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ABSTRACT

Observational evidence suggests that magnetospheric substorms may be
associated with the formation of a pair of n-utral points or lines in the
geomagmetic plasma sheet, containing an X-type point (or line) and an
O~type one. While magnetic merging theory has concentrated almost entirely
on X-type neutral configurations (points, lines or sheets), here the role
of O-type configurations is examined, with special attention to three points:
(1) How does the X-0 configuration extend in thfee dimensions? To this end,
anr analytical model of the configuration was derived, useful for visualizing
the geometry and for numerical treatment of plasma flows in it; (2).What
modifications are needed in the MHD condition E’= v X E‘near the'OQtype
line, where it tends to make v grow without limit? By analyzing equations
of motion for charged particles near an O-type neutral line and thelr solu-
tions in limiting cases, it was found that at a certain distance from the
neutfal line the mean particle motion became deccupled from that of magnetic
field lines (which obey thg MHD condition). The decoupling distance depended
on initial conditions in momeﬁtum space, suggesting that the MHD approxima-
tion which averages out such conditions may not suffice for desecribing
plasma dynamics near the neutral line. Similar p:obleﬁs arise with merging
flows near X—t&pe neutral.lines, and although the treatment there is more
difficult and requires more approximationé, it appears that the same qualita-
tive cquélusions apply there as well; and (3) What is the role of O-type
neutral lines in particle acceleration? It was found that after infloﬁing
particles are degqupled from the field line ﬁotion, they go over to'a:mode
of rﬁnaway acéelefation aléng the neutral line. This process is much more

efficient along an O-type line than along an X-type line and it is concluded
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that if merging occurs at an ¥X-0 pair, two particle populations may he
expected -- loﬁ energy particles accelerated adiabatically b§ earthward
conveqtion past the X-type line, dependeht mainly on the total amount of
flux which has been merged, and high-energy pérticles convected towards
the O-type line and undergoing there runaway acceleration. The second
acceleration process depends critically on the fapidity of merging and
is therefére expected to vary considerably from event to event. All
this agrees with observations, and similar vrocesses ma} also be
important in solar flares, where a "Y-type neutral pointf.has been
proposed, which actually represents the limiting form of an X-0

configuration.
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CLASSIFICATICN OF NEUTRAL POINTS

The structure of magnetic field lines near a simple neutral point
was first investigated by Dungey [1953, 19637 who based his work on the
Taylor expansion of the magnetic field B in the vicinity of some given

point P. This expansion begins with

B=B, +r « VB

By + .., (1)

0

where Eo and VBO are computed at the point P and the radius vector r

is drawm from that point. If P is a neutral point then vanishes and

o
along any fi:1d lines passing through P the magnetic field must satisfy

EJ: )Li"r:" (2)

Comparison with (1) shows that Ai must be a real eigenvalue of the
dyadic EFO and that r is aligned with the corresponding eigenvector.
Dungey noted that since 230 may have either 1 or 3 real eigenvalues,
there should exist two main classes of neutral points, having either
1 or 3 field lines passing through them. He named such points 0O-type
and X-type neutral points, respectively, since their expected configura-
tions resembled somewﬁat the letters O and X (Figures 1); )

Dungey's analysis was repeated in a rigorous fashion by Fukao
et al, [1975] who showed that the field 1ine structure of an O-type
point consists in general of a set of spirals rather than of nested
closed curves; howevef, if there exists a neutral line along which
=0, the fiéld_line.structure indeed resembles Figure lb. Their
analysis.cqvered all bossibie configurétions 5nd included thé spécial.

cases of degenerate eigenvalues and eigenvalues which vanish.
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In moét studieé involving neutrél points in space attention has

~ been focused on X~-type neutral points or neutrai lines, or on thei;
limiting forﬁ, neutral sheets, The.main reason for this preference

was that X-type points can always be expected to occur on the boundaries
of differenf topologicni regimes of field lines emanating from two or
more soufces_[§ggg£, 19587, A.prime-example of this is the "open
magnetogphere" modél [Dungey, 19617 where at least two X-type points are
always expected on the boundary between open and closed field lines
(Figure 2a). 1In contrast, no O-type points are required in such a
madel,

A further reason for the interest in X-type neutral points or

lines has been that they form a key ingredient in theories of magnetic merging

field lines originating from different sources and embedded in a plasma

in which the MHD approximation

E.= - v X . _ (3

Lad

is valid [e.g. Vasyliupas, 1975]. Because such a merging process can

transfer magnetic flux from one topological regime to another and over~

_cume the "freezing" of flux to the plasma [e.g. Stern, 1966] it has been

widely believed that merging is'responsible'for solar flares and
_magnetospheric substomms, where magnetic energy appears to be rapidly
converted and where charged'particles.are accelerated to high energies.

' Indeed, ohservations near the midplane of the geomagnetic tail have

shown that while at'gebmagnetically quiet times the north-south magnetic

éohponeﬁt'Bz there is geﬁérally'directed”ndrthﬁérd, as expected for




disturbed dipole field lines, during substorms it may bricfly reverse

to become southward [e.g. Hones, 1975, 1977; Nishida and Hones, 19747,

suggesting the existence of X-type structures,

0-TYPE STRUCTURES IN THE TAIL

Originally it was believed [e.g. Axford et al., 1965 ] that the
neutral point involved in substorms was the nightside X-type point of
the open magnetospheric configuration of Figure 2a. However, more
recent observations suggest that this is not the case -- that while the
magnetospheric tail extends well beyond the moon's orbit (60 RE) before
becoming pinched off, substorm activity originates much closer to earth,
at distances of the order of 10-15 RE'

Thus, if an X-type neutral point is involved in the mechanism of
substorms, it arises in the interior of the tail, in a configuration
resembling Figure 2b [Schindler, 1975; Hones, 1977]. As can be seen,
this configuration also requirés the existence of an O-type neutral
point or line.

' The purpose of this work is to use apalytical models in order to
examine three questions related to such O-type neutral structures
(points or lines):

(1) What is the 3-dimensional form of the. field in Figure 2b?

{2) According to a commonly expressed view, when reconnection eccurs
in an X-type structure in the geomagnetic tail, a certain amount of magnetic -
flux briginating in the nortﬁetn.lobe {(in Figure 2b) fioﬁs through the
structure, mergés with an equal amount of flux from the southern lobe

and then the conmbined field lines convect earthwards, As they con ect,




such field lines become sore diynlﬂ—li?e, reducing the ﬂtressrin the
magnetosphere and releasing magnetic energy.

However, if an G—tfpe line exists as in Figure 2b, aﬁ equal
amount of flux flows iﬁto the "bubble"” surroﬁnding the dutype line,
converges towards the Iine and finally vanishes there. Does such
behavior contradict MHD theory?

(3) Finally, the rolé of an O~type field cuﬁfiguration iﬁ the
acceleration of charged particles is examined. As will be seen, therg
oxist reasons to believe that partiéle acceleratiﬁﬁ can proceed_much
more efficiéntly inside the "Bubble" than in the X-type region.

In what follows, these three questions are aédressed in the order
glven aBové; To simplify the d;;cussion it will be assumed that we are
dgaling wiﬁh D-type iines.simi1ar ﬁo the one shown in Figure lb. .A
more general definition of an O-type line which is snmeti@es used
(e.g. Vasyliiunas L1975],‘p. 304, penultimate parag.) ailows a smail
component of E‘fo persist along the "neutral line" (except at isolated
."neutral poin;s" where B = O): according to Fukao et al., [19753, the
field near that line w0uid then have a small radial component, which
would transform the nested closed field lines in;o spirals. . Such

fields are much more difficult to analyze and we presume that the
components- thus added are small éndzthat the conclusions reached here -
~are stillgqualitatively_éorrect;_

ANALYTICAL MODEL FOR "BUBBLE IN TATL"

The only attempt to describe how the interior X dand 0 lines of
Tigure 2b might be extended to the third dimension was made by Vasyliunas -

[1976, Figure 57u - Vasyliuﬁas suggested that initially théio—type line .
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and the X-type line in the middle of the plasma sheet were topologically
continuous., During a substorm, he proposed, both expanded until they
reéched the flanks of tﬁe tail, at which point the magnetiﬁ linkages
became shuffled, the X-type line wound up connected to the dayside
'bungej" point (Figure.Za) while the O-type line iinked up with the
nightside neutral point, In what follows we shall investigate an
_analytical model of the.initial configuration suggested by Vasyliunas,
which is practically dictated by the over-all topology: the later
developments meﬁtioned above ére much more speculatiﬁe and are not
relevant.to the presént sutdy. o

The analytical model is prbducéd by taking a simple 2-dimensional

model of the tail field

z @

B = (z/1) 'BO ;5_+BO

(BO and i are constant, the x directiou is sunﬁard and z = 0 is the
midplane of the tail) and superimposing upon it a. current ring in the
z = 0 plane, flowing counterclockwise when vieﬁed from z > 0. The aim
here is pure electromagnetic queling.and.no attempt is made to derive
a plasma population which supports such a field in a sélf—consistent
manner,

Jackson [1962 ] has provided formulas for the magnetic field E:
of a circular currept_filamgnt of_radiqs_a, but these_do not suilt the
present purpose, since E: becomes infinite as one approaches the fila-
merit. - What -is required for a realistic model is a ring carrying a

distributed current density varying smoothly enough so that when it is
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added to the ficld (4), Bz in reversed near the middle of the ring but
iﬂzi nowhere becones unreqlistically iarge,

Fortunately, Jackson also glves a simple approximation E‘which
tends to E} at large distances and also near the origin and near thq

—1xis, and which fulfills all the above requirements. That [ield ir

glven (in spherical coordinates r, t,Y) by the vector potential

- ’ 9 ) o
A= hQ r sind (a” + hz + 2ar sinv) 372 (5)
leading to fiell components

(2 2 2" + 5in )

h[ - hﬂ cost ~+§a 42.r ar bln3/2' (€a)
’ {a” + r” + 2ar sinu)

2 2 i

. oy £2a% - 7 4 arp minb)
bfu‘ h‘,} sint - 5 573 {6h)

(a® + r° + 2ar sinu}

The above approximation repfesents a broad curreunt ring producing

fleld lines which enclose the ring r = 2a in the z = 0 plane (although

~at large distances they approximate the field of a filament at r = a).

Tn the z = 0 plane of th@ corresponding cylindvical system (i.e., the
plane u = 7 /2) b2 is southward (i.e. negative) whenever r < 2a and
northward (i.e. posiﬁive) whenever r ;nZa,_hup the magnitude Ibzi is
small everywhere in that plac2 except near the origin (Table 1), so

that when b is added to the field oi equation (4), the reversal region

[l

is small, with a.diamgter of the order of a (while b reverses over a
diameter 4a). 1t is surrounded by true X-type and O-type neutral lines,
since both b of (6) and B of (4) have only =z componepts in the plane

z = (0 and wherever these components cancel the total field vanishes.
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Before calculating and plotting tne combined field it is useful
to trar.form everything into normalized units -- i.e. scale all fleld
intensities In units of By and all distances in units of ;he scale
length L. The configuration then depends on two dimensionless parameters —-

the normalized intensity of the ring current field
€; = b,/B, | (7a)
and the normalized radius of the ring
- ' C, = a/L (7b)

The ranga of these pé:ameters is rather limited. The first para-

meter C1 must be_negative and less than -0.5, otherwise no reversal
of B, occurs, and it is not Jikely to fall below -2, since then the
southward Bz peaks at 3 BO’ whisl* is about the limit of obsérved zouth~
ward fields, Sinee L in the tail is of the order of 1 RE, c, will
approximately equal the diameter of the reversal region in earth radii,
which can be taken to be around 1.

- Figures 3 show results for C, = .1.5, C, = 2. Specifically, they
present projectilons of field lines onto planes of constant y/L (where
y is the dawn~-dusk coordinate), corresponding to y/L = 0, 0.25, 0.5, 0.55 and :
0.75. As can be seen, the neutral lines apprdéch each other as ]y]

- . increases and they vanish at a value of y/L slightly exceeding 0.5.
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The value of BP was also computed; BV/BU was found v
to be rather small, sugpesting that to a rather good approximation
the field lines do not depart far {rom planes of constant y,

Topologically the model contains a distinet region, a "bubbhle"
cantered on the O~type line, In which fleld lines are not connected to
the main geomagnetic field: its shape resembles somewhat that of a
football (American style). Since the detailed analysis of particle
dynamics in this region is difficult, it will be handled in the pext
section for a somewhat simplified zeometry, in which the "bubble" is
straightened out to a cylinder. |

PARTICLE MOTIQON NEAR AN O-TrvE LIKE

As a model. for the magnetic field in the vicinity of an O-type

neutral line we consider a fieid
B=vax Vi " | - (8)

where in cylindrical coordinates (f, ¥, z) the Ruler potentials (., p) -

‘are given by

- g {2 e
- 8y Gyf2=8) 1>, . (9)
and
P =z ' ' (10}

(in the context of the geomagnetic tail it should be noted that the
direction taken here as the z axis Is aligned with the solar magneto-

spheric v axis, s¢ that the system of coordinates used here is not

.10
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aligned with the one used in the preceding section).
=81 - an
while for fq.?o the magnitude of the field decreases in proportion to

f and vanishes along the z axis.

For simplicity, the eca2lculation below asfumes that 1 is always less

than'?a; the external region ¢ > ?0 could have b?gn included, but this

would have only lengthened the calculation without introducing any new
qualitative feature.

Assume now that an electric field

E=E, £ (12)
exists in this region and that the bulk veleocity of the plasma obeys
the MHD condition
E=-ixk (2
Since y and B are orthogonal, v satisfies
_ 2
v < E x BfB (13)

which is the well-known réiatioh for the elect: ic driff velocity. In
the given configuration this v is everyﬁhere.directed inwards, towards
the neutral line, and its magnitude tends to infinity as ¢ = 0 and
B_*'O; Thus the velocity of.magnetic field lines described by (3)
cquergesﬁtowarﬁézthe O-type neg;ral line and its magnitude tepds to

infinity just before those lines vanish into oblivien at §= 0.
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If v is viewed as a field line velocity then such a behavior
creates no difficulties, hecause the motion of magnetic field lines is a
mathematical abstraction and is not physically measurable. On the other
hand, such behavior would not be appropriate for the bulk velocity of the
ambient plasma, which is an observable material velocity.

If the ambient plasma obeys the guiding center approximation at
distances of the order ?O or greater, than far away from the neutral
line the velocity 4 given by (13) will indeed be its bulk velocity, and
the plasma flow there will converge inward with a gradually increasing
veloclity. Near f- 0, however, the puiding center approximation breaks
down and one may expect that the MHD relation (3) is no longer valid.

In what follows it will be shown in more detail how exactly this transi-
tion occurs, how the motion of the plasma becomes decoupled from that of -
magnetic field lines and what the consequences may be.

The approach adopted is a slight geﬁeralization of the one described
by.ggggg [1575] . Under.the conditions described above, the Hamiltonian
for a particle of charge.q and mass ﬁ is |

H= %; [af + pjl 2+ (p, - ac ?2)2} ~qE =z (14)
where (p?, pv, pz) ére caponical momenta conjugate to (f,¥, 2) and

where
© == Byl2 !

Suppose first that E, = O (i.e., no electric field exists), Then

0
p, and pz'are.both constants of the motion, with values which will be

denoted by g and h, and the entire motion reduces to a motion in a one- -

dimensional potential V

12 .
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(15)

= (/om) [g2/¢ ¢ (b - qeddD?] (16)

The potential V depends only on u = ?2, is non-negative and
(except for the singular casé g = 0, which must be tréated'séparafely}
tends towards infinity both as ¢ = 0 and as Q@ — e, Tﬁe'particie is.
thus trapped in a_poteﬁtial well and the bottom of this weli.is located

© at some value ?l'bf e, satisfying
V(g =0 - - an

The partiéle's motion_oééillates in that potertial well around 91’
so that § 1 may be viewed as representing a "generalized guiding center” --
and ipdeed, for low energy particles far away from the.z'axié, it. does -
tend towa;ds ? of the guiding center.

Now let the electric field be included, so that H is given by (14).

The canonical equations of motion then give

p, =q Ej (t -ty | (18a)

= q[Ey(t - £)) - e 7] | - (18b)

The complete motion cannot be solved but in prlnciple one could
derive an approwimate solutlon u51ng the approach of Sonnerug (19717,

._as follpws. The llmit,EO =.0, described_by.(lﬁ} and_(lﬁ},_is one-

dimensional and therefore formally soluable: one can thus (in principle)
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derive for it an adiabatic invariant

.
—
i

‘% pp dff = (Zm)l/2 f;{w - v(§ ))1/2 a9

[

IF

J(W, s, pz) (192)

whore W 1g the constant of energy. If E0 is no longer zero but remaius
relatjvely small, J is still an approximate constant of the motion:

inverting (19a) to the form

P, = £f(I, W, ) (19b)
and substituting (18a) gives then

qQ EO (t - rO) = £(J, W, g) (20)

If J and g are assumed to be conserved, the last relation describes
' fat least implicitly) the variation qf the energy W with timé.
| For particle motion near a neutral sheet,_J was derived explicitely

in terms of elliptic intégrals by Sonnerup [19717 , who then incorporated
the effects of a weak electric.field in the manner described here. For
the present calculation, the analytical form of J is too complicated
and we shail contend ourselves with a semi-qualitative treatment,
stressing the limiting pfuperties of the motion very far frou the line -
z = (0 and very close to it.

We begin by substituting {(18a) into- {14). The Hamiltonian then

still has formally the form (15), with the petential

Ve, oz v = /am) /T Pyt - b)) ~ e 9 T g By z (2D

14
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However, z is now no longer a canoniecal coordinate, sinece P, is gone:
instead, it is parameter evolving hhcnrding to (18) (the canonical

velations for § and ¥ remain the same as before}, For any fixed =z
the dependence of V on § is as before a pdnential well bnttnming at
'?1, répresentiug'a "genufdlizeq guiding center”™., I u = ?2 then By

.l
an |
2,12 2
W/ =K{u) = - a“fu” +2q {Eo(t - tO) —eu] = 0 (223

The difference now is that due to the dependence on t, ?1

gradually shifts, i.e. 3 Pl/ﬁt £ 0. Differentiating.(gg)
2 9,(aQ,/38) (K/du) + K/3t =0 | (23)

from which

3? .- :EO . .
- _ (24)
a0 e - dgie ) -

oy

This result is easily_interpreted.__Far from the z axis, where.
g 1s large, the second term 'm.the denqminatnr is small and may be
peglectud. Ty equations (8) -~ (10}, the first term there is simply
;B._so the flow in this limit is Jirected radially inwards with the
elgctric drift-velocity EO/B: the me:un motion in this region is thus
in accprd with (1) and.(l3)- .

However, at some critical distance
. 2 076 A
= - - 25
A SRTRTS
_{note that ¢ is negative) the two demoninator.terms become equal, while

beyond ‘this distanceé the second term dominates. -The motion is then

15



still inwards (since both terms are negative), but the rate at which
P 1 decreases slows down to a neglipihle value,

What happens to the particles? 1If ?1 is vieved as a "generalized
guiding renter”, the motion can be separated into a mean part and an

oscillating one, and in particular it is possible to write

2 = 224 (50D (26)

0osC

For studying the average properties of the motion in the z direction,
the oscillating part in (18b) may be negleccted, giving after differentia-
tion

m (.é:')wmr ~qE~2q c ?l (o ?1/3t) | @n

For large valués of .?1, by (24), the two terms tend to cancel and
to the lowest approximation no appreciable acceleration takes place. A
more accurate calculation would show that the.particle actﬁally loses
some energy, because in the outer regions the magnetic moment H is
approximately conserved (this conservation may be viewed as the limiting
case of (19a)). As ?1 decreases and the particle moves ihwards, it
enters regions of propressively weaker R‘and if i is preserved, its
energy W .also decreases: however, the electric drift velocity, which
dominates its motion in these regions, does not depend on W, so that
the pafticle's inward progress continues undiminished.

Once ?1 has decreased to the order of ?1 or less, however, the

i

/o

second term in (27) loses importénce and the pafticlé is accelerated almost
freely along the z axis. These two regimes are completel) analogous to
corresponding regions derived by Sonnerup for the vicinity of a neutral

sheet.
i6




The apparent conflict with MHD is thus resolved és'folloﬁs,
Mapgnetic field lines in the O-type configuration flow radially inwards
with a steadily increasing velocity given by (13), and they vanish at
z = 0 like the mythical snake which swallows its own. tail. This |
veloeity however is not physiéally obsefvable since E'in that:regioﬁ
(though not at great'distanéés, where equations (8) - (10) o longer |
hold) is time“in&ependent. | | o
. ' ' Plasma particles which start out by éhafing thé.inward flow of
magnetic field lines decbuple from the magnetic field fiow at'distances.
of the order of Plé’ and ?1é depends, fof.eaqh particle,.on the.iﬁitial
éonditioné (through thé parameter g). .Once the decoupiing has occurfed
the particles are removed frdﬁ thé sﬁene by being fréely accelergted_ﬁy
E along"the mid&le of fhé O-type éonfiguré;ioﬁ; ﬁhich.acts aé_an
aécelerator tﬁbe. | _ |
The next éecfion_ekémines the.extéﬁt to which Fhis kind of

"decoupling" occurs in the neighborﬁood of an X-type neutral line.

* ¥-TYPE NEUTRAL LINES
One of the major problems in merging theory has been that if the
MHD cpndition.is assqmed to hold in the merging plasma

e - o E=-wxz ™
then some modificatiqn must be added to it before it can be applied near
B = 0. Such a modification has been frequently introduced by regarding -

(3) as an approximation to the generalized Ohm's law equation [e.g.
_Vasyliunas, 1975, eq. 1"; 1976, eq. 2; Rich et al., 1976, appendix]

. . and retaining some other terms from this equation neéar the neutral -
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point —-.for ins;ance, the resistive term {with normal or anomalous
resistivity) or inertia terms.

In the preceding section, in connection with merging at an O-type
neutral line, a different approach was adopted -- namely, (3) was
regarded as an approximation to the mean motion of a charged particle
in the plasma., It was then shown that near an O-type neutral line,

(3) breaks down and a different regime of motion takes over, one in
which particles are steadily accelerated, This breakdown cannot be
 easily accommodated by MHD theory, because it occurs at different
distances. for particles which differ by the constant of motion Py
and such particles are not distinguished in MHD theory.

It is natural to ask whether such a calculation can be extended
to X-type neutral lines. Unfortunately, a new difficulty is encountered
here: while the motion near an O-type point in the absence of an
electric field can be reduced to one-dimeﬁsional form (equations 15-16),
the corresponding form for an X-type line remains 2~dimensional
[Stern, 1975] and cannot be integrated analytically. The best one can
do by.analytic methods is to irace the motion of the guiding field line -~
rather than that of the guiding'ceﬁter -- as shown below.

If B is given by Euler potentials as in (8) and cartesian coordiﬁates
(#, ¥, 2) aré used; with the z axis along the heut:al line, one finds |
here

szz - N2Y2 _ - (28a)

154
]

B2z - B " (28b)

18



The field lines (Figure 4) are now a set of hyperbolas sharing

‘the asymptotes
Mx = + Ny N R - 29

which correspohd to @ = 0, and in the absence of electric fields the

"Hémilconian'is

H = (1/2m) (pi + 95) + vV : _ S {30)

- (/) [p, - q0PE - ]2 Gy

The "potential™ V is non-negative, and since p, is a constant of the
motion, V reaches its absolute minimum value zero along.the "guiding-

field line"

a = pz/q = Oy ) | (32)

" At infinity (x = ® or y = =) V also becomes infiﬁite, while at the
origin it reaches a local maximum pi/Zm. Thus particles for which the
(x, y) component ny of the kinetic energy ié sﬁffiéiéntly low, or
which are sufficiently distant from the ofigin, will be ébnfiﬁed.to a
narrow valley centered on a = ao, and hy analogy with the precedxng
section one can state that the partlcle s generalized guiding center
is Iocated somewhere along the'bottom of this valley;.it is not
' possibie to.give théﬁposition mofé predisely,'sincé V is now two~

dimensional.
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Acéualiy, there exist two hyperbold. §aileys along which V vanishes,
1ocated symmetrically on Opposite sides of the origin. When the particle
is far {rom the origin, that valley in which the particle is not located
may be ignored. On the other hand, if the particle comes close to the

origin and if wx is sufficiently large to enable it to cross the pass

_ at the origin (Figure 5), then 4y can no lnnger be regarded as . the

generalized guiding lipe -- 1nstead the particle now oscillates
irregularly in the region surrounding the origin |Russbtidge, 1971, 1977].

Let now an electric field EO é'be added es before. In enalogy with
with (15) and (21) we now have

= (1/2m) (% +0D) +Vex, v, 2, ©) @

(q /2m) [E (t ~ ¢ ) - M + N2y ] -q E z (34)
where z 15 to be :ega;ded as a parameter satisfying_the analog_of (LSb)

o - M+ Wyt (35)

mz=gq [EO(t -t
For any constant z, the bottom of the potential "valley" is along
the hyperbola
rn.:zxz.--:nzy'2 =FE (¢ =-t.) - o . : (36)
This can be regarded as the equation of the guiding field line

Q= % which shifts in time towards incfeaeingly larger values of «

o= Byt~ T an
| ORIGINAL PAGE IS
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-This again reflects the electric drift velocity of the guiding
center, given by (13)., This velocity is known to be a valid field line
veloeity [e.g. Stern, 19667: even if the position of the guiding center
along the field line is not konown, if each particle along the line moves
with velocity (13), the same field line will continue to contain those
particles at all subsequent times, 1If the energy ny of the (%, ¥)

" motion is low, the pa?ticle will oscillate around its guiding field

line and its « at any instant can be expressed as

Q= on (S | (38)

Substituting the last 2.équatidns and (26) in (33) gives

(2) =0 SR (39a)

* aver
and hence, in analogy with the result of the preceding section,

(Z) jver = O (39b)7

In other words {as could_be”egpeeted}'the particle-moves,:on_thE'
average, with 1its electric drift velocity (13) and is not accelerated
" along z. In addition it may also move along its guiding field line
and oscillate across it, and its energ& changes slowly in accordance
with the conservation.of M, but these details are not resolved by the
present approximation.

.. However, if the pérticlé'maﬁagéS'to approach the .origin sufficiently

close so that it crosses over from one valley to the other, all the

préeceding breaks down,  Tts average X and v now oscillate in an -

21



AR T

irregular manner (investigated numerically by Rusgsbridge [1971, 1977 )):
it is nbc clear whether thc'aﬁerage of (M2x2 - Nzyz) is éero, but on

the other hand, as long as the.particle stays near the origin, it

feméins boun&éd and it may be argued that when the averége time |
de;ivative of £35) is computed, its contribution may be neglec;ed.

If this is the cdse'then in the ceﬁtral region.tﬁe particlé agaiﬁ under-
goes, on the average, a steady acceleration (as in the preceding case), _

satisfying

m (%) = q E, (40)

aver 0

Thus there exists a strong suggestion that particle motion near
an X-type neutral line also contains two limiting.regimes-f- an
édiabatié.drift regime far away from the iine, in.the.tegion where the
MHD. condition (3) holds, and a runaway acceleration regime near the
neutral line itself, where (3)rbreaks down., The existence of such
regimes can be shown explicitly for one,particul;r group of parcicles,

namely those with initial conditions
x=0 p =0 )

From Hamilton's equations, if (41) holds at one time, it holds
for all other times as well, i.e. the particles are confined to the
'y axis. 'The fields sensed by them and the equations describing their
motion are then the same as those existing in Sonnerup's null sheet
geometry [Sonnerup, 1971 ], where such limiting regimes can be derived.

analytically from adiabatic invariance..
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There exists, however, one important difference between this case
and the O-type line. With the O-type configuration, every one of the
particles swept inwards in the adiabatic mode ultimately passes into
the second mode and becomes accelerated, unless £ has meanwhile changed.

With the ¥-type line the present treatment does not indicate what
fraction of the particles attains the second mode and becomes accelerated,
since all particles guided by the same field line are handled together,
Each such fleld line passés through the origin at t = ts and at that
time some of the particles associated with it will have passed to the
second mode. Thé point to note is that the fraction of such particles
cannot be.large, because if (13).13 regarded as the bulk velocity in
the first reéjoh, mnsﬁ'trajectories of tﬁis motion will skirt the
viecinity of the origin bf a wide margin and unly.those among them
wﬁich are headed almost directly towards the origin reach the region
of acceleration (individual particie trajectories differ from the
tfajectéries of the bulk motion by the addition of a component vy
parallel fo magnetic field lines, but this does not affect the con-
clusions reached here).

Furthermore, tﬁe duration of sustained acceleration.in the vicinity
of an X-type neutral line may be brief for most particles undergoing
it, because the region in which it occurs has 4 "vﬁlleyS" leading
awvay from @t. Numerical tracking of ﬁrajectorieé:[Russbridge, 1971,
19777 suggests that séonér or later.ﬁarticles enter thesé valleys ;;
and although adiabatic mirrdring will ggnerally drivé them back out.
again, their electric driftzmay meanwhile move theﬁ awéy frbm rme'region

in which (40) holds,.
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The relevant conelusion from all this is that if during substorms
two magnetic neutral lines of different types are created as shown in
Figure 2b, close enough to each other to share the same électric'field,
then far more particles will underge runaway aéceleraﬁiou near the
0-type line, which draws them inand keeps them well conﬁained, than
near the X—type line, |

SUBSTORMS AND FLARES

. What happéns during a magnetic substorm? ‘Obsetvations seen to

indicate [Fairfield and Ness, 1970; Caan et al., 1973] that stretched
tail lines snép back té a more dipolar shape, decreasing.the amount of
strétchéd magnotié flux'threading the cross-secfién of the near-eafth
tail. The exact mecﬁanism and cause of this leap are still a matter
of'contrﬂvérsy, but 1t is widely believed that it is initiated by the
furmatian_of an interior x—ﬁype ngu;rél_point or line as shown in
'Figure 2b, a wiew which will be adopted in what follpws.

The decrease in Ehe stietched mégnetic flﬁx induces an e,m.f, in
the circult consisting of the plasma sheet and the magnetopéuse
(Stern, 1977, sect. 6b ] and this inductive e.m.f. is responsible for
the enhanced electric field E‘generally_aésumed to exist along the
neqfrai lines from déwn to dusk. It should be stressed that é'is a
glébal phenomenon, dug:to.the decreasing magnetic flux in the tail, and

not a local consequence of conditions in the merging region: its energy

is derived from the magnetic energy of the decreasing tail flux and it

is available in its own turn to accelerate and energize tail particles.
. Two simultaneous ques of acceleration may be expected to result

from E. First, there would exist an enhanced convectiqn:of-particles
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streaming earthwards niouﬁd the X~line: most of them will_stay put of
the imﬁediate vicinity éf the X-line, aithough their guiding field lines
will pass through it. The energizztion of these particles will be
moderate and it can be.estimated from adiabatic conservation laws as
being of the order of fhe ratio between the final and initial field
intensities sensed by the convected particles. This process may be
the one responsible for substorm particles in the ring current and the
aurora, although the prﬁperties of such particles may undergo further
modification in the inner magnetosphere by local electric fields with
E".¥ 0.

Secondly, there exists a high energy component (~ 0.5 Mev) detected

in a number of substorms [Roelof et al., 1976, Keath et al., 1976

Hones et al., l976§ Baker and Stone, 1977] and even observed outside

the magnetosphere, It is proposed here that such particles are accelerated

along the O-type line of a configuration such as the one of Figure 2b,

This line probably ocecupies a "bubble" extending only

part of the way across the tail and particles emerging from it become
attached to magnetospherie field lines, which is the mode of motion"
in which the energetic particles are generally observed.

In this connection it should be noted that there exist many
similarities between substorms and >lar flares [e.g. De Feiter, 1975] »
andrthat the radiation from flares suggests that there, too, the |

accelerated particles.can be divided into two populations.occupying

different energy ranges [Bai and Ramaty, 1976]. The convertional
explanation of this is based on a two-stage acceleration process —-
initially particles are accelerated to the lower level and a certain

: | ORIGINAL PAGE IS
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fraction of them are accelerated again. If the present model is
applicable, however, i.e. if flares occur at X-O pairs of neetrnl lines
within bundles of stretched flux emanating from sunspot regions ~-- these
could be two distinet populations, accelerated in distant ways. 1In
this connecticn it may be pointed out that the "Y type neutral line”
proposed by Sturrock [1973] closely resembles the limitiﬁg configuration
of an X-0 pair when both of its components lie very close together,
CONCLUSIQN

The theoretical picture of magnetic merging and particle accelera-
tion in substorms presented above is ihcomplete in many déﬁeils. Not
‘only can particle trajectories near neutral lines be handled ahalyticelly
only in some limiting cases and in an idealized geoﬁetry;'there aiso
exists only a poor’understanding of what ﬁrecedes the substorm -~ of how
the nagnetosphere manages to establish a configuration of plasmas and
‘magnetie fields which can rapidly relax and release energy as soon as.a
pair of neutral points is established but not befcre. |

'We also lack information about the duration of the primary energy
release in substorms (or flares), which is related to the rate at which
magneﬁic flux jumpé back. Stern [1977, sect. 6b ] estimated thaf if the
change associated with a typical substorm occurred over 30 minutes, the
induced e.m. f. would be 40 000 volts' if it takes only one minute,_
ol or 106 volts are generated and the energetic particles observed in the 
0.5 Mev rahge are reedily.ﬁrbdueed e1oqg tﬁe_o-type line, :

in.bractiee; the raee at which.the fluk ehaqges may weli depeﬁd on
circumstances”and vefy from one event to the.neke one.. If the present.

pieture'is correct, such variations will affect only slighﬁly the energy

%
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transfer Lo plasma convected through the X-~type line, for unless the
depth of penetration changes for the convected plasma, the same energy
is provided to the same number of parvticles -- only the time required
for the process dJdiffers. On the other hand, this variation will make
a great difference in acceleration effects along the O-type line,
Substorms -- and perhaps also sélar flares -- which lack a high energy
component might well differ from those which possess it only in the
rate at which they evolve, which might beé slightly slower.

To summarize:

(1) A model has been constructed for the magnetic field configuration
of a combination of X-type and O-type neutral lines in the middle of the
geomagentic tail., The main feature is a "bubble" centergd on the O-type
line, the field lines of which are noﬁ connected to the main geomagnetic
Field.

(2) An nnalyticai model of the motion of charged particles in the
vicinity of an O-type neutral line, with an electric ficld aligned
parallel teo it, has beén éonstructed and analyzed. Using the concept
of a generalized guiding center, it 1s shown that on the average particles
move steadily inwards towafds the O-type line. At large distances their
motion obeys the MHD reiation, but as they pass within some critical
radius the MHD approximation breaks down and particles tend to become_
freely accélerated along the O-type line.

Although the motion of charged parficles cannot be-analyzed as
well in the neighborhood of an X*fype neutral Iine,.it seems that similar
regimes exist there aé well. There is a difference, however, in that

only very few particles can here reach the region of free acceleration,
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ani. ~~afinement in this region is also Jess thorough than it is near
an O-type line. The conclusion is that if particles are icecelerated
across the plasma sheet along a neutral line, this is far more likely
to be the O-type line than the X-type line, It is also concluded that
since nonadiabatic behavior is responsible for the breakdown of the
MHD approximation near an O-type neutral line (and probably near an
X-type line as well), treatment of merging of collision-free plasma
near such lines should not be based on the MHD approximation, even if
eq. (3)315 suppléméﬁted.By'fesistive or inertial terms. |

(3) If a substorm is powered by the inductive e.m.f. penerated
when the tail's magnetic field retutné tn a moté'di§01e~1ike.configﬁﬁa—'
tion by flowing through a pair of X-type and O-type neutral lines
(Figure Zb). then twe distinct mechaniéﬁs'of praticle.aCéeietation may
take place. On the earthward side of the X-type line particles are
modéfagely enefgizéd'bf.coﬁv#étién:.theif finél energy depeﬁds mainly.'
on the depth to which they.penetra:e into the inner magnetosphere, while
the total energy given to them depends mainly on the amount of reconnected
flux. This procéss is nﬁt éritiéaliv affected by the rate.of herging.

In addition, however, particles are also convected towards the

'O-type line and are accelerated there. Such particles can reach high

energies, provided the rate of merging is sufficiently rapid. It is

conjectured that while the first mechanism injects particles into the

.-ring current and aurora, the second one is responsible for the fluxes

of high enerpgy particles recently observed during substorms by Imp

- spacecraft. Similar processes, occurring on stretched field lines above

sunspots, may explain the existence of two populations of energetic particles

- An-solar flares, commonly ascribed to a two-stage acceleratiou process.. -
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Figure la

Figure 1b

Figure 2a

Figure 2b

Figure 3a

Figure 3b

-Figure 3c

Figure 3d
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FIGURE CAPTIONS

Structure of magnetic field lines near an X~type neutral
point.

Structure of magnetic field lines near an 0-type neutral
point. This drawing illustrates a special case, corresponding
to an O-type neutral line along which E‘=-0.

Schematic view of the "open magnetosphere' proposed by
Dungey.

Magnetic merging at a pair of neutral points formed in the
interior of the tail, as proposed by some theories of
magnetic substorms. One of these points has én X-type
econfiguration, the other is of the O-type variety.
Magnetic field lines in the plane y = 0 of a three-
dimensional model of the X-0 configﬁrafion, as described
in the text. Distances are scaled in units.of a, the
characteristic dimension of the current loop, and the
field structure for z < 0 is a mirror image of the one
portrayed here.

Similar lines fbf y = 0.25 (afL). The small component
By is ignored in this graph aﬁd in ;he three that follow
it, so fhat the lines drawn actually describe two-
dimensiénal-préjecﬁions of the magnetic field;

Similar to 3b, but for y = 0.5 (é/L). fhe two néut;al
points are now rather close to each Bﬁh&rr_ “

Similar to Sb, but for y = 0.55 (a/L). Ihe_lowest.fiéld
inteﬁsity (at x ¥ z = 0) is down to.D.OZDQ_BO, but no

neutral points remain anywhere. .




Figure 3e =~- Similar to 3b, but for y = 0.75 (a/L). The shape of the

 Figure 4

Figure 5

-

‘value at the origin) while x is in units of(p,/qM

field lines is only moderately affected by the proximity
of the current ring, but the'field:intensity at the
origin is depressed to 0.3181 BO‘

Schematlic view of field lines'in the x-y plane near a

neutral line. Each line héfe can also be viewed as a

"1ine of constant potential , with V defined by

eqdatinn (31). The two dashed lines are the bottoms

of two "valleys" along which V = 0, for some particular

. -value of p,: the choice of a different value will shift

the ;alleys to a different pair of equipotentiai lines.
Thé vafiation of the poﬁential.v along the line y = 0
in Figure 4, 'nge V.is given in units of ﬁi/Zm (its
2)1/2.
Particles in this potentiai may.be trapped on one side
of the origin or may cross from side to side: these
modes correspond to two hodes of motion distinguished
in the work of Sonneruﬁ [1971j an& also represent two
regimes of mﬁtioﬁ expecﬁéd té exist in the vicinity of

the X-type neutral line,
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TABLE CAPTIOM

Tqble 1 -~ The values of B/b0 for the maguetic field of equations (6),
at various values of the radial distaﬁce r/a in the plane
z = 0, The sqaling of distances is the same as in
Figures 3; fbe field intensities along z = 0 in Figure.Ba
equal 1 - I.S(B/bo), if one identifies x/a there with r/a
in tho table. Tﬁe value B/b0 = =1/256 at rfa = 3 is the

most negative one encountered.



TABLE 1

r/a B/b, r/a B/b,
0 2 0.8 0.114 ;
0.1 1,30 1.0 0.0625 i
0.2 0.87 1.5 0.0128 |
0.3 0.60 2.0 0 {
0.4 1 0.42 2.5 -0.0033 |

0.5 0.30 3.0 -0.0039
§
|
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