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Abstract Both theory and simulation have played important roles in defining and illuminating the key
mechanisms involved in substorms. Basic theories of magnetic reconnection and of interchange and ballooning
instabilities were developed more than 50 years ago, and these plasma physical concepts have been central
in discussions of substorm physics. A vast amount of research on reconnection, including both theoretical
and computational studies, has helped provide a picture of how reconnection operates in the collisionless
environment of the magnetosphere. Still, however, we do not fully understand how key microscale processes
and large-scale dynamics work together to determine the location and rate of reconnection. While in the last
twenty years, it has become clear that interchange processes are important for transporting plasma through
the plasma sheet in the form of bursty bulk flows and substorm expansions, we still have not reached the
point where simulations are able to realistically and defensibly represent all of the important aspects of the
phenomenon. More than two decades ago it was suggested that the ballooning instability, the basic theory
for which dates from the 1950s, may play an important role in substorms. Now the majority of experts agree
that regions of the plasma sheet are often linearly unstable to ideal-MHD ballooning. However, it is also
clear that kinetic effects introduce important modifications to the MHD stability criterion. It is still uncertain
whether ballooning plays a leading role in substorms or has just a minor part. Among the different types of
simulations that have been applied to the substorm problem, global MHD codes are unique in that, in a sense,
they represent the entire global substorm phenomenon, including coupling to the solar wind and ionosphere,
and the important mechanisms of reconnection, interchange, and ballooning. However, they have not yet
progressed to the point where they can accurately represent the whole phenomenon, because grid-resolution
problems limit the accuracy with which they can solve the equations of ideal MHD and the coupling to the
ionosphere, and they cannot accurately represent small-scale processes that violate ideal MHD.
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1 Introduction ture the essence of an observed physical phenomenon
while maintaining mathematical tractability. Ideally,

For the purposes of this paper, we define “the-  the theory itself is rigorous and logical. The main
ory” to be the use of mathematics to solve equations  problem is that the simplifying assumptions and ide-
representing well-founded laws of physics, in order to  alizations needed to make the problem tractable often

describe an idealized physical system designed to cap- produce results that depart from real-world observa-
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tions. My operational definition of “simulation” is
almost the same as that of “theory”, except that the
mathematical treatment centers on the use of com-
puters to solve numerical approximations to the ba-
sic physical equations (usually differential equations).
Ideally, the computational physicist responsible for
the simulation makes sure that the essential results
are insensitive to the details of the numerical method
used, although I suspect there have been instances
where published analytic theories and computer sim-
ulations have fallen somewhat short of the above-
described standards of rigor and numerical accuracy.

While theory and simulation have played impor-
tant roles in substorm research, it must be admitted
that data analysis has always been the main driver
of the field. The primary disputes have always been
about how to interpret observations. As a result,
the principal combatants in the big and central argu-
ments concerning the nature of substorms have gen-
erally been data analysts, not theorists or computa-
tional physicists. Substorm research has never been
about highly speculative mathematical theories con-
fronting solid, indisputable scientific observations. It
has sometimes involved solidly logical (though simpli-
fied and idealized) theories confronting questionable
observational results.

Figure1 illustrates an allegory of our situation.
Observers are desperately paddling around in an
Ocean of Data, trying to reach the mainland (i.e.,
trying to figure out how substorms actually work).
Different groups of theorists stand on different islands
of solid theory. (There is a ballooning island, a re-
connection island, etc.) Theorists work to enlarge
their islands while staying out of trouble with the ob-
servers. Most substorm researchers, both theorists
and observers, are pretty sure that they can see the
mainland, but everybody thinks it is in a different di-
rection. Currently, nobody is strong enough to swim
directly to the mainland. However, an observer can
choose an island that he or she believes is solid and
walk across it, hoping to get closer to the mainland.

That is, the theoretical islands give the observers ide-
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Ocean of Data

Islands of solid theory

Fig.1 The role of theory in substorm research

as that help them frame interpretations of their data.
The long-term hope is that the relevant islands will
get big enough and cohere so that most of us can get
to the mainland. It’s highly likely that some of the
theoretical islands will turn out to be irrelevant, but
we don’t know which ones.

The rest of this paper describes what different
sets of theorists have done to enlarge their islands.
For practical purposes, I have chosen to concentrate
on just four islands on which there has been a sub-
stantial amount of theoretical effort, involving three
physical processes suggested to have major roles in
substorms and a numerical approach that provides

an overall picture of the phenomenon.

2 Magnetic Reconnection

2.1 Reconnection Theory Before 1973

I first discuss the development of the theory of
reconnection before the explosion of interest in the
subject associated with the introduction of the near-
Earth-neutral-line model of substorms. Figure 2 illus-
trates the concept of reconnection. The top diagram
shows two magnetic field lines (AB and CD) interact-
ing and forming a new pair of field lines AC and BD.
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(b)

Fig.2 Concept of reconnection (From Schwarzschild ],

adapted from Paschmann!®)

A 2D version of reconnection is shown in Figure 2(b).

The idea of reconnection in a space physics con-
text began with Giovanellil® and Hoylel*, who sug-
gested the conversion of magnetic energy to particle
energy at a magnetic null point as a mechanism for
solar flares. Dungey!® used MHD to show that a
plasma could collapse to a thin current sheet near a
magnetic neutral point. He pointed out that mag-
netic field lines could be broken and rejoined, and
he suggested reconnection as a possible explanation
for the aurora. However, his proof was highly ideal-
ized, because it assumed negligible plasma pressure.
Furth et all8 developed a full quantitative theory of
resistive tearing, confirming Dungey’s conclusion that
a tearing-type perturbation in a neutral sheet would
grow in time. Figure 3 shows the situation, which was
studied using a linear analysis of a perturbation that
was periodic in the z-dimension and exponentially

growing in time, imposed on a configuration with a

z
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Fig. 3 Development of a tearing mode in a neutral sheet.
Solid arrows are flow velocities. Here and elsewhere
in this paper, z is toward the Earth, z is northward,

and y is toward dusk (Adapted from Furth et al.l)

central neutral sheet.

One reason why reconnection in space plasmas
has been a profoundly difficult theoretical problem is
that both large- and small-scale processes play abso-
lutely essential roles. From the perfect-conductivity

relation

E+vx B=0, (1)

and Faraday’s law, one can prove that if two fluid
elements initially share a field line, they will forever
share the same field line (e.g., Siscoel”). The situa-
tions shown in Figure 2 and Figure 3 obviously violate
that condition, so apparently they can only occur if
there are violations of the perfect-conductivity rela-
tion, which is a central assumption of ideal MHD.
Therefore, reconnection cannot occur in ideal MHD,
which is the simplest representation of large-scale
plasma behavior. Furthermore, the simplest kind of
violation of ideal MHD, the addition of a Coulomb-
collisional resistivity term to the ideal Ohm’s law,
does not result in appreciable reconnection in the
magnetosphere, because collisions in charged parti-
cles are so rare as to be irrelevant. If reconnection is
to occur in the magnetosphere, it requires the oper-
ation of small-scale plasma processes. On the other
hand, it was realized very early that boundary con-
ditions could make a big difference. Sweet[® and
Parker[®! suggested a mechanism in which the frozen-
in-flux condition was violated across a magnetic-field-
free neutral sheet that extended for a distance that
was comparable to the dimension of the macroscopic
system, but the resulting reconnection rate turned

out to be too slow to be important for solar-system
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applications. Petschek!’® proposed a reconnection
theory in which the dimensions of the region of frozen-
in-flux violation were much smaller than dimensions
of the overall system, and magnetic tension created
exhaust plumes (left and right in Figure 4); the re-
connection rate for this geometry proved to be much
faster. This finding demonstrated that large-scale dy-
namics, which determines the boundary conditions,
plays a crucial role in determining the rate of the
process.

Although much of the theory of reconnection be-
fore 1973 was developed for application to the Sun
and for controlled-fusion devices, the concept of re-
connection was also applied to the magnetosphere.
In a famous paper, Dungey'? suggested that recon-
nection drives magnetospheric convection, and Coppi
et al.'3] suggested that the tearing mode would op-
erate in the center of the current sheet in the Earth’s
magnetotail. These two landmark papers provided
a theoretical framework for the development of the
near-Earth-neutral-line model of substorms (Russell
and McPherron™; McPherron et al.!*), which was
a phenomenological picture based on the interpreta-

tion of observations.

e

Fig.4 Petschek model of reconnection. Solid lines with
arrows are magnetic field lines, while dashed lines
with arrows are flow lines. Ideal MHD holds except
in a small “diffusion region” at the center

of the diagram (From Vasyliunas(')
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2.2 Post-1973 Reconnection Theory
With no Background B, or B,

By the time of Vasyliunas’ review'!] of the the-
ory of reconnection, it had become clear that ma-
jor violation of the ideal Ohm’s law in a collisionless
plasma was limited to a small “diffusion box”, where
electrons are demagnetized and can be accelerated in
the direction opposite to the electric field; in this re-
gion, electron inertial effects become important. Only
a small amount of fluid traverses that box. It was
also clear that the reconnection rate could vary from
low values to values greater than the external Alfvén
speed, depending on the boundary conditions.

For the simplest kind of collisionless reconnec-
tion, characterized by regions of oppositely directed
magnetic field separated by a neutral sheet, many
simulations have been carried out using different
boundary conditions and different codes. Using the

assumption of resistive MHD, i.e.,
E+vxB=nJ, (2)

with resistivity 7 chosen to be much larger than
the value estimated from simple Coulomb collisions,
many simulations were carried out to determine the
basic properties of reconnection in the near tail. In
addition, fluid simulations were carried out with Hall
MHD, which assumes

Jx B
E+vxB=nJ+ ; ; (3)

and with fluid codes that include off-diagonal terms
in the ion pressure tensor. Hybrid simulations (ions
treated as particles, electrons as a fluid with and with-
out electron mass and pressure anisotropy), and full
electromagnetic particle simulations have also been
used. The situation is terrifyingly complex, and it has
been difficult for non-experts (including the present
author) to develop a clear picture from this zoo of
simulations, which were, to further complicate mat-
ters, typically carried out for different initial and

boundary conditions.
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However, about ten years ago a community exer-
cise called the GEM Reconnection Challenge seemed
to clarify things somewhat. Specialists in all of the
major types of simulations agreed to perform sim-
ulations for the same set of initial and boundary
conditions. They considered a uniform neutral sheet
(specifically a Harris sheet (Birn et al.['!) with anti-
parallel field lines on the two sides of the current
sheet). To this zero-order configuration, they added
a small initial perturbation that created an X-line at
the center of the simulation box. Periodic boundary
conditions were assumed and each of the simulations
used the same values for the ratio of the dimensions
of the box relative to the initial thickness of the cur-
rent sheet. The resistivity used in the MHD models
was taken to be either uniform in space or, in some
cases, spatially localized to regions where the cur-
rent density exceeded a pre-determined threshold.
Everybody plotted the reconnection rate as a func-
Full-particle, hybrid, and Hall-MHD

simulations all gave remarkably similar results, as

tion of time.
shown in Figureb. In resistive MHD simulations,
the reconnection rate depended on the assumed re-
sistivity. For uniform resistivity, the rate was always
slower than that exhibited by the more detailed sim-

ulations, as shown in Figure 5. However, when MHD

4F —— full particle P
----- hybrid

3F — — hall MHD
E —-— MHD

reconnected flux

Fig.5 Comparison of reconnection rates computed
for the same conditions by four different methods,
as indicated. The time unit is the ion gyrofrequency
in the external field, and the flux unit is
the product of the external magnetic field and

the ion inertial length (From Birn et al.)

simulations were carried out assuming that the resis-
tivity was zero unless the current density exceeded
a preset threshold, the reconnection rates were sub-
stantially higher (Ottol'™)).

The physical picture that came out of the full-
particle, hybrid, and Hall MHD simulations in the
GEM Reconnection Challenge is illustrated in Fig-
ure 6. There is a tiny diffusion region near the neutral
point (shown as the central red region of the diagram)
where electrons are unlocked from the magnetic field,
a situation that is represented by a resistivity in the
fluid codes. In a larger surrounding region (shown
in green), electrons are frozen to the field lines, but
the ions are not, due to their larger mass. The re-
sult is standing whistler waves that involve non-zero
currents in the plane of the picture (Shay et all'®l;
Birn et al['%) and magnetic fields perpendicular to
that plane. These perturbation magnetic fields are a
signature of the Hall effect and do not occur in ideal
MHD.

The results of the GEM Reconnection Challenge

plasma flows

hall-zone: electrons decouple from 1ons

— *

electron physics

’
dominated region quadrupolar normal

magnetic field

Fig.6 Physical picture of reconnection that came from
the GEM Reconnection Challenge. The plane of
the picture is the plane that contains the magnetic field
lines in the initial situation before reconnection starts.
Electron physics dominates the red “diffusion region”,
while ions decouple from the electrons in the green
“Hall zone”. Within the Hall zone, currents flow
in the plane of the picture within the yellow regions,
causing magnetic field perturbations perpendicular

to the page (From Hesse et al.l'%)
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appeared for a time to pretty much settle the mat-
ter of how reconnection occurs in a simple Harris
sheet, at least for parameter values that are rea-
sonable for the inner plasma sheet. That picture’s
basic prediction of Hall-current wings on the recon-
nection region has been confirmed observationally
(see Asano et al.?%l and references therein). However,
some evidence has recently appeared indicating that
the GEM-Challenge picture may, in fact, be too sim-
ple (Hesse et al.l?!]).

My discussion of reconnection so far has been
confined to the simple case where the magnetic fields
on the two sides of the neutral sheet are anti-parallel,
at least in regions far from the X-line. However, re-
connection frequently occurs in situations that are
far from that anti-parallel situation. Gosling et al.[2?!
in fact showed that, in the solar wind, reconnection
happens mainly at discontinuities where the magnetic
field directions on the two sides of the current sheet
differ by less than 90°. In the magnetotail, magnetic
fields in the northern and southern tail lobes, pro-
jected onto the plane of the cross-tail current sheet,
are not typically exactly anti-parallel, and the mag-
netic field in the center of the current sheet is not
exactly zero, so it was clear many years ago that the
theory of reconnection had to be generalized to in-
clude more general geometries than the situation con-
sidered in the present section. I divide the discussion

into two parts: the case where the magnetic field in

Fig. 7
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the center of the current sheet has a component in the
direction of the current (called a “guide field”) and
the case where the initial magnetic field in the center
of the current sheet has a component perpendicular
to the cross-tail current (in the plane of Figure6). I
consider the guide field first.

2.3 Effect of a Guide Field (B,)

When realistic geometries are considered, we
immediately encounter questions about the defini-
tion of reconnection. For example, consider the sit-
uation depicted in Figure 7(a), which shows the mag-
netospheric zz plane. According to the definition of

1] reconnection occurs if there is flow

Vasyliunas!
across the separatrix between closed field lines that
connect to the Earth and plasmoid field lines, which
close on themselves without encountering the Earth.
Now suppose that we add a finite B, component to
the simple 2D situation such that now Figure7(a)
shows just the x- and z-components of the magnetic
field. If the reconnection occurs over a finite distance
in y, then the actual situation is as depicted in Fig-
ure 7(b). What looks like an unconnected plasmoid
in 2D projection (Figure 7a) is actually magnetically
connected to the Earth. What looks to be a plasmoid
in a 2D projection is actually a flux rope when seen
in 3D. A field line connects to the Earth with one
footpoint in the southern ionosphere, spirals its way
through the flux rope structure that appears like a

plasmoid in 2D, and has another footpoint in the

=>

(b)

<>

(a) Magnetic field lines on the xzz-plane. (b) 3D view of magnetic field lines, in a case where there is a finite

positive By in the current sheet, and reconnection occurs along a finite length in the y-direction. Heavy arrows in the

left diagram are flow directions. Right diagram is from Schindler et al.[?*]
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northern ionosphere. In this case, all of the field lines
are closed, and it is not apparent that they can be de-
scribed as having different topologies. Although we
would like to be able to refer to a situation like that
shown in Figure7 as “reconnection”, it is not obvi-
ous how we can do so following Vasyliunas’ definition

without introducing a creative definition of “topol-

9

ogy”.

Axford¥ suggested a more general definition
of reconnection as a localized violation of the ideal
Ohm’s law, and Hesse and Schindler(??! worked out a
detailed description of the properties of reconnection
following this definition. This definition includes the
cases covered by Vasyliunas’ definition, which involve
an electric field at a magnetic neutral point, as well
as the case shown in Figure 7, where E- B # (0. How-
ever, it also includes the case where the magnetic field
is uniform but there is an electric field parallel to it
(as is the case in the auroral acceleration region above
Earth’s ionosphere). That situation “feels different”
than the X-line reconnection shown in Figure7, and
it ought to be possible to distinguish these cases by
different names. However, to date, there does not
seem to be any generally accepted convention on how
to do this.

One might at first think that the addition of a
guide field would dramatically reduce reconnection:
the argument presented in Section 2.2 suggests that
reconnection depends on the existence of a region
where even electrons are demagnetized, and the pres-
ence of non-zero B, at the center of the current sheet
eliminates that possibility. However, detailed theo-
retical work indicates that the guide field has only
a rather mild effect on reconnection and can actually
make it proceed faster (e.g., Hesse et al.[26]; Pritchett
and Coronitil?™). The crucial region near the neutral
line, where an electric field can accelerate electrons
freely along the neutral line, is now replaced by a
region with B directed along the y-axis, where an
electric field parallel to B can accelerate the electron

freely.

2.4 Effect of a Positive B, in the
Initial Configuration

The question here is: How can reconnection oc-
cur in a configuration like that shown in Figure§,
which resembles the real plasma sheet? Again, the
answer depends on the definition of “reconnection”.
Using Axford’s definition, reconnection occurs if there
is any violation of the ideal Ohm’s law, which means
that even simple gradient and curvature drift give rise
to reconnection. This definition, under which recon-
nection is always present in the plasma sheet, is not
useful for substorm discussions. In substorm physics,
the term “reconnection” is reserved for a configura-
tion like that shown in Figure7(a), which involves
magnetic fields of different signs perpendicular to the
current sheet on either side of a neutral line. In other
words, it is convenient to adopt the Vasyliunas defi-
nition, defining the topology of a field line in terms
of the number of times it crosses the center of the
current sheet.

Taking that definition of reconnection, which is
what I do in the rest of this paper, it is clear that an
infinitesimal perturbation in the magnetic field of Fig-
ure 8 does not immediately imply reconnection. The
question then arises: Is there a physical process that
can cause a configuration like that shown in Figure 8
to develop a region of near-zero B, across the neutral
sheet and then another process that causes reconnec-
tion to proceed, or are both parts of the evolution
dominated by the same process?

Within the context of resistive MHD the answer
is clearly the second. Beginning in the late 1980’s,
Joachim Birn and Michael Hesse used resistive MHD

simulations and sometimes quasi-static equilibrium

¥4

]

X

v

Fig.8 Current sheet with positive B, across it
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solutions to produce stretched tail-like configurations
that were designed to represent the inner and middle
magnetosphere under growth-phase conditions. They
used a rectangular simulation box designed to exclude
the inner magnetosphere and magnetopause bound-
ary layers. Some conclusions are the following.

(1) Reconnection can occur if B, is sufficiently
small, the current sheet is sufficiently thin, and an
appropriate amount of resistivity is assumed.

(2) The observation-based picture (McPherron
et al.’) that reconnection leads to the formation of
a substorm current wedge was confirmed by the MHD
simulations (Hesse and Birn[?8]).

(3) The current in the substorm wedge is mainly
driven by pressure gradients (Birn and Hesse[?")).

(4) Current sheet thinning can be caused by a
variety of circumstances (Birn et al.3%).

(5) A perturbation at the magnetopause bound-
ary can lead to a very thin current sheet and loss of
equilibrium (Birn et al.131).

(6) Reconnection has only a small effect on the
total entropy of a flux tube, because the diffusion
box, where dissipation occurs and entropy presum-
ably rises, is so small that only a small fraction of
the fluid elements in a flux tube traverse it (Birn et
al. B,

Using kinetic theory to try to understand the
nature of the process that violates ideal MHD to
cause reconnection in the plasma sheet raises pro-
found questions, with analytic theory and PIC sim-
ulations not always in total agreement. Schindler[®3]
argued that an ion tearing mode should occur when
ions become demagnetized, i.e., when their gyroradii
become comparable to or greater than the radius of
curvature of field lines crossing the current sheet.
Galeev and Zelenyil® showed that the magnetized
electrons could stabilize the ion tearing mode. Lem-
bege and Pellati®d], Pellat et all*0l, Brittnacher et
al.B3 Quest et al.®8! and Schindler®¥ showed that
the ion tearing mode should be universally stable

when there is initially a substantial normal compo-

Chin. J. Space Sci. =RAFFM/ 2011, 31(2)

nent of B,. Sitnov and Schindler[*®) have recently
argued for the destabilization of the tearing mode
near the tailward end of a thin current sheet. De-
spite the fact that the efficacy of ion tearing in the
presence of finite normal component of B is still un-
clear from the viewpoint of analytic theory, it seems
to occur regularly in PIC simulations (e.g., Pritchett
et al.lM, Pritchett[42]), which should fully include ki-
netic effects, though with an unrealistic ratio of ion
to electron mass.
2.5 Summary Comment

Despite many years of intense effort and con-
siderable progress toward understanding, it is still
not clear how reconnection happens in the collision-
less plasma sheet, and how small-scale and large-scale
processes work together to determine the rate of re-

connection.

3 Interchange, Entropy, Bubbles,
Pressure Crisis, and Substorms

3.1 Interchange Instability, PV5/3,
and Entropy

The basic theory of the interchange instabil-
ity goes back to the early days of plasma physics
(Rosenbluth and Longmirel*?!). It was applied early
to Earth’s inner magnetosphere by Sonnerup and
Laird*4 and others, but the plasma sheet is where in-
terchange processes seem to be most important. The
energy principle of ideal MHD implies that a plasma
system that is at rest and in force equilibrium is un-
stable if an exchange of two unit flux tubes (and the
plasma frozen to them) produces a decrease of the
potential energy of the system. (The situation is il-
lustrated schematically in Figure9) If the exchange is
carried out so that the volume initially occupied by
flux tube 1 equals the volume occupied by flux tube
2 in the final state, and vice versa, then the criterion

for instability can be expressed as

SV 5(PVP/3)
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PV3By
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Fig.9 Diagram of simple interchange viewed in

a plane perpendicular to the local magnetic field.
The two white tubes are interchanged,

without disturbing the yellow background

(Schmidt*®]), where V = st/B is the volume of a

flux tube containing one unit of magnetic flux. If the
exchange is between two adjacent flux tubes, and they
are allowed to expand and contract in equal amounts
to minimize the final energy, the criterion takes the

more general form originally derived by Bernstein et
al 146l

(A _mdP[dy0PVED o )

1% Vv B3 PV5/3

The JP term is important only in high-3 plasmas.
However, even in the high-g plasma sheet, gradi-
ents in V and P are usually approximately anti-
parallel, so (5) normally reduces to (4). Xing and
Wolfl47] showed that (4) can be generalized to a form
VV - V(PV®/3) < 0, for low-f conditions. Thus, a
system is unstable to interchange if P V5/3 decreases
along the direction of increasing flux tube volume V.
Following Birn et al.3?, we note that the param-

/R

eter P3/5 /p is directly proportional to e?/* where o

is the entropy per unit mass of an ideal gas and R is

a constant. The flux tube integral

Z:J(P )pds/B (6)

is conserved as a flux tube drifts, provided that the

3/5

entropy per unit mass is conserved and the mass ele-
ments pds/B are frozen to the magnetic field. If the
system is also at equilibrium, so that pressure is con-
stant along a magnetic field line, then the parameter

pv®/ 3 which plays the central role in the criterion

for interchange instability, is conserved. In my discus-
sion, I use PV°/? as shorthand for the more general
conserved quantity X°/3.
3.2 Pressure Balance Inconsistency
Observations show that there is a systematic
sunward flow of plasma through the auroral iono-
sphere, which implies a dawn-to-dusk electric field in
Most

theorists originally pictured the transport of plasma

the equatorial region of the magnetosphere.

in the plasma sheet in terms of uniform earth-
ward flow, although with significant perturbations.
If PV°/3 is approximately conserved along a drift
path and flow in the plasma sheet is consistently
earthward, we would expect PV o be approxi-
mately uniform within the plasma sheet. However,
observation-based statistical models of the plasma
and magnetic field indicate that this is not the case
(Erickson and Wolfl*]), with PV?/3 systematically
decreasing as one moves Earthward. That realization
gave rise to a quandary called the “pressure balance
inconsistency” or “pressure crisis”, though “entropy

inconsistency” or “entropy crisis” would have been

better names. Figure 10 illustrates the problem: the

S

-15

y/Rg

-10 —-15 -20 =25 -30
x/ RE
Fig. 10 Average value of ion PV®/3 in units of
10'% Pa-m? /Wb, in the equatorial plane, computed

from Geotail data (From Kaufmann et al.[*%)
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observed PV®/ 3 based on statistical models, consis-
tently decreases earthward and by a substantial fac-
tor.

One obvious mechanism for the earthward de-
crease of PV®/3 in the plasma sheet is loss of
plasma from the flux tube by precipitation into the
ionosphere. However, since the strong-pitch-angle-
scattering lifetime for loss by ions in the middle
plasma sheet is much longer than the average convec-
tion time through the medium, it would be difficult
for a large fraction of ions to be lost from flux tubes
in the region shown in Figure10. A significant frac-
tion of the electrons could be lost, but that would not
decrease the total pressure much, since electrons con-
tribute only about 1/8 of the total pressure (Baumjo-
hann et all®®). A second simple loss mechanism is
gradient and curvature drift out the sides of the tail

[51]; Spence and Kivelson[®?l; Wang et

(Tsyganenko
al. [53]). It is always non-negligible and may solve the
problem in times of slow convection. However, it is
difficult to imagine how it could eliminate the incon-
sistency in times of strong convection: in steady con-
vection, an ion gradient/curvature drifting across the
width of the tail gains energy equal to its charge times
the cross-tail potential drop; the average ion energy
in the dusk-side plasma sheet is much less than the
potential drop; thus it is hard to see how the major-
ity of the plasma sheet ions could have drifted all of
the way across the tail and out through the magne-
topause. As discussed in the next section, resolution
of the pressure balance inconsistency seems to require
a more subtle mechanism, at least during times of
strong convection.
3.3 Bubbles and Blobs

In Earth’s plasma sheet, interchange instability
is usually observed in its nonlinear development, and
not in its linear phase. It is useful to characterize the
nonlinear development in terms of bubbles (flux tubes
that have lower PV°/% than their surroundings) and
blobs (flux tubes that have higher PV®/® than their
Consider a bubble that is initially

surroundings).

at rest in the plasma sheet as shown schematically

Chin. J. Space Sci. =RAFFM/ 2011, 31(2)

in Figurell. Because it has lower PV5/3 than its
neighbors, the bubble carries less gradient/curvature
drift current than its surroundings, causing positive
charges to build up on the dawn side of the bubble
and negative charges on the dusk side. The enhanced
dawn-to-dusk electric field inside the bubble causes it
to start to E x B drift earthward, launching Alfvén
waves toward the northern and southern ionospheres,
which eventually produce Birkeland currents down to
the ionosphere on the dawn side, and up on the dusk
side. After the system settles down in a few Alfvén-
wave travel times, the interruption in the cross-tail
current caused by the bubble will be completed by
dawn-to-dusk current across the local ionosphere. Us-
ing similar physical arguments it can be seen that a
blob will move tailward, toward the region of higher
flux tube volume.

Pontius and Wolfl®¥ suggested the existence of
earthward-moving bubbles in the plasma sheet at
about the same time that observations revealed the
existence of mostly-earthward-moving bursty bulk
flows (BBF’s) in the plasma sheet (Baumjohann et
al.1®l; Angelopoulos et al.l6l; Angelopoulos!®”). The
association between bubbles and BBFs was estab-
lished (Chen and Wolfl®8l: Sergeev et all!, Kau-
ristie et al.[%9, Nakamura et al[), and it became
clear that a large fraction of the total transport in
the plasma sheet occurred in BBF’s (Angelopoulos et
al.5%1).

Chen and Wolfl®2! calculated the motion of

a highly idealized version of a bubble, namely a

low PV 5

®B VV —
(1<) Je

high PV*?

Earth

Fig.11 Cartoon in the zy plane showing why a bubble

tends to move earthward in Earth’s plasma sheet
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Fig.12 Evolution of a filament that originally
extended to 40 Ry with PV /3 equal to 34%
of the local background. The small numbers are
times in minutes. The heavy line indicates

the final equilibrium shape (From Chen and Wolf%%)

thin, ideal-MHD filament that slips without friction
through a background medium. Figure 12 shows the
evolution of a filament that started at rest with a
tailward extent of 40 Rg and the same shape as its
neighbors, but with PV?®/? equal to 34% of the local
background. The bubble accelerated earthward un-
til it encountered background flux tubes with P Vo3
predominantly lower than its value, when it began to
accelerate tailward. After a few oscillations, the bub-
ble came to rest at an equilibrium position, where
its PV°/® matched the neighboring tubes. Such os-
cillations have now been observed (Panov et al.l%]).
Meanwhile, Birn et al.[94-65] carried out full 3D bub-
ble simulations, which indicate similar behavior but
also display spatial structure that the thin-filament
calculations cannot describe (see Figures 13 and 14).

More detailed simulations are shedding addi-
tional light on these processes.  Pritchett and
Coronitil®! found that interchange fingers developed
in a full electromagnetic particle simulation. 3D par-
ticle simulations by Sitnov et al.l57 implied that the
leading edge of a dipolarization forms a sharp “dipo-
larization front”, and that phenomenon has been ob-
served by Runov et al.l®) with the predicted charac-
teristics.

Three mechanisms have been suggested for cre-
ating bubbles.

(1) Due to non-uniformities in the tail lobe, new
closed plasma-sheet field lines created at a far-tail X-
line may be created with different values of P Vo/3,
These non-uniformities seem likely to result from the

patchy nature of reconnection at the dayside magne-

-0.2

0 =2 -4 -6 -8 =10

Fig. 13 Velocity in and around a bubble as a function
of time, as derived from a 3D MHD simulation.
The black curves represent the boundaries of the bubble
in the zz plane, as it evolved in time. Units of time,

distance, and velocity are arbitrary (From Birn et al.l®)

North

enhanced pressure
- field-aligned flow

flow burst
(bubble)

field-aligned current

twisted or sheared
W, magnetic field

vortex flow
electric field

Mow burst
(bubble)

Dusk

Fig. 14 Cartoon of an earthward-moving bubble based
on 3D MHD simulations (From Birn et al.[®*)
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topause, as exemplified by flux transfer events.

(2) A localized reconnection region within the
plasma sheet divides the entropy on a closed flux tube
into two parts, a new and shorter closed flux tube and
a plasmoid. Since some of the entropy goes to the
plasmoid, the shortened closed flux tube has lower
PV®/3 than the original one.

(3) Suppose that thinning of the inner plasma
sheet leads to a current density that is high enough
to exceed some threshold (mechanism unspecified at
this point), which leads to a violation of frozen-in
flux and a localized electric field in the +y direction
(out of page in Figurel5), in the rest frame of the
plasma. Field line 2 slips on the plasma and its equa-
torial crossing point moves earthward. The volume of
flux tubes between lines 1 and 2 decreases, creating
a bubble, and the volume between 2 and 3 increases,
creating a blob. This mechanism, which bears some
resemblance to the tail-current-disruption model of
Luil®!, was studied quantitatively in 2D by Lee et
all"%=71 "and recently in 3D by Yang et al.[™?].

Production of bubbles in the plasma sheet by
any or all of these three mechanisms helps to resolve
the pressure balance inconsistency, because the inter-

change effect will cause bubbles to move preferentially

Fig. 15
line (#2) on the plasma in a region of high

Diagram showing how slippage of a field

current density (shaded region) can produce
a bubble (between lines 2 and 3) and
a blob (between lines 1 and 2). From Wolf et al.l™
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to the inner plasma sheet and blobs to the distant
plasma sheet, resulting in a tailward gradient in the
average PV®/3. Once a bubble is created by any of
these mechanisms, its motion can be represented by
MHD, at least to first approximation. However, the
mechanisms for creation of the bubbles all involve re-
connection or other violations of ideal MHD, which
means that some small-scale process must play a cru-
cial role.

Notice that the idea of bubbles is in no way a
competitor to the concepts of reconnection or current
disruption. Bubbles result from both processes. The
bubble concept provides a way of visualizing the mo-
tion, through the background medium, of a flux tube
that has undergone current disruption or reconnec-
tion.

3.4 Relationship to Substorms

Assuming uniform, steady, strong, adiabatic,
sunward convection on closed magnetic field lines
from the distant tail to the inner plasma sheet in
a model that maintains the magnetic field in force
balance with the computed particle populations leads
to a minimum in magnetic field strength in the inner
plasma sheet, as illustrated in Figure 16. This conclu-
sion has been verified by many calculations, both 2D
(e.g., Erickson!™; Haul™!) and 3D (e.g., Toffoletto

et al.l"%; Lemon et al.[m). The reason is simple. Flux
tube volume V = st /B naturally increases rapidly

with tailward distance, because the field lines get
longer and the field normally gets weaker. On the
other hand, the pressure in the tail lobes decreases rel-
atively slowly with distance. Therefore, in statistical
models, pyo/3 normally increases with distance, as
illustrated in Figure 10. In order to conserve pvo/ 3
computational models with enforced earthward con-
vection tend to create a region of very weak magnetic
field near the center of the current sheet in the near-
Earth region, in order to increase flux tube volume
there. The computed inner-plasma-sheet magnetic
field consequently gets very stretched, resembling the

growth phase of a substorm. In model calculations
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Fig.16 Equatorial pressure P., entropy parameter
PV3/3 and equatorial magnetic field strength as
a function of distance from Earth, as computed
by a 2D equilibrium model of the magnetic field and
plasma distribution. The unit of x is Rg, but the units
of P, PV5/3, and B.. are arbitrary (From Haum])

carried out so far, the plasma sheet typically thins
somewhat, but not to the extent observed (to about
1000 km).

very thin current sheets when an additional non-

Equilibrium calculations have produced

adiabatic process was assumed (Lee et al.l"%: Yang et
al.m]), but the detailed physics of the non-adiabatic
process is not clear yet.

Regarding the expansion phase of a substorm,
observational evidence has accumulated that the
dipolarized region inside the substorm current wedge
is a low-PV°/3 bubble (Lyons et al.l"8l; Apatenkov et
all™1). Our group has started to employ that idea
in simulations of the earthward injection of particles
in a substorm (Zhang et al[®9~%%; Yang!®), and a
sample result is shown in Figure17. These calcula-
tions include the effects, on ionospheric currents and
electric fields, of the Birkeland currents that neces-
sarily flow along the sides of a bubble and form the
substorm current wedge. However, attempts at realis-
tic simulation of substorm particle injections are still
in their infancy. No computational model currently
exists that can include all of the physics that is obvi-
ously important to the process, including pressure-
driven and inertial currents in the magnetosphere,

ionosphere-magnetosphere coupling, and transport

| [

P37 0,010 0.018 0.026 0.034 0.042 0,050 0.058 0.066 0.074 0.085 0,090
J =30 -24-18 -12 06 0.0 06 12 1.8 24 3.0

Fig. 17 Rice Convection Model simulation of the
injection of a bubble in a substorm. Color in the left
diagram indicates PV°®/3 in nPa(Rg/nT)*®. In the right
diagram, color indicates the density of Birkeland current
in pA/ m? down into the ionosphere, but with values
mapped to the equatorial plane. Black contours indicate
drift paths for an average ion (left) and equipotentials
(right). The effects of induction electric fields on drift
paths are not displayed, although they are considered in
the calculation. Corotation is not included in the

contours of the right diagram (From Zhang et al.®?)

by gradient/curvature drift, all with reasonable nu-
(The Rice Convection Model
(RCM) and the RCM-E, which keeps the magnetic

field in equilibrium with the computed particles, in

merical accuracy.

their present forms both neglect inertial currents.)
3.5 Summary Comments

It has become apparent that interchange pro-
cesses in general, and bubbles in particular, play a
central role in plasma-sheet transport and substorms.
Still, the mechanisms for generating bubbles, which
involve small-scale and large-scale processes work-
ing together to violate frozen-in-flux, are still incom-
pletely understood. Furthermore, we do not yet have
a computational framework that adequately treats
the evolution of a substorm-associated bubble, once

it is created.

4 Ballooning

4.1 Definition

In the classic ideal-MHD expression for the cha-
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nge in the potential energy of a stationary system
(Bernstein et al.l*9l), there is a term that indicates
instability if VP and field-line curvature are paral-
lel to each other. Figure 18 depicts instability in a
plasma device where the field-line curvature varies
with distance along the magnetic field. This insta-
bility, termed “ballooning” occurs mostly in regions
where the curvature is favorable for instability and
the field line balloons out. The dominant modes typ-
ically have small wavelength perpendicular to B.

As with magnetic reconnection theory, the the-
oretical study of ballooning is maddeningly complex.
In common with reconnection, the physics of bal-
looning includes both large- and small-scale aspects:
while ballooning is basically a large-scale MHD phe-
nomenon, the ballooning growth rate is affected by
small-scale kinetic effects. However, while it is clear
that reconnection plays a major role in substorm dy-
namics, it has not yet been firmly established whether
or not ballooning plays a causal role in substorms or
is, instead, a minor consequence of substorms. The
introduction to the paper by Zhu et all®® includes
a fairly detailed review of the history of the theory
of ballooning as applied to the magnetosphere, and
I have based some of this brief review on material

contained there.

perturbed surface

Fig. 18 Ballooning in a plasma confinement device
(Adapted from Friedberg®¥)

Chin. J. Space Sci. =RAFFM/ 2011, 31(2)

As in the case of reconnection, there is a prob-
lem with regard to definition. The confusion specifi-
cally concerns the terms “interchange instability” and
“ballooning instability”. Some researchers consider
ballooning to be the more general term, and inter-
change a special case of it, characterized by situations
where entire flux tubes change places. Others prefer
to eliminate the distinction and combine the two us-
ing the term “ballooning/interchange”. Part of the
problem is in the definition of “interchange”. Previ-
ously, I referred to the thin-filament motion shown
in Figure 12 as an interchange process, because a fila-
ment that started life with PV°/3 less than neighbor-
ing flux tubes moved through a medium until it found
a position where the PV°/3 of the local background
matched its value. However, while the filament is
evolving from its initial configuration to its final state,
its shape is highly dynamic and differs from the back-
ground, and pressure is not uniform along its length.

I prefer to use the term “ballooning instability”
to describe an instability that exists in ideal MHD
in a situation that does not satisfy the conditions of
interchange instability ((4) or (5)). As indicated in
Section 3.2, the average gradients of PV®/3 and V in
the magnetosphere are both directed approximately
tailward, so that the criterion for interchange insta-
bility is not satisfied in these average configurations.
A crucial question, in my opinion, is whether, even
under these conditions, there is still ballooning in-
stability in the statistical-average plasma sheet or at
least in the stretched plasma sheet that is character-
istic of the end of the substorm growth phase.

4.2 Linear Analyses

The theoretical work of Miura et al.[*6! suggested
that Earth’s plasma sheet is ballooning unstable in
regions where § ~ 1. Roux et all¥7 found observa-
tional evidence of ripples at geosynchronous orbit in
the early expansion phase of a substorm and identified
those with ballooning. (See Figure19) It is not clear
whether this observed feature satisfies my definition
of ballooning, since both interchange and ballooning

give similar patterns of field-aligned currents. The
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[ field aligned currents

Fig.19 Ripples with field-aligned currents of
alternating signs, as observed at geosynchronous orbit

(From Roux et al.®™)

leading edge of a bubble like the one shown on the left
side of Figure17 typically satisfies the condition of
interchange instability, and interchange ripples have
been seen on the leading edge of some of those bub-
bles in a few RCM runs done with very high resolu-
tion. From the viewpoint of the bubble injection pic-
ture, the question is whether the little ripples grow
enough to be important in the few minutes it takes
for the bubble to reach the inner magnetosphere. Of
course, little interchange ripples on the leading edge
of an earthward-rushing bubble are a by-product of
the bubble and not a primary driver.

Lee and Wolfl®8! applied the classic Bernstein en-
ergy principle to a set of analytic 2D equilibrium mod-
els of the plasma-sheet and found that most configu-
rations were stable against ballooning if they were
stable against interchange, though some were ex-
tremely close to the threshold of ballooning insta-
bility. The situation is complicated by the fact that
the ionospheric ends of plasma-sheet field lines are ef-
fectively closed so that compressibility of the plasma
has a significant effect. Ohtani and Tamao!®, Lee
and Min® | and Schindler and Birn®Y reached sim-
ilar conclusions. However, Leel?| Bhattacharjee et
al!”®l Cheng and Luil®!, Cheng!®® and Cheng and
Zaharial% found highly stretched (mostly numeri-
cal) equilibria in which ballooning instability seems

to occur near the inner edge of the plasma sheet.

The abovementioned analyses have all been essen-
tially 1D, employing the assumption that variations
along the magnetic field have much longer length
scales than variations perpendicular to B. (This so-
called k, — oo approximation lends itself to analytic
treatment.) However, Wu et al.’” and Zhu et al.l%]
used 2D MHD for linear analyses of ballooning in-
stability, including finite k,. Some theorists have
treated ballooning instability using formalisms that
are more high-powered than ideal MHD: Pu et al.l%),
Leell®) and Zhu et al.l%V utilized drift and Hall
MHD, and Cheng and Luil®, Wong et al.19? and
Crabtree et al.l'9] used gyrokinetic treatments. The
majority of the recent studies seem to agree that the
plasma sheet is frequently unstable to ballooning, and
that the most unstable region lies in the inner plasma
sheet, where 8 ~ 1. Highly stretched configurations
with thin current sheets also tend to be more unsta-
ble than configurations in which the plasma sheet is
more dipole-like (Zhu et al.l9%101),
4.3 Nonlinear Development

Given the likelihood of linear instability, the
question is whether ballooning can grow fast enough
to cause something with the explosive evolution of
a substorm onset. It has been suggested that the
nonlinear evolution of ballooning of the inner plasma
sheet accelerates into a “detonation” event. (See Hur-

ricane et al.104

and references therein.)
Zhu et al.®% used a 3D MHD simulation to study

the nonlinear evolution of a plasma-sheet-like config-

However,

uration that is linearly unstable to ballooning. They
started with an equilibrium that included a 2D dipole
and a tail in which the stretching could be adjusted.
They found that initial perturbations grew exponen-
tially but then saturated, as shown in Figure 20, with
no major disruption of the current sheet.

Other simulations have suggested that the non-
linear evolution of ballooning may not be explosive.
While Pritchett and Coroniti%! found a ballooning
instability in their PIC code during driven reconnec-
tion, it did not result in any change in magnetic topol-

[106]

ogy. Zhu et al. investigated substorm ballooning
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Fig.20 Growth of the kinetic energy in different
Fourier components of a ballooning disturbance
(i.e., different k). From Zhu et al.®%

using configurations computed by the OpenGGCM
global MHD code and found that the instability
criterion was satisfied in the late growth phase of
a THEMIS-observed substorm of March 23, 2007.
While the code did show some evidence of balloon-
ing around onset, when reconnection started and
proceeded rapidly, it was not clear that ballooning
was involved in initiating the reconnection. Raeder
et al.'97 have tentatively described the disturbance
that preceded reconnection in the March 2007 sub-
storm as “k, = 0 ballooning”, but that mode seems
quite different from ordinary ballooning, and its phys-
ical nature is not yet clear.
4.4 Concluding Comments on Ballooning

It should be remarked that papers dealing with
ballooning theory do not normally include plots of
PV/3,

on whether a configuration is interchange unstable.

which is the key parameter for deciding

Thus some of the balloon-unstable configurations de-
scribed by the papers cited in Section 4.2 may also
be interchange unstable.

To summarize the present situation, the major-
ity of experts agree that the inner plasma sheet is
frequently linearly unstable to ballooning, but it is
still not clear that ballooning instability plays a cru-

cial role in substorm onset.

Chin. J. Space Sci. =RAFFM/ 2011, 31(2)

5 3D Global MHD Models

5.1 Introductory Comments

Until now I have dealt with specific physical pro-
cesses that play (or at least may well play) major roles
in substorms. These processes have been investigated
using different forms of analytic theory and various
kinds of simulations. In the present section I turn my
attention to work done with one specific type of simu-
lation that attempts to represent all of the large-scale
aspects of substorms (and other magnetospheric phe-
nomena) in a single computational framework by pa-
rameterizing (or ignoring) the smaller-scale processes.

Leboeuf et al.l1%8], Brecht et al.199, and Wu et
al."% reported the first results from 3d global MHD
simulations of the magnetosphere. A huge amount
of work has been poured into this type of code in
the last 30 years. Helped along by the dramatic in-
crease in available computing power, these codes have
evolved from amusing toys to tools that are indispen-
sible to the scientific community. The model utilized
by Brecht et al.l'® which had its roots in a code
developed for U. S. defense work, evolved into the
what is now called the Lyon-Fedder-Mulberry (LFM)
code (Lyon et al.™). Another of the present lead-
ing global-simulation codes originated in the early
1990s (Raeder!™?) and is now called OpenGGCM
(Raeder et al.'*3]). The BATSRUS (Block-Adaptive-
Tree Solar-wind Roe-type Upwind Scheme) code is of
more recent design and utilizes adaptive-grid technol-
ogy (Powell et al.''). Several other 3D global MHD
codes have been developed and have proved quite use-
ful (Ogino et al.'15); Palmroth et al.l''6l; White et
al.™7; Winglee et al.l''81). The various global MHD
codes differ principally in their choice of numerical
method and grid. Versions of the most popular codes
are available at the Community Coordinated Model-
ing Center (ccme.gsfe.nasa.gov), where huge libraries
of past run results can be viewed, and users can re-

quest runs on demand. Thousands of such runs have
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been completed at the request of scores of users, for
a wide variety of purposes.

The outer boundary of the modeling region for
these codes is usually set well out in the solar wind,
and the primary inputs are the density, velocity, and
magnetic field in the solar wind. The inner bound-
ary is typically placed at about 2~3 Rg. Birkeland
currents are usually mapped down to the ionosphere
assuming a dipole magnetic field, where the current

conservation equation
V- (¥-V&)=—J|

is solved for the ionospheric potential @. Here X is
the ionospheric conductance tensor, and @ is the elec-
tric potential. The potential is mapped back to the
MHD inner boundary to provide the boundary condi-
tion on the plasma velocity parallel to the boundary.
A variety of conductance models have been used, but
most contain representations of the conductance due
to sunlight and some rough estimate of the diffuse
aurora. The conductance is additionally enhanced in
regions where the MHD code predicts upward cur-
rent.

5.2 Sample Results for Substorms

The global-MHD models get many general char-
acteristics of substorms qualitatively right. A period
of southward IMF results in storage of energy in the
tail of the model magnetosphere. There is often a
sudden release of stored energy and associated dipo-
larization of some plasma-sheet field lines, and there
is injection of fresh plasma into the geosynchronous
region. Thus the models are sufficiently realistic to
serve as a baseline for observers, and the biggest use of
the models, to date, has been in modeling real events,
helping observers interpret aspects of their measure-
ments.

Figure21 shows a sample result from an early
effort to simulate a magnetospheric substorm. The
figure compares the observed large-scale auroral pat-
tern from the Viking satellite to a synthetic image

constructed from the model-computed precipitating

113455ut

Viking model

Fig.21 Comparison of auroral patterns observed from
the LBH image taken from the Viking spacecraft, which
is indicative of total precipitating energy flux, with a
synthetic image computed from the precipitating energy
flux estimated from the MHD simulation. The upper
plots are for a time before onset, while the lower ones
are for a time near the peak of the substorm expansion.
The open-closed boundary is indicated by white stars in
the model plot (Adapted from Fedder et al.['*))

electron energy flux. The bright aurora in the syn-
thetic image correspond to regions of upward Birke-
land current, which tend to result in electric fields
upward along the field lines, which accelerate elec-
trons downward. The color scale in the model plots
is not identical to the observational scale, but, rather,
was chosen to emphasize comparable features.

Wiltberger et al.l'?”) carried out a more de-
tailed computational study and analysis of a magne-
tospheric substorm, using a later version of the same
LFM code. Figure22 shows a sample comparison of
computed plasma and magnetic field values with ob-
servations from two different spacecraft that were in
the magnetotail during the event.

Figure 23 presents results from an even more am-

bitious comparison, this time between the OpenGG-
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Fig.22 Comparison of LEFM model results (dashed curves) with measurements from Geotail and Interball spacecraft.
Geotail was at about (x = —19.8, y = 8, z = —1), and Interball was at about (z = —25, y = 10, z = 8). The first solid

vertical line marks the beginning of the growth phase. The first dashed line represents a small release of lobe field

energy, while the second dashed line represents the start of tailward flow at Geotail in the simulation. The final solid

line represents a dipolarization at the geosynchronous spacecraft GOES9 (From Wiltberger et al.mo])

CM MHD code and observations, for the GEM Sub-
storm Challenge event of November 24, 1996. The
IMF turned southward at about 21:00UT, and the
modeled AL index reached its maximum absolute
value at about 22:30 UT. Model predictions are com-
pared with corresponding patterns computed from
AMIE (Assimilative Mapping of Ionospheric Electro-
dynamics), which assimilated data from Super DARN
coherent backscatter radar sites and a large suite
of ground magnetometers, to find a best-fit repre-
sentation of the ionospheric-potential and Birkeland-
current patterns.

Although the primary effort in applying global
MHD codes to investigate substorms has been in the
area of event simulations and direct comparisons with
observations, the models have also been used to in-
vestigate specific physical questions. One interest-

ing example is an attempt to answer the most cen-

tral question of substorm physics, namely, why en-
ergy gets stored in the tail lobes to be released in the
expansion phase, which has a sudden onset. Siscoe
et al.l'?? pointed out that a similar buildup/sudden-
release phenomenon occurs in coronal mass ejections.
They noted that global MHD simulations of Earth’s
magnetosphere indicate that, after energy is stored in
the tail, reconnection inside the inner plasma sheet is
preceded by a departure from force balance and ac-
companying accelerating flows. In two sequel papers,
Zhu et al.'%% and Raeder et al.'97 applied the crite-
rion for ballooning instability to determine whether
the departure from force balance resulted from bal-
looning instability; they found evidence for conven-
tional large-k, ballooning in the simulation results,
but that ballooning does not appear to be the source
of the force imbalance and subsequent reconnection.

Based on detailed examination of the simulation resu-
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Fig.23 Comparison of ionospheric potentials and Birkeland current densities computed by the first-principles
OpenGGCM MHD model with those calculated from ground-magnetometer and coherent-backscatter radar data by

the AMIE procedure. Positive field-aligned currents are down (From Raeder et al.[121])

Its, Raeder et al.l'7) have suggested that the force im-  ple of how global MHD simulations may eventually
balance instead results from a ballooning-type distur-  prove very useful in answering fundamental questions
bance that has a long length scale in the y-direction,  about substorms.

which they call a KY0 mode. Yang et al.[ have sug- As indicated in Figures20-22, while straight
gested a different interpretation that is based on an ~ comparisons of global MHD simulations with sub-
interchange effect, and they have found evidence for ~ storm observations indicate a general tendency to
it in OpenGGCM simulations (Hu et al.l'?3l). While  ward agreement, there is nothing close to the detailed

this issue is still far from being settled, it is an exam-  agreement that would convince the casual observer
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that the model was really locked into the physics of
the phenomenon. There are several possible reasons
for the disagreements.

(1) The model may not properly represent the ef-
fects of small-scale plasma phenomena on large-scale
dynamics.

(2) The models do not always do an accurate
job of solving the ideal MHD equations (more on this
later).

(3) The solar-wind inputs to the models, which
are usually derived from spacecraft hundreds of Rg
upstream from the Earth, may not be representative
of what actually hits the bow shock.

(4) The magnetosphere has a number of sharp
boundaries that involve large spatial gradients and
move in time; if the model is slightly off in its predic-
tion of the location of the boundary, that may cause
its predictions of plasma and magnetic field param-
eters to be very inaccurate at a specific spacecraft
locations.

5.3 Limitations

Given their wide use in the community, it is im-
portant to remember that global MHD models have
important limitations, including the following.

(1) Global MHD results often depend on grid
spacing. Because they cover an enormous region of
space (hundreds of thousands of R}) and magneto-
spheric boundaries are often quite sharp, the results
are grid-limited, and the codes tend to make struc-
tures look fuzzier than they really are. Grid reso-
lution problems are especially acute in the represen-
tation of ionosphere-magnetosphere coupling. Auro-
ral Birkeland currents and potentials are mapped be-
tween the ionosphere and an MHD inner boundary
at about 3 Rg. The auroral zone typically occupies
a relatively small number of grid points on the 3 Rg
boundary, which severely limits accuracy. (The nu-
merical accuracy of global MHD models has been dis-
cussed by Ridley et al.[124)

(2) Most (but not all) simulation runs assume
ideal MHD, which, as noted earlier, precludes recon-

nection, which is the dominant mechanism that feeds

Chin. J. Space Sci. =RAFFM/ 2011, 31(2)

energy from the solar wind to the magnetosphere.
Thus the interesting results from the codes are usu-
ally consequences of numerical error and are based on
the assumption that either the results are insensitive
to the amount of dissipation or that numerical error
in the codes adequately mimics the dissipation that
in Nature results from small-scale plasma processes.

(3) Ideal MHD does not include transport by
gradient/curvature drift, which is very important in
the ring current region. This problem has been ad-
dressed by coupling inner-magnetosphere-drift mod-
els to MHD codes, but that effort has not gone
smoothly. Several one-way couplings have been ac-
complished using different combinations of MHD and
inner-magnetosphere codes (e.g., Toffoletto et al.[125];
Keller et al.'?¢l; Hu et al.'?3), but two-way-coupled
runs, in which the inner-magnetosphere model cor-
rects MHD-computed pressures and densities, are still
tricky and have reached publishable form only for the
coupling of BATS-R-US and RCM (e.g., DeZeeuw et
al.'?7; Zhang et al.1?%),

(4) The arguments presented in Section 3 indi-
cate that PV°/3 plays a crucial role in plasma-sheet

dynamics. It should be conserved in slow-flow ideal
5/3
MHD, and the parameter U P3/5ds/B} should be

conserved even with fast-flow MHD, providing that
However, global MHD

codes do not always conserve these quantities accu-

there are no shock waves.

rately in the plasma sheet, due to numerical diffusion.

(5) Often, results from global MHD codes are
sufficiently complex that they are hard to interpret
physically.

Returning to the analogy pictured in Figure 1,
the island representing the accomplishments of global
MHD is large. However, it is also marshy, and it is
difficult to traverse long distances on that island with-

out getting stuck in the mud.

6 Overall Summary

In the terms of Figure 1, substorm observers and
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data analysts have frequently swum to theoretical is-
lands and adopted ideas from them. In most cases,
the theoretical islands are based on ideas that were
originally developed for other areas of plasma physics
(solar physics, laboratory plasmas). Theorists’ work
to expand and solidify the islands has been of sig-
nificant help in interpreting observations. Thus, even
though theorists have rarely been at the center of sub-
storm physics, they have often helped observers avoid
drowning in their data. However, even after decades
of work, the theoretical islands are all either small or
dangerous, as all of the theories and simulations have

serious limitations.
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