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Multiscale auroral emission statistics as evidence of turbulent
reconnection in Earth’s midtail plasma sheet
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[1] We provide indirect evidence for turbulent reconnection in Earth’s midtail plasma
sheet by reexamining the statistical properties of bright, nightside auroral emission
events as observed by the UVI experiment on the Polar spacecraft and discussed
previously by Uritsky et al. (2002, 2003, 2006). The events are divided into two groups:
(1) those that map to ∣XGSM∣ < 12 RE in the magnetotail and do not show scale‐free
statistics and (2) those that map to ∣XGSM∣ > 12 RE and do show scale‐free statistics. The
∣XGSM∣ dependence is shown to most effectively organize the events into these two
groups. Power law exponents obtained for group 2 are shown to validate the conclusions of
Uritsky et al. concerning the existence of critical dynamics in the auroral emissions. It is
suggested that the auroral dynamics is a reflection of a critical state in the magnetotail that is
based on the dynamics of turbulent reconnection in the midtail plasma sheet.

Citation: Klimas, A., V. Uritsky, and E. Donovan (2010), Multiscale auroral emission statistics as evidence of turbulent
reconnection in Earth’s midtail plasma sheet, J. Geophys. Res., 115, A06202, doi:10.1029/2009JA014995.

1. Introduction

[2] It has been shown that the tail’s central plasma sheet
resides in a far‐from‐equilibrium turbulent state exhibiting
stochastic properties over a broad range of spatial and
temporal scales [Borovsky et al., 1997; Angelopoulos et al.,
1999; Borovsky and Funsten, 2003; Vörös et al., 2003;
Weygand et al., 2003; Volwerk et al., 2004; Vörös et al.,
2004a, 2004b, 2005; Weygand et al., 2005; Vörös et al.,
2006; Weygand et al., 2006; Vörös et al., 2007]. These
observations suggest that turbulence is a primary physical
process in the plasma sheet, likely generated by localized
magnetic reconnection and its associated fast flows and
possibly playing a role in initiating reconnection by gener-
ating strong inhomogeneities in the plasma.
[3] An important clue in the search for the origin of this

turbulence is that it is strongly intermittent and so its
explanation requires a nonclassical approach involving
localized dissipation, transient regimes, and bidirectional
energy cascades. In one promising attempt in this direction,
tail intermittency has been ascribed to self‐organized criti-
cality (SOC), a multiscale stochastic process producing
scale‐free dissipation regions that may be centers of turbu-
lent magnetic energy conversion. In this context, the SOC
hypothesis assumes that the breakdown required for inter-
mittency of the turbulence homogeneity condition is due to

propagating avalanches of plasma instabilities residing at
kinetic scales [Klimas et al., 2004].
[4] Our present paper provides a summary of observa-

tional evidence for SOC in the magnetotail, and it presents
new statistical results, based on the mapping of auroral
emission events onto the tail plasma sheet, that unambigu-
ously relate SOC with the dynamics of the midtail region
where reconnection is observed and not to the dynamics of
the inner plasma sheet.

1.1. Signatures of SOC in Earth’s Magnetotail

[5] In a seminal paper, Chang [1992] has suggested that
the global coherence of Earth’s magnetotail [Baker et al.,
1999] is a consequence of the tail residing near a forced
and/or self‐organized critical state. Subsequently, Chang
[1998a, 1998b, 1999], Chang and Wu [2002], Chang et
al. [2003, 2004], and, in a related simulation study, Wu
and Chang [2000a, 2000b, 2001] have related this critical
state to sporadic localized reconnections and intermittent
turbulence in the tail plasma sheet.
[6] Using data obtained in the plasma sheet by the low‐

energy plasma instrument on the GEOTAIL spacecraft,
Angelopoulos et al. [1999] have shown that the distribution
of continuous‐flow burst durations greater than 400 km/s is
a power law, consistent with SOC in the plasma sheet. They
have also found that the criteria established by Lu [1995] for
a continuum system to attain the SOC state are satisfied in
the magnetosphere. Angelopoulos et al. have further shown
that probability distributions of flows in the plasma sheet as
well as a distribution of velocity differences at spatially
separated positions can be well approximated by lognormal
distributions, consistent with intermittent turbulence. They
argued that these statistics are indicative of eddy turbulence
driven by the localized fast flows in the plasma sheet acting
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as jets in a fluid, in agreement with the conclusions of
Borovsky et al. [1997] and Borovsky and Funsten [2003].
Furthermore, they suggested that the fast flows and driven
turbulence could provide the link by which localized
reconnection sites communicate with each other to provide
the cross‐scale coupling inherent in SOC systems. Many of
the scaling properties of the turbulence and its direct rela-
tionship to the localized fast flows as envisioned by Ange-
lopoulos et al. and Borovsky and Fundsten have been well
established [Lui, 2001, 2002; Vörös et al., 2003, 2004b,
2007; Volwerk et al., 2004; Weygand et al., 2005, 2006].
The relationship of this turbulence to a self‐organized crit-
ical state in the magnetotail has been further suggested by
Consolini [1997],Uritsky and Pudovkin [1998], andConsolini
and Chang [2001, 2002].
[7] While time series analysis techniques invoked in the in

situ studies of tail turbulence can provide important scaling
constraints on its underlying mechanisms, a more direct
verification of SOC requires spatiotemporal analysis of
dissipation events similar to the analysis of energy ava-
lanches in numerical sandpile models [Bak et al., 1988].
Spatiotemporal observations are rare in space physics, with
auroral imaging being a fortunate exception. Sequences of
auroral images provide the opportunity to study possible
avalanche scaling associated with growth and evolution of
localized regions of dissipation in the tail.
[8] Adapting a method introduced by Lui et al. [2000],

Uritsky et al. [2002, 2003, 2006] have examined the spa-
tiotemporal evolution of bright nightside auroral UV emis-
sions as detected by the Ultraviolet Imager (UVI) experiment
on the Polar spacecraft during January and February of 1997
and 1998. Emission regions were identified by setting an
intensity threshold and finding contiguous image pixels
above this threshold. Emission events were defined as
emission regions that overlapped in two or more sequential
UVI images. Emission events in the region defined by
20 h ≤ LT ≤ 4 h and apex latitude ≥ 55° were included.
Methods were applied that are normally used for examining
numerical avalanching models of SOC [Bak et al., 1987,
1988; Jensen, 1998]. It was found [Uritsky and Klimas,
2004] that in many important respects the dynamics of the
auroral emission events parallels that of avalanches in the
directed‐sandpile class of SOC models [Hughes and
Paczuski, 2002]. Energy, size, and duration probability
distributions; growth and survival dynamic distributions;
relationships between energy, size, and duration; and fractal
properties such as roughness, growth, and boundary dimen-
sions were shown to exhibit power law forms over significant
ranges. Moreover, the defining power law exponents were
shown to be interrelated, satisfying scaling relations [Paczuski
et al., 1996; Jensen, 1998; Munoz et al., 1999] that must be
satisfied for systems in SOC. The strength of the relationship
uncovered by Uritsky et al. between the dynamics of the
auroral emission events and that of the directed sandpile
models suggests that the turbulent magnetotail exhibits a
significant degree of cross‐scale energy transfer through
localized dissipation events analogous to avalanches in SOC
models. If one is to accept this suggestion, however, it is of
critical importance to identify the primary physical process
in the tail that could be responsible for such behavior.

1.2. Auroral Emission and Magnetotail Reconnection
Dynamics

[9] Uritsky et al. [2002, 2003, 2006] and Klimas et al.
[2000, 2004, 2005] have argued that the apparent SOC
dynamics of the nighttime auroral emissions events is, in
fact, a reflection of the SOC dynamics of the magnetotail
reconnection system, where the actual critical state can be
found. Their argument rests heavily on the observed rela-
tionship of fast flows and reconnection in the plasma sheet
to consequent auroral illumination [Ieda et al., 2001; Zong
et al., 2007], as mapped, one to the other, using one or
more of the Tsyganenko magnetospheric magnetic field
models [Tsyganenko, 1989, 1995, 1996, 2002; Tsyganenko
and Sitnov, 2005]. As pointed out by Liu et al. [2006],
however, reconnection in the tail occurs tailward of the inner
region, where some of the auroral activity included in the
studies of Uritsky et al. maps. Consequently, Liu et al. have
constructed and studied the properties of a two‐dimensional
cellular automaton that models the dynamics of magnetic
flux tubes in the region earthward of ∼15 RE.
[10] We feel that the argument of Liu et al. [2006] is

somewhat overstated; when arguing against the reconnec-
tion explanation for the auroral emission statistics, they limit
their attention to the region 20–30 RE tailward of Earth,
where reconnection is most prominent [Nagai et al., 1998],
while ignoring more earthward reconnection observations.
Recently, Sergeev et al. [2007] have reported observations
of strong repeated reconnection events earthward of ∼14 RE.
They noted other observations and discussions of recon-
nection in that region [McPherron and Manka, 1985;
Sergeev et al., 1995; Baker et al., 1996; Miyashita et al.,
2005; Petrukovich and Yahnin, 2006] and suggested that
reconnection there may be more prevalent than is commonly
assumed. Nevertheless, as we show here, Liu et al. are
correct in pointing out that some of the auroral emission
events included in the studies of Uritsky et al. [2002, 2003,
2006] do map to the inner magnetosphere, where recon-
nection has not been observed.

1.3. Latitudinal Dependence of Auroral Emission
Event Dynamics

[11] In this study, we examine the mapping issue men-
tioned in section 1.2 to investigate its relevance to the
conclusions of Uritsky et al. [2002, 2003, 2006] of inner and
outer magnetotail activity. Previously, in our recent papers,
as a proxy for mapping distance into the tail, the distribution
with magnetic latitude (MLAT) of UVI auroral emission
events (events, as defined in section 1.1) was divided into
two separate groups of low‐latitude (LL) and high‐latitude
(HL) events. The latitude of the onset of each event was used
for the latitude of the event. Uritsky et al. [2008] noted that
this distribution with latitude has a sharp peak at MLAT =
66°; all events originating below this latitude (down to 55°)
were grouped as LL events and all events originating above
it (up to 80°) were grouped as HL events. Uritsky et al.
[2009] noted that the latitudes spanned by the auroral oval
vary systematically with magnetic local time (MLT), so it
is suboptimal to use only MLAT to separate higher‐ and
lower‐latitude events. Their idea was that since the oval
latitude increases with longitudinal distance from midnight,
simply using MLAT is not enough to guarantee that the
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higher‐latitude events are actually higher relative to an
auroral boundary (such as the equatorward boundary of the
oval). Uritsky et al. [2009] carried out this grouping in a
manner more directly related to mapping distance in the
tail. They used distance of an onset in MLAT relative to a
realistic oval shape. For that shape, they used a function
based on the empirical model of the ion isotropy boundary
[Gvozdevsky and Sergeev, 1995; Sergeev and Gvozdevsky,
1995]. Both of these recent studies led to the conclusion
that the HL group is characterized by nearly perfect power
law statistics over the entire range of available scales, in
agreement with the earlier studies of Uritsky et al. [2002,
2003, 2006], while the LL events constitute a scale‐
dependent statistical population with an energy crossover
separating large and small auroral activations. Assuming the
relationship of MLAT to distance into the tail, these results
suggest an essentially scale‐free energy release dynamics in
the outer central plasma sheet (CPS) and a more compli-
cated, scale‐dependent dissipation in the inner CPS. Uritsky
et al. [2009, p. 745] conjectured “that the inner and outer
portions of the plasma sheet are associated with two (or
more) mechanisms of collective dynamics that may repre-
sent an interplay between current disruption and magnetic
reconnection scenarios of bursty energy conversion in the
magnetotail.”

1.4. Auroral Emission Events Mapped Into the Tail

[12] For the purpose of classifying the auroral emission
events into two groups that may be related to activity in the
inner versus the outer portions of the CPS, the use of the
isotropic boundary model by Uritsky et al. [2009] was
certainly an improvement over the more arbitrary division
based on the peak in the MLAT distribution of the events.
However, the isotropic boundary model can still be a poor
representation of the actual boundary on a case‐by‐case
basis, particularly during active times [Donovan et al., 2003;
Meurant et al., 2007].
[13] In this paper, we improve the relationship of emission

event position to possible activation source position by
mapping the events into the tail using the Tsyganenko/Sit-
nov TS05 [Tsyganenko and Sitnov, 2005] and Tsyganenko
T96 [Tsyganenko, 1995, 1996] magnetospheric field mod-
els. We rely on the ability of these models to respond to
recent solar wind and geomagnetic activity to reconfigure
the modeled magnetotail accordingly, in contrast to the
static isotropic boundary model. The responses of these
models to solar wind and geomagnetic activity can be
expected to differ. The T96 model was constructed using
essentially all near‐Earth magnetometer data available at the
time; the model is a best fit to data obtained during a variety
of geomagnetic activity levels. Furthermore, the solar wind
and geomagnetic activity, represented by Dst, enter the
model as instantaneous parameters; the previous history of
these parameters does not enter. In contrast, the TS05 model
was constructed using a sophisticated evolution representa-
tion of the solar wind and geomagnetic activity inputs,
including individual growth and relaxation forms, but its
construction was based solely on storm time data. For our
purposes, we can expect this model to provide better map-
ping during active times when the tail is stretched, times
most pertinent to our study. However, while it is well known
that storm intervals typically include several large substorms

[Wu et al., 2004], we do not expect either of these models to
well represent the extremely stretched field configuration
that may develop in the tail leading up to substorm onset.
Nevertheless, Uritsky et al. [2009] have shown that the
auroral emission events in this study can be classified into
three groups: HL events that exhibit scale‐free statistics and
two LL groups, characterized by high and low emission
energies. The LL, high‐energy group constitutes approxi-
mately 0.3% of all of the events but almost 60% of the total
auroral precipitation energy due to all of the events. These
are almost certainly LL auroral substorm onsets associated
with the extremely stretched tail field for which our mapping
probably fails. Owing to their small number and localization
to low latitudes, we assume that these events do not signif-
icantly affect our results. As we show in section 2.2, the
results of this mapping study for the two Tsyganenko field
models differ significantly beyond ∼12 RE down the tail but
they are quite consistent up to 12 RE, which is sufficient for
our study. Given the fundamentally different bases of the two
models, with one more sensitive to stretching than the other,
this agreement can be considered evidence in support of our
assumption that our results are not significantly affected by
the possible failure of the Tsyganenko models during periods
of extreme stretching.
[14] Our conclusions are based primarily on the TS05

model, using only events that map to within 15 RE, where
the model is expected to remain accurate, with the T96 event
mapping included for corroboration, as explained above. We
show that by mapping the Uritsky et al. [2002, 2003, 2006]
auroral emission events into the magnetotail the tail can be
divided into two regions, a region deeper in the tail where
scale‐free statistics indicative of a critical state are exhibited
and a region more earthward where characteristic scales
exist, with a transition between the two at approximately
∣XGSM∣ = 12 RE. We conclude that our statistical results are
organized optimally by XGSM and that the statistics are
scale‐free in the region beyond ∣XGSM∣ ’ 12 RE, which is
consistent with the region in the tail where reconnection has
been observed [McPherron and Manka, 1985; Sergeev et
al., 1995, 2007; Baker et al., 1996; Miyashita et al., 2005;
Petrukovich and Yahnin, 2006].

2. Mapping Analysis

[15] We have based our analysis on a collection of digital
images of nighttime northern aurora (55–80 MLAT, 2000–
0400 MLT) obtained from the UVI on board the Polar
spacecraft, in the 165.5–174.5 nm portion of the Lyman‐
Birge‐Hopfield spectral band, using an integration time of
36.5 s and a time resolution of 184 s. The studied database
includes 16,000 images taken during two observation peri-
ods (1 January 1997 to 28 February 1997 and 1 January
1998 to 28 February 1998), both close to a solar minimum.
The images were rebinned down to a uniform spatial reso-
lution of 70 × 70 km2, which was kept constant irrespective
of the spacecraft altitude.

2.1. Identification of Auroral Events

[16] In contrast to statistical approaches dealing with
individual auroral images such as the one described by Lui
et al. [2000], our study involved spatiotemporal tracking of
emission events as briefly explained below. In most cases,
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this tracking made it possible to identify the precipitation
events that coevolved in multiple auroral locations and
could not be resolved otherwise [Uritsky et al., 2002]. The
UV luminosity was analyzed as a function of time and
position on the image plane. First, active auroral regions
were identified by applying the lower activity threshold
representing a background UV flux. Adjacent spatial regions
above the threshold were treated as parts of evolving events.
By checking for overlap of common pixels between each
pair of consecutive UVI frames, we identified a set of three‐
dimensional spatiotemporal domains corresponding to each
of the individual emission events found by this method.
Thus, the events were defined as connected regions in
space‐time. These domains of contiguous activity were used
to evaluate the energy of each event given by the integral of
the emission flux over the corresponding domain, as well as
the spatiotemporal size of the event given by the volume of
this domain (see Uritsky et al. [2008] for full definitions).
[17] To ensure sufficient accuracy in the determination of

the ionospheric coordinates of the emission events, it was
required that their initial area occupy no more than 10 pixels
on a coarse‐grained 70 × 70 km2 grid. The largest initial
area of the auroral events included in our analysis is there-
fore ∼5 × 104 km2, suggesting a linear dimension of about
200–300 km, depending on the configuration of the event.
Given this filtering condition, the standard error in the cal-
culation of the average central magnetic longitude and lat-
itude of each emission event was about 35 km in the
ionospheric frame.
[18] The initial central position of each auroral event was

used as the input for the mapping procedure described
below. For the plasma sheet region ∣XGSM∣ = 10–15 RE, the
main focus of our study (see below), the magnetospheric
models used here result in an azimuthal mapping factor of
20–30. On the basis of our uncertainty of approximately
35 km at the ionosphere, the expected uncertainty in the
determination of Y positions in the tail is ∼1000 km or less.
The radial mapping factor can vary significantly with geo-

magnetic activity level, leading to X errors of about 1 RE for
quiet to moderate magnetospheric activity and up to several
Earth radii for a highly stretched magnetotail. Thus, we
estimate that the accuracy of our conclusion concerning the
position in the tail where the transition from scale‐dependent
to scale‐free activity lies is limited by this uncertainty to no
better than ∼1 RE. As discussed above, it appears that the
highly stretched tail intervals do not contribute significantly
to our results and so the error in our conclusion concerning
the transition position in the tail is probably not much larger
than this lower limit.
[19] The robustness of the auroral emission statistics with

respect to changes in the activity threshold was verified
earlier by repeatedly running the algorithm with substan-
tially different threshold values [Uritsky et al., 2002]. Here
we show the results for the threshold of 10 photons cm−2 s−1

for consistency with our preceding publications dealing with
the latitudinal dependence of statistical properties of the
emission events.

2.2. Mapping Results

[20] We restrict our analysis to the auroral emission events
collected by Uritsky et al. [2002] using the low‐time‐reso-
lution UVI image data of January and February, 1997 and
1998. We select among these events on the basis of where
they map into the tail using the two Tsyganenko models
(T96 and TS05). Field lines are mapped into the tail from
the positions at which the individual emission events orig-
inate and the corresponding positions in the tail are chosen
by finding the maximum curvature along each field line
(which has been found to correspond to the position on the
field line at maximum radial distance). We use the maxi-
mum curvature as a proxy for the position of the cross‐tail
current sheet in the model.
[21] The red curve of Figure 1 shows the probability

distribution of the Uritsky et al. [2002, 2003, 2006] low‐
time‐resolution auroral emission events as a function of
energy emitted over their lifetimes in arbitrary units (see the
Uritsky et al. papers for information on the UV emission
band and conversion to dimensional units) for the subset of
events that have been found to map to ∣XGSM∣ < 12 RE using
the TS05 field model. The distribution can be reasonably fit
with two power law segments with a steeper slope for the
low‐energy events and a shallower slope for the high‐
energy events, showing the possibility of two collective
modes of activity in the inner plasma sheet. Similar results
have been obtained by Uritsky et al. [2008, 2009] for their
LL events. Uritsky et al. [2008] have attributed their low‐
energy LL events mostly to diffuse auroral forms and have
noted that their high‐energy LL events may be due to sub-
storm onset events. Reconnection is unlikely in this inner
region (∣XGSM∣ < 12 RE) but current diversion [Lui et al.,
1991; Lui, 1996] may be contributing.
[22] Figure 1 also illustrates the method that we have used

to quantify the discrepancy between relevant probability
distributions and perfect power law forms. The green line in
Figure 1 shows a least squares power law fit to the first three
(lowest‐energy) points of the distribution. For each of the
points on the probability distribution, the discrepancy, on
the log scale, between the distribution and the power law fit
has been measured and an RMS measure of the overall
discrepancy constructed. This method has been used to

Figure 1. Probability distribution (red) of emission energy
(arbitrary units) obtained for auroral precipitation events
with TS05 mapped magnetotail positions within ∣XGSM∣ =
12 RE. Power law fit (green) to first three small‐energy dis-
tribution points as well as discrepancy between distribution
and fit associated with large‐energy crossover (see text) are
shown.
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obtain all of the results discussed below. All power law fits
shown below are to only the first three points of the relevant
probability distribution with an RMS measure of the dis-
crepancy between the distribution and the power law fit
computed accordingly.
[23] Figure 2 contains a sequence of emitted‐energy

probability distributions and their fits that has been con-
structed by including in the calculation of the distributions
all emission events found to map, using TS05, to beyond a
set of increasing ∣XGSM∣ values in the range from 3 to 16 RE.
It can be seen that, for a minimum cutoff ∣XGSM∣ = 3 RE, the

power law fit is steeper than for the rest of the examples
shown due to the inclusion of most of the low‐energy LL
events discussed above in relation to Figure 1. The dis-
crepancy between distribution and power law fit is at its
largest for this low cutoff value because the high‐energy LL
events discussed by Uritsky et al. [2008] are included,
leading to a shallower slope at high energies, similar to
Figure 1. The slopes of the power law fits decrease mono-
tonically with increasing cutoff while the contributions of
the excess high‐energy events gradually vanish. Overall, it
is clear that the RMS discrepancy and the slopes of the

Figure 2. Energy distributions for all emission events whose TS05 mapped positions in the magnetotail
are at ∣XGSM∣ > (a) 3 RE, (b) 5 RE, (c) 7 RE, (d) 9 RE, (e) 12 RE, and (f) 16 RE. Note the transition from
scale‐dependent (non‐power law) to scale‐free (power law) form as more near‐Earth events are excluded.
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power law fits decrease with increasing cutoff with very
little change between 12 and 16 RE.
[24] It is important to note that each of the distributions

shown in Figure 2 is normalized to produce a probability.
Thus, the number of events contained in any one distribution
cannot be discerned from Figure 2. However, the significant
change in the distributions shown, for example, in Figures
2a and 2b indicates that a significant number of events
map to the interval ∣XGSM∣ = 3–5 RE, perhaps a surprisingly
small tailward distance. A visual examination of many of

these events has shown that many, and perhaps most or all,
of these events map to reasonable radial distances but with
large eastward or westward directions such that their pro-
jections to the ∣XGSM∣ direction are small.
[25] Figure 3 shows a sequence of probability distribu-

tions and their fits, similar to the sequence of Figure 2, but
in this case for event size (emission region area, summed
over the sequence of UVI images for which the event exists)
rather than emitted energy; the minimum cutoff values are
identical for both figures. The evolution of power law fit,

Figure 3. Integrated size distributions for all emission events whose TS05 mapped positions in the mag-
netotail are at ∣XGSM∣ > (a) 3 RE, (b) 5 RE, (c) 7 RE, (d) 9 RE, (e) 12 RE, and (f) 16 RE. Note the transition
from scale‐dependent (non‐power law) to scale‐free (power law) form as more near‐Earth events are
excluded.
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distribution shape, and discrepancy with increasing mini-
mum cutoff is quite similar for both the energy and the size
distributions. It should be noted that power law distributions
over extended ranges for both energy and size distributions
are considered significant evidence for SOC in distributed
avalanching systems [Bak et al., 1987, 1988]. We note that
the slopes of the effectively scale‐free distributions shown
for ∣XGSM∣ = 12 RE or higher are close to, but slightly higher
than, those given by Uritsky et al. [2002]. These differences
are discussed in section 3.
[26] The evolution shown in Figures 2 and 3 implies the

existence of a transition from non‐scale‐free to scale‐free
probability distributions that occurs as the field line mapped
selection criterion is advanced from small to large distances
in the tail, thereby removing an increasing number of inner
magnetosphere associated emission events from consider-
ation. We have examined this transition quantitatively in the
selection range 3–19 RE in 1 RE increments by calculating
the RMS discrepancy between the computed probability
distribution values and the corresponding power law fits as
explained above. We emphasize that the power law fits are
to only the first three data points in the distributions (lowest

energies or sizes). Figure 4 shows the results of this analysis
for both emission event energy and integrated size proba-
bility distributions. Results obtained using both T96 and
TS05 models are shown.
[27] All panels of Figure 4 indicate a clear transition from

a poor to a good fit to a power law scale‐free distribution as
an increasing number of inner magnetosphere associated
emission events are removed from consideration. The tran-
sitions found using the T96 and TS05 models are in good
agreement out to ∣XGSM∣ ’ 12 RE, beyond which the T96
results become unreliable due to increasing noise on the
distributions. Two selection criteria have been used to
classify the emission events; both the maximum radius of
the field line originating at the emission event and the
∣XGSM∣ value at the position of that maximum radius have
been used. The more rapid decay of the curves based on
∣XGSM∣, plus the ultimate joining of the ∣XGSM∣‐ and radius‐
based curves, implies that the transition in the tail leading
from non‐scale‐free to scale‐free statistics is ordered by
∣XGSM∣, not the radius. We have not found comparable
ordering with respect to other conceivable measures of
position in the tail. The TS05 field model is expected to

Figure 4. Showing the RMS difference between measured probability distributions and power law fits
as explained in the text for (a) integrated event energy using the TS05 field line model for selection cri-
teria, (b) integrated event energy using the T96 field line model for selection criteria, (c) integrated event
size using the TS05 field line model for selection criteria, and (d) integrated event size using the T96 field
line model. Each panel shows the results of using the maximum field line radius or the ∣XGSM∣ value at the
position of that maximum for the mapped position of an event.
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remain accurate out to ∣XGSM∣ ’ 15 RE (N. A. Tsyganenko,
private communication, 2005). We take the first minimum
inside of 15 RE in the ∣XGSM∣‐based curves as the position
where the transition to scale‐free statistics occurs. Our
estimate is that the region in the tail leading to scale‐free
statistics in the auroral emission events is beyond approxi-
mately 12 RE in ∣XGSM∣. For those events that map to the
inside of 12 RE, we find non‐scale‐free statistics.

3. Summary of Results

[28] We have reexamined the functional forms of the
energy and size distributions of bright, nightside auroral
emission events as observed by the UVI experiment on the
Polar spacecraft and discussed previously by Uritsky et al.
[2002, 2003, 2006, 2008, 2009]. We find that the events
can be divided into two groups: (1) those that map to ∣XGSM∣ <
12 RE in the magnetotail and do not show scale‐free statistics
and (2) those that map to ∣XGSM∣ > 12 RE and do show scale‐
free statistics. We have found that the ∣XGSM∣ dependence
most effectively organizes our events into these two groups.
[29] The power law distributions that we have obtained

for group 2 are slightly steeper than those found by Uritsky
et al. [2002] but they are nevertheless consistent with their
results. The slight differences in slopes can be understood
when account is taken of the fact that Uritsky et al. included
all events in their analysis while we have removed group 1,
which produces an excess in the distributions at high sizes
or energies. The differences are too small to invalidate any
of the conclusions that Uritsky et al. [2002, 2003, 2006]
drew from their analyses concerning the existence of a
critical state in the magnetosphere and its properties.
[30] Reconnection is most commonly observed in the 20–

30 RE range in the tail but it has been observed as close as 10–
15 RE [McPherron and Manka, 1985; Sergeev et al., 1995;
Baker et al., 1996; Miyashita et al., 2005; Petrukovich and
Yahnin, 2006], where it has been suggested [Sergeev et al.,
2007] that due to observational difficulties reconnection
may be more common than is indicated by the frequency of
observations. We are unaware of any closer reconnection
observations and so we take the 10–15 RE range as an
estimate of the inner boundary of the reconnection domain
of the tail.
[31] The division at ∣XGSM∣ ’ 12 RE between groups 1

and 2 of the auroral emission events coincides with the inner
boundary of the reconnection domain of the tail. We inter-
pret this coincidence as further support for our suggestion
that the observed SOC dynamics of the auroral emission
events is a reflection of a critical state in the magnetotail that
is based on the dynamics of reconnection in the plasma
sheet beyond ∣XGSM∣ = 12 RE. It should be noted that the
division at ’ 12 RE also coincides with the region of current
diversion suggested as a substorm onset mechanism by Lui
et al. [1991] and Lui [1996]. Furthermore, Sergeev et al.
[2007] have observed signatures of current diversion coin-
cident with their detection of strong reconnection in this
region. They concluded that both reconnection and current
diversion are essential elements of localized instability in
this region of the tail and questioned whether one of these
might be the driver of the other. For our present analysis, it

is not important which of these two mechanisms drives the
other, as long as reconnection takes part.

4. Final Remarks

[32] We feel that the interpretation of the observed SOC
dynamics of the auroral emission events as a reflection of a
critical state in the magnetotail that is based on the dynamics
of reconnection in the plasma sheet remains a viable one.
Other elements in our argument in support of this interpre-
tation are summarized in the following.
[33] 1. The first of these is based on the scale‐free nature

of the observations with the largest energies, sizes, and
lifetimes clearly due to substorms. The UVI images can be
examined to see that many of the relatively few largest
events are, indeed, substorms. At these scales, then, it is
clear that the auroral emissions driver lies in the tail. It is
difficult to imagine how a different driver at a different
location could contribute to the smaller scales with statistical
properties merging so smoothly with those of the larger
scales and with no indication of characteristic scales. In fact,
there is a considerable body of observational evidence that
indicates that the smaller‐scale auroral emission events are
produced by a continuation of reconnection activity in the
tail down to smaller events. Many studies have shown the
close relationship between fast flows observed in the plasma
sheet and auroral brightening in the ionosphere [Sergeev et
al., 1998; Fairfield et al., 1999; Lyons et al., 1999; Zesta
et al., 2000; Ieda et al., 2001; Nakamura et al., 2001a,
2001b]. The association of fast flows, plasmoid releases,
and auroral emissions with substorm activity at the largest
scales is well known. This association at the other extreme,
localized reconnection as indicated by plasmoid observa-
tions during otherwise quiet intervals, has been clearly
demonstrated in a recent paper by Zong et al. [2007] and
earlier by Ieda et al. [2001]. Using GEOTAIL plasma sheet
observations, Ieda et al. identified 24 plasmoid release
events for which Polar UVI auroral image data were avail-
able. For all 24 of the events, associated auroral brightening
was observed; there were no exceptions. The ∣XGSM∣ = 12
RE boundary separating the scale‐free and scale‐dependent
tail dynamics according to our analysis is consistent with the
region in the magnetotail where the fast tailward flows begin
to decelerate. Shiokawa et al. [1997] have found that the
high‐speed flows are stopped at the boundary between the
regions of dipolar field and taillike field in the plasma sheet.
Our observations clearly show that the tailward region where
the breaking mechanism should be much less efficient is also
the source of scale‐free auroral precipitation dynamics.
[34] 2. Cellular automata sandpile models are the proto-

typical SOC models. Remarkably, there are several sug-
gestive analogies between the structure and behavior of
these models and of the active magnetotail.
[35] In their most common form, sandpile models govern

the transport of a conserved quantity, represented as grains,
from a region that may be distributed or local where the
grains are loaded to typically a boundary where the grains
are unloaded. Transport in these models is enabled by the
excitation of a threshold instability that is spatially localized;
there are many of these instability sites distributed
throughout the system. Under loading, these models evolve
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(self‐organize) into a state in which all of these sites are near
the threshold for excitation. In this state, with continuing
loading, long‐ranged interactions between the sites of
instability develop due to “avalanches” of the conserved
quantity through the system. Avalanches of all sizes that can
be contained within the system occur and the dynamics on
different spatial scales is then self‐similar. This self‐simi-
larity is manifested as power law relations between various
characteristics of the particular model as well as through
power law probabilities over spatial, temporal, and other
scales.
[36] In the magnetotail, much of the transport of magnetic

flux and energy through the tail is enabled by reconnection,
which can be localized [see Angelopoulos et al., 1999, and
references therein]. The occurrence of active reconnection
sites in the plasma sheet is correlated with recent loading,
from which we can infer that a threshold for excitation of
reconnection exists; that is, transport can be enabled by the
excitation of a localized threshold instability. Fast flows,
presumed to be generated by localized reconnection, can be
observed in the plasma sheet at almost any time, although
with varying probability. This observation shows that a
spatially extended portion of the plasma sheet remains close,
in varying degree, to the threshold of instability that leads to
the transport‐enabling localized reconnection. We can infer
a critical state in which the entire relevant region of the
plasma sheet is more or less near the threshold of instability,
depending on the recent behavior of the solar wind. We
should expect scale‐free avalanche distributions of magnetic
flux and energy through the system with sizes ranging from
the basic element of instability, a single localized recon-
nection site, to a global scale, the substorm, with occurrence
probability depending on the recent solar wind loading
history. Our analysis presented in this paper supports this
interpretation in that it shows that the observed scale‐free
auroral emissions dynamics is most closely associated with
this region in the tail, where this scale‐free avalanching
should lie.
[37] 3. If the analogy detailed above is to hold, then

reconnection must be localized always, even throughout the
evolution of a substorm in the tail. Lui et al. [1998] have
studied the association of reconnection activity in the tail
with nightside UV auroral emissions and have found this
requirement to be met. Using Polar UVI images containing
auroral breakups and expansions, they identified a large
number of substorm onsets during which GEOTAIL was in
the plasma sheet. For each onset, they examined the plasma
measurements at GEOTAIL over an interval stretching from
20 min before to 20 min after the onset. Synoptic patterns of
plasma velocity, perpendicular velocity, and magnetic field
changes were constructed. As expected, a clear pattern of
dipolarization following the onsets was found. However,
just a few fast flows and no global flow pattern were found.
Lui et al. concluded that the fast flows associated with
dipolarization must be localized and transient. We can infer
the same properties for the reconnection sites throughout
the evolution of a substorm.
[38] 4. If the dynamics of the magnetotail evolves in the

neighborhood of a critical state in which an extended portion
of the plasma sheet is close to unstable to the excitation of
localized reconnection sites, and if recent loading has
brought the tail close to this critical state, then it is clear that

further loading and/or an externally imposed disturbance
can induce a substorm. The concept of an avalanching
critical state in the magnetotail suggests the possibility of
both externally and internally triggered substorms.
[39] Thus, we suggest the existence of a self‐organized

critical state in the magnetotail based on avalanching of
magnetic flux and energy through the tail. Of course, a proof
of such a state does not yet exist; we need to develop a better
understanding of the relationship between the current sheet
and the auroral emission dynamics before this can be done.
However, the conclusion of our analysis in this paper
showing the concurrence of the regions of probable scale‐
free dynamics and reconnection in the tail adds to the
evidence in favor of its existence. Given the novelty of this
paradigm for substorm activity in the magnetotail, plus the
continuing absence of an alternate explanation of the SOC
statistics of the auroral emission events, further study of the
possibility of this critical state remains necessary.
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