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MAGNETIC RECONNECTION IN A NON-M.A-XWELLIAN NEUTRAL SHEET

I. Introduction

The collisionless tearing mode (Furth, 1962; ?tirsch, 1962; Laval et

*al. 1966) has attracted considerable attention in connection with the

earth's magnetotail (Coppi et al., 1966; Schindler, 1966). It was suggested

(Coppi et al., 1966) as a possible mechanism for magnetic field reconnection

*in the magnetosphere. The tearing mode may also be relevant to the dayside

* magnetopause (e.g., Greenly and Scnnerup, 1981; Quest and Coroniti,

1981). The basic idea is that the magnetic field energy stored in the

magnetotail as a result of interaction with the solar wind is released in

other forms of' energy via reconnection processes. The collisionless

* tearing mode is a possible instability that allows necessary changes in the -

magnetic topology in the absence of resis3tivity.

The gecmetry most often used to model. the magnetotail is thel neutral

3 heet geometry. The standard analysis (e.g. , Laval et al, 1966) uses a

Maxwellin Plasma distribution function. However, in a COllisiOnles3

pl-asma such as the magnetotail, the motion of particles parallel to the

magnetic field is decoupled from the perpendicular motion and non-

Maxwelli'an features are li:<ely to persist. Laval and ?ellat (1968) showed

that the callisionless tearing mode 'k13 ) can be strongly modified by weak

electron temperature anisotropy, 1I /7 - 1 1 < /6<<I, where k< is the
ej el

wave vector, .3, is the equilibrium magnetic field, ae -s the typical

electron Larmor radius, 3 is the characteristic half-widthn of thte neutral

shteet, and - and a ;re the electron temneratures associated *4'th :1-e

:art~le mtio pr erpendicular and aae to , secvey

Suose-uen.. y, :o'96'8(~) obtained an acoroxim-ate 7olsoe-rsion -'e~a: on

*ditft weai~ly aln13otropic electrcns. -he work sh'no w ed a substant-'al

enh',ancement of the tearing-mode growt- rate for T > T consistent wt

t.-e resul_ of Zava_ and ?ellat "190-5).

7n..........-e work -.f :oslnd (68), th e effects of a:(zs-crosS-_n.g ,on

c-rbi t extendi".ng teyond t -Ie -21-c t rcn inner reg-,:n Df th e orter

of (~1/2 were :a~en t.o ',e negligitl \trne :ne~inl'w-e~

Manuscipt approved March 14.,:986.
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approximation). Recently, Chen and Palmadesso (1984) have shown the

existence of an ion intermediate region with a thickness of the order off

(pis)1/2 >> (p S)112 where the axis-crossing ion orbits make a major
- econtribution. Inclusion of the ion intermediate region (the "three-region" 4

approximation) shows that a given degree of ion anisotropy T /Til > 1)

can increase the growth rate by nearly one order of magnitude over the

result obtained using the two region approximation. Furthermore, in the

two-region approximation, because the ion anisotropy effects are neglected,

a neutral sheet with (I- T /T I IS << 1 is completely stable unless
e1  eI  e

un-realistically high degrees of ion anisotropy is included. However, the

three-region treatment shows that only modest ion anisctropy is needed to

destabilize such a neutral sheet. This is of particular interest since any
significant anisotropy in the electron population would tend to be

isotropized on very fast time scales (see, for example, Coppi and
Resenbluth, 1968). The time scale for the ions is longer, of the order of-

a minute, making it more relevant for magnetotail reconnection processes.

The three-region approximation also shows that a more adequate

treatment of physically interesting systems on+tairing anisotropic Ions

requires an accurate treatment of large ion orbits. In the above works,

the complicated equilibrium orbits and orbit integrais were approximated.

..e inability to treat orbits exact'ly leads to a numter of limitations such

as the 2onstant-u aoroximation (i.e., 1 is constant in the inner region)

and weak anisotropy. I.n additior, if anisotrooic ion effects dcminate in

t.e on intermediate .regorn wnile the electrons still dominate in the inner

-egion, then, the orbits for both stecies 4ith disparate scale sizes must te

treated accurately. Holaren (19'0) carried out -il1 integro-differential

ca!culations of the tearng mode in a nreatreutral ,ee

tnis work, the 3roit.s were calculated nu:erIca-ly and an 4tera-ive metnoc

wias ;sec wi:th iscrete var-ables. As a resu -e, t-e numerizs requ .ret were

sinstant+al. Rc.t.y, Then anc Lee " :evelzoeo a -

.... .........erea .e rm orots exact;..

ana y-.ally 'o-r n species. 7.ns method maKes t :CSS! ':e tO remove :ne

* a ove .um: tat :ns ., tey :rav :e a-. accurate treatment rf -~;rJ. 'on-

" axwe I ..r - e"tra Sreet :a Sm.as mth e r. =l am e..... c a! t n-.
n -e "

tre -- ii P"lane an "hat one oonstant-' apprcx;naoior is not zi: f.r one

* .or.-Maxwe n . -.



In this paper, we incorporate the recent results into a model of

magnetic reconnection in the magnetotail. We will first review the

theoretical results described above pertaining to the non-Maxwellian
collisionless tearing-mode instability in a neutral sheet.

The Non-Maxweillan Tearing Mode(NMTM)

Consider a neutral sheet whose magnetic field profile is given

by 3(z) - B (z) x such that B (-z) = - B (z). The current density is
x:4- x x

given by J(z) J o(z) (c/)V x B with J (-z) - Jo(z). The equations: ie by -~)-J( -(/i) 2 ::
of motion admit three independent constants of motion; H±2 (1/2)mv2 2 2 1P - mVy (q/c)A (z), and H - (1/2) m v where Vl- Vy + V

y y y -II I y -

and v = v . Here A(z) - A (z) y is the equilibrium vector potential and
I -y

the equilibrium electric field is set equal to zero. The tearing

instability car be described by perturbations of the fcrm

p(x,z,t) 4(z)ex;(ikx - iwt) where the wavevector k - kx is parallel to

the equilibrium magnetic field. Although not necessary, we Will consider
-erturbations "witn ll < . and neglect perturbed scalar potential. We

assume charge neutrality to first order.

We consider a class of equilibria described by distribution functions

of the type F j:- , P , H ) where j is the species index. Using the

standard method of characteristics, -he first order 'Ilascv distr:buti.n

f.ction for each species car be written as

q, 3F, 3F. 3F. aF.
Si= ' - ixq. " S - '2q -- -  

-", . I

P ;H j )H ;YJ .J 1J 12

yjy

-,:,.ne cerou,.rtelZ vector =otential I A, 3ant 3. -s tne ortit

:ntegrai 3:Ien Zy

= y:

3 .4



The integration is carried out along equilibrium orbits. The perturbed

vector potential then satisfies the equation

2
d2- k 2+- J (z) 0

c ly

where

SZqj fd 3 V v f

Jly V - J ",:
j

As a general remark, the full solution of the first-order problem car.

be obtained by solving the integro-diffferential equation (3). In the work

of 7orslund (1968), ar approximate dispersion relation for weakly

anisoCropic electrons was obtained using (two) velocity moments to express

the orbit integral. Essentially the same dispersion relation was obtained

y -hen and Palmadesso ,!985) by matching the inner jzi < (2p,5) an

outer (jzi > (2p .)1/ 2 j solutions which are both analytically accessible.
"n this wor*, the straig.h-_.ne orbit approximation ,opp et a!., 966;

:obrowolny, 168' was used for the axis-crossirg orbits in the electron

_nner reg:;n f7r 0ott species. 3oth apcroacnes, however, neglect the 'act

t-at the axis-crossing ion orbits extend far beyond the electron region.

3y :ncl.ucIng the axi5-orossing ion orbi:s, Chen and ?.madessc '8

sncwec the existence of an ion Intermediate
12 r-egion, * 5 - :z < 2o, , in which the a.isotrocic :n

thhceyh
* ccnzrztn.mna . B matcning tne so-utis n e tnree regions,

hey founzo taz, for a g ven Zegree of s-n-sotrocy, the growth rate basec on

the Tree-reg4r. a czrox"mation 2oa. exceed by nearly one order

7aani.ou'e, -.e growth rates octained by - .e two-rei aoroxlmation.

Fimure s'rr.mar-zes these results, s ncw rng Thte r wt. rates for several

-ialies of - " with :sotrolo electros. n particular, Curve*". *-I
- T ." wn', c. ie obtained us'-> t:ne -nree-regL-n acpo Dxiat"iOn

s s:-f:.o=- o~y ogr.er than .urve e wnr. LS --tair.ed The '-c'yeg r:

ap.r cx a :r o-e same ia.-.e 7 7. Ncco That -!e :a:ur.mum-

Y wavelength~s =re r.cns er'az/ snorter for -7Thnr The >snn.-o

case.
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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-,.

approximation and expansion in terms of velocity moments. These

simplifications constitute severe limitations on the applicability of the

aralyses to physically interesting systems. Chen and Lee (1985) developed

an integro-differential equation method which uses all the equilibrium

orbits for both species exactly and analytically. They showed that the

dispersion relation for jW" < Wc has the general form

_e (.4)

k

where = Y/ci wit"h W eB /M c B and k k6. Here, D i.3 a universal
to i 0

functiOn of 7. T. and 7 Using the Galerkin method, theyt e1 ' ej j

3o0Vec the integro-differential equation (3) and obtained the the universal

functior 3 and the .4genmode structure. .. gure 2, reproduced from Chen and

* ee ('985), s*hows the -isoers 3n relation for several values of - 7eI e~

7he preferred wavelength .s seen to be reduced significantly although the

neglect of the scalar :ocentlal lid not allow the accurate determination of

the value orf < for the maxmum growtn rates. 7n this worK, both species

are allowed -o be hognly non-Maxwe!ilan. As a result, the instability is

cminated byv the electrons. A non-Maxwellian ion .ooulaticn, wtn isotropic

eectr,:,n a simllar behavior 'ut with smaller enhancement of the growth

rate. A recent numerical simulation stucy (Amtrosiano et al, '986) closely

supports the benavior lescribed above.

::i. Magnetic Reconnection in a Non-Maxwellian ?asma

:luatin or snows t.at the t7e of ncn-Ma:xellian features must be

re'oresentacle y bistribution functions of t ie form ',. , ,

since tne fIrst two terms are tne usual tearing terms. Here, is a

consaant 3f rot ion i.ndecenent of H and ? 7- the abcve scu5sion, we

tave used t e case wit "  H . Note that t -s .cssib e tozcr.struct a

-Aa-<-,i7 e t, u wever 11*nor.-Xaxwe...a listr _oution of the form FH ,P?,, at_:. - , ..is tvoe

of -st.:uti:ns can ornv give rise to the conven,inal - -earir mode. e

%5



* non-Maxwelliar tearing mode, in effect, cornsists of two parts; the .Sua.

* tearing mode and the part driven loy the non-Maxwellian istribution of

particle energy. -he latter process is generall y much stronger. This

suggests that the NMTM can rearrange the internal particl'e energy as w ell

*as the magnetic, en~ergy :r a fast time scale (possibly as In ,

as Y -f) The instability shou_*O_ lead to the formation of small scale

*Islands. The islands then should coalesce rapidly (71.-T and Kaw, '7,,

*which Is a well documented process (see, for example, ?ritchet and Wu,

1979; Brunei et a!., 1982; Tajima and Sakai,1986). This scenario is also

supported by the simulation results of Ambrosiano et al. (1986).

additio;n, these results, show that the conversion of magnetic energy to

~:nt~cenegy ake plcefaster and more efficiently. We note that the

abOVe process may play a role in "forced reconnectlon" sin1ce the triving

forces may preferrentially increase the perpendicular (temperature. The

magnitide of an'sotropy an~d hence the growth rate depends on. the strength

of tine fOrcing function.

We rnow consl der a possiblie rcle 'te non-Maxwe-lian tearing mode may

*play in a Ohysic al system such as .te magnetotail. Consid er a Maxwellian

eciirimne'Utral sheet. Suppose the oarticle distribtutio,:n foinction

i naergces some large-scale changes ue t o cnanges j, tine external

oon ~io s. 7his3 leads to a rearrangement of par:tiole energy. fth

3's/stern adItZS .4.independent invar4iants of motion as _,e3CrIzed :n tne

:receezi-.; paragraphs, .en the free-energy associated ::t te non-

* Mxwell ar :eatures :car arive t- e V Mh 7nis occurs along ~.tnte _ sua_

tea .';moce. For typioal -mag-etnotail parameters, th-e Iinear e-odn

zin ca. e -9i:cucet toc a small 'ct~on -zf a minite Ioeneding :n the nn

* Iaxwe>' -an featz r9s Then arc ?aIlmaOess-o, -'8; hen and_ Zee, '985';

3sma-"- scale -< slEands aefo-rme r.e c, n coalesce

ra: ~l:. -he ent..re :r:oess may manzfest L 3 elf Zs atrgrngo

r'c:rec!rnl oigoanges --n pnysi.:al o' >:s may alszo acpea=r

ce -ex:;e 'aee, et a.- ~ ; 'rsw, *oci>~~

~~~~e~~ atv r;es ~ ~ t -:-e -OUClr. -f trne 3o~ 1

*a> r ziz tna:z :a.- e eera-,ec Cy -"' Z-23 :eerns

- -'----,,. ne n2 -. e 7 - Z~--, - -*,--..-.
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In the context of a substorm, the substorm may appear to be triggered or

directly driven in response to some changes i.n the solar wind conditions

with the NMTM providing a mechanism for the "solar wind control". The time

delay is determined by the fast non-Maxwellian tearing time scales and the

subsequent coalescence of islands. It is interesting to note that there

has been considerable effort to classify substorms in two basic categories;

storage-unloading of energy and direct-drive by the solar wind (Akasofu,

1981) The above mechanism contains attributes of both types. in this

regard, the differential memory of particle distributions suggested by Chen

and ?almadessc (1986) provides a natural means for the generation of

necessary non-Maxwellian distributions.

Finally, it has been suggested (Galeev and Zeleyni, 1976; Lembege and

Pellat, 1982) the magnetic field component normal to the equatorial plane

can modify the tearing mode properties significantly if the electrons are

magnetized, possitly stabilizing the -.on tearing mode (Schindler, 1974).

However, Coroniti ",980) has pointed out that pitch angle scattering cf

lectron~s can ef'ecti- ely demagnetize the electrons so that the tearing

mode can s:-' te unstable. Recently, then and Paimadesso (1985) have

shown tnat the normal :!cmoonent renders the single-partle motion in a

quas:-neutral sheet ncnintegratle so that the electrons may be only

parta-'y magnetized. -.n addition, goldstein ?.nd Schindler (I1T31, an_4

Swift 79852 have suggested that the ionospheric :nfluences may also

* cntriltute t- the cestabilizati-':n of the n tearing mode.

Thus, trere are strong i.ndications that the non-Maxwe ian tearing mcde is

-izortant fr nagnetoail y-.amics.
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