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Abstract

phase.

During the last 50 years, we have made much progress in studying auroral substorms (consisting of the growth
phase, the expansion phase, and the recovery phase). In particular, we have quantitatively learned about auroral
substorms in terms of the global energy input-output relationship. (i) What powers auroral substorms? (i) Why is
there a long delay (1 h) of auroral activities after the magnetosphere is powered (growth phase)? (i) How much
energy is accumulated and unloaded during substorms? (iv) Why is the lifetime of the expansion phase so short
(1h)? (v) How is the total energy input—output relationship? (vi) Where is the magnetic energy accumulated during
the growth phase? On the basis of the results obtained in (i)-(vi), we have reached the following crucial question:
(vii) how can the unloaded energy produce a secondary dynamo, which powers the expansion phase? Or more
specifically, how can the accumulated magnetic energy get unloaded such that it generates the earthward electric
fields needed to produce the expansion phase of auroral substorms? It is this dynamo and the resulting current
circuit that drive a variety of explosive auroral displays as electrical discharge phenomena during the expansion
phase, including the poleward advance of auroral arcs and the electrojet. This chain of processes is summarized in
Section 4.2. This is the full version of work published by Akasofu (2015).

A tentative answer to this crucial question is attempted. Phase occurs impulsively seems to be that the magnetosphere
within a distance of 10 Re becomes inflated and unstable (8~ 1.0), when the accumulated energy W during the
growth phase (at the rate of about € =5x 10'® erg/s in about 1.5 h) reaches 2 x 10*’—or at most 10°—ergs. Thus, the
magnetosphere unloads and dissipates the energy in order to stabilize itself by deflating at the rate of about 5 x

10'® erg/s (mainly as the Joule heat in the ionosphere), resulting in an impulsive (1 h, 2 x 10°% ergs + 3.5 x 10'® erg/s)
expansion phase. The deflating process results in a dynamo in a thin magnetic shell near the earthward end of the
current sheet by separating electrons from protons and produces an earthward electric field of more than ~10 mVv/m.
The separated electrons are discharged along the circuit of the expansion phase, constituting an electrical
discharge currents of 5 x 10° A and causing brightening an arc, the first indication of the onset of the expansion
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Introduction

Auroral substorms have been one of the main subjects
in magnetospheric physics for several decades after the
first publication on this subject (Akasofu 1964) and the
first observational confirmation by a satellite (Frank
et al. 1982). We have been learning how the solar wind—
magnetosphere—ionosphere system causes auroral sub-
storms, taking a variety of approaches by a large number
of researchers in the past and present.
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In studying auroral substorms, it is important to
recognize that auroral substorms are basically various
manifestations of an electrical discharge process. Thus, it
is natural to discuss processes of auroral substorms in
terms of an input—output relationship, and more specif-
ically, of power supply (dynamo), transmission (currents
and their circuits), and dissipation (auroral phenomena).
In fact, in his paper titled “The second approach to
cosmical electrodynamics,” Alfven (1967) emphasized a
new approach beyond the conventional MHD and
stated: “It is important to note that in many cases the
physical basis of the phenomena is better understood if
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the discussion is centered on the picture of the current
lines.” Further: “We may say that the first new principle
is associated with a “thaw” of the frozen-in field lines.”
Alfven (1977) also noted: “Hence in order to understand
the properties of a current-carrying plasma we must take
account of the properties of the whole circuit in which
the current flows.”

Indeed, as Alfven (1986) warned: “In low density plasma
the concept of frozen-in lines of force is questionable.—
may be grossly misleading if applied to the magnetosphere
of the earth.”

Thus, in this paper, the concept of “frozen-in field
lines” and of “moving field lines” with plasmas is avoided
and not considered. The discussion is mainly based on
electric currents and their circuits. However, it will be
shown that physics of auroral substorms can be under-
stood reasonably well by this approach because it is simply
due to the fact that auroral substorms are manifestations
of an electrical discharge phenomenon.

Auroral substorms consist of three phases: growth, ex-
pansion, and recovery. Based on the above premise, it is
worthwhile to consider a conceptual circuit for each of
the three phases of auroral substorms; they are shown in
Fig. 1 and will be discussed in the following sections.
The conceptual circuit of the magnetosphere was origin-
ally proposed by Bostrom (1974).

Power supply, transmission, and dissipation

Power supply

The primary dynamo process occurs as the solar wind
blows along the boundary of the magnetosphere (the
magnetopause) across the merged field lines between
the interplanetary magnetic field (IMF) and the earth’s
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magnetic field. Thus, it is called the S—M dynamo here
and is shown at the top of each circuit in Fig. 1; see
also Fig. 2a.

The power € of this dynamo is given by &(t) = VB%sin*(6/
2)%, where V; B and 6 are, respectively, the solar wind
speed, the IMF magnitude, and the polar angle of the IMF
vector; ¢ is a constant (cf. Akasofu, 1981); note that ¢ is
not just a parameter, but has the dimension of power
(erg/s or watts). A typical power ¢ during substorms is
about 5 x 10*® erg/s (5 x 10 w).

Convection and the DD current

This primary S—-M dynamo generates a voltage V of
about 100 kV and more across the morning—evening side
of the magnetosphere [Fig. 2a and b], which is transmitted
to the auroral oval (and causes the region 1/2 current
systems and the oval) and drives also a large-scale convec-
tion of plasmas in the ionosphere and the magnetosphere
[Fig. 2b]. It may be noted here that the convection does
not have to be interpreted as a magnetic reconnection ef-
fect. The potential drop across the magnetotail to the
ionosphere or the potential drop transmitted from the
magnetotail can drive it.

This ionospheric/magnetospheric convection drives a
two-cell convection of the ionospheric plasma, as indi-
cated by the flow lines (the equipotential lines), as illus-
trated in Fig. 2c, and as a result also, a two-cell electric
current flows along the convection flow [but in the op-
posite direction (the Hall current)]. This process was
suggested by Dungey (1961) and Axford and Hines
(1961); it may be noted that Dungey (1961) did not con-
sider this process as an energy production process and
further did not mention the term ‘reconnection.” The

§-M (DD) Dynamo S$-M (DD) Dynamo S-M (DWnamo
o
& ),
current sheet current sheet
N\
Expansion p.(UL)
Dynamo
lonosphere lonosphere lonosphere
Growth Phase Expansion Phase Recovery Phase
Fig. 1 Conceptual circuit for the three phases of auroral substorms: the primary (S-M) dynamo is shown at the top. During the growth phase, the
ionosphere cannot dissipate much increasing power ¢, and thus, the magnetosphere accumulates magnetic energy in its inductive circuit. During
the expansion phase, a new internal dynamo, the expansion phase dynamo (shown in red), is established as a result of unloading the accumulated
magnetic energy and drives the unloading (UL) current; its 3-D circuit is shown in Fig. 6. The streaming current-carrying electrons along the magnetic
field lines ionize the ionosphere, producing active auroras and increasing its conductivity during the expansion phase. The recovery phase is driven
only by the S-M dynamo
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Fig. 2 The figure illustrates how the S-M dynamo works. a As the solar wind blows across the merged field lines between the IMF and the
earth’s magnetic field; the resulting +eV x B force sets up the dynamo. b The dynamo produces a voltage of about 100 kV or more, which drives
a convective motion of plasma in the ionosphere and the magnetosphere. ¢ This convective motion flows along the equipotential contour. The
resulting two-cell DD current flows along the equipotential contours, but in the opposite direction of the plasma flow. d The actual DD current
pattern is greatly distorted because of the nonuniform and anisotropic conductivity of the ionosphere

lonosphere
(Polar view)

current thus produced in the ionosphere is called the
directly driven (DD) current because it is directly driven
by the S—-M dynamo power, as proved later. The two
cells is greatly distorted from an ideal condition by the
nonuniform and anisotropic conductivity (Fig. 2d).

The 3-D current circuit suggested by Bostrom (1974)
cannot easily be proven in its entirety, so that it is neces-
sary to infer the current configuration by combining
ionospheric (ground-based observations) and the field-
aligned currents and the equatorial currents (based on
satellite observations) [Akasofu, 1992].

In this paper, magnetic records from the international
six meridian chains of magnetometers (Fig. 3a) are ana-
lyzed to obtain the ionospheric part of the substorm
current system (Kamide et al. 1982); an example of the
current distribution is shown in Fig. 3b.

The substorm index auroral electrojet (AE) responds
to the S—M dynamo power & when it exceeds 10'® erg/s,

so that a substorm begins when the power & becomes
above 10" erg/s and end when & becomes less than
10'® erg/s. This can be shown by comparing the AE index
with the polar cap index (V B,” + Byz, determined on the
basis of magnetic records in the polar cap stations) which
is more sensitive to the dynamo power ¢ than the AE
index when the power is less than 10'® erg/s [Fig. 3c].

Separation of the DD and UL component

In order to understand characteristics of the three
phases of auroral substorms and the associated energy
flow, in particular of the expansion phase, it is instruct-
ive to consider conceptually that the magnetosphere is a
water (energy) bucket with an inlet spout of the solar
wind energy, together with a faucet corresponding to the
IMF polar angle (6) and two outlet spouts (Fig. 4). The
amount of the output flow from the first outlet tends to
follow the input flow from the faucet after the water
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Fig. 3 a The six meridian chains of magnetometers which were set up by international efforts. b An example of changes of the ionospheric
current during a typical substorm (Kamide et al. 1982). ¢ The comparison between the polar cap index (which reveals magnetic disturbances
inside the polar cap), the AE index and the power &. Note that the AE index responds to the power € when it exceeds 10'® erg/s
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level reaches the spout; this output flow from it drives
the ionospheric/magnetospheric ExB convection and is
dissipated by the DD current in the ionosphere as the
Joule heat.

The other spout has a receiving tippy bucket (corre-
sponding to the accumulation of magnetic energy) which
tips when it is full or the spring attached to it gives away.
It is this impulsive flipped flow (energy) which is respon-
sible for the expansion phase and causes the expansion
phase of auroral substorms for about 1 h; the current
driven by the tippy bucket produces the unloading (UL)
current in the ionosphere, which is a single-cell current
system (Fig. 5) [Akasofu et al. 1965]; it will be shown
later the limit of amount of water (energy) is about 2 x
10** ergs. At the peak of the expansion phase, the UL
current can exceed the DD current (see Fig. 9), indicat-
ing that the energy for the expansion phase is not just
an enhancement of the S—M dynamo power and thus
once stored before expansion onset. Thus, the growth

phase is not caused by a system delay (Akasofu, 2013;
p. 7222 [18]) and thus is the loading period.

However, since magnetometers record magnetic fields
of both the DD and UL currents together (see Fig. 4), it
is necessary to separate the DD and UL currents in
order to study the expansion phase. The method of nat-
ural orthogonal component [MNOC] is used to separate
the DD (two-cell) and UL (single-cell) currents (Fig. 5);
Sun et al. (1998). Unlike the two-cell DD current associ-
ated with the ionosphere/magnetospheric convection
flow, the UL current is a single-cell current. It will be
shown later (Fig. 9) that the UL current is independent
of the two-cell DD current and is not just an enhance-
ment of the DD current and thus requires a new internal
dynamo (the expansion phase dynamo, Fig. 1) and a new
circuit (shown in red in Figs. 1 and 6 for the expansion
phase). It is crucial to recognize the difference between
the DD and UL currents in an effort to understand
substorms, in particular the expansion phase.



Akasofu Progress in Earth and Planetary Science (2015) 2:20

Page 5 of 21

Directly driven |
component =, |

<a component

SUBSTORM

Observation = DD + UL

Fig. 4 Conceptual illustration of the energy flow in the magnetosphere-ionosphere coupling system. Since magnetometers record magnetic
fields of both the DD and UL currents together, it is necessary to find a way to separate them in studying the expansion phase (Sun et al. 1998)
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The UL current system for the expansion phase

Figure 6 shows the UL current system and its whole cir-
cuit. The UL current is the ionospheric part of the 3-D
current during the expansion phase. The 3-D current
system, suggested by Bostrom (1964), consists of two
components, the azimuthal and meridional components;
note that meridional component is a sheet current which
is needed for a curtain-like structure of auroral arcs.

The 3-D current system can be driven by an earthward-
directed electric field on the equatorial plane where E+J<
0 (cf. Akasofu, 2003a); this fact is crucial in understanding
the cause of the expansion phase (Synthesis). When such
an earthward electric field is transmitted to the ionosphere,
it is directed southward in the northern hemisphere. The
resulting current is mainly the Hall current, E-Jj, =0, (the
auroral electrojet); in the ionosphere E ], > 0, where the J,

denotes the Pedersen current. The conceptual circuit for
the UL current system is also shown in Fig. 6.

Dissipation

The ionosphere is the main sink of the energy which
causes auroral substorms, so that it is crucial to deter-
mine the global energy dissipation rate d, the total dissi-
pation, and their time variations over the whole polar
ionosphere in order to learn how much energy an aur-
oral substorm consumes (the particle precipitation is
about one tenth of the Joule heating; Ahn et al. 1983,
1989). Fortunately, we can determine both quantities on
the basis of the current distribution obtained by ground-
based magnetometer (Kamide et al, 1982), incoherent
scatter radars and the superDARN radar network (Bristow
and Jensen, 2007). Figure 7 shows an example of the



Akasofu Progress in Earth and Planetary Science (2015) 2:20

Page 6 of 21

DIRECTLY DRIVEN COMPONENT

Fig. 5 Separation of the DD and UL components from the observed current system. Note that the DD current system is a two-cell system, while
the UL current system is a single-cell system. The MNOC method is a sort of 2-D Fourier analysis, separating the first and second modes
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distribution of the dissipation rate (the Joule heat produc-
tion rate) over the polar region and its time variations of
the globally integrated § for a moderate substorm (Ahn
et al. 1983, 1989). A typical value of the dissipation rate is
§=5x10® erg/s and the total dissipation | &(t)dt is
2 x10°* ergs (=5 x 10'® erg/s x 1 h), respectively. Note
also that the transition from the growth phase to the
expansion phase is sudden, indicating that the growth
phase is not a system delay.

Figure 8 shows how the DD and UL currents vary during
the course of a typical substorm. One can see that the DD
current is very weak during the growth phase, indicating that
the dissipation is small. The UL current appears for less than
1 h and decays quickly during the expansion phase. The DD
current intensifies during the expansion phase because the
conductivity is increased during the expansion phase. The
DD current remains during the recovery phase, after the end
of the expansion phase (and also after the end of the UL
current) until the power becomes less than 10'® ergs/s.

Relationship among the power &(t), DD(t), and UT(t)

Now, let us examine quantitatively what is shown in
Fig. 8. We examine here the relationship among the
power &(t), DD(t), and UL(t) for two moderate and typ-
ical substorms. The results are shown in Fig. 9. For this
purpose, note that the dissipation rate § (the Joule heat
production rate) in the ionosphere is roughly propor-
tional to the current intensity / because the Joule heating
rate is given by P/ o=J(J/0) <J because the conductivity
o is produced by the field-aligned currents (streaming
electrons), which is connected to the ionospheric cur-
rents J. Thus, DD(t) and UL(t) are approximately pro-
portional to their dissipation rate &(t); this is an
interesting and unique characteristic of the magnetosphere—
ionosphere system.

First of all, the time variations of the power &(t) and
DD(t) current [proportional to the dissipation J(t)] have
similar time variations within the accuracy of the data
set (¢ based only on the solar wind data set, / deduced
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Fig. 6 The UL current is the ionospheric part of Bostrom’s 3-D current circuit during the expansion phase [mainly the Hall current] (Bostrom. 1964).
It can be driven by an earthward-directed electric field on the equatorial plane where E J < 0. Note that in the ionosphere, E J, >0
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only from the ground data set), confirming that the DD
current is primarily driven by the S—-M dynamo. On the
other hand, unlike the DD current, the UL current de-
velops impulsively and lasts for about 1 h during the ex-
pansion phase. Its changes are independent of changes
of ¢ and DD, indicating that the UL current is driven by
an independent dynamo (the expansion phase dynamo,
Fig. 1) which is different from the S—-M dynamo. A typ-
ical dissipation rate & is about 5 x 10'® erg/s and is thus
similar to the average value of power e. Substorms con-
tinue until the power & becomes less than 10'® erg/s.

The above study suggests that [ e(t)dt=[ d(t)dt for
each isolated substorm within the accuracy of the data.
If there are any additional energy process other than ¢ (if
magnetic reconnection is such a case) then the amount
is too small to be treated in the analysis process.

Variety of the development of substorms

Individual substorms develop differently. In fact, no two
substorms are alike. Examining a number of substorms, it is
suggested that a variety of the development of substorms de-
pend on many factors, such as &(t), J(t), and of(t), as well as
pre-substorm conditions of the magnetosphere, including
the degree of the conductivity of the ionosphere and of
stability of the current-carrying plasma in the plasma
sheet at substorm onset (Synthesis), corresponding to the

strength of the spring (stability of the current sheet) at-
tached to the tippy bucket in Figs. 4 and 9. Indeed, not all
substorms have a typical expansion phase (Fig. 8).

Why does the aurora flare up?

It is now possible to discuss the input—output relation-
ship on the basis of what we have learned in the above.
The scheme for this purpose is illustrated in Fig. 10.
This study of the global input—output relationship is
only the first and preliminary attempt in substorm stud-
ies, and all the quantities used for this purpose should
be improved in future studies.

What powers auroral substorms?

It was shown in Power supply that the solar wind—mag-
netosphere interaction in terms of the input—output re-
lationship is given by ¢ as a first approximation. It was
shown there that the substorm index AE responds to ¢
when ¢ exceeds 10'® erg/s. A substorm lasts as long as
the power ¢ is above 10'® erg/s.

Why is there a long delay of auroral activities after the
magnetosphere is powered (the growth phase)?

As shown in Figs. 7 and 8, there is a significant delay of
as much as about 1 h before expansion phase onset after
the power ¢ is increased. This delay is not like an
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global distribution of dissipation, including a quiet time and the maximum epoch of a substorm. (Right) The time variations of the globally
integrated heat production (dissipation) rate &(t), together with the AE index; both the growth and expansion phases are indicated
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ordinary electrical system delay. Figure 8 shows that the  expansion onset is rather sudden, rather than a gradual
DD current is very weak and does not increase much increase from onset of the growth phase (Fig. 7). Fur-
until the onset time of the expansion phase, indicating thermore, the peak of the UL current can be greater
that the dissipation remains small during the growth than that of the DD current. These facts confirm that
phase. Further, the transition from the growth phase to  the energy for the expansion phase is once stored.
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Fig. 8 The time variations of the DD and UL currents during the course of a substorm (Sun et al. 1998)
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It can be inferred that this delay is caused by the fact
that both the ionization (caused by the field-aligned cur-
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Fig. 10 Scheme in discussing the input-output relationship

rents [streaming electrons]) in the ionosphere and the
resulting conductivity are low during the growth phase
(before expansion onset), resulting in a poor connection
between the magnetosphere and the ionosphere and also
in little dissipation (the Joule heat production) in the
ionosphere. Therefore, the power ¢ generated by the
S—M dynamo has no choice but is accumulated in the
inductive circuit of the magnetosphere during the
growth phase as magnetic energy W [=(1/2) J* L],where
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Fig. 11 The inflation of the magnetosphere by trapped plasma. a The resulting distortion of the earth’s dipole field and the magnetic field
produced by the trapped plasma, b the distribution of vectors of the magnetic field produced by trapped plasma, and ¢ the distorted field by
the inflation; the dashed lines indicate the distortion before the power e is increased above 10'® erg/s
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L is inductance. It is this accumulated energy W that is
the source energy for the expansion phase. The increased
current inflates the magnetosphere (Fig. 11).

With respect to magnetic energy W, the corresponding
tentative value of the relevant quantities is /=5 x 10° A,
L=16x10"H.

Note also that €= VJ/=5x 10*® erg/s =100 kV x5 x
10° A.

How much energy is accumulated and unloaded
(dissipated) during substorms?

Since the growth phase lasts for about 1 h, the amount
of the accumulated magnetic energy W is about 2.0 x
10** (3.5 x 10'® erg/s x 1.5 h)—or at most 10**—ergs; for
the value of 3.5x 10'® erg/s, see The expansion phase
(UL) dynamo power.

Why is the lifetime of the expansion phase so short?

As mentioned earlier, the expansion phase is very brief,
lasting for about 1 h, because the accumulated energy
during the growth phase can be spent in about 1.5 h (2 x

10%* ergs + 3.5 x 10" erg/s). Note that this duration time is
similar to the duration of the growth phase. These facts in-
dicate that the accumulated energy is almost totally released
during each substorm, except for the case when ¢ is greater
than 6. Thus, we can now understand why the expansion
phase is brief (for about 1 h), although the S—M dynamo
may still operating after the expansion phase (Figs. 7 and 8).

Where is the magnetic energy accumulated during the
growth phase?

An important question in relating to the expansion
phase is then where the magnetic energy W during the
growth phase is accumulated and stored in the inductive
circuit of the magnetosphere.

Most magnetospheric physicists have long considered
that all the magnetic energy is stored in the tail region
of the magnetosphere, where the field lines are nearly
antiparallel, so that it could be unloaded by the process
of magnetic reconnection.

However, first of all, even an overestimated magnetic
energy 6.5 x 10*! ergs in the tail region between 10 and
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20 Re (B*/87 x volume; B =30 nT) is less than what a
single substorm consumes, namely 2 x 10** ergs; see
Akasofu (2013); p. 7223 [30]), although magnetic recon-
nection and auroral substorms are often reported to
occur within 20 Re (cf. Angelopoulos et al. 2008). A ser-
ious problem in considering magnetic reconnection is
(surprisingly) that even such a simple “back-of-envelope”
estimate has not been made in the past. Therefore,
there is no basis to consider a priori that all the mag-
netic energy must be accumulated in the magnetotail
and then unloaded for auroral substorms by magnetic
reconnection.

Further, on the basis of the magnetic configuration of
the magnetosphere, it is expected that much of the
Poynting flux (directed perpendicular to B) produced by
the power ¢ on the magnetopause is directed toward a
dipole-like main body of the magnetosphere (within
10 Re), rather than toward the tail region. This suggests
that the current in the current sheet is stronger near the
earthward end than the tailward end. This process of ac-
cumulation of the magnetic energy by increased current
in the current sheet causes inflation of the main body of
the magnetosphere.

Figure 11 shows a second-order computation of the de-
viation (inflation) of the earth’s dipole field resulting from
currents by a group of trapped particles centered around
6 Re (Akasofu et al. 1961); the resulting trend of inflation
is expected to be similar to that caused by the plasma
sheet current, regardless of the current carrier. In Fig. 11,
although W is only 2.9 x 10*! ergs (about one tenth of the
needed expansion phase energy 2 x 10** ergs), the local
magnetic pressure (B*/8m) becomes close to the plasma
pressure (nkT), namely S ~ 1.0, so that B decreases greatly
inside the current sheet. This value of S suggests that the
magnetic field configuration which is storing the accumu-
lated energy reaches the maximum amount of energy it
can hold and begins to lose control of its inflated configur-
ation (Cheng, 2004). It can also be seen in Fig. 11 that the
magnetic field produced by the stored energy of 2.9 x
10! ergs produces almost 50 nT a ring current which is
the minimum value of Dst value for a storm.

Indeed, the fact that the expansion phase occurs with
the accumulated energy of 2x10%* ergs indicate that
even the main body of the magnetosphere (within less
than 10 Re) is expected to become unstable when the
magnetic energy W reaches about 2 x 10** (or at most
10*%) ergs.

Therefore, the reason why the expansion phase occurs
is that even the main body of the magnetosphere cannot
store more than 2x 10”*—or at most 10°*—ergs, and
tries to unload the accumulated energy, destabilizing it-
self. This is another reason that the magnetotail (where
the field intensity is much weaker than in the main
body) cannot store the magnetic energy of more than 2 x

Page 11 of 21

10*? ergs; if the lobe field could accumulate 2 x 10> ergs be-
tween 10 and 20 Re, the magnetic field intensity would have
to increase 30 ~ 50 % from a quiet value; there has been no
report of such a change of the lobe field.

This point is a crucial one in understanding why the
expansion phase even occurs. The reason why the ex-
plosive expansion phase occurs is that when the stored
(excess) energy W reaches 2 x 10% ergs in the main
body of the magnetosphere, the magnetosphere be-
comes unstable, and as a result, unloads it in the process
of stabilizing itself. It may indeed be this process of
unloading the total energy accumulated during the
growth phase, which is manifested as the expansion
phase. As a result, the magnetosphere is deflated (going
back to pre-growth phase condition) as shown in
Fig. 12.

This limitation of the amount of the accumulated en-
ergy can also be demonstrated by examining magnetic
storms during which a relatively high ¢ is maintained al-
most constantly for more than 10 h, while substorms
occur repeatedly and successively during such periods.
Thus, in such cases, it is likely that ¢ greatly exceeds &
even when the conductivity is relatively high, so that the
energy can be accumulated even though the ionosphere
becomes conductive. Thus, when the accumulated en-
ergy reaches the limit (at most, 10> ergs), the magneto-
sphere repeatedly unloads the energy; this situation is
schematically shown in Fig. 12.

This limit suggests the upper limit of capability of the
intensity of the plasma sheet current (which produces
the magnetic energy expressed by W =[(1/2)/’L]. Be-
cause of this limit, the peak value of the AE index is
about 1000 nT, and Dst is less than 50 nT for most sub-
storms. On the other hand, during major storms, the
AE index can exceed 2000 nT, suggesting a major struc-
tural change in the inner magnetosphere (including the
earthward advance of both the ring current and the
plasma current sheet); in fact, the auroral oval expands
greatly during major storms. This is an indication that
the energy for major storms is stored at a closer distance
to the earth than that for medium substorms, say less
than 8 Re. Figure 13 shows the Dst index (removing the
earth’s induction effect of 200 nT) and a high-latitude
magnetometer record during the most intense geomag-
netic storms during the last century (February 11,
1958). The equatorward boundary of the auroral oval
was observed to be as low as at gm. lat. 45 ° (L = 2.8) be-
fore the expansion phase, which was one of the most
spectacular ones in recent years. It is very unlikely that
field lines of L = 2.8 can be stretched beyond a distance
of even 8 Re before substorm onset. Undoubtedly, sub-
storms will occur well before the field lines can be
stretched that far. It is also important to note that the
onset can occur at L = 2.8.
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Inflation

Fig. 12 (Lef) The figure shows how the magnetosphere is inflated and deflated; the magnetic energy in this case is 29 x 10°" ergs (almost one
tenth of the substorm energy) and S~ 1.0 at a distance of 6 Re. The expansion phase occurs when the magnetosphere unloads the accumulated
energy and becomes deflated. (Right) When a moderately high S-M power ¢ is maintained almost constantly for more than 10 h, substorms
occur repeatedly and successively, suggesting that the magnetosphere can accumulate only a limited amount of magnetic energy (at most,

10% ergs) and become unstable and thus unloading repeatedly the accumulated magnetic energy
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The expansion phase (UL) dynamo power

Unlike the current system, it is not possible to determine
the distribution of the dissipation rate for the DD and
UL current. However, from Fig. 9, it can be inferred that
the dissipation rate of the UL current is a little greater
than that of the DD current. Thus, let us assume that
the dissipation rate of the UL current is 3.5 x 10'® erg/s.
It is the power of the UL dynamo power. Thus, the volt-
age is estimated to be 140 kV.

How can the unloaded energy produce a
secondary dynamo which powers the expansion
phase?

Basic requirement

Now, since the magnetic field configuration in the main
body (within 10 Re) of the magnetosphere is far from
antiparallel, it is unlikely that magnetic reconnection can
occur there; indeed, satellite observations show that
magnetic reconnection is rare within a distance of 10 Re
(Ge and Russell, 2006). Thus, unless proven otherwise, it
is necessary to find processes other than magnetic re-
connection in converting the magnetic energy for the
energy of the expansion phase. In fact, as Fig. 11c shows,

the magnetic field is absent in the middle of the intensi-
fied current sheet.

It was concluded in The expansion phase (UL) dynamo
power that the expansion phase requires a dynamo of the
power 3.5 x 10*® erg/s in generating Bostrom’s current. The
conversion process must be able to generate the currents
in Bostrom’s 3-D current. Thus, the search for the cause of
the expansion phase may begin by identifying the nature of
the dynamo for the expansion phase, which causes the
unloading process of the accumulated magnetic energy.

The UL current (the auroral electrojet, directed west-
ward) is the ionospheric part of the 3-D current system,
which can be driven by a southward electric field of
more than 100 mV/m (100 V/km) and perhaps about
250 mV/m in the ionosphere during the peak of the ex-
pansion phase. As mentioned earlier and shown in Fig. 6,
in Bostrom’s circuit, the only place where E+J<O0 is lo-
cated in the equatorial part of the circuit (actually, a thin
magnetic shell near the earthward end of the current
sheet, The UL current system for the expansion phase) in
the meridional component [Akasofu, 2003a], not in the
ionosphere where E+ J> 0, indicating that the expansion
phase dynamo must be located in the magnetosphere.
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Synthesis
Synthesizing what we have learned in the above, we
attempt to consider a possible process for the expansion
phase. It is emphasized here this section describes only
an exercise. First of all, in order to produce electric cur-
rents for a discharge, it is necessary to separate electrons
from protons (either chemically [a battery] or by force
[a dynamo]). Further, in generating the UL current, the
electric field thus produced must be directed earthward,
as mentioned in The UL current system for the expansion
phase. One possibility is as follows (Figs. 14 and 15).
When the power ¢ is increased, the current in the
plasma sheet is increased during the growth phase, in-
flating the magnetosphere (accumulating magnetic
energy. When the accumulated energy W= [(1/2)]PL]
reaches 2 x 10**—or at most 10*>—ergs, the magneto-
sphere becomes unstable and unload the energy in order

to stabilize itself). It is this very process which causes the
spectacular expansion phase.

The magnetic energy, which inflates the inner mag-
netosphere, is caused by the sheet current in the plasma
sheet. Thus, the fact that the magnetosphere becomes
unstable (because of the accumulated energy) means
that the current in the current sheet becomes unstable.
The limit of stability (breakpoint) of the current in the
plasma sheet may be equivalent to that of the strength
of the spring attached to the tippy bucket (Fig. 4). In
fact, such an instability was observed at the time of
expansion onset (Fig. 16).

Thus, in the process of stabilizing itself, the magneto-
sphere must reduce the accumulated magnetic energy
W =[(1/2)]’L] by reducing the current J in the plasma
sheet. As a result, the magnetosphere deflates itself.
The reduced magnetic energy W must be consumed for
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Fig. 14 a Possible charge separation which is caused by the deflating magnetosphere. The resulting electric field is directed toward the earth
(the electron layer may correspond to the inverted V in the ionosphere); b an example of substorm onset

Electric field

1017

the expansion phase. In other words, the accumulated
magnetic energy must be consumed to generate the ex-
pansion phase dynamo. Thus, the deflation process
must generate the expansion phase dynamo, namely
the separation of electrons from protons (Fig. 14).

The deflation of the magnetosphere increases B inside
the current sheet; there is little magnetic energy inside
the current sheet (see Fig. 11c). Thus, it is expected that
0Bz/ot > 0 there during the expansion phase, when W is
reduced. The resulting electric field can be very roughly
estimated to be about ([-9B/dt)f dy] = 150 mV/m (=50
nT/20 min x 20 Re = 1.26 x 10'° emu). This value of the
electric field is larger than what is observed by a satel-
lite (Fig. 16). The deflation will end in about 1 h by
spending the accumulated magnetic energy, explaining
the short life of the expansion phase. Bostrom (1974)
estimated the time constant of the UL circuit to be
8 min (=50H/0.1Q), so that the dissipation rate § can
reach the peak value in a rather short time. This may
also explain a sharp increase of the UL current at the

beginning and the explosive nature of the expansion
phase.

As mentioned earlier, the reduction of the current
may be caused by developing plasma instabilities. If
plasma instabilities can occur in reducing the current
in the current sheet, the frozen-in magnetic field lines
condition is expected to break down at the critical
moment of expansion onset. Microscopically, the de-
flating magnetosphere brings electrons (gyrating tightly
around the magnetic field lines) toward the earth, but
not protons and thus separating both electrons and
protons in the plasma sheet, and thus also generating
an earthward electric field in a thin shell near the earth-
ward end of the current (plasma) sheet. This process
does not require the whole plasma motion (v x B). As
shown earlier, a simple estimate of the electric field is
about 150 mV/m.

This process of charge separation was suggested by
Lui and Kamide (2003), as shown schematically in
Fig. 14. The separated electrons in a thin magnetic shell
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Fig. 15 A schematic illustration to show how the deflating magnetosphere might cause a charge separation which can result in an earthward
electric field (directed southward in the ionosphere). Because of this separation, the frozen-in field line condition may break down. This electric
field can generate Bostrom’s 3-D current, including the UL current in the ionosphere

Expansion Phase

thus produced will be discharged along the magnetic
field lines toward the ionosphere, producing the field-
aligned current sheet and brightening an auroral arc as
an initial indication of expansion onset. The reason why
the separation occurs near the earthward end of the
plasma sheet is related to the fact that a typical onset arc
lies near the equatorward boundary of the auroral oval.

Further, when the earthward electric field is communi-
cated to the ionosphere by the streaming electrons, it
becomes a southward electric field that can drive the UL
current (the auroral electrojet). This process continues
until the deflation is complete. Figure 15 schematically
shows an overall possible chain of processes which could
lead to substorm onset. Thus, this suggested chain of
processes requires breakdown of the condition of the
frozen-in field line during the expansion phase. The gen-
eration of the earthward electric field requires new the-
oretical and observational studies without using the
concept of frozen-in field lines condition.

In summary, the proposed chain of processes described
here is

(1) The magnetosphere accumulates magnetic energy in
the main body (its inductive circuit) during the
growth phase (1 h) because the ionoshere cannnot
dissipate the power. Thus, the magnetosphere is
inflated.

(2) When the accumulated energy reaches 2 x 10°* ergs
or at most 10?® ergs, the current in the current
sheet develops plasma instabilities and becomes
unstable.

(3) Thus, the current is reduced, and the
magnetosphere is deflated and the accumulated
magnetic energy is unloaded.

(4) During the deflation (unloading) process (1 h), a charge
separation occurs, separating electrons from protons.

(5) The separation of the charges causes an earthward
electric field near the earthward end of the current
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sheet. Thus, the unloaded magnetic energy is
consumed in producing the earthward electric field
(and thus the expansion phase dynamo).

(6) The electric current thus produced causes a great
variety of auroral activities during the expansion
phase as an electrical discharge process.

Supporting satellite observation

There is an important set of satellite observations which
are consistent with the above chain of processes at
8.1 Re (Lui, 2011); Fig. 16. One of the THEMIS satellites
observed: (i) plasma instabilities, (ii) a electric current
reduction, (iii) break down of the frozen-in field line
condition, (iv) an earthward electric field of 20 ~ 30 mV/m,
(v) simultaneously with onset of an auroral substorms.
The intensity of this observed electric field is less than
that drives the UL current in the ionosphere. These obser-
vational facts are consistent with the synthesis described

in the above. However, other cause—effect relationships
even for the same set (or other set) of the facts should be
explored.

Triggering?

When the magnetosphere accumulates about or more
than it can hold, the magnetosphere is likely to be ready
to unload the accumulated energy. The reduction of the
current in the current sheet could be induced by a
stimulation, namely by triggering. Busty bulk flows
(BBFs) could trigger some substorms, although they do
not have enough energy causing substorms. This subject
will be discussed further in Auroral displays.

On the other hand, it is known that a significant number
of substorms occur at about the time of ‘northward turn-
ing’ of the IMF some time after a southward turning [after
& becomes above 10*® erg/s] (Lyons et al. 2001). In these
cases, it is expected that a northward turning (external
cause) can trigger the expansion onset by the reduction of
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€ because ¢ and the current in the current sheet are re-
duced at the time of ‘northward turning.’ It is known that
interplanetary shock waves can also trigger substorms, if
they are accompanied by a southward IMF.

Other studies

Since the cause of the expansion phase is such an import-
ant subject, a large number of observational and theo-
retical efforts have been made. A few recent examples

are satellite observations, such as GEOTAIL, THEMIS,
IMAGE, and others (cf. Machida et al. 1994; Ohtani et al.
2002; Perraut et al. 2003; Shiokawa et al. 2005; Coumans
et al. 2007; Angelopoulos et al., 2008), theoretical studies
(cf. Cheng, 2004; Haerendel 2007, Harendel 2008, Haerendel
2009; Israelevich et al. 2008), and numerical simulation
studies (cf. Birn et al,, 2012); there have been many simul-
taneous observations between satellite and ground-based
observations (cf. Nishimura et al. 2010) in addition to

‘Westward Electrojet

Bostrom's current (1964)
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Fig. 18 a A part of the UL circuit which produces a positive Bz field (red arrow) which is mainly responsible for the poleward expansion of
auroras and the electrojet, b a series of all-sky photographs (an example of the poleward expansion), ¢ an expanded aurora system, and also the
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ground-based optical observations (cf. Henderson, 2009)
and superDARN radar observations (cf. Lyons et al. 2010).
However, it is regrettably not the intent of this paper to re-
view these works and many others since it is beyond the
capability of the present author.

On magnetic reconnection

Magnetic reconnection has been mentioned earlier a few
times. It may be worthwhile to summarize them here. This
theory is based on the premise that the magnetotail (where
the field is nearly antiparallel) has sufficient magnetic energy
to be converted into the energy of substorms by magnetic
reconnection. However, it was shown in (Where is the
magnetic energy accumulated during the growth phase?)
that the magnetotail does not have sufficient energy.

Further, magnetic reconnection is supposed to gener-
ate a tail-wide plasma flow so that it is supposed to pro-
duce the DD current (not the UL current), but the DD
current is not mainly responsible for the expansion
phase. The expansion phase requires an electrical dis-
charge along Bostrom’s circuit. Further, even if the ex-
pected flows by magnetic reconnection are narrow and
short-lived, such as those observed BBFs, they do not
have enough energy (10*' ergs or less). At most, they
might only trigger some substorms (but not all) by indu-
cing the abovementioned instability (Triggering).

Above all, however, the theory, in particular simulation
studies, has to rely on fictitious resistivity called “effect-
ive resistivity” because the theory is based on the “fro-
zen-in field lines” concept, in spite of the fact that
Alfven warned in as early as 1967 that it should not be
applied to magnetospheric physics.

So far, the “magnetic field lines” approach has not pro-
vided quantities which can be compared and discussed
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with those given in this paper. In fact, for example, there
is no way to discuss quantitatively our observed result of
the impulsiveness of the expansion phase with simula-
tion results so long as they rely on effective resistivity
which is supposed to determine how fast magnetic
reconnection is supposed to occur and has so far not
demonstrated as a physical quantity.

Some future problems

Storm-substorm relationship

The storm—substorm relation issue is one of the contro-
versial ones in the past. A substorm is a mini-storm
(Akasofu et al. 2007) so that it is clear that a storm
period is the period when intense substorms occur fre-
quently. Thus, the issue should be the difference of the
degree of the contribution between a DD type plasma
convection and the expansion phase. This can be exam-
ined by comparing the contribution of DD and UL on
the Dst, indicating that the expansion phase contribu-
tion is greater than the convection; Fig. 17. However,
this is not a settled issue.

Auroral displays

(a) The causes of poleward advance of auroras during
the expansion phase

As the name of the expansion phase indicates, the
active auroral arc system in the auroral oval advances
rapidly poleward with a speed of 200 m/s (Fig. 18b).
The shift of the poleward boundary of the oval
during the expansion phase is about 500~700 km,
from the onset location gm. lat. 63 ° to as far as 70 °.
In the past, this feature was interpreted simply as a
result of the so-called dipolarization. However, the

(the poleward expansion)

Poker Flat Research Range: B5N, 147W, 25-Jan—2003

Fig. 19 An example of meridian scanning photometer (MSP) record, showing equatorward shift of the auroral oval and substorm onsets




Akasofu Progress in Earth and Planetary Science (2015) 2:20

situation is obviously not just returning to the
condition before the substorm onset (about 63 °), so
that the amount of reconnected flux may not be
enough to explain the poleward expansion.

Such a long-range poleward shift requires a mag-
netic flux of more than 10'* nT km?. The observed
shift will be possible when the magnetic flux of the
azimuthal component of the 3-D current (~50nT x
2.1 x 10° km?) is added (Fig. 18a); the magnitude
of the vertical component of the azimuthal field
(so-called positive bays, observe in middle and low
latitudes during the expansion phase) is about

50 nT. In fact, it is known that the auroral electrojet
shifts rapidly poleward with the front of the
expanding auroral system during the expansion phase
(Fig. 18c) so that the earthward end of Bostrom’s
circuit must advance poleward during the expansion
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phase. However, this phenomenon has not been
studied.

(b)Auroral features during the growth phase

Auroral features during the growth phase have not
been discussed until recently, except that the
auroral oval tends to expand before substorm onset.
Akasofu et al. (2011) showed that this expansion
does not seem to have a clear relationship with the
so-called southward turning of the IMF. In fact,

it is known that just before the arrival of westward
traveling surges, auroral arcs tend to shift
equatorward (Akasofu, 1968, Figure 28, p. 43).
Further, during the growth phase, activities of arcs
in the equator half of the oval and arcs in the
poleward half of the oval seem to be different. The
auroral arc which brightens first during a typical
substorm onset is located near the equatorward

.- . G . . . ..
—_—

Streamers

0882

DIRECTLY DRIVEN COMPONENT

Fig. 20 An example of DMSP images of a westward traveling surge and associated streamers. Note that there is no streamer in the polar cap,
indicating that streamers do not occur in the main part of the polar cap. The average DD current pattern is also shown to indicate the western
end of the electrojet which is the head of westward traveling surges
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boundary of the auroral oval. However, arcs in the
poleward half do not seem to show any systematic
change during the growth phase (Fig. 19). In fact,
this is one of the reasons why auroral substorms
are not likely to be caused by magnetic
reconnection which is supposed to occur at a
distance of about 20 Re.

(c) Streamers
Recently, Nishimura et al. (2010) and Lyons et al.
(2010) showed that when ‘streamers’ reach arcs
near the equatorward half of the oval, the
expansion phase begins. Streamers originate often
from westward traveling surges (Fig. 20),
indicating that a substorm is already in progress.
If they trigger a substorm, it may be a secondary
substorm. On the other hand, if ‘streamers’ could
be confirmed to be caused by BBFs, there is an
interesting possibility that some BBFs may trigger
substorms (Triggering). If this would be indeed
the case, the main energy for a substorm must be
located with 10 Re for the unloading, namely a
destabilization effect.

Concluding remarks

In this paper, it is shown that the “current lines” ap-
proach suggested by Alfven et al. (1967) has given us
some quantitative understanding of the input—output re-
lation and the associated flow of energy in causing aur-
oral substorms.

It is emphasized here that the attempted synthesis is
only a first attempt based on what we have learned so
far. It is hoped that the requirements needed to explain
the expansion phase are at least useful for future studies,
regardless of theories to explain the expansion phase.

Obviously, however, all the quantities presented here
are very tentative ones, and they may not be totally con-
sistent among them. Thus, the purpose of this paper is
in part to emphasize the need for a quantitative input—
output approach and the “current lines” approach, in-
stead of “magnetic field lines” approach, in studying
auroral substorms.
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Personal note

It may be worthwhile to mention why the four statements made by Alfven
were mentioned in the introduction. It is because those statements have
become the basis of this paper.

I met Hannes Alfven for the first time when Sydney Chapman asked me to
join him to attend the Birkeland Symposium held in Norway in 1967. | heard
about the great controversy between Chapman and Alfven (cf. Akasofu
2003b) by others before, so that | was a little apprehensive to meet Hannes.
However, unexpectedly, he mentioned nothing about the debate. He was
anxious to tell me that the concept of “frozen-in magnetic field lines” and
“moving field lines” concepts should not be considered in studying auroral
substorms and solar flares (except for solar interior); | told him that | have
just begun to learn MHD from his book “Cosmical Electrodynamics”. He
emphasized that | should take “current lines” approach, instead of “magnetic
field lines” approach. His paper on this subject was published in the
conference proceedings (which | quoted in this paper). | invited him to visit
Alaska in 1974; at that time, he told me that his statements were realized in
a study of the acceleration of auroral electrons; MHD does not allow for an
electric field along magnetic field lines. Similarly, the breakdown of the
“frozen-in magnetic field lines” condition (as observed during the expansion
phase) may be essential in understanding the onset of the expansion phase.
When | met him a few times in Stockholm, he was complaining about my
slow progress. However, in order to take the current lines approach, we had
to set up six meridian chains of magnetometers to begin with. The analysis
of the records required developing a few computer codes with my
colleagues. It was as late as the end of 1990s, when we succeeded in
separating DD and UL. Then, it took many more years to digest the results.
Unfortunately, the “current lines” approach has not been popular in our
particular field, so much that many readers of this paper must encounter
many unfamiliar terms, such as dynamo, power, circuits, inductance, and
even the term electric currents for some. However, the “current lines”
approach is one of the ways of studying substorms. Actually, the basis of this
paper is not more than what is in physics 101, but the “current lines”
approach has provided, | believe, some of the basic aspects of physics of
auroral substorms, which has so far not been demonstrated by “the
magnetic field lines” approach.
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