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ABSTRACT

We have analyzed the energy conversion processes occurring in three dimer-
sional driven recornection. In particular, we studied the energy comersion
processes during localized reconnection in a tail like magnetic corfiguration.
we find that 3D driven reconnection is a powerful energy converter which
transforms magnetic energy into plasma bulk flow and thermal energyv. Three di-
mensional driven reconnection is an even more powerful energy converter than 2
reconnection because in the 3D case plasmas were drawn into the reconnection re-
gion from the sides as well as from the top and bottom. Field aligned currents
are generated by 30 driven reconnection. We have identified the phtysical
mechanism responsible for these currents which flow from the tail toward the
ionosphere on the dawn side of the reconnection region and from the ionosphere
towards the tail on the dusk side. The field aligned currents form as the neu-

tral sheet current is diverted through the slow shocks which form on the outer

edge of the reconnected field lines (outer edge of the plasma sheet).
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1. INTRODUCTION

A magnetospheric substorm is a good example of an explosive energy conver-
sion process in cosmical plasmas. Owver the past two decades, two models of the
substorm have evolved, the unloading model or energy storage and release model
and the driven model. 1In the unloading model, reconnection on the dayside
magnetopause leads to enhanced convection and the storage of magnetic energy in
the magnetotail magnetic field (McPherron et al., 1973; Russell and McPherron,
1973). This leads to thinning of the near earth plasma sheet anc to the
formation of a new neutral line in a localized region in the near-earth (10 ~ 15
RE) plasma sheet (McPherron et al., 1973; Russell and McPherron, 1973; Hones,
1973). This reconnection impulsively releases the stored energy at substorm
onset to power geomagnetic activity. The driven model, too, starts with
magnetic merging on the dayside magnetopause. However, in this model the
magnetosphere responds directly to variations in the external solar wind
conditions (Perreault and Akasofu, 1978; Akasofu, 1979, 1950). In particular,
the energy input rate from the solar wind equals the energy output rate during
the substorm in the driven model.

In this paper, we present a three-dimensional model of tail reconnection
during substorms. OQur primary purpose is to s.udy the energy conversijon
processes occurring In the tail. When we wish to contruct a sound physical
mode]l to explain any naturally occurring phenomenon, it is essential to
understand the fact that the system is energetically "open". To reveal an
energy conversion process, the first step we take is to extract a portion (black
box) out of the causal chain in which the process we are concerned with is
taking place. The black box must be extracted so that there is little feedback
of energy from the output to input during the course of the energy conmversion.

Otherwise, the model, no matter how mathematically sound, is physically
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undcceptable.  If the black box is so small thdt o <.ustuntial part of e
oul put energy returns to the input on the time scale of isterest, then the m
obvivosty includes an interngl inconsistency,  The m o] mist be expdnges ¢

that the outpul enerqgy returning to the inpul can be incluged.  On the other

hand, if the black box is so larqe that severdl separable energy conversijon

processes are included, then the model is acceptable. The global simulation of

the maqnetosphere is an example of such a system ang in principle is the
preferred way lo study the substorm process. However, becduse of the
linitations of the available computers, the model is often so coarse-grainec
that the physical process underlying the energy conversion can be overlooked.
In order to comprehend the physical process, therefore, it is desirable to
divide this black box into self-consistent, smaller boxes.

In a substorm, a substantial part of the energy output is lost in the
ionosphere. The lost energy goes into the heating of neutral atoms and
molecules, so that it is unlikely that the Jost energy qoes back to the
magnctosphere during the course of a substorm. On the other hand, similar
cabstorms dre observed repeatedly. From the repeatability of substorms

~d te existence of definite energy loss in the ionosphere, we ca- corcluce

tnat there must exist a finite energy input to the system, Accordingly., a mugel

schatorn must be constructed to include a proper input and output. From causael-

ity, the input must change the conditions within the black pox in such g way
that g osubstorim is trigaered.

A honve desinned our mode]l to investigate the effecte of convection on (b
1nitiation of tail reconnection, In this driven reconnect ion model,
recoeetion resulls from flow from the lobes tormal ta the neutral sheet (Sat

1970 Inoorder to have sufficient resolulion in the model, we consider only

amall volume around the reconnection region,  The input from the solar wind i«
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determined by the boundary conditions at the top and bottom of the simulaticor

box. The term driven when applied to reconnection does not have the same

meariing as when it is used to describe phenomenological modecls of substorms., As

we will see in this study, driven reconnection is an active energy converter in
which magnetic energy stored in the tail lobes is converted into plasma enerqy.

Thus the driven reconnection model is similar to the unloading model of

substorms.
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11,  GEHERAL REMARKS ON EHERGY COHVERSION

Deriving the energy equations from the ordinary set of resistive magnetc-

hyvdrodynamic (MHD) equations, we obtain

1 2 , ‘
St= - /3oy dS s [ I aBeydv -] Tpoe vdb (1
’\T .
= - e e ds e [ W oe yov « [ ndidy (2)
5 £ x B
A L J=_=+dS-[IxB . vd - [ ndav (3)
ot Ho - = hud -
where K= | %-pvzdv (kinetic energy) (41
r (5)
T = f-?TT dv (thermal energy)
BZ
W= [ 5—dv (magnetic energy) (6)
2u,
and dS is the surface element vector and dV is the volume element. In (1)-(6),

¢ is the mass density, v is the velocity, 3 is the current density, B is the

magnetic field, p is the pressure, y is the polytropic index, r is the resistisv-

ity, and £ is the electric field.

These equations give us all the necessary information about the macroscopic

energy conversion in a black box. The left-hand sides of (1)-(3) represent the

changes in the total kinetic, thermal and magnetic energies in the black box.

The first terms on the right represent the output and input powers of the black

box. As described in the introduction, the input power is essential in the

present model since il is responsible for the change in the initial equilibrium

confiyuration which triggers an energy conversion process in the black box. The
outpul power provides a key to the energy conversion process because we are

interested in how much energy is ejected from the black box as a consequence of

the conversion,
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The last two terms on the right-hand sides of (1)-(3) represent the mutual
energy exchanges among the kinetic, thermal and magnetic energies inside the
black box. They can give us information about the efficiency of the energy
conversion process. They can be used to answer questions such as how quickly

N the magnetic energy is converted into kinetic energy. As a consequence of this
internal conversion, the internal energy is ejected out of the black box. The
ejected (output) energy can in turn be an input energy for the succeeding event
in the external causal chain. For instance in the magnetospheric substorm, this
succeeding event can be the excitation of auroras.

A diagram of energy conversion processes is shown in Figure 1.




I1T. EXNTERHALLY DRIVEN RECONNECTION

In the reconnection process the energy source to be released is the maqnet -

]
|
!
]
:
\
l
I
)
)
ic energy. In the magnetotail, the magnetic energy consists of two components,
One js the dipole field and the other is the field produced by the diamagnetic
| current flowing in the plasma sheet. The dipole field is a potential field and
J
F cannot be released at all. The only free energy is the magnetic energy stored
!
)

in the diamagnetic currents which deform the dipole to form the tail. Thus an

i external energy agent such as the solar wind which deforms the magnetosphere

F must play a leading role in triggering reconnection in the plasma sheet.

! It would be natural, therefore, to presume that the solar wind intruding
into the magnetosphere through dayside reconnection could drive reconnection in

the magnetotail. The intruding solar wind effects the tail in two ways. First,

. Mug TS W

the magnetic free energy is stored in the plasma sheet. This is manifested as a
plasma sheet thinning. Second, the invading plasma triggers reconnection by

compr:2ssing the plasma sheet. To approximate this process, we developed the

Yo r17 %

driven reconnection mode! [Hayashi and Sato, 1976; Sato et al., 1378; Sato and

Hayvashi, 1979: Sato, 1979; Sato et al., 1983].
Indeed, this idea that reconnection would occur somewhere in the magneto-
tail has been demonstrated by global simulations of the solar wind-magnetosphere

interaction [Leboeuf et al., 1981; Brechl et al., 1953; Wu, 1983].
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IV, dudb rICAL MODEL I

The numerical model has been described previously [Sate et al., 19-3: Sato

and Hayashi, 1982]. Here we wil) summarize it briefly for convenience. We

.

TS MY WY W W

started with a very simple equilibrium configuration. The magnetic field and

plasma configurations we used are

Blx,y,2z) = (Bytanh(z/L),0,0)

LRI

clx,y,2) (eI

T(x,y,z) = Tgsech?(z/L)

where B is the magnetic field, p is the mass density, T is the temperature, H,.
ogs T are constants and L is the half-width of the neutral sheet in the 2
{north-south) direction.

We assumed that reconnection is triggered by a non-uniform compression of
the plasma sheet. In order to compress the plasma sheet, we injected a
magnetized plasma through the north and south boundary planes (z = *+ L,) of the

simulation box. Initially, the incoming mass flow pattern was such that

_A
DVZ(Z = * LZ) .} (1 + cos l,-(-)(‘\ + COS l'Y-)
4 Ly Ly
where v, is the z-component of the velocity, Ly Ly, L, are the dimensions of

the simulation box and Ao is 3 constant. PV and pv,, were initially set to

y

2ero. Later they were adjusted so that the mass flow vector was alwavs perpen-

.
b
-
g
¢
3
i

dicular to ¥ at the boundary. The other boundaries (x = * L, and y - Ly) were

T T W .

open boundaries through which plasmas can freely enter or exit. We reduced the

ptysical domain of the simulation box by assuming symmetry (or anti-syvmmetry
when appropriate) aboul the equator (z=0), the noon-midnight meridian (y=Q) and
the neutral line (x=0). We have adopted the resistivity (n) model [Sato, 1979)

n = o(\D- V(.)2 for Vp ? Ve

13
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where Vp is the diamagnetic drift velocity and a and V. are constants. \p =
J/ne where J is the neutral sheet current, n is the plasma density and e is the

electron charge.

The simulation system was a rectangular box with dimension L,=3L, L)=5L and :

P oPARAWREREALS W LA L

L, = 2L. This was implemented on a 41 x 40 x 51 point grid.

.- A

In the actual calculations, all variables were normalized to the following

8
parameters: L, Length; V, = ?Ir€§—71/2, velocity; B, magnetic field; pgy, mass
ofo

density; Bg/ugl, current; BOZ/Zuo, pressure; Boz/uo, energy; yolVa, resistivity;

el TR

-
*

and B,Vp, electric field. In the computer run presented here we set A =.2, a=

0.02 and V=3 while By, T, Po and Vp were all normalized to 1.
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Voo HUMERTCAL RESULTS

1o the 20 model, only the compressional magnetohydrodyndamic modes, the fast
and <low modes, can be taken into account, but the shear Alfivén mode cannot.
Consequently, no field aligned currents can be modeled because it is the Alfvén
wave that can carry the field aligned current. In order to model field aligned
currents, a 30 model is necessary.

That field aligned currents can be generated by 3D externally driven
reconnection has been demonstrated by Sato et al. {1983). Starting with the MHD
momeritum equation, the continuity of current, mass continuity and the MHD

approximation, the field aligned currents in the magnetosphere can be calculated

by solving

B g—(:i) -2 J,e VB - J; SN, co 9_(81) - e e (b & (2,27, )v] (7)
¢s B B~ In'N dat'B 1 v vy
with
8=V x M
1 = JIp * Jin
and
Jp = cB x wp/B?
gln—CBi(%Z%%)

where 3, and 3| are the parallel and perpendicular current densities, B is the
magnetic field, p is the mass density, @ is the parallel component of o the
vorticity, g is the perpendicular component of @, J j, is the inertia current,
N is the density, P is the pressure and v is the velocily (Hasegawa and Sato,
19792; Sato and lijima, 1979: Vasyliunas, 1994). The partial derivative on the
left hand side of equation (7) is along B. Sato (1982) has arqued that the
inertia current term is negligible and that the agent of the ficld aligned

current must be the J; « 9B term in equation (7). The diagram showing his pre-

diction is reproduced in Figure 2.




He drgued thal as reconnection occurs in g locaeiized region of the tail,
two slow shocks will form into which the cross tail current will be diverted.
I aatition., B will increase at the slow shocks due tu tre pile up of fielc

lines which are driven towards the neutral sheet. Thus, 3, - VB > 0 in the dawn -

sector and J; « VB < 0 in the dusk sector. The resulting field aligned currents

o & §F SSRNERETTNETREOTE W T

are directed from the tail towards the ionosphere on the dawn side and outward
' from the jonosphere towards the tail at dusk.
In this paper, we will use the simulation results to verify this predic-

tiorn. Contours of the generated field aligned current intensity in two y-z

s @ ¢ + B F TEEEEESWT s

cross sections (x=2.25L and x=3.0L) are shown in Figures 3 and 4. For reference
reconnection occurs at x=0. Two pairs of field aligned currents are generaled:
one is in the northern hemisphere (z>0) and the other is in the southern hemis-
phere (z<0). On the dawn side (y<0), the field aligned current flows from the
magnet osphere towards the ionosphere, while on the dusk side it flows from the
fonosphere towards the magnetosphere as predicted by the model. Two additional
features should be noted in these figures. First, the field aligned current
density is as large as the initial neutral sheet current density in a smail re-
gion. This indicates that locally the neutral sheet currenmt is almost complete-

Iv interrupted. Secondly, the peak positions of the field aligned currents

expand in the z-direction as the observation point moves along the x-axis dway

from the x line. This suggests that the field aligned current is generated at

L

the slow shock layer [Sato et al., 1983].

In order to prove that the field aligned current originstes from the ). .
‘Boterm, we have plotted the neutral sheet current J; superimposed on the con- "
tours of the magnitude of the magnetic field B in Figure 5. If we examine the i

current distribution with cdare we find that the current densily arrows in the

equatorial plane (2=0) vanish at the edges of the reconnection region.
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Furthermore, the divergence of the currents occurs across the B contours. In
Figure 6 where we have overlapped Figures 4 and 5, we can clearly see that the
. cotours of the field aligned current density coincide with the divergence of

the neutral sheet current. The field aligned currents occur where Jy - "B =#0

as predicted by Sato's model. Note that the field aligned current density is

very small (J, < .02) in the equatorial plane in the region where the cross tail

3 current reverses direction. The field aligned currents are limited to the

‘ region of the slow shocks.

E We also have investigated the contributions to J, from the terms in (7)

E wiich are proportional to the vorticity, Q. The parallel vorticity term gives a
field aligned current which is opposite to that observed. Therefore, term (3)

E is not important for generating these currents. Both terms involving the

? perpendicular vorticity are appoximately zero and are much smaller than the
first term. Thus we can conclude that the field aligned currents are generated

A

b by the 3, « VB term.

E In equilibrium the pressure contours are paralle! to the magnetic field

,. intensity contours. This means that the diamagnetic current, which is

'5 perpendicular to Vp, must flow along an equi- B contour in an equilibrium.

. Trus, the field aligned current generation is due to the non-equilibrium
magnetic field configuration caused by externally driven reconnection.

- Generation of Super-Magnetosonic Flow

‘5 As noted above, externally driven reconnection produces slow shocks in

" ' which high-speed plasma flows are found [Sato, 1979]. In the 2D simulation, the

: flows, redached the Alfvén velocity. The 30 simulation confirms a very similar
behavior of plasma flow at least in the noon-midnight meridian plane [see [igure

N 2 of Sato et al., 1983]. In 3D, the plasma flow can become super-magnetosonic. b

? In Figure 7, we have plotted the flow speed distribution (v,) along the x-axis.

2
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The curve Vg represents the distribution of the fast magnetosonic speed. Tt
plasma flow is almost linearly accelerated along the x-axis from the recornec-
tion region (x=0) up to about x=1. Since the velocity js normalized by the ini-
tial Alfven speed in the upstream region, we see that the speed well exceeds the
Alfvén speed beyond x > 1. The flow speed exceeds the local fast magnetosonic
speed (Vf) beyond a certain point (x > xg) and the local magnetosonic Mach

number (V,/Vp) reaches approximately 2. The local Mach number of the flow

s w o o & 4 & RANSETe W W w R W T

increases monotonically with distance beyond x.. However, the absolute flow
speed reaches a maximum at the super-magnetosonic point (x=xg) and thern
decreases. This implies that some deceleration mechanism is operating beyond
that point. The neutral sheet current density (Jy) distribution is plotted
along the x-axis in Figure 8. For x > 2, the current reverses direction (see
also Figure 5 of Sato et al., (1963)). Since the reconnected field has a
positive (northward) z-component in the positive x region, the J x B force
points towards the x-point in the reversed current region and the plasma is
decelerated in this region. This caused the velocity decrease in fFiqure 7.
Sato et al. (19583), examined the currents in the equatorial plane and found a
large current vortex between the reconnection region and the region of recornnec-

ted field lines. The current pattern in fFigure 7 is along the symmetry axis of

this vortex.

Let us now examine the corresponding distributions for the pressure (P) and

|
.
\
!
:

the reconnected field B,. There are two very important features in Figure 9.
First, the reconnected field increases linearly with distance for x < xp - This
is a clear indication of the diffusion region predicted by the steady reconnec-
tion theory [Petschek, 1964; Vasyliunas, 1975]. Note that the plasma is almost
linearly accelerated as a function of x in this region (see Figure 7). The

theory further predicts that beyond the diffusion region both the reconnected
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field and the pressure stould be constanl in g region called Ui "wane' regian,

Such a plateau region is observed in the simulation for xp TN X Most

<
surprisingly, however, is a large, sharp decrease in the prossare profile at s
xg. This is the point where the local magnetosonic Mach number €xceeds one
(see, Figure 7). A close examination of the B, profile reveals that when the
sharp arop in the pressure occurs, B, also starts decreasing. Recall that the
flow velocity decreases for x > xg (Figure 7). The steep decrease in pressure
suggests that this may be a fast shock propagating in the positive x direction,
However, there are difficulties with this interpretation. The density, which we
would expect to decrease if this is a shock, increases (py,_,g/ey-p = .59). In
addition, although the magnetic field decreases as we would expect, the decrease

is very small (B,_,¢/By_> = 1.03).

tnergy Conversion

In this section, we examine the energetics of 3D driven reconnection. Let
as first examine the relationships between the input and output powers which are
aiven by the first terms on the right-hand side of (1)-(3). Since there are
three independent boundary planes, the output boundary (y-z), the side boundary
(x-z) and the input boundary (x-y), we have 9 input and output power values to
consider. These 9 values are plotted as a function of time in Figure 10. The
three curves with the first three numbers, 1, 2 and 3, correspond to the kinetic
energy. The three curves with the second three numbers, 4, 5 and 6, correspond
to the thermal energy. The remaining three curves, 7, 5§ and Y, correspond to
the magnetic energy. The smallest number in each group, 1, & or 7, represents
the outpat power through the output boundary. The middle oumber in ecach qroup,
Sy 5 or 8, represeants the output power throggh the side boundary.  The last

number, 3, 6 or 9, represents the inputl power through the input boundary.
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A pusitive value for output power indicdates that energy flows out through the
boundary, while a negative value indicates that energy flows in. A positive
value for the input power represents energy flow into the simulation region and
a negalive value represents outflow. From the input curves, 3, 6 and 9, we
notice that most of the input power is carried by the magnetic field. This may
well represent the actual magnetotail where the energy is accumulated predomi-
nantly in terms of the magnetic energy.

The input powers in 3, 6 and 9, stimulate reconnection and energy conver-
sion in the black box. The resulting output kinetic, thermal and magnetic
powers are shown by 1, 4 and 7. Since the induced super-magnetosonic flow is
limited to the region within the two slow shock layers (i.e. the model plasma
sheet ), where the thermal energy is predominant, the dominant output power is
the thermal power. The first rise in the thermal power (4) (0 NS B1p) is
caused by the convection system set up in the black box from the input boundary.
The second enhancement in the outputl power starting at T ~ 514 is induced by
reconnection. Coincident with this second rise in the thermal power, the kine-
tic power is greatly increased. In contrast, the change in the output magnetic
power is nol so remarkable. Since the output power caused by reconnection is
Jimited fo the slow shock regions, the calculation of the output power for this
discussion also should be limited to the slow shock region. However, this does
not change our conclusions since over 80% of the output power is within the s]low
shocks. Clearly, the total output power caused by reconnection exceeds the
total input power. Thus, the energy comversion process occurring in the hlack
box is an active process, not a simple pumping process induced by the input
flow. Now let's look at the energy outputs through the side boundary, 2, S and
5. There is> very little kinetic energy input or output (2). However, some

power is pumped out of the black box through the side boundary early in the
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simulation bhefore reconncetion has begun.,  During the recoraection stage, he
power through the side boundary becomes negative. This means that the side
bounddry hes become an energy source during reconnectior. To clarify this we
present the flow pattern in the y-z plane at x=0 (T=14.6) in Figure 1. Recorn-
nection is occurring in the center of the fiqure. It is evident that plasma is
beina sucked into the reconnection region. This qgives additional strong evi-
dence that externally driven reconnection is o powerful energy conmverter, I
the previous 2D simulations, no suct phenomenon was allowed. This is a three-
dimensional effect. It is this inflow through the side boundary which makes
driven reconnection in three-dimensions a more powerful energy converter than x
that in two-dimensions. The fast shock-like structure observed in Fiqure 9 may
be attributed to this effect of three-dimensionality.

In order to study the energy conversion, we need to examine the work done
within the simulation box. There are threc sources of work, the work done by
the J x B force, the work done by the pressure force and the ohmic heating.
These works dare plotted in Fiqure 12. In the early pumping or conveclion stage
(0 < t < 81a), both the J x B force and the pressure force behave almost identi-
cally, which means that no net gacceleration of plasma occurs. The oscillations
are caused b; the bouncing of the magnetosonic wave between the input bound-
aries. There is 3@ marked difference in the curves during the reconnection stage
(t > 1074). The net difference goes into the acceleration of plasma at the
expense of the magnetic energy. The small positive contribution of the pressure
work implies that some adiabatic compression is occurring. In addition, ohmic
heating contributes to the heating of the plasma during the reconnection period.

The temporal behavior of the total kinetic, thermal and magnetic enerqgies
are shown jn Figure 13. Ftarly in the simglation as the plasma flows from the

input boundary toward the neutral shect, the magnelic energy and the thermal

21
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) Al the same time, the magnelic energy deviates from the linear growth, The

[

differences of the magnetic and thermal energies from the initial linear gron!

line give the total amounts of enerqy ejected from the black box. HNote that the

kinetic energy starts to increase drastically in the reconnection stage.
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VIL DISCUSSION AND CONCLUSTONS

Haced o hias 20 simalations, Soto (1979 agrqued thal driven magnetic recon-
nection could be a powerful energy cornverter which transformed magnetic enerags
into plasma bulk flow and thermal energy. Such an explosive energy release
mechanism is necessary to understand magnetospheric substorms or solar flares.

In this study, we have analyzed the enerqgy conversion processes occurring
in three-dimensional driven reconnection. In particular, we investigated the
case in which reconnection occurred in a localized region in 4 tail-like magnet -
ic o confiquration. Such localized reconnection is thought to occur in the magoe-
totail during substorms. We found that 30 driven reconnection is an ewven more
powerful energy converter than the 2D case. This occurred because in the 3D
case nlasmas were drawn into the reconnection region from the sides as well as
the top and bottom. In the 3D case, the flow velocity reached the magnetosonic
velocity. It is interesting to note that the largest velocities occurred at the
migaetosonic point with Jower velocities farther from the reconnection region.
we found that the neutral sheet current reversed signs in the region of reduced
velocity so that the J x B force opposed the flow and decelerated the plasma.

As noled in the introduction, the term driven when applied to reconnection
does not have the same meaning as when it is used Lo describe ptienomenological
models of substorms, Driven reconnection is an active energy cornverter in which
magnetic energy is converted into plasma thermal energy and flow. In Figure 10,
the rate of at which enerygy is released is mich faster than the rate at whicn
energy 15 input into the model. Thus driven reconnection is similar to the
utloading model of substorms in which magnetic enerqgy stored in the tail lobes
is converted into plasma coerqy.

Another important feature of the driven reconnection model in the formation

of slow shocks near the outer edge of the reconnected field lines., The neutral
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sheet currenl is diverted throughe the slow shocks. This leads to the genergtion
of field aligned currents by the J, « VB term in equation (7). Sato et al.
(1963) and Walker and Sato (1953) have compared the resulting current sysiemr
with that inferred from observations of substorms in the tail. They found that
the current system in Figures 3 and 4 with field aligned currents directed from

the tail toward the earth on the dawn side and from the earth toward the tail at

4 R SN WO o7 o a e

g
"

A

dusk is consistent with the current wedge model most frequently used to inter-

/

pret substorm observations obtained near midnight,

-

«
-
s

o

We should note that Birn and Hones (1981) have done a3 similar calcula!lion

‘.
P
N

o a

and find field aligned currents flowing in the opposite direction to those in

Figures 3 and 4. In this model reconnection occurs following the initiation of
anomalous resistivity in in the tail. Their model does not include the initial
convection system characteristic of driven reconnection. These two models are

not necessarily contradictory and it is possible that processes analogous to

both operate in the tail during substorms. Ffor instance, driven reconnection
may injtiate the substorm and then evolve iato a process analogous to the Birn

and Hones model. The two models are compared in greater detail in Walker and

Sato (1984).
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Fiqure Captions

Figure 1. Schematic drawing of the energy conversion processes which carn ey
in driven reconnection,

Figure 2. Schematic drawing of the plasma sheet during reconnection showis ; the
generation of field aligned currents,

Figure 3. Field aligned current density contours in the y-z (dawn-dusk) plane
at x=2.25L at T-1.674. The values on Lthe contours are normalized to the
initial neutral sheet current.

Figure 4. Same as Figure 3 for x=3.0L.

Figure 5. Current densily vectors in the y-z plane at x=3.0L al T=14.67,.
Superimposed on the current density vectors are contours of magnetic firld
magnitude.

Figure 6. The field aligned current density contours in Figure 4 (shaded
region) have been superimposed on the current density vectors and magnetic
field contours of Figure S. The numbers refer to values of the fielc H

aligned current density normalized to the initial neutral sheet current,

Figure 7. Velocity along the x-axis at T=14.615. Reconnection is occurring at
x=0. The magnetosonic velocity is given by \f. H
Figure 8. The cross tail current density along the x-axis at T=14.67,.
tigure 9. The pressure and reconnccted field along the x-axis at T=14.67 4.
tigure 10. Power through the three boundaries of the simulation box. 1, .
3 give the Kinetic power through the output (v-30), side (v=5L) and inpot
(£=21) boundaries. 4, 5 and & give the thermal power through the hooanda-
ries while 7, 5 and 9 give the magnetic power through the boundariec.

Figure 11. Flow vectors in the y-z plane at x=0 at T=14.614,.

25




Figure 12. Work done wittiin the simulation box. F(J x B) « vdV gives the work
done by the J x B force, jVP + vdV gives the work done by the pressure

v,
. e
ry force and ‘n37 dv gives the work done by the Joule heating.
.
N

2
fFigure 13. Total kinetic ([p vde), thermal (j;%T dv) and magnetic (f?gg dv) R

\ energies versus time.
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Abstract

One of the challenging magnetospheric plasma physics problem 1S the
heating of heavy 1ons observed in the equatorial magnetosphere in
conjunction with 1on cyclotron waves ([CW) generated by anisotrop:c hot
protons (i.e.. GEOS-1 and 2 and ATS 6 results). The complexity of the
mechanisms involved in this phenomenon (linear. quasi-linear. nonlinear) s
such that a numerical simulation is the only way to disentangle the
different plasma characteristics. We present here the results of such a
simulation. The plasma parameters which have been chosen are those which
prevail in the dayside magnetosphere at geostationary altitudes. The
plasma consists of cold and isotropic H' and He® 1ons with a small number
of hot anisotropic protons which provide the f{ree energy necessary to
generate the waves. The code {5 one-dimensional in length and three-
dimensional in velocity. It 1s electromagnetic and hybrid. i.e.. the
electrons are treated as a massless fluid. The results obtained during the
linear phase (t < 150 QH'I) are in agreement with those expected from the
linear and quasi-linear theories as far as the growth rate of the wave (and
the frequency of the most amplified wave) and the wvariation of the hot
proton anisotropy are concerned. The saturation (Bwave ~ 005 BO) 1S
explained by trapping of the helium particles. But the most 1nteresting
results concern the heating of cold species. He' ions are heated mainly in
the perpendicular direction (KT /2 ~ 150 eV, kT, /2 = 80 eV) and they are
heated more than cold H' ions (KT /2 = |5 eV. KT /2 =~ 20 eV). The heating
of He' 1ons is a two-step process : first. He' ions are set into
oscillations by the growing wave (in both v, and v ) until some of the ions
reach a parallel velocity of the order of the resonant velocity at which
time strong heating occurs. Phase-space plots for the different particle
species at different times 1llustrate the time evolution of this heating

mechanism.
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E [ Introduction

E It has recently been recognized that heavy ions are important to the
E dyrnamics and stability of different regions 1n the earth's magnetosphere.
! Shelley et al. [1976] and Ghielmett: et al. [1978] have reported
§ observations of intense fluxes of 0 streaming up high-latitude auroral
3

fileld lines at altitudes of ~ | RE. Data from the S3-3 satellite show that

ion composition can vary from 10% to more than 90% oxvgen [Mizera et al..

Al 4

b)Y

19801.

A

]
-
i

The inferencas of 0° streams deep in the magnetotail boundary layer by
Frank et al. [1977] and Hardy et al. (!977] suggest that there might be
measurable fluxes of energetic 0" 1ons of‘terrestrlal origin deep tn the
plasmasheet. Results from the energetic 10ns mass spectrometer on [SEE-!
show that the plasmasheet has a significant and variable ionospheric
component (He* and 0%) which represents from more that 10% to 50% of the
total number density [Petersen et aj.. 19811.

At the geostationary orbit. 0" and He' 1ons of medium energy ( ~ 10
keV) have been found to be important constituents of magnetospheric plasma.
especially during magnetic storms (Geiss et at.. 1378: VYoung. 1979:
3alsiger et al.. 19801. But the most intriguing result 1s the
observations. made onboard GEOS-1 and -2 and ATS-6 spacecrafs that He  or
0' 1ons are heated up to suprathermal energies ( ~ 100 eV) at times when
large amplitude 1ons cyclotron waves (ICW's) are detected (Young et al..

1981 Mauk et al.. 198!: Roux et al.. 1982: Fraser. 1382).

The facts that heavy 1ons occur in many different regions of the 1
magnetosphere. that they are of terrestrial origin and that they can be a
major constituent of the plasma motivated the community to reexamine
theoretical studies of wave particle interactions including the =ffec:s of
heavy 1ons. When studying wave particle interactions 1n the presence of
heavy i1ons there are two problems that should be addressed. The f{irst s

the effect of <the heavv 1ons on the dvnamizs and stability of a plasma.
49

LI . AP S et S 4 . R S At T & ._._»_-,-.-‘\-' :~“.'..' P RS AR S et ‘o oL -
SRR S N N G T T T N S S S I S I R S I )

P . v N =



‘?-"4‘".‘-“:',4‘-'1 L Aol S Aot ie- - SR sl
¥

wv‘:"'”"-"'- AP

:

ANS

The second and more pertinent problem 1S to understand the mechanism
responsible for energizing such heavy ions.

Several studies have addressed these questions for different regions
of the magnetosphere. On auroral fieid lines. the heating of 0" has been
studied by using electrostatic waves [Lysak et al.. 1980: Papadopoulos et
al.., 1980: Ashour-Abdalla et al.. !981: Ashour-Abdalla and Okuda. 1384].
Lysak et al. [1980] used strong turbulence theory, which considered the ion
orbits in a set of fixed amplitude waves with a definite phase relation.
Papadopoulos et al. (19801 argued that the heavy 1ons form a minority
constituent of many magnetospheric multi-ion plasmas. As such., the heavy
ions do not affect the collective mode structure of the plasma due to their
small abundance ratios. They thus examined the acceleration of large ‘W/Q
lons In the presence of a coherent large amplitude electrostatic hydrogen
cyclotron wave. It was found that when the wave amplltude exceeds a
certain critical value the particle orbits become stochastic and the
particles can be accelerated by the wave. The most important result was
that the maximum energy achieved by an ion scales as (M/MH)S/B. where MH 15
the mass of hvdrogen and M 1s the mass of the ion under consideration.
They concluded that heavy 10ons are thus preferentially accelerated.
Ashour-dbdalla and Okuda (1984] studied the acceleration of ions on auroral
field lines associated with the current-driven electrostatic ion cyclotron
waves i1n a plasma consisting of hydrogen and oxygen ions by simulation
techniques. To model the 1onospheric source of electrons they deveioped a
simuiation model 1n which drifting electrons were allowed to enter at the
end of the system. They found that the oxygen transverse heating generally
exceeds that of hydrogen i1ons at the low altitude end of the field line.

There have also been studies using electromagnetic waves to explain
the acceleration of heavy 1ons. Theoretically 1t 1s well known that the
presence of heavy i1ons greatly modifies the propagation and amplification

characteristics of magnetospheric electromagnetic waves. A detalled
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analysis of the wave spectra and energetic proton distribution mezsures on
3 GEOS-1 have shown that the observed wave spectra can be interpreted In the
e framework of the linear theory of ion cyvclotron instabtlity excited by an

anisotropic proton distribution 1n a plasma containing a small fraction ~5
v -15% of He' 1ons (Roux et al.. 1382). Gomberoff and Cuperman (1982] have
; also performed a theoretical analysis in order to evaluate the change in
A the temporal growth rate of such 1nstabilities for wvarious plasma
parameters. Gomberoff and Neira [1983] undertook the task of evaluating

the corresponding change in the spatisl growth rate. However. such studies

PR W M

have generaliv been done assuming the background plasma to be completely
. cold. T(H') = TiHe+) = 0. whereas 1t :s known from GE0S and DE experiments
that both electrons and 10ons can reach a temperature equal to or higher
o than 10 eV [Decreau et al.. 1882 Thappei!. [983]. Lnaer such conditions.
cyclotron absorption by the heavy :on species wiil compete with the

amplification :nduced by hot protons. and growth rates will be strongly

LR R N

modified., especiilly i1n the wvicinity of the heavv 1on gyrofrequency.

.

Recently Gendr:in et al. (19841 carried out a parameter search of ion

()
o

cvclotron waves :ncluding the fip e temperature effec*s associated with

AL

the cold species.
A The heating Of heavy 10ns by electromagnetic :on cyvclotron waves has
been addressed oy several authors. Gendrin and Roux {19801 have studied
the possibliity that the observed heating of He' ions up to suprathermal
energles couid be explained by 3juasi-linear diffusion. Indeed quasi-

linear diffusion of resonant He  .ons having low i1nttial parallel and

P A PLAPATA |

perpendicular velocities can lead to a conslderable increase of the
perpendicular He+ ren distribution. However. to heat the bulk of He‘

distribution. sufficient wave energyv must be avallabie at frequencies where

| RENCRERNEAE

a resonant interaction with the ccld heavy 1on spec:es can take piace.

1.2.. at frequencies which are near the heavy 10n Ivroirequency. Gendrin

SN

et al. (1984]) found that the maximum 3Jrowth rates ~ccur at frequencies far

hJ
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from the heavy 1on gyrofrequency: Tonsequently thise waves Cannot resonate
with the bulk of heavy 1on distribut:on. In 35earch of another heating
mechan:sm, Mauk [1382, 19831 studied the nonresonant interaction between an
electromagnetic ion cyclotron wave and thermal He® ions. He showed that
associated with the increase 1n the He' 1on perpendicular velocity. phase
bunching was observed. Unfortunately. Mauk's calculations were done by

neglecting the ion parallel velocity. which led t¢ 1ncorrect quantitative

‘ .3?»&7_ n."\"-\(\{%r%".r‘: CoHmy-

results: an apparently i1nfinite increase of vV as time elapses and a strong
%_ effect even when the wave frequency 1s equal to the helium cyclotron
i frequency. Berchem et al.. [1983] and Berchem and Gendr:n [1984] extended
N ‘lauk’'s work to include the parallel velocity of *the lons. They found that
phase bunching occurs. and the particle attains large perpendicular
velocities. They carried out a parameter search as a function of 1nit:al
parameters and were able to derive approximate analytical expressions for
the maximum temperature of the heavy 1ons attained. These calculations
were test particle calculations 1n which the wave amplitude was Kkept
constant, and were therefore not self-consistent. ‘n search of self-

consistency. Tanaka and Goodrich [1984] used simulation techniques to study

the heating of heavy lons at different regions of the magnetcsphere with
particular emphasis on the heating of Alpha particles at the bow shock. As
such they considered a plasma consisting of hot highly anisotropic protons
in the presence of a minority species. Since these studies were concerned
with gaining an wunderstanding of He " at the shock region. they did not
include a cold hydrogen background representative of the 1onospheric
source.

For sake of completeness. 1t 1s worth mentioning that a simlar
mechanism (resonant interaction of one 10n species wlth waves generated by
a majority 1on) has been invoked to explain the excess of He'™ lon bulk
velocity in the solar wind. However. 1t 1s onlv until recently that the

fundamenta! modificaticn brought 1n to the dispersion reiation by the

A
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presence of the heavy l1ons has been correctly taken into account. which
means that the recults previousiy ¢obtained are not relevant to the problem
we are studying here (see |senberg., [1984a.b] and references thereinl.

In this paper. our aim 1S to explaln the heating of He' observed by
the GEOS satellite at L ~ 7. Our starting points :s the observation set

from the GEQOS satellite. Having developed the linear theory analvsi!s :n a

PP AR YIS R s

recent paper [Gendrin et al.. 1984]. we undertake a simulation study of
electromagnetic 1on cyclotron waves in a plasma consisting of hot
anisotropic protons. a dominant thermal hydrogen plasma. and a minority
species of helium ions. Following this introduction, 1in section [I the
computational model 15 described. simulation results of our three :0n

component plasma are presented in section IIl. VWe conclude 1n section IV

by summarizing and discussing the pertinent heating mechanisms.




rr

i1 Simulation ‘dodel

We have develcped a one dimensional electromagretic hybrid simulation
code [Sgro and Nielson. 1976: Byers et al.. 18781 where electrons are
treated as a massless fluid and ions are treated as particies moving 1n the
four dimensional phase space (X, Vo vy. vz). Since we are studving low

irequency phenomena. we neglect the ‘transverse displacement current 1n

Maxwell s equations (Darwin approximation) as

B _
3¢ = - rot E (h
qu = rot B . (o

We also neglect =eiectron inertia effects for low frequency waves. and we

have from the eiectron momentum equatioh

-ene(E * U, X 3) - grad Po = 0 (3)
where ;e. Mo ue and pe are electron charge. number density. flow veloClty
and Ppressure. respectively. Furthermore. we assume the quasi-neutrality
condition

-en, * 4q.ng © 0 Y
“nere g and n, are the charge and number density of an “"s" 1on species,
respectively. The =iectron pressure 15 Integrated in time by using the

2jectron energy =quation

QJIQ)
lad
¢

“n

tu, grad) Pe = - % Pe div ue . {

The electron flow Je :s opbtained from the current equazion as

[ep]

<

uu = (quncuc - j)/npqe {

where CS 1 the driis velocity of a3 "s" 10on specles. The :on density nS

ind drift veloc:ty U_ are caiculated from the motion 2f ion pare:cles wheose

positions and  wveloc:itles are aetermined oy intedgriting the equations of

motion
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= = (E+vxBB), — =y . {

~d

The magnetic field B and the electron pressure pe are integrated 1n time
using (1) and (5), while the electric field 1s determined by a predictor-

corrector method using (2), (3), (4) and (6).

p
n
-
N
’
,
PI
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For simplicity, spatial varlations are restricted to one dimension.
1.e.. the x direction., and preriodic boundary conditions are assumed. Ye
focus our attention on waves propagating parallel to the external magnetic
field. Therefore. bcth the wave vector K and the static magnetic fieid BO
are in the x direction. We consider three species of ions. i.e.. cold H .
cold He' and hot H™ with bi-Maxwellian velocity distribution. initially
poth coid components are isotropic and hot protons have a temperature
anisotropy of T-/T‘ =2. These particles are distributed uniformly over <he
simuiation space consisting of 64 9rid points. No wave field :s assumed
initially except for noises introduced by particle thermal fluctuations.

The parameters of the simulation have been chosen =0 represent =vpical
conditions prevailing during the day hours at the geostationary orbi: where
most of events involving iCW's and energized He® ions have been observed:

- magnetic f:eld intensity : [40 nT.

-7
- -~0id #* 1on density 10 cm °

. + A -3
- ~0ld He on density @ 2 cm T,

- *thermal energv of »oth cold species : |.7el.

- anlsotropy of both cold species : T /T = 1|,
- hot proton densitv : 1.l cm . '
- thermal paralle! energy of hot protons : 17 ke\,

- anisotropy of hot »rotons @ 7T /TI = 2.

Note that with these parameter the rati1o of the .0on piasma f‘requency

W, t0 the proton gvrofrequency ¢ 1S eaqual o 00. and tnhat the ilf{ven
H !

i

,
anergy va*/Z ~ 5 ¥eV, so that the paraliel 8 of *he ».asma 5 ~ 0.3.
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In the simulation we a0 not use the physical parameters as expressed

in CGS or MKS units. but instead use conventional normalizations. It is

LA AR SN S hiad

simpler to use a system 1i1n which the Alfven velocity VA‘ the proton

cvciotron frequency QH‘ the proton charge-to-mass ratio (q/m)H and the

magnetic permeability ”o are equal 1. Other parameters are normalized o

LA LE T

the quantities stated above. Since the static magnetic field 1s given by i

=z QH/(q/m)H. Bo = 1 and the static magnetic energy density 802/211O =

0.5. The 1light speed ¢ is equal to VA( mH/QH ) = 300, from which the

—~
B
.

- |
; .

electric permittivity Ey ° 1/c2 is deduced. The thermal wvelocity of the
cold protons and helium are 0.0!8 and 0.009 respectively. The thermal
velocity of the hot protons 1s 1.8 and 2.55 for the parallel and
perpendicular direction respectively.

The grid spacing is Ax = | and the time sStep At is set equal to 0.05.
The number of grid points 1s 64 and the system length s Lx = 64. The

number of superparticles 1n the system 1is 4096 for each of the cold

specles. As for hot protons. which are a free energy source in the system,

a relatively large number of superparticles (32768) is necessary 1nh order

to make the 1nitial thermal fluctuation noise low.
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IIT Symulation Results

The GEOS data suggest that the anisotropic proton distribution excites
ion cyclotron waves. which are responsible for heating the thermal helium
lons. In order to test this hypothesis. we have run the simulation code up
to QHt = 1200. We will first consider the initial phase of the process.

In Figure 1. we see the time history of the magnetic and electric

field energy densities for an early stage of the simulation run. Both the

. SN N o " wClERNRR - & & F & W I Emm—— e =
/

magnetic field and electric field energy densities increase throughout the
time presented 1n this plot. The perpendicular component of the electric

field 1s much larger than the vparallel one. 1indicating that charge

PR PRI N

F neutrality 1s conserved by the predictor-corrector code and that the wave
!s purely electromagnetic. It should be noted that the magnetic field

. = = 2
amplitude attains a very large amplitude: Bwave/Bo 0.055 at QHt 200.

Figure 2a., shows the nhot proton energy density in a direction perpendicular
and parallel to the ambient magnetic field. Initially at time QHt = 100.

the temperature anisotropy decreases only slightly to (T /T ) 1.9.

h=
Later on. the temperature anisotropy decreases more dramatically., as the

waves attain large amplitudes. so that at QHt 200. (T‘/Ti)h = [.6. thus.
the hot anisotropic proton distribution 1s responsible for the growth of
these waves. The lower panels (2b) and (2c) show the energy density of
thermal helium and protons respectively. Both thermal 1on species are
accelerated mainly in a direction perpendicular to the ambient magnetic
field. with helium 10ons being preferentially accelerated. Ve will discuss

this acceleration phenomenon later and we will show that 1t i1s 1n fact a

two-step process.

To i1dent1fy the wave mode during the early stages of the simulation :
run. we plot the dispersion characteristics of the wave. This 1s done by
Fourter transforming individual k modes in time. Figure 3 1s a plot of
frequency o versus wavenumber k for the By component of the magnetic field

during the time I1nterval QHt = |-204. The amplitude >f the wave 15 denoted




W T U P T T YL W W NG T IWNT I WY W TN AT LT

A at Lt v st b S S0t B A T AniSad inll A LA ittt gt S A

bv the he:ght of the peak. !t is well known from linear thecry analysts
(e.g. Gendrin and Roux. 1980: Gendrin, 19811 that the addition of thermal
helium breaks the dispersion relation 1nto two branches. one below the
helium gyrofrequency Kknown as the low frequency branch (LF) ind one above
the helium gyrofrequency referred to as the high frequency branch (HF). In
fact the LF branch and HF branch are clearly depicted here. The fastest
growing frequency occurs in the LF branch with w/QH = 0.16, kVA/QH = 0.29
and Bw/Bo = 0.023. The dashed line 1s the real part of the dispersion
relation calculated from the linear theory for the parameters at QHt =
100. By comparing the dashed line and the plot of the simulation results.
the agreement between the real part of the linear dispersion relation and
the 51mu1atxoh results are obvious.

To understand the time evolution of the wave properties during the
linear stage we plot the time history of four dominant modes 1n
Figure (4a).

The value of k. the wavenumber 15 related to the mode number m. In
fact k = (2n/L )m where Lx 1s the system length. Thus for m = I.. kvA/QH
=0.1 whereas for m=2. kV /QH =0.2. since L = 64, V = | and QH

In Figure (4b) we plot the linear growth rate versus k for both the LF
and HF branch. From the upper panel we see that the mode 4. kvA/QH =0.4
attains a large amplitude at an early time. The growth rates of these
modes are found by calculating the siope of the straight dashed line shown
In Figure 4. It 15 found that both of the growth rates of mode 3 and 4 are
r’QH = 0.02. Linear theory (Figqure 4b) predicts the peak growth rate to be

T/QH = (.022 and to occur at kVA/QH =~ 0.3 1n agreement with the

simulation.

Having ensured that we can reproduce and understand the linear theory

from our simulation study we now examine the non-linear physics of the

Interaction.

-~ ma aa.a

in Figure 5 we plot the time history of the magnetic and electric
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energy densities throughout the run. As noted previously. the magnetic
field increases until about QHL = 250, reaching a peak value Bw/Bo =0.06
and then remains at a constant amplitude. The electric field behavior 1s
similar. but the peak amplitude in this case 1s much smaller. Ew/(BoC) =
1.4x10'4. In a one dimensional system. the peak amplitude 1s
representative of saturation. since the wave energy cannot be lost by
coupling to obliquely propagating waves and therefore remains constant.
Throughout the simulation run less than 0.2% of the total energy 1s 1lost
demonstrating that computing errors are negligible and that the energy of
the system 15 conserved.

The time history of the different particle species (Fiqure 6) !5 a
most enlightening and interesting plot. Panels (a) and (b) show the
behavior of the hot anisotropic 10ns as a functron of time. In panel (a)
we see that the hot protons are losing energy In a direction perpendicular
to the ambient magnetic field. This results i1n wave growth which in turn
causes an increase 1n the hot proton parallel energy. This expected
tendency towards an !sotropic hot proton distribution i1s best seen in Panel
(b) where we plot (T /T ), as a function of time. It 1s Interesting to
note that the temperature anisotropy decreases rapidly until QHt = 360.
reaching an anisotropy of (T;/Tw)h = 1.3. At later times. the anisotropy
does not change significantly. but reaches a value of 1.2 at the end of the
run. Panels (c¢) and (d) show the large heating suffered by the helium
tons. In fact. we see that the thermal helium has been heated about .00
times 1ts initial value. VWe also note that most of the heating :s in the
perpendicular direction. Thermal protons are also heated but to a much
lesser degree.

The snapshots of phase space plots VX vy-x at different times for
pelium 1ons (Figure 7) and thermal protons (Fiqure 8) show compiex

nonlinear structure. Inttially., at time QHt = 0. the helium ions are

uniformly distributed 1n phase space. At later times. QHt = 100. we see 3
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perturbation 1n Vg This perturbation occurs from a simpie Ew X Bo force.
and results 1n a transverse motion of the plasma. Later on. QHt = 300 we
see that the vy 15 about the same except that the amplitude of the
oscillations 1s larger. and tends towards smaller wavenumbers. At that
time, we note oscillations in the parallel vejccity Ux' In fact the
oscillations appear to be folding on themselves. This !s because. as the
perturbation in the transverse velocity occurs. the particles experience a
force avy‘z X EBz.y in the parallel direction. At QHt = 400. the motion 1is
extremely nonlinear. with large striations and large oscillations. The
motion 1S sO nonlinear that a mixing of plasma. which was ortginally 1n
different locations. 1is occurring. resulting 1n a hotter distribution.
Similar nonlinear motions are present 1n the hydrogen phase space plots
(Figure 8) but they are not as prevalent as for helium ions (Figure 7).
The reason for that can be seen from the linearized momentum equation of

motion for each species.

V.
-J:
mj " qJ(Ew + VJ X Bo) (8)
and Maxwell equation
3B
VXE, = - - (9)
3 t
Solving for vJ. we get
w B l
T — (10)
K BO (! - m/QJ)

¥ =
where QJ Q/m))Bo

Thus. the species response 1s proportional to 8w and depends on the
mass through the resonant denominator. This 1s why the effect 1s less
dominant for the case of a hvdrogen plasma. As the plasma evolves. v X Bw

forces become substantial. resulting in a nonlinear motion along the field
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lines. This accounts for the late time behavior when 'spirals’ develop In
the phase space and to a lesser extent in hydrogen.

This ‘'weaker' spiraling for thermal protons 1s caused by the fact that

the fastest growing wave is in the LF branch, so that the résonant velocity
is far from the thermal velocity of protons. In Figure 9 we show the
Fourier analysis of the wave properties, during the nonlinear stage of the
simulation QHt = 800 -1200. We have decomposed the wave into the forward
and backward traveling components. It is found that both the forward and
backward traveling waves have equal amplitudes, and only the LF branch has
a considerable amplitude. The maximum growth rate r/QH = 0.016 has shifted
to lower wavenumbers. The dominant wavenumbers are best seen in Figure 10.
where in the upper panel we plot a three-dimensional plot of the amplitude
of the wave magnetic field versus k. as a function of time. Looking at
Panel (a) 1t is easy to see that as time proceeds the wave with the largest
amplitude occurs at longer wavelength. This tendency towards longer
wavelengths can also be seen in the lower panel where we plot the time
history of the amplitudes of the four dominant modes. Initially. mode 3
and 4 seem to be mostly responsible for the large amplitude wave observed:
however, at .ater times the amplitude of mode 2 is larger. From linear
theory analysis the shifting of the fastest growing modes to [ower

wavenumbers could be due to either the heating of the helium i1ons or to the

decrease 1n t.mperature anisotropy of hot protons [Gendrin et al.. 1984,
Figure (7a), Figure (7b)].

However, as can be seen on the referenced figures. the reduction 1In
the bandwidth of the unstable waves 1s more drastic in the first case than
in the second. Besides. since the most amplified wave belong to the LF
branch of the dispersion curve, a decrease of the hot proton anisotropy has
almost no consequence on the frequency of the maximum growth as long as the
anisotropy remains above the critical value [Kennel and Petschek. '966]

which corresponds to 1t. The critical anisotropy is defined by:
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u)/QH=AC/(AC*I’ (1)

LYY YRy,

where AC = T;/Tu -1.

-
LY

For w/QH = 0.1, AC ~ 0.2. Consequently the frequency of the fastest

b, 91

growing wave s not much affected by a decrease 1n t.e hot proton

P

L L

J‘

N 2%

anisotropy as long as (TL/T“)h 2 1.2. On the other hand. an 1ncrease of

the hot proton parallel energy, as evidenced by the simulation (see

Figure 6)., may be at the origin of the decrease of the most amplified wave

S

frequency (see e.g. [Gendrin et al., 1971, Figure 61).

To test which of these factors is responsible., we ran the simulation
by starting with hotter thermal proton and helium distributions. T; =T, =
17 eV, while keeping all the other parameters constant. In this later
simulation. the helium ions were only heated by a factor of 2. while the
not proton anisotropy decreased from 2 to 1.25 (still larger than 1.2) and
while their parallel energy increased by a factor of 1.4. The shift to
lower wavenumber was still observed. These results suggest that nejther
the heating of the helium ions nor the decrease in temperature anisotropy
of the hot protons 15 responsible for the lowering of the most amplified

wavenumber. We therefore conclude that the shift to lower wavenumber 15

due to the increase of the hot proton parallel energy.
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'V Discussion and Conclusion

in this paper using simulation. we have studied the bulk heating of
helium ions starting from an initilal anisotropic proton distribution. we
have shown that the thermal 1ons are heated to one hundred times their

Initial temperature., due to the growth of large amplitude ion cvclotron

R sl SNF A e e laide oo SR

waves. Before discussing the heating mechanism of the helium 1ons and the

saturation of the 1on cyclotron waves, let us briefly summarize our

findings.

Wave pr 1eS:

1) Large amplitude 10n cyclotron waves with peak ampl!tude BW/BO = 0.06 are
observed to grow. due to the temperature anisotropy of the hot proton
distribution.

2) Analysis of dispersion properties, frequency and wavenumbers. shows that
the presence of helium breaks the dispersion relation 1ntc *two
oranches. one below the helium gyrofrequency (LF branch) and one above
the helium gyrofrequency (HF branch). This 15 in agreement with
previous work on the linear theory dispersion (see. f{or 2xampie.
Gendrin and Roux (18807).

3) At the early stage of the simulation., agreement with linear thecry :s
very good. The fastest growing mode occurs on the LF branch with ”’DH
= 0.16, kVA/QH = 0.3 and r/QH = 0.02. where as linear +heory pregicts
w/QH = 0.17, kVA/Gh = 0.31 and r/q{ =0.022.

4) The magnetic field reaches a peak amplitude at time DH: = .5C and

osclllates about a constant value thereafter.

S5) At later times. the fastest growing mode shifts towards |!cnger

wavelengths but remains 1in the low frequency branch. Spe-tra;
’ analvsis for the time period between QHt = 800 and DHt = 2000 shows
that the f{astest growing mode 1s at w/QH = [.. and kYA Q4 = 0.2, As
discussed 1n section Ill. we believe this shift *0 i lower » mcae ¢

due to an increase of the hot proton parallel 2nergyv.
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5 Particle properties:

1) The hot anisotropic distribution tends towards 1sotropy with time. The
temperature anisotropy changes from T /T = 2 at QHt =0 to T_/T‘| =
1.3 at QHt = 360 and then changes only slightly until the end of the
run.

2) The thermal protons are only slightly heated during the run. As noted
previously. this is because of the fact that the fastest growing wave
is in LF branch. causing the resonance velocity to be far from the
thermal velocity of the protons.

3) The cold helium 1ons are greatly heated. mostly 1n the perpendicular
direction. The perpendicular helium temperature 1s about 150 eV
whereas the paralle! temperature 1S about 70 eV. Most of the
perpendicular heating occurs before QHt = 360. whereas the parallel
heating continues unt:l QHt = 600.

4) Phase space plots for helium 1ons. and to a lesser extent hydrogen 10ns.
show an i1nteresting structure. At the early stages we see oscillation
in the vy component. which 1s simply due to an Ew X Bo force. As time
evolves these oscillations grow causing a significant 5Vy,z X EBz‘y
force in the v, direction. This results in spiraling and complex

nonlinear motion 1n the v,-X phase space plots. At later times. we

observe thermalization of the helium 10n distributions.

With these observations i1h mind we <can now discuss the saturation
mechanism and the heating of helium 1ons. First let us discuss saturation
of the wave. [f we calculate the linear growth rate using plasma

parameters at the time of peak amplitude QHt = 250, we find a positive

growth rate. In fact. for hot proton temperature T, = 20 keV. T /T = 1.3,
€old proton temperature T: = 6eV. T /TI = 2, and helium temperature T; =
30 oV, T ’T‘ = 3.3, we f:nd from linear theory calculation r/QH = 0.012.

The growth due o positive anlsotropy must be balanced by a damp!ng
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mechanism. One obvious candidate {or th:c 1:TE!NG .S trapping cf hel:ums
by electromagnetiC waves. tvidence for particle trapping can be seen in
the phase space plot vx-x In Figure 7. In fact we calculate the trapping

frequency for the mode 4 wave

- q 1/2
wtrap (kBN it} V-) (

to

substituting for k = 0.4. Bw =0.02. g¢/m = 0.25 and v = 0.1, at QHt = 250,

we find w =014. Equating ~ we find that the damping rate

trap trap Tﬁamp’
15 0of the same order of magnitude as the growth rate.

o 4 ¥ "SR a 4 & -5 RSN W WeTeme &8

Now we turn to the problem of heating the hel:ium i1ons. First., before
discussing this. we would like to find out whether <+he heating s bulk

neating or simply high energy tail format:ion. To do that we plot :n

DA LSS, S AR

Figure 1! the distribution functions of helium ions in the nparaiiel
direction as well as the distribution of helium i1ons .xn V.. one cf *he
perpendicular components, at various times. The dashed !i.nes are the
1n1tial distribution function. Looking at the left zolumn., we ncte that at
time QHt = 20 there 1s some heating. However, at .ater times the
distribution 1s much hotter. Moreover., this plot shows that inaeed we do
have bulk heating: as opposed to high energy taii formaticn.

Now }ooking at the time history vplot (Figure 6) we see that *‘he
heating of helium seems to start from the very peginning. Yet the ‘hermal
velocity of helium !s such that it is difficult to understand how heating
takes place. To understand the exchange of energy between the helium 1ons
and the wave. we calculate E"vl. In the regions where E--v- 1S positive,
the helium 1ons are gaining energy from the waves and v.c: versa. Ue note
that 1n 4general during the initial phase. E‘-v- 1S positive whereas i1t 15
generally negative later. What we belleve 1s happening !5 “hat during the
initial phase. while particles are accelerated by the wave there :s no

heat:ng since the helium tons are far from the resonance veiocity. Lie

therefore advance the following scenario. lInit:allv. the helium ions are
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set 1nto oscillation (no temperature increase’ :n both the perpendicular
and parallel directions by fields of the growing wave. Wwhen v reaches a
value near the resonance velocity such that heating can occur. we should
see a sudden increase 1n the perpendicular temperature. we define &

resonance region in the velocity phase space as

v s ) ) B
‘/R Vtr‘ap< v < &R + \trap . 3)

where VR 1s the resonance velocity given by (u -QHe)/k. and V 15 the

trap

trapping velocity given by 2w X. In the resonance region nonlinear

trap/
trapping of heliums 15 possible. leading to the heating. The above

s
!
E
i

scenario 1s consistent with the lower panel of Figure 6. where the cold
helium  temperature Increases from the beginning of the run. The
temperature plotted there is actually the space-averaged temperature. and
the osciilatory effects of the waves have been averaged over many
wavelengths giving an apparent veloclty spread and temperature !n a region
of space & Jquarter of the wavelength of mode 4 1n 2ach direction. In
Figure 12 we show such a local perpendicular temperature dilagnostic and
also the number of helium ions whose velocity lies within the resonance

reqgion for the mode 4 wave (VR = -0.16. ~ 0.07). At first there are

VtraP
no particles and there i1s no increase 1n temperature. Later the number of
particies has increased and we have a sudden surge :n temperature. These
diagnostics clearly 1ndicate that the energy gained by the heliums during
the linear phase 1S transfered to thermal motion due to the nonlinear
trapping.

The results which have been presented show the efficiency of the
simulation code to interpret complex wave particle Interactions 1in a
multicomponent plasma. Some 1nteresting results have been obtained which
concern the heating of heavy 1ons In ‘the equator:al magnetcsphere by
[CW's, However. more experimental runs have +t0 be performed ana some
improvements are still needed to answer specific questions related e:ther
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wl*h the physics of the phenomenon or to the efficirency of the simulation
code.
As far as physics 1s concerned. there remain some discrepancies

between the simulati:on results and experimental data. A drastic lowering

he Sl | el

ﬁ. tn the frequency of the most amplified wave found 1n the simulation 1s
3 generally not observed in experimental data. The delay which s observed
” between the establishment of a rather large wave field and the heating of
‘§ He' 1on is much shorter in the simulation run than 1t seems to be 1n the
E case of experimental data [(Young et al.. 198]: Roux et al.. 1382]. The
= bunching of He' jons. which 15 a striking feature of ATS-6 observations
» (Mauk et al.. 19811 1s not as cleariy reproduced :n the results of the
simulation.

Some of these discrepancies can be explained by the fact that the
numerical runs reproduce a stationary case, and not a progressive one.
hecause a periodic boundary cond!tion 1s assumed In the present
simulation. Waves cannot escape. and new hot particles are not injected.
thus preventing the simulation system to represent an equillbrium where
1nput and output energy flows are balanced. The size of the system shculd
be |ncreased (LX > 128) in order to be able to follow 1n more detall :he
evolution of the most amplified wavenumber. Finally. a parametric study
(number of particles per cell., more efficient predictor-corrector schemes.

.) should be undertaken 1n order to optimize the cost/efficiency of the

operational code which has been so successfully used throughout this

study.
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Figqure Captions

Figure 1. Time historv of the magnetic and electric energy dens;t:es

during the early stages of ‘*the simulation. e note <ha*t both the

magnetic field and electric fields are still growing at t:me CH:
200. The dashed line on the lower panel reflec*s the variation of Ex'
the smallness of which demonstrates the efficiency of the code and the
electromagnetic nature of the wave,

Figure 2. The time history of the energy densities of the hot protons
(panel a!, helium ions (panel b) and thermal hydrogen (panel c!. Note

that the temperature anisotropy hardly changes unti! time t = 100

ol
H
and then the decrease 15 more rapld. Both *hermal species show an
increase |n energy density. preferentially 1n the perpendicular

direction.

Figqure 3. we piot the dispersion relation of the Bv component during the

arly phase of the simulation th = 204. We also plot the theoretical

(D

iinear dispersion relation by dashed lines using <he piasma parameters
at QHt = 100. We observe that both the simulation results and the
l1near theory show the dispersion relation separated 1nto Iwo
branches: the high frequency branch (HF) above the helium cyclotron
frequency and the low f{requency branch (LF) below the helium cyclotron
frequ ~cv. The fastest growing frequency occurs in che LF branch at
m/QH = 0.16 and k\’A/QFl =0.29.

Figure 4. In the upper panel we piot time evolution of the four dominant
modes during the linear phase of the simulation. The lower panel
shows the theoretical linear growth rate as a function of wavenumcer.
From the upper panel we f:nd that the growth rates f{or mode 3 and s.
corresponding to kvAfQH = 0.3 and kVA/QH =0.4 respectively, are v §, =
0.02. The iower panel predicts the peak growth rate ‘o he 7 CH =
0.022 at kV,/Q, =0.3,

A d

Figure 5. Time history of the electric and magnetic energy densities unt.|

69

N DR
LA Y

T o aitiar A bl el ik ot ol ol oAt et SR JFEL R RN A R R
AN S mea gia e h e aal ol oul sod andeani g i niioa gl iR SRR YA S SO - L4




DR oA e e

the end of the run. The magnetic energy aensity increases unt:! about
QHt = 300. reaching a peak amplitude Bh/BO =0.06. Saturation occurs

about QHt = 300.
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Figure 6. A time history of the different particle species, the hot

AR
%%

protons vpanels f(a) and (b), the perpendicular temperature of helium

and thermal protons panel (c) and the parallel temperature of hel:ium

o L

and thermal protons panel (d). VWe note in panels (a) and (b) that the

anisotropy decreases rapidly until about QHt = 360, reaching a value

Shie I

»

of T‘/T” = 1.3. At later times the He' ions have been heated about
100 times the initial value 1n the perpendicuiar direction. Most of
the heating occurs prior to QHt = 500. The H' 1ons are also heated 1n
the parallel but to a lesser degree. Thermal protons are only H
slightly heated.

Figure 7. Phase space piot for He' at different times. The left column 1s
in vy-x space., while the right column 1s 1In v, -X Space.

Figure 8. A phase space plot for thermal hvdrogen at different times. The
left column 15 1n vy-X space while the right column 1s in v, X space.

Figure 3. A f{i1gure of the dispersion relation of the By component during
the nonlinear stage of the simulation QHt = 800-1200. The upper panel
ts for the forward traveling wave. while the lower panel :s for the
tackward traveling wave. At this stage of the simulation onlyv the LF
branch has a considerable stimulation. The dashed line represents the
ilnear dispersion relation calculated from the parameters at QHt
=1000. Figure 10. Paner (2) shows the time evolution of the k-

spectra of the wave magnetic frield. while panel (b) shows the

amplitude wversus time of the domi!nant modes 1nh the system. Note how
the fastest arow:ng modes shift t0o lower wavenumbers wlth time.

“igure il. A plot of the distrinution function of thermal helium at three
d1fferent times. The left coiumn :s the parallel distribut:ion

function. whereas the right column is the distribution function 'n one
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of the transverse directions. The dashed line 1s the 1initial
distribution function at time QHt = 0. Note the broadening of the
distribution function f(v ) at time QHt = 400. Looking at the lower
left panel we see that the helium continues to heat until the end of
the run., but at a slower rate.

Figure 12. Here we plot certain diagnostics needed to understand the

heating mechanism of thermal helium. At panel (a). we plot E -v .

-

%, % YN Y - R % Ve W TRy e T

For EL'-vl 2 0, the energy is transferred from the waves to the helium

%

ions and vice wversa. We note that most of the energy transfer from

the waves to the helium ions occurs prior to time OHt = 400. In panel
{(b) we plot the effective temperature of the helium, by measuring the

temperature in a réqion of space a quarter of he wavelength of mode 4

LAt

in each direction. In panel (¢} we plot the number of helium 10ns
whose wvelocity lies within the resonance region. We note that number
of trapped particles and the effective temperature seem tO increase

simultaneously. at time around QHt = 500.
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Figure . Time history of :he magnetic and electric energy densities during the
earlv stages of the simuylation. We note that both the magnetic field and
eieciric fields are still growing at time agt = 20C. The dashed line on the
»dWwer panel reflects the variation of Iy, the smallness of which demonstrates
the eriiziency of the code and the electromagneric nature of the wave.
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Tigure 2. The time history of the energy densities of the hot protons (panel
a), nelium ions (panel b) and thermal avdrogen (panel z). Note that the
cemperature anisotropy hardly changes until time .yt = 100 and then the decrease
is more rapid. 3oth thermal species show an increase in energy density,
oreferentially in the perpendicular direction.
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Dispersion Relation

(By/Bg) s, = .0230
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Figure 3. We plot the dispersion relation of the By component during the early
phase of the simulation Iyt = 204. We also plot the theoretical linear
dispersion relation by dashed lines using the plasma parameters at wyt = 100.

we observe that both the simulation results and the linear theory show the
dispersion relation separated into two branches; the high frequency branch (HF)
above the helium cyclotron frequency and the low frequency branch (LF) below the
helium cyclotron frequency. The fastest growing frequency occurs in the LF
branch at w/sy = 0.16 and xV,/Qy =0.29.
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Figure 4. (a) Time evolution of the four dominant modes during the linear phase
of the simulation. (b) Theoretical linear growth rate as a function of wave
number. From Figure 4a we find that the growth rates for modes 3 and 4, corres-
ponding to kVa/8y = 0.3 and kVp/ily = 0.4, respectively, are both equal to Y/ =
U.02. Figure 4b predicts the peak growth rate to be Y/iy = 0.022 at kVp/ady =
0.3.

75

T N T I PRl N
R ST A L P L P O AR ST Oy




- T g
Maasateian dint dut b i Sofinh i it A Ao i Tasth b ST ol it w

Magnetic Energy Density

ant ;
M‘_Ln,ﬂm‘. Y A e JWWW,

[ |

- v i
Ly [
L !
N i 1 i
3
~ 10° = | i
Y.
= 3 ,w i
3 - |
28] JWJ |
o’ l
|
|

NEBETI

Electric Energy Density

3 Wr-wmmwww
j ﬂ? }

_ ____3_

-8 ;
Q =) |
53 - J f
-. il :
~ -/ 5

~ i
nhﬁ :
10€€; |
7] i

| |

0 600 1200

Figure 5. Time history of the electric and magnetic energy densities until the
end of the run. The magnetic energy density increases until about agt = 300,
reaching a peak amplitude B,/B, =0.06. Saturation occurs about ngt = 300.
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Figure 6. A time history of the different particle species, the hot protons
sanels (a) and (b), the perpendicular temperature of helium and thermal protons
panel (¢) and the parallel :emperature of helium and thermal protons panel (d).
We note in panels (a) and (b) that the anisotropy decreases rapidly until about
iyt = 360, reaching a value of T./Ty = 1.3. At later times the He™ ions have

. been Heaced about 100 :times the initial value in the perpendicular direc:ion.
Most of the heating occurs prior to gyt = 300. The HT ions are also heated in
the parallel but to a lesser degree. Thermal protons are only slightly heated.
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Figure 9. A figure of the dispersion relation of the B, component during the
nonlinear stage of the simulation iyt = 800-1200. The apper panel is for tne
forward traveling wave, while the lower panel is for the backward traveling
wave. At tnis stage of the simulation only the LF branch has a considerable
stimulation. The dashed line represents the linear dispersion reiation
calculated from the parameters at uyt =1000.
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Panel (a) shows the zime evolution of the k-spectra of
aagnetic field, while panel (b) shows the amplizude versus time of

wavenumbers with tinme.
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Figure 1l. A plot of the distribution function of thermal helium at three
different times. The left column is the parallel distribution function, whereas
the right column is the distribution function in one of the transverse
directions. The dashed line is the initial distribution function at time o
J. Note the broadening of the distribution function £(v, ) at time Ryt = 400.
Looking at the lower left panel we see that the helium continues to heat until
the end of the run, but at a slower rate.
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Tigure 12. Here we plot certain diagnostics needed to understand tnhe heating
mechanism of thermal helium. At panel (a), we plot Z +v_. For E,.v_> 7

&

, the
energy is transferred from the waves to the helium ions and vice versa. <“e note
that most of the energy transfer from the waves to the helium ions occurs prior
to time iyt = 400. 1In panel (b) we plot the effective temperature of the
nelium, by measuring the temperature in a region of space a quarter 2f he
wavelength of mo0de 4 in each direction. 1In panel (c) we plot the number of
qelium ions whose veloci:ty lies within the resonance region. Wwe note that
number of trapped particles and the effective temperature seem (0 incredse
simultaneously, at time arsund .yt = 500.
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AGU, Philadelphia, May 1982, (EOS 63, 413).

3) M. Ashour-Abdalla, Transverse acceleration of ions by ion
cyclotron waves, Theory Conference on Solar-Terrestrial Physics,
Boston College, Chestnut Hill, August 1982.

4) T. Terasawa, Numerical simulation of tearing mode instabili-
ty, Theory Conference on Solar-Terrestrial Physics, Boston College,
Chestnut Hill, August 1982,

5) T. Terasawa, Particle and hybrid simulation of tearing mode
instability, The First International School for Space Simulation
(ISSS), Kyoto, November 1982,

6) R.J. Walker, MHD modeling of the magnetospheric structure,
The First International School for Space Simulation (ISSS), Kyoto,
November, 1982.

7) M. Ashour-Abdalla, Turbulent heating of heavy ions, AGU, San
Francisco, December 1982, (EOS 63, 1073).

8) T. Terasawa, Hall current effect on tearing mode instability,
AGU, San Francisco, December 1982, (EOS 63, 1073).

9) M. Ashour-Abdalla, Simulations of wave-particle interaction
in space, Spring College on Radiation in Plasmas, International Centre

for Theoretical Physics, Trieste, June 1983,
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10) T. Terasawa, Reconnection in space plasmas, Spring College on
Radiation in Plasmas, International Centre for Theoretical Physics,
Trieste, June 1983.

11) R.J. Walker, Modeling the magnetotail and reconnection, IUGG
meeting, Hamburg, 1983.

12) R.J. Walker, Driven magnetic reconnection, Chapman Conference
on Reconnection, Los Alamos, 1983.

13) T. Sato, Computer modeling of magnetic reconnection - an
overview, Chapman Conference on Reconnection, Los Alamos, 1983.

14) T. Sato, Dayside reconnection, American Geophysical Union,
San Francisco, (EOS Trans. AGU, 64, 45, 799, 1983), 1983,

15) M. Ashour-Abdalla, Wave energization, Conference on Planetary
Plasma Environments: A comparative view, Yosemite, February 1984.

16) K. Watanabe, M. Ashour-Abdalla and T. Sato, Three-dimensional
modeling of the magnetosphere-ionosphere coupling, URSI, Florence,
August 1984,

17) C.C. Wu, Structure of the magnetosphere, Chapman Conference
on the magnetospheric polar cap, Fairbanks, August 1984,

18) T. Sato, Theoretical bases for the magnetosphere-ionosphere

coupling, American geophysical Union, San Francisco, December 1984&.
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3. Contributed Talks

1) Sato, T., T. Hayashi, R.J. Walker and M. Ashour-Abdalla, Neu-
tral sheet current interruption and field aligned current generation
by three-dimensional driven reconnection, IUGG meeting, Hamburg, 1983.

2) Terasawa, T., "Hall-tearing" instability in two-dimensional

[ty £ m oyt bl

plasma sheet, American Geophysical Union, San Francisco (EOS Trans.
AGU, 64, 45, 819, 1983), 1983.

3) T. Sato, 30 computer modeling of dayside reconnection,
Chapman Conference on Reconnection, Los Alamos, 1983.

4) Gendrin, R., M. Ashour-Abdalla, Y. Omura and K. Quest,
Acceleration of heavy ions by ULF electromagnetic waves. 1.
Analytical study of the linear phase, American Geophysical Union, San
Francisco, (EOS Trans. AGU, 64, 45, 815, 1983), 1983,

5) Y. Omura, M. Ashour-Abdalla, R. Gendrin and K. Quest,
Acceleration of heavy ions by ULF electromagnetic waves. 2.
Simulation results, American Geophysical Union, San Francisco, (EQ0S
Trans. AGU, 64, 45, 815, 1983), 1983,

6) Berchem, J., R. Gendrin and M. Ashour-Abdalla, Acceleration
of heavy ions by ULF electromagnetic waves. 3. Analytical study of
the nonlinear phase, American Geophysical Union, San Francisco, (EQOS
Trans. AGU, 64, 45, 815, 1983), 1983.

. 7) Watanabe, K., T. Sato and M. Ashour-Abdalla, 3D model of

magnetosphere-ionosphere feedback interactions in the auroral region,

American Geophysical Unton, San Francisco, (t0S Trans. AGU, 64, 45,

800, 1983), 1983,
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8) Wwatanabe, K., T. Sato, and M. Ashour-Abdalla, Numerical
simulation of auroral arc formation due to magnetosphere-ionosphere
feedback interactions, American Geophysical Union, Cincinnati, May
1984,

9) 0gino, T., An MHD simulation of bifurcation of tail lobes
during intervals with northward IMF, American Geophysical Union,
Cincinnati, May 1984.

10) Hada, T. and T. Terasawa, Nonlinear evolution of low
frequency waves in the foreshock region of earth's bow shock, American
Geophysical Union, Cincinnati, May 1984.

11) 0Ogino, T. and R.J. Walker, An MHD simulation of the
bifurcation of tail lobes during intervals with northward IMF,
Chapman Conference on the Magnetospheric Polar Cap, Fairbanks, August
1984,

12) Ashour-Abdalla, M., Y. Omura, R. Gendrin and K.B. Quest,
Heating of thermal helium in the equatorial magnetosphere: A
simulation study, American Geophysical Union, San Franclisco, December
1984,

13) Hada, T., txcitation of compressional low-frequency waves in
the earth's foreshock, American Geophysical Union, San francisco,
December 1984.

14) Ogino, T., R.J. Walker and M. Ashour-Abdalla, A magnetohydro-
dynamic simulation of effects of the interplanetary magnetic field
(IMF) component By-dependence on the interacvtion of the solar wind
with the earth's magnetosphere during intervals with southward IM{,

American Geophysical Union, San francisco, December 1984.
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19) Pritchett, P.L., The electron-cyclotron maser instability in
relativistic plasmas, American Physical Society, Boston, October 1984.
16) Pritchett, P.L. and R.J. Strangeway, The cyclotron maser
instability in relativistic plasmas: Implications for the generation

of auroral kilometric radiation, American Geophysical Union, San
Francisco, December 198%4.

17) Strangeway, R.J. and P.L. Pritchett, Generation of auroral
kilometric radiation by weakly relativistic electrons: Wave growth
and ray propagation, American Geophysical Union, San Ffrancisco,

December 1984,

18) Walker, R.J. and T. Ogino, A magnetohydrodynamic simulation

SN A S Pidal ek e S84 R o R e L A g gl e

of the interplanetary magnetic field By component -dependent magneto-

spheric convection and field-aligned currents during northward IMF,

A bl e it et

American Geophysical Union, San Francisco, December 1984.

19) Watanabe, K., M. Ashour-Abdalla, and T. Sato, Three-
dimensional modeling of magnetosphere-ionosphere coupling, American
Geophysical Union, San fFrancisco, December 1984,

20) Wu, C.C., Kelvin-Helmholtz instability and the magnetopause

boundary layers, American Physical Society, Boston, October 1934.

21) Wu, C.C., Kelvin-Helmholtz instability and the magnetopause

boundary layers, American Geophysical Union, S5an francisco, December

1984.
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