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1. Introduction [15, 16] adapted the reduced MHD theory of Lu [20] to the

Chang [6] speculated the applicability of self-organized Crit_magnetotail and found that an anomalous resistivity following
icalit tc? ma Fr)letos heric hpgics Re)c/:ent obse?vational ovid hysteretic cycle can reproduce a number of intermittent phen-
y 9 P PYSICS. emena observed in the magnetosphere, including the power-

dence has established that the magnetosphere exhibits a range Jistributions suggested by empirical studies

of scale-free distributions suggestive of SOC [9, 23, 32, 33 : ;
: . P e e o= Although the comparison between the hysteretic MHD and

10]. Itis 9?”e_rf”‘”y suggested that SOC IS a state of dynam'qaéoc-insgired data gnalyses has been en)::ouraging, there re-
systems significantly removed from a minimum-energy equi-p iy 'some doubt whether scale-free distributions observed in
librium; sometimes, the systemis referred to as being metasta LAR auroral images and of geomagnetic indices such as AE
_Interm|ttently, global_, ava!anchlng instabilities occur in what an be directly attributed to the hysteretic MHD. Statistically,
gggllcw a %yst,terTEW|d?hd|scrt1.argfe. Aaltn'mtjgh thelt.eXtelnS'onlt(.)%agnetic reconnection occurs tailward of 20 Re in the magne-

[rom abstract mathematical models to a muttiscale, Multiz, ;) 251 “whereas the auroral substorm expansion typically
Specie magn(_anzed plasma is not trivial, f[he concept offer_s ?naps to a distance of 10 Re or less [28]. Bursty bulk flows
new perspective to look at magnetospheric dynamics, particls, e aen invoked to link the near-Earth neutral line (NENL)
larly those aspects associated with the onset of magnetosphe{gzaurora intensification [30], but this proposal is unsettled and

substorms. . _ ;
Bargatze et al. [3] showed that the magnetosphere is a no controversial. Many researchers support a point of view that

linear system, as its response function to the solar wind d osits a different causal relationship.

s Y In this paper we give the essential outline of a model de-
pends on the level of activity. Vassiliadis et al. [34] Ole\/ek)peo'scribing multiscale energy transport and release in the central

a mathematic_al model of nonlinear filters to explain the_ob- lasma sheet Earthward of 15 Re. Our survey of the literature

se{g/ed beh?‘v't?{- Comtplttamentar)ll EJO t|m<_e—ser|e§, anatlk)‘/ S'% mtte ndicates a near-consensus that releasing excessive energy and
mittencies in the spatiotemporal domain such as e burslys, »qq siored in this region is an essential aspect of substorm
&(pansion. Substorm phenomenology from the beginning has

magnetosphere in SOC. A related, but not identical ObserV‘"Ehown that the expansion starts from an equatorward auroral

Sheot exists n & permanent state of trbulence without a welErC N Progresses in ways mimicking an avalanche [1]. The
p urrent controversy is centered on the question of substorm

ordered velocity. . oY S .
. . - ._trigger. Our objective in this paper is to construct a model of

reQ{?gg%%htﬁgeﬁgsngovg'dhegeacrg:ﬁtegedlg\'gtl[?]gtoi]; issod?ﬁg'r_energy transport and release, taking into account of the basic
9 phere, many : hysics while taking care to instill into the model a propensity

ent from a mere turbulent state in that a SOC state is capab r avalanche. The model admits, in principle, different trig-

of a system-wide dls_charge or avalar_1che. Chapman et al. [ rs of energy release and does not have a built-in preference to
constructe_d a s.andpllle model to eIuc_ldate such behaviors, b ﬁy We shall argue that most proposed substorm triggers can
the model itself is quite abstract, and its relevance to the actugl,; .off an avalanche in the confine of the model: which trig-
m%]r?:tg\?ggjgig%f{ﬁg:é&?ﬁgg?ﬂga&oc model is to Coug_;ering mechanism is dominant depends on how the balance
: . . . X X -of energy inflow and outflow through this region is affected

ple its universalist perspective with details of magnetosphen%
physics, that is, to construct magnetospheric models whereyy ., .o "and ionosphere. In this sense, the proposed model can
dynamics are globally connected on all scales. Klimas et aIbe used to test various substorm triggering theories in the con-
text of global solar wind-magnetosphere interaction.

boundary conditions in the magnetotail, dayside magne-
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scales. However, relatively few attempts have been made tmbe, the energy increases generally leads to a tailward stretch-
address quantitatively the cross-scale coupling problem. Pairig of the flux tube. Because the central plasma sheet is an open
of the problem has to do with the limitation of the prevalentsystem (i.e.Bn # 0), this increase of internal energy does not
MHD theory; the rest may be attributed to mental inertia - anprovoke an immediate relaxation to a lower-energy state. As a
established point of view takes years to form and a lifetimegendanken experiment, let us assume @hly 0 in Figure 1,

to abandon. Yet, it has become clear to many that, in order toe., energy is accumulated on the grid without sinks. An insta-
advance the substorm research, the traditional methodology bflity (or substorm) is foreordained in this case. With respect
correlation, be them event- or statistically based, must be conte an individual flux tube, the above situation corresponds to
plemented by a mathematically more sophisticated view andn indefinite stretching, which leads to an indefinite increase of
methodology so that deeper relationships can be probed ardo parameters, the plasniand the current densityvolume-
revealed. It is further necessary that borrowed concepts suaveraged over the flux tube. Eventually one or both quantitities
as SOC not become an end in itself but be a device to help devill exceed the threshold of local instability. Tiwecritical in-
velop higher-level physical models. Our objective in this papesstability belongs to the family of ballooning modes [12, 27, 19]

is to couple certain known aspects of magnetospheric physia@nd is generally MHD in character. Thecritical instability

with several attractive aspects of SOC, in an attempt to form &elongs to the family of current-driven modes [21, 22] and is

new perspective of substorm physics. generally non-MHD in character.
Let the threshold values for the above two local criticalities
2.1. Global Physics be 3, andj;, respectively. Whethes,, or j;, dominates de-

Our model region spans the part of the equatorial plane thaiends on the detail of the stretching and which instabilities is
coincides with the central plasma sheet active in the substorngxcited first. It is quite possible that one of the two will dom-
The plane is divided into a two-dimensional grid, shown ininate some regions on the grid, while the other will dominate
Figure 1; each grid point represents a magnetic flux tube thahe rest; this aspect will be studied in future simulations. An
crosses the equatorial plane at that point. important aspect of plasma instability is its hysteretic nature, a

The global physics of our model concerns the energy transpoint emphasized by Klimas et aR,[16] in regard to the for-
port through the grid and is described quantitatively by thenation of SOC. The hysteresis consists in the high thresholds
Rice Convection Model. The energy inflow into the grid is con-of onset (3, andj,) and the lower thresholds of settlemefit (
trolled by the outer boundary condition (B1). Energy outflow andj;). A rudimentary example is a mass resting on an inclined
from the grid, on the other hand, is determined by three factorgdlane. Initially, the mass stays stationary even though the plane
A) return flow to the dayside magnetosphere (B2); B) Poyntds raised. This lasts until a high threshold height at which
ing flux into the ionosphere (B3), and C) Particle injection intothe static friction is equal to the pull of gravity along the plane.
the ring current (B4). The balance between B1, B2, B3, and B&nce the mass starts moving, it will settle on a low threshold
determines the state of the central plasma sheet. Since the mag: = 0, releasing the potential energy into heat and kinetic
netosphere is perpetually interacting with the solar wind, non€nergy.
of the boundary conditions is nil at any given time. The claim In the present case, the high threshold values can be deter-
that the central plasma sheet is in a SOC state implies that thgined by a detailed analysis of the unstable mode in ques-
energy sources and sinks controlling the boundaries keep ti®n. For example, Liu [19] showed that the ballooning mode
energy distribution on the grid always near the “boiling point”. will become unstable when the threshaid = & /(r,.) is
While the studies cited in the introduction give some evidencerossed, wherg is the parallel wavenumber of the perturba-
that this might indeed be the case, the proof is not yet concluion, andx,, andx,. are the pressure scale factor and field line
sive. The model proposed here provides a theoretical means tuirvature, respectively. Similar thresholds can be established
verify this assertion. for current-driven instabilities. The lower thresholds, on the

The model depicted in Figure 1 is rich in potential behaviors.other hand, are subject to some indeterminancy because they
Taking the very simplistic view that each of the 4 boundaryare not instability criteria but some “typical” relaxed states a
conditions can have only two modes of variation, Gpgnd  flux tube is wont to settle in. There are different ways to han-
down (), one can see that energy accumulation on the grid wildle this problem. In the case where the high threshold is much
exhibit 16 different modes, more than the number of distincigreater than the low threshold, setting the latter to zero is of-
substorm triggering theories! ten acceptable. Alternatively, we can adopt a scheme where

The latest development of RCM is described by Lemon ethe system always strives to return to its original state, i.e.,
al. [17]. In essence, the plasma energy distribution, expressesl (i, j) = (I, j,t = 0). We will investigate other possible
in terms of the plasma pressure, can be calculated at each givhys in later studies, but the essential point at present is that,
point, subject to the boundary conditions. An argdy, j, ¢), once destabilized a flux tube will release a finite amount of en-
as an output of the RCM, gives the internal energy accumulaergy proporation to the difference of the high and low thresh-
tion as a function of time, at the grid poify, j). During the  olds (3, — 3; or j, — 71) -
growth phase, convection intensifies, and we can compute in

detail howp(i, 7, t) increases with time. 2.3. Mesoscale Physics
. . The above discussion established that energy transport on
2.2. Micro-scale physics the global scale can drive individual flux tubes to instability

During periods of the growth phase of the substorm (correand release part of the potential energy stored therein. This has
sponding to arj state of B1 in Figure 1), energy increases overthe classical direction of a cascade where inputs from the large-
the entire grid. Recalling that each grid point represents a fluscale end drive small-scale activities. There is also a possibility

(©2006 NRC Canada



Liu et al. 3

of a backward propagation, namely, small-scale release cause® believe most substorm triggering theories are consistent
an avalanche of collapses and a systemwide discharge. Thisusgth at least one way to change the boundary conditions. In
our main motivation in this paper. this sense, the present model can be used as a quantitative test
Suppose that, through a local destabilization of a flux tubeto arbitrate which possible trigger has the lowest onset thresh-
a certain quantity of energx AS = 8, — G, is released. old, hence becominthe trigger, for a given condition. Here
This energy is propagated in space and perturbs neighboringe discuss some of the most discussed onset scenarios and
flux tubes. An essential factor governing the behavior of thesubstorm features to establish a context for future numerical
cellular automaton in Figure 1 is how the released energy istudies.
distributed over the grid.
Without loss of generality, assume thah3 of the released 3 1. “|nternally Driven” Onset: |B1/>|B2|+|B3|+|B4|

energy goes into the Aln mode, which carries the energy — This corresponds roughly to the situation where the IMF

to the ionosphere and creates little disturbance to the neighyegisis in the southward direction, and the energy inflow from

the tail exceeds the combined outflow for a sufficiently long
_ _ Yitne so that the overall energy distribution on the grid is driven
tubes; we call this latter release the effective energy. The pag, e critical avalanche point. The term “internally driven”
tition of energy among the shear and compressional mode caf,y4ests that the onset is independent of a reconnection-related
be done randomly in each individual case, with a statistic rigger and that the onset is owing to an instability (eithieor
mean< r >, which can be a global parameter controlling the ; ¢ \iical) internal to the region of energy storage. The likely
avalanche. B]ath to this instability is that a localized region of the central

|

Since the central plasma sheetis an inhomogenuous mediufjasma sheet goes unstable, and the instability avalanches in
a fast-mode wave will experience any combination of reflec-

i X . . r?epace, as the effective energy releases set off a chain reaction.
ion, mode-conversion, and absorption. There are two possib
ways to write the redistributive rule of the effective energy. In _
a system that is globally smooth and locally uniform (i.e., one-3:2: BBF Onset:[B1] = Output of Hysteretic MHD
scale global distribution), the effective energy propagates a¥lodule _ _ _
classical MHD fast modes. There is a long series of theoreti- While we believe that the hysteretic MHD model of Klimas
cal works dedicated to this subject [8, 31, 11, 18]. The generdgt al. [?, 16] is not spatially conjugate to dominant auroral sub-
conclusion from this body of works is that the effective en-Storm _features, it |s_p035|ble, however, to connect the model to
ergy will either be spent or escape the system after a distanc@OC-like behavior in auroral substorms by way of bursty bulk
R comparable to the scale length of global distributions. In thidlows as described by Shiokawa et al. [30]. Effectively, it is
scenario, the cellular automaton in Figure 1 would be maxi2sserted that bursty-bulk flows from intermittent and spatially
mally connected. In the alternative possibility that the centralocalized reconnections in the midtail inject large quantities of
plasma sheet is globally smooth and locally granulated (i.enass and flux to the central plasma sheet; the slowdown of the
two-scale distribution, which is consistent with the observatiorBBFs results in a reduction of cross-tail current. In our present
of Borovsky et al. [5]), the effective energy is likely to be dis- model, we can use the output of the hysteretic MHD, which
sipated before the fast mode has a chance to travel far. In th@hibits intermittent behavior reminiscent of BBF, as B1. As
case, the cellular automaton would be minimally connectedthe BBFs interact with the internal grid points (flux tubes), an
We believe that the second scenario is more realistic, both bévalanche may result.
cause of the extreme implausibility for the central plasma sheet
not to have any localized graininess and of the logic of the cel3.3. Northward IMF Trigger: 9|B2|/dt < 0
lular automaton model: the very fact that a flux tube is treated |yons et al. [24] argued that a northward trending of the IMF
as an energy storing unit means that two flux tubes are consigirecedes many substorms, and suggested that the substorm is
ered different. essentially a solar-wind triggered event. This possibility can be
incorporated into the present model. As the IMF turns north-
ward, the return flow to the dayside is temporarily suppressed.
During this interval, the net energy accumulation on the grid
increases, and an avalanche again may result.
We stress that our model is not a microscopic substorm trig-
gering theory per se. Rather, it represents a different perspeg:4. lonospheric Trigger: 9|B3|/0t < 0
tive to view the substorm as a global systemic behavior facil- some authors (See eg., []_4]) Suggested that the ionosphere
itated by two-way cross-scale coupling. In the forward direc-can play a role in triggering a substorm. The basic idea is that
tion, the enhanced global transport leads to localized releasfuring periods of enhanced magnetospheric convection, the in-
of energy by way of small-scale instabilities. In the backwardcrease in the ionospheric conductance can result in a positive
direction, the localized releases can, under certain conditiongeedback, which has the sense to disrupt the near-Earth cur-
self-organize into an avalanche and trigger a systemwide disent sheet. In our present model, an increase in ionospheric
charge, namely substorm. conductivity will temporarily reduce the Joule heating rate for
A salient point to emphasize, precedent to any specific comg given magnetospheric current (i.&.,.72/ ). Choking off

putation, is that for fixed energy redistribution rules and globakhe ionospheric channel of outflow will lead to an enhanced
transport physics, the behavior of substorm onset is controlleghergy accumulation on the grid.

by the four boundary conditions indicated in Figure 1. In fact,

3. Relationship With Existing Substorm
Theories

(©2006 NRC Canada



3.5. SMC and Sawtooth events<B1>=<B2+B3+B4>

Steady magnetospheric convection (SMC) [29] refers to a
period of prolonged southward IMF (several hours) during which
no substorm expansion is observed. Rather, the convection is
more intense and moves to more equatorward latitudes. The
sawtooth events corresponds roughly to the same solar wind
condition, but the magnetosphere is marked by a periodic oscil-
lation of injected particle fluxes (see eg. [13]). Many associate
sawtooth events with quasi-periodic recurrence of substorms.
Since the solar wind driver is the same for the two classes, it
is not illogical to suppose that they are two solutions of the
same problem, under different boundary conditions. We pro-
pose that SMC and sawtooth events correspond to a condition
where the energy inflow and outflow on the grid are balanced

3.

4.

unknown Vol. XX, 2006

sheet, and that, based on statistical evidence, reconnec-
tion is not directly involved in tapping the free energy
stored in this region;

Partly in response to the recent evidence suggestive of
a magnetosphere in SOC, we develop the model with a
view to a potential for avalanche behavior;

We believe, despite the opinion which the elephant may
hold of the blind man, the latter has gotten a part of
the elephant that is real. In other words, a “higher-level”
substorm theory should ideally be “backward-adaptable”
to accommodate more elemental theories, unless there
are good reasons not to include some.

in a time-averaged sense. The phasing among the four condi- 1h€ conceptual model developed in this paper has the fol-
tions, however, determines whether the solution on the grid {£Wing principal features:

steady-state or quasiperiodic.

The above discussion is not exhaustive, only to underscore
our principal argument that the route to substorm is not a one-
lane highway, but a manifold of possibilities. The chief con-
trolling factor is the boundary conditions governing energy in-
flow and outflow out of the expansion onset region, the cen-
tral plasma sheet. Some of the phenomena such as pseudo-
breakup, poleward boundary intensification, and the boundary-

1.

2.

Magnetic flux tubes in the central plasma sheet are treated
as the unit of energy sotrage, and a cellular automa-
ton comprised of the equator-crossing points of the flux
tubes form the basis of our model,

The model is driven by known magnetospheric physics
on the global, meso, and microscale;

) 3. Energy deposit on each grid point (flux tube) is deter-
Ia_yer model [2.6] can all be incorporated as part of the model, mined quantitatively by the Rice Convection Model or
with proper adjustment of the boundary conditions. an equivalent computational model:
We remind the reader that some of our descriptions of the ’
path to avalanche is different from the view originally associ- 4. Each flux tube has an energy-containing threshold above

ated with a particular boundary-condition trigger. For exam-
ple, the ionospheric trigger theory of Kan et al. [14] involves
more than just choking off energy outflow to the ionosphere.
A more accurate characterization is a redistribution of energy
flow pattern so that the ionosphere actually sends an inflow-
ing flux (reflected Alfen waves) to trigger the substorm in the
central plasma sheet.

4. Summary

We have developed a model whereby energy transport and
release in the central plasma sheet can be studied as a cellular
automaton problem. We have focused on the conceptual as-
pect of the development, leaving a number of details and the
numerical implementation to the future. We believe that the
conceptual underpinning of the model represents a potentially
new and fruitful approach to substorm research and warrants
a report in this proceeding, notwithstanding a certain lack of
details.

We believe that recent evidence and theoretical argument for
self-organized criticality in the magnetosphere are not merely
an importation of faddish terms from another field but reveal a
deep order in what is now commonly accepted as a very non-
liear magnetosphere; the substorm problem, as a “going con-
cern”, can be most profitably studied by treating the magne-
tosphere holistically. According to this dictum, our model is
guided by the following principles:

which a localize energy release takes place;

5. The local release is hysteretic, whereby the flux tube set-

tles on to an energy state lower than the threshold; the
threshold physics depends on the nature of the instabil-
ity incorporated; both MHD (ballooning-type) and non-
MHD (current-driven type) can be included;

. Grid points near a local release are coupled through a

redistributive rule, whose exact form depends on the as-
sumption of propagation physics of waves in the magne-
tosphere. We favor a minimally-connected grid, on the
assumption that the central plasma sheet is grainy on
a local scale, but will consider redistributive rules with
longer-range connections;

. The behavior of the cellular automaton is determined

by four boundary conditions: a) the energy inflow into
the grid from the tailward boundary; b) the energy out-
flow through the flanks to the dayside magnetosphere; c)
the energy outflow into the ionosphere; and d) the en-
ergy outflow through the inner edge of the plasma sheet
into the ring current; we believe that the balance of en-
ergy flows at the boundary determines whether or how
a substorm as a global avalanche will occur, and which
subtorm trigger mechanism prevails.

We discussed some examples how the model can be trig-

gered to produce substorms by boundary condition changes. It
ppears that the model is general enough to accommodate dif-
erent trigger theories proposed in the past and, more impor-
tantly, provide a quantitative means to test under which condi-
2. We subscribe to the view that most of the energy re-ion(s) each can set off energy avalanches in the central plasma
lease during a substorm takes place in the central plasimegheet.

1. The substorm problem must be studied by treating th
entire region implicated in the process as a whole;

(©2006 NRC Canada
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As a moral of sort, self-organized criticality offers a new 14.

perspective to studying magnetospheric physics in a rather pro-

fond way: The magnetosphere is an open system subject tb.

changing energy fluxes across its boundary. In contrast to the
classical energy principle analysis appropriate for closed sys-
tems, the substorm problem is controlled by the balance of en-
ergy flows into and out of the system, not free energy measured

against a global minimum. Although this point may sound ob-16.

vious, it is not universally realized; SOC and sandpile models
provide an initial glimpse to how a changed perspective can
lead to new insights and a drastic departure from established
expectations.
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