
1979; Bruneil et 21., 1982; Tajima and Sakai,1986). This sceraric is 3lso
supported by the simulaticn results of Aambrosiarno et al. (19867. In
accditicn, these results show that the conversion of magnetic energy to
Kinetic energy takes place faster and mcre efficiently. We ncte that the
abcve process may play a role in "forced reconnection”™ since the driving
forces may preferrentially lincrease the perpendicular temperature, The
nagnitide <f anisotropy and nence the growth rate degends on the strengtn

£y

of tne forcing function.

We row occnsider 3 possitle role the non-Maxwellian ¢tearing mode mav
pi3y in 2 pnysical system such as the magnetdotail., Consider a Maxwellian
eguilidriun neutral sheet. Suppcse the »particle distributicn function
indergces  scme  large—3cale changes Zue L0  cnanges ln the  axternal

rondizions. Thi 22ads %o 21 rearrangement of zartizlz 2arergy. 27 the

3ystem iadmits 2 indepencent invariants of aotion 3s cescrized o tne

tear.ng acce. For typical magretotill Dparameters, the l.near 2-

T.me 23n e rezZuced ¢ 3 small Tracticn of 3 minut2 ZJepending n the nen-

“3axwWe...an T2atures Cher 3and Palmadasso, 384; Then and Lee, 985,

Jussecuently, 3mall s3cale (k8 >» ") iLslands are fsrmed wnizh taen coalesce

~azlilg The ent.re 2r-ocess navy mnanilast itsell s 3 triggering of ni
~ecinnectlin Tollowing 2hanmzes Ln o Znysizal ccondltiIins, It may ailso acpezar ;f
T e 2xT.Iisive Zalsgew an al.,, 3735 T2rasawe, 38, Zoronizi, 1385; o
Ta:ima :n? 3axai, 236, -

- - - . = o - o~ - - -~ - - - -
otermal Tartizle 2nErgy B L2 TEsnertotall L3 Lncortare .ne non
A~ - U, -~ [ - - - - - -y - N - ~na e <=
2XW2_. .30 IL3T0LILTLI0 tnat 13n e feneratad Iy 2xLarnil iningas l27anis
-~ - -~ - ~ o - - -~ - PR - - - - ~ - =~ ~ -
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In the context of a substorm, the substorm may appear to be triggered or

directly driven in response to 3ome changes in the solar wind conditions
with the NMTM providing a mechanism for the "solar wind control". The time
deiay is determined by the fast non-Maxwellian tearing time scales and the
subsequent coalescence of islands. It is interesting to note that there
nas been corsiderable effort to classify substorms in two basic categeries;
storage-unloading of energy and direct-drive by the solar wind (Akasofu,
1981) The above mechanism contains attributes of bpoth types. In this
regard, the differential memory of particle distributions suggested by Chen
and Palmadessc (1986) provides a natural means for the generation of

necessary ncn-Maxwellian distributions.

Finally, it has been suggested (Galeev and Zeleyni, 1976; Lembege and
Pellat, 1982) tnhe magnetic field ccmponrnent normal to the equatorial plare
farn medify +<he tearing mocde properties significantly if the electrons are
nagrnetized, D0ssitly stabilizing +the ion tearing mode (Schindler, 1974),
Jowaver, Coroni:ti [1380) nas pointed out that pitch angle scattering cf
alactrons can effectively demagretize the electrons so that the tearing
moce can 3till se unstable. Recently, Chen and Palmadesso (1985) nave

3nown tnat “She ncrmal ccmponent rencers the single-particle moticn in 3
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juasi-neutirial sheet ncnintegrabls 3¢ that the =2

stad <that <the icnospheric 1nfluences nay 3also
tabilizatizn of the f{czornventicnal) <tearing ncde.

norn-Maxwellian tearing nmcce i3
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