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ABSTRACT

We report on the identification of dynamic flaring non-potential structures on quiet Sun (QS) supergranular
network scales. Data from the Atmospheric Imaging Assembly on board the Solar Dynamics Observatory allow
for the high spatial and temporal resolution of this diverse class of compact structures. The rapidly evolving non-
potential events presented here, with lifetimes <10 minutes, are on the order of 10″ in length. Thus, they contrast
significantly with well-known active region (AR) non-potential structures such as high-temperature X-ray and
EUV sigmoids (>100″) and micro-sigmoids (>10″) with lifetimes on the order of hours to days. The photospheric
magnetic field environment derived from the Helioseismic and Magnetic Imager shows a lack of evidence for these
flaring non-potential fields being associated with significant concentrations of bipolar magnetic elements. Of much
interest to our events is the possibility of establishing them as precursor signatures of eruptive dynamics, similar to
notions for AR sigmoids and micro-sigmoids, but associated with uneventful magnetic network regions. We
suggest that the mixed network flux of QS-like magnetic environments, though unresolved, can provide sufficient
free magnetic energy for flaring non-potential plasma structuring. The appearance of non-potential magnetic fields
could be a fundamental process leading to self-organized criticality in the QS-like supergranular network and
contribute to coronal heating, as these events undergo rapid helicial and vortical relaxations.
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1. INTRODUCTION

In the solar atmosphere, non-potential magnetic fields
manifest as “S-shaped” loop arcades called sigmoids (Rust &
Kumar 1996; Canfield et al. 1999; Sterling et al. 2000; Moore
et al. 2001; Gibson et al. 2006; Liu et al. 2010). These unique
plasma arcade configurations can be precursors to instabilities
and eruptive activity (Green et al. 2011; Liu et al. 2012) and are
thought to be formed by the emergence, cancellation, or
rearrangement of magnetic flux (Archontis et al. 2009;
Wiegelmann et al. 2014).

X-ray and EUV micro-sigmoids (Mandrini et al. 2005;
Raouafi et al. 2010; Zheng et al. 2012, 2013) are the smallest
such non-potential structures previously identified, on the order
of ≈40–50″. However, these events (except Raouafi
et al. 2010) were all associated with “small active region
(AR)” bipolar magnetic field concentrations, of which the
sigmoid arcades lie along the polarity inversion line (PIL).
Thus, the scaling of non-potentiality from large-scale ARs to
the smaller, hot variety hints that the process may extend to
even smaller, cooler scales. To the best of our knowledge, no
bright non-potential structures have been identified that were
not associated with the PILs of strong bipolar magnetic field
concentrations, while open questions remain as to whether the
small-scale mixed network flux of the quiet Sun (QS) is able to
sustain dynamic flaring non-potential fields and initiate
eruptive activity. If such events can be identified, observing
such activity could provide constraints to the lower limit of the
amount of magnetic flux and helicity that is necessary for
initiating dynamic activity at QS temperatures.

It is known that the QS photospheric network can supply the
necessary free magnetic energy for producing low-energy non-
potential magnetic fields (Woodard & Chae 1999; Zhao
et al. 2009; Uritsky et al. 2013). The recent identification of
“S-shaped” loop arcades in the supergranular network shows

that the QS is able to sustain tenuous non-potential sigmoid-
like structuring on small-scales (Chesny et al. 2013). However,
the formation of intense, bright QS network non-potential
events has not yet been observed, but if it is, it may be directly
dependent on the morphology and evolution of network cell
structuring (Chesny et al. 2013). Explosive activity at cool
temperatures could be inherent in the QS network where
bundles of loop footpoints interact stochastically (Oluseyi
et al. 1999b) and provide an environment conducive to flaring
activity (Hughes et al. 2003). The potential for small QS
network cool loops to initiate flaring activity (Chesny
et al. 2013) suggests that identifying the full ensemble of cool,
non-potential structures would allow us to explore the physics
of non-potential field formation across broad spatial, temporal,
thermal, density, and magnetic energy scales. This is akin to the
blinker–bright point dichotomy (Orange et al. 2014b), where
investigating the same phenomena at different temperatures,
and investigating different phenomena at the same temperature,
uncovers physical processes that may be self-similar between
plasma regimes.
Cool TR explosive events have been suggested to contribute

mass and energy to the corona through transport along open
field lines in these lower atmospheric regions (e.g., Innes
et al. 2009; Tian et al. 2014). Other small-scale, cool TR flaring
events that share morphological details with large-scale AR
phenomena may also provide non-negligible mass and energy
to the corona. Therefore, investigations of the QS network
fields attributed to such events may hint at their potential to
contribute to coronal mass feeding and solar wind generation
(Edwards et al. 2015; Orange et al. 2015). Here, we investigate
how the self-similarity of non-potential fields could contribute
to such an outstanding problem in astrophysics.
Self-organized criticality (SOC; Bak et al. 1987) suggests

that conditions over a wide parameter space assemble in a
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similar manner to reach a point of attraction, i.e., a relaxed,
low-energy state. Solar energetic events reaching this self-
organized state have been seen to result in strong magnetic
reconnection signatures (Raouafi et al. 2010; Kliem et al. 2011;
Martin et al. 2012). To that effect, identifying and characteriz-
ing the full range of these events that exhibit SOC is important
in determining the power-law distribution of eruptive events
throughout the solar atmosphere (Aschwanden 2008), and
informs us of the potential for a statistical description that
relates MHD and plasma dynamics to the ensemble of events
that exist.

The formation of non-potential fields seems to be highly
dependent on the build-up of magnetic helicity (Gibson et al.
2006; Klimchuk 2006; Chesny et al. 2013). The tangling of
magnetic flux ropes due to random photospheric footpoint
motions (Berger 1997; Wiegelmann et al. 2013) stresses the
field into the observed “S-shape.” This stressing can build to a
point where the field reaches a self-organized critical state and
magnetic reconnection releases the stored magnetic energy
(Klimchuk 2006). Mandrini et al. (2005) and Raouafi et al.
(2010) noted that the injection of helicity (Klimchuk 2006) is
dependent on the amount of such available magnetic energy.
This field-stressing process may be scale invariant and it is
discussed here whether non-potentiality throughout all scales of
the low-β solar atmospheric environment is self-similar.

Identifying low-temperature, mixed network-scale, flaring
and erupting non-potential fields could uncover some of the
fundamental global mechanisms inherent in the solar atmo-
sphere. Here, for the first time, we present observations of
dynamic, flaring non-potential arcade structures at or below the
supergranule network size scale overlying small-scale mixed
polarity QS-like supergranular network magnetic elements.
Viewing this type of activity in the QS-like fields could provide
a better understanding of the influence of non-potential fields
on coronal heating (Edwards et al. 2015).

2. OBSERVATIONS, DATA REDUCTION AND
ENHANCEMENT, AND MODELING

The high spatial resolution and temporal cadence of both the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) and
Heliospheric and Magnetic Imager (HMI, Schou et al. 2012)
instruments on board the Solar Dynamics Observatory (SDO)
allows for the simultaneous study of small-scale structuring in
numerous temperature regimes of the solar atmosphere. AIA
observes EUV (304Å, log ~Te 4.7; 131Å, log ~Te 5.6, 7.0;
171Å, log ~Te 5.8; 193Å, log ~Te 6.2; 211Å, log ~Te 6.3;
335Å, log ~Te 6.4; and 94Å, log ~Te 6.8) emission
passbands at a nominal cadence of 12 s with a spatial resolution
of 0 6 pixel−1. HMI observes the 6173Å Fe I absorption line
and constructs photospheric line-of-sight (LOS) magnetograms
at 0 5 pixel−1 at a cadence of 45 s.

We conducted manual searches of full-disk AIA 171Å
images to identify bright, compact “S-shaped” structures below
the supergranulation network scale (Figure 1). There is an
inherent difficulty in finding this class of events due to their
small-scale and rapid lifetimes. Here, we present the first three
unique events with times and positions on the solar disk given
in Table 1. We note that there were no data available from the
Hinode X-ray Telescope (XRT; Golub et al. 2007) correspond-
ing to the identified event times or locations. Thus, we were not
able to determine if there were explicit X-ray signatures from
any of the events. However, the first two events presented

registered faint visual 94Å enhancements in AIA data.
Although these were not physically interesting enough to
include in our analyses, their existence shows that these QS
network-level events are able to reach temperatures of >1 MK.
Time-series of candidate structures were obtained from the

SDO cutout service (www.lmsal.com/get_aia_data/) and
passed through the custom wavelet image enhancement routine
of Stenborg et al. (2008; Chesny et al. 2013). In choosing
events, we were mindful of projection effects and the presence
of coincident loops. However, observing the full dynamical
evolution in time series allowed us to eliminate false
identifications and choose only true visual “S-shaped,” non-
potential forms.
Derived empirical quantities for each event are presented in

Table 1. Event lifetime is defined by tracking the initial through
the final EUV brightenings for the non-potential structure
throughout the AIA sequences. Each of the 304, 171, 193, and
211Å passband sequences were inspected frame-by-frame, and
errors were defined by the temporal cadence of AIA. Length
measurements were derived via a semi-supervised routine that
fits individual line segments along the central axis of the “S-
shaped” arcades. Errors are defined by the number of line
segments used for each fit and are attributed to a single pixel
error on each end of each line segment. The maximum lengths
of the events presented here were all optimized using three line
segments, hence the identical length errors in Table 1. A time–
distance analysis was completed for the 2011b August 05 event
that exhibits a jet-like eruption. To measure the plane-of-sky
velocity, an identical row of pixels lying along the axis of the
collimated eruption was extracted in the sequence of AIA
171Å imagery and plotted over time. Note, 1″ denotes »721
km on the surface of the Sun (Orange et al. 2014b). Therefore,
a linear best-fit routine was used to determine the observed
velocity of the jet along the surface (Chesny et al. 2015) and is
presented in Figure 6. Errors are determined by a one-pixel
variation in both the temporal and spatial directions at the fit
endpoints.
For each identified mini-sigmoid, radiative emission

enhancement was taken from the non-waveleted, background
subtracted (described below) images and defined from a similar
field of view as that represented by the white box in Figure 2
for the duration of each event. To achieve background
subtraction, we examined several techniques. First, a standard
procedure of averaging three quiet pre-event frames for each
event and subtracting it as the background for each event
sequence was analyzed. It was found that subtracting the
averaged image introduced false dimmings due to the nature of
these rapidly evolving events. Second, the sky method of
averaging the pixels surrounding each event and subtracting
from each frame gave inconsistent results due to the transience
of mini-sigmoid morphologies and outflows. Successful back-
ground subtraction was achieved using the soap film technique.
This technique holds the border pixels constant, point-relaxes
the interior, and subtracts the mask from the entire image
(Kankelborg et al. 1997; Orange et al. 2014b). Thus, it
produces an image comprised of isolated event emission. Each
AIA EUV passband was considered for our events, however,
passbands that showed no significant enhancements (131, 335,
and 94Å) were omitted. In the light curves presented for each
event, AIA data counts are scaled by subtracting the data count
from the first considered time, thus showing overall intensity
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enhancements per passband. Errors on the counts are derived
from photon statistics.

For each event, we align HMI magnetograms to AIA via the
method of Chesny et al. (2013) and account for pointing offsets
determined by Orange et al. (2014a). This method gives an
alignment between AIA and HMI of ∼1″. As each event is
shown to be located in the mixed field QS-like network, we are
limited in the analyses we can do by the characteristics of each
event. The associated low-contrast fields are near the sensitivity
limits of HMI in some cases, thus we restrict our magnetic field
analyses to qualitiative discussions.

3. EVENT MORPHOLOGIES

The first three detailed examples of dynamic flaring super-
granular network non-potential fields are presented in Figures 2,
5, and 8. All morphological details are presented in wavelet
images of the AIA 304, 171, 193, and 211Å passbands. A
summary of empirical measurements is presented in Table 1.
Sequences of LOS HMI magnetograms for the three events are
presented in Section 3.2.

3.1. Radiative Emission Dynamics

3.1.1. 2011a August 05

The first presented event on 2011 August 05 is a highly
transient, non-eruptive, flaring non-potential plasma arcade
(Figure 2). The pre-event region is filled with random QS
diffuse loop emission within which an initial EUV brightening
emerges in all passbands (minute 10:37 UT, first column of
Figure 2) and fills an ∼5″ loop by 10:38:48 UT in 171Å
(denoted lower loop “LL,” minute 10:38, second column of
Figure 2). At this time, a small, very diffuse loop emerges
within 5″ above the bright loop’s north footpoint, as seen in
171, 193, and 211Å (denoted upper loop “UL,” second
column). In the next frame (171Å 10:39:00 UT, third column
of Figure 2) the two loops are observed to converge (green
arrow) in 171, 193, and 211Å. From here, the entire structure
brightens and forms a clear “S-shaped” non-potential structure
of ∼10″ in length in all passbands at 10:40 UT (fourth column)
with visually oscillating plasma flows and motions. After the
loop convergence, the upper loop brightens fully as seen to the
east of the north footpoint (yellow arrows, fourth column). The

Figure 1. Wide-field view of our 2011a August 05 10:40:24 UT AIA 171 Å mini-sigmoid event (boxed) including ARs for size comparison. The full field of view is
980″×575″.

Table 1
Summary of Empirical Measurements

Date and Event Time (UT) Solar Coordinates Lifetime (min ± 0:26) Max Length (Mm) Eruptive (y/n)

2011 Aug 05
a 10:40:24 [509, −138] 06:36 9.65±1.73 n
b 10:33:48 [−428, 200] 03:48 11.03±1.73 y
c 09:17:24 [198, 383] 05:48 6.25±1.73 n
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sigmoid then relaxes and forms a post-flare loop in 171Å by
10:45:24 UT (blue arrow).

This observed activity has implications for the manner in
which this non-potential field was formed. Despite the small-
scale nature of this event and that the dynamics are close to the
spatial resolution of AIA, it is clearly seen that two separate
network loop structures converge and brighten to form a non-
potential field (Figure 2, third column, green arrows). These
observations, in addition to the brightening of the upper loop

upon formation of the non-potential arcade (yellow arrows, fourth
column), suggests the possibility of tether-cutting reconnection
(TCR; Moore & Labonte 1980; Sturrock 1989; Sterling &
Moore 2003; Liu et al. 2012) as the formation process (See
discussion in Section 4.2). The light curves of this
event (Figure 3) show the loop convergence occurring shortly
after the initial loop brightenings, also consistent with predictions
for TCR (Sterling et al. 2001). Emission peaks in the 304Å
band first, with 193 and 211Å being last and the strongest

Figure 2. 2011a August 05 non-eruptive mini-sigmoid evolution in AIA 304, 171, 193, and 211 Å passbands. Images are wavelet transformed for clarity. White
arrows in the second column of 171, 193, and 211 Å depict the resolved “upper” and “lower” loops, UL and LL, respectively. Green arrows in the third column of 171,
193, and 211 Å depict region of resolved loop convergence. Yellow arrows in the fourth column of 304, 193, and 211 Å show the brightening of the northern loop
(171 Å brightens as well but is omitted due to box). The blue arrow in the sixth column shows the post-flare loop in 171 Å at 10:45:24 UT. Box denotes area over
which light curves are determined.
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emission being in 171Å, suggesting this heating event may be
confined to the upper TR, but emitting at both TR and coronal
temperatures.

3.1.2. 2011b August 05

The second event on 2011 August 05 is a very intense
eruptive non-potential plasma structure that shows interesting
behavior due to its proximity to an AR. This event occurs
directly in between the footpoints of an ∼100″ arcade of
coronal loops on the outskirts of an AR (see Figure 4). An EUV
brightening emerges rapidly during the 10:30 UT minute (first
column, Figure 5) and shows a bifurcation in a 5″×5″ area
during the 10:31 UT minute (second column, Figure 5). Each
arm of the brightening then begins to extend in an antiparallel
fashion and forms its full non-potential structure by the 10:33
UT minute (third column). Immediately, the non-potential
arcade begins to erupt from the north footpoint, producing an
intensely bright jet (white arrows, fourth column), which rises
into the overlying canopy and follows the coronal loop field
lines into the west footpoint group over about three minutes
and spans almost 50″ (see Figure 4). This main jet has a derived
plane-of-sky velocity of 83±23 km s−1 (Figure 6). In the
meantime, during the 10:36 UT minute (fifth column), the
south footpoint produces a small jet in a direction opposite that
of the continuous northern jet (green arrows). The smaller jet
spans 20″–30″ before dispersing. The event dissipates by
minute 10:41 UT (sixth column) and leaves no post-flare loop
structuring.
The 2011b August 05 light curve (Figure 7) shows the

emission from the formation of the non-potential field reaching

Figure 3. Light curves for 2011a August 05 mini-sigmoid event. Time (in
minutes) is from the beginning of hour 10 UT. This event seems to be initiated
in the TR due to its high 171 Å enhancement and the fact that chromospheric
304 Å emission peaks prior to the other bands.

Figure 4. Wavelet image sequence showing eruption of 2011b August 05 non-potential field (white arrows) in AIA 171 Å (top-to-bottom, left-to-right). Frame 3
(10:36:24 UT) shows the jet beginning to move to the northwest following the overlying coronal loop canopy. A large-scale AR is located to the northwest of the
coronal loops, as directed by the black arrow in the 10:33:48 UT frame.
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an initial maximum just after 10:33:00 UT. As the emission
diminishes, the peak “S-shape” is reached and the jet eruption
is initiated, which is indicated by the subsequent rapid growth
of emission. 171Å emission rises first, followed by 193, 211,
and 304Å, respectively. Thus, the jet event may be an upper
TR, lower corona eruption, with the chromosphere being back-
heated as is evidenced by its delayed emission (Figure 7).

Two aspects of this event’s evolution hint at TCR as its
formation mechanism. First, these two individual loop
structures, both in close proximity to one another, likely share
a footpoint rooted in the center of a supergranulation cell
(Oluseyi et al. 1999a, 1999b). The convergence of these
footpoints leads to propagating brightenings that fill these two
loop structures until the full non-potential structure is formed.
Second, these antiparallel loop brightenings occur prior to both
the peak non-potential form and the eruption onset.

The proximity of the jet event to an AR canopy may have an
influence on the ability and initiation of such dynamics.
Because the footpoints of the canopy field are tied to elevated
large-scale AR loops, this may reduce the downward magnetic
pressure on smaller, weaker low-lying loops and field elements.
This may allow these interacting low-lying loops to reach a
self-critical state more readily, thus initiating eruptive activity
that utilizes more of the free magnetic energy stored in the non-
potential field as opposed to more confined eruptions (2011a
August 05) with higher downward magnetic pressure from
above.

3.1.3. 2011c August 05

This event, the one with the smallest spatial extent presented,
is a very compact non-eruptive non-potential field. It begins
similarly to the 2011b August 05 event (Section 3.1.2) as a

Figure 5. 2011b August 05 eruptive mini-sigmoid evolution in AIA 304, 171, 193, and 211 Å passbands. Images are wavelet transformed for clarity. White arrows
depict initial jet eruptions. Green arrows depict bi-directional jet eruptions. White box denotes area over which light curves are determined.
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small EUV brightening emerging from the background during
the 09:13 UT minute (first column, Figure 8). The brightening
begins to show a bifurcation during the 09:15 UT minute
(second column) and lengthens with each footpoint being
brighter than the central region. As it lengthens into the 09:16
UT minute (third column), each footpoint extends in opposite
directions, giving it a non-potential “S-shape” form. It reaches
its most S-like configuration during the 09:17 UT minute that is
most obvious in 171, 193, and 211Å. The non-potential arcade
then lengthens and begins to fade in brightness (09:18 UT

minute, fifth column) until the structure relaxes into the
background by the 09:19 UT minute (sixth column).
The initial brightening of the compact 2011c August 05 non-

potential field (Figure 9) again occurs in 171Å, then 193Å and
211Å, and finally 304Å, suggesting an upper TR heating
event. All bands show multiple dips around the peak of
emission when the most “S-like” configuration is reached. The
fading of EUV emission follows the same trend with UTR
emission first and chromospheric emission last.
The formation of this event follows in a similar fashion to

the TCR description of 2011b August 05, minus the eruption.
These compact loop structures, sharing a footpoint, brighten
along their major axes as they converge. These rapid increases
in brightness occur prior to the peak “S-shape” arcade.

3.2. Local Magnetic Field Environment

The local magnetic field environment is a fundamental driver
of plasma dynamics in the solar atmosphere (Meyer
et al. 2013). Thus, it is important to consider the evolution of
the photospheric magnetic field underlying these transient
flaring QS-like non-potential fields. Figure 10 shows three HMI
snapshots during the evolution of each event. The periods
between observations were chosen to be the closest-in-time
HMI observations that coincide with the initial brightening,
peak non-potential form (green contours), and event fading,
respectively. The time differences also allow for changes to
appear due to the photospheric recycling time, which is on the
order of a few minutes (Berger & Title 1996).
The HMI sequence for the 2011a August 05 event

(Figure 10(a)) shows that this event occurs above the low-
contrast mixed fields of the supergranular magnetic network in
close proximity to an extension of positive (white) flux to its
south. Within the region underlying the non-potential structure,
there is a scattering of minor negative flux concentrations very
close to the resolution limit of HMI. These minor concentra-
tions seem to evolve slightly over the lifetime of the event,
however, and cannot be directly associated with its evolution.
The 2011b August 05 event (Figure 10(b)) also occurs above

the low-contrast mixed fields of the supergranular magnetic
network, albeit within the confines of small coronal AR loop
footpoints. Here the mixed field has numerous concentrations
of positive and negative polarity elements; however, it is too
difficult to associate the evolution of isolated polarity elements
to the non-potential structure. It does seem that there is an
emergence of negative flux at the south footpoint of this event
at 10:33:45 UT (green arrow, Figure 10(b)).
The underlying mixed polarity field of the 2011c August 05

event (Figure 10(c)) shows a persistent negative pole to the
southwest of the event and an emergence of a positive pole just
off to the northwest of the peak non-potential structure at
09:18:00 UT. No other flux elements can be seen to correlate
with the non-potential structure.
The identification of dynamic flaring non-potential fields in

the QS-like supergranular network is an interesting result in
itself. However, the fact that they are not associated with strong
bipolar flux concentrations, nor do they lie along the PILs of
such concentrations, can be quite indicative of the funda-
mentals of the magnetic reconnection process within the low-
contrast supergranulation network. The existence of these non-
potential arcades indicates that there is a sufficient amount of
magnetic energy in the surrounding region to initiate the TCR

Figure 6. (a) Green line over AIA 171 Å at 10:36:24 UT denotes path along jet
axis used to derive plane-of-sky jet velocity. (b) Time–distance plot of 2011b
August 05 main jet eruption shown in Figure 4. The best-fit plane-of-sky speed
is 83±23 km s−1.

Figure 7. Light curves for 2011b August 05 mini-sigmoid event. Time (in
minutes) is from the beginning of hour 10 UT. AIA data counts are scaled by
subtracting the data count from the first considered time, thus showing overall
intensity enhancements per passband.
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process as discussed previously. This may have implications
for nanoflares and is expanded upon in Section 4.

4. DISCUSSION

We divide our discussion into general comments in Section
4.1, insights into the possible formation mechanism in Section
4.2, and conclusions about scale invariance and SOC in
Section 4.3.

4.1. General Comments

Here, for the first time, we have identified highly dynamic
non-potential activity on QS-like supergranular network scales.
These events overlie mixed polarity network flux elements near
the spatial resolution of HMI, and are the first non-potential
structures to be unassociated with strong concentrations of
bipolar magnetic flux. One event (2011b August 05) shows
eruptive activity in the form of jets, which is similar to larger-
scale micro-sigmoids (Raouafi et al. 2010) and even QS bright
point sigmoids (Chesny et al. 2015). The existence of flaring
non-potential fields in the QS-like mixed network immediately

shows that supergranular-scale magnetic fields can support
processes similar to sigmoid formation (Chesny et al. 2013).
Strong non-potential field arcades have been observed in hot
X-ray sigmoids on scales of hundreds of arseconds (Moore
et al. 2001; Gibson et al. 2002; Liu et al. 2010), micro-sigmoids
in soft X-ray imaging on scales of ∼50″ (Mandrini et al. 2005;
Raouafi et al. 2010) and small-scale AR EUV (Zheng
et al. 2012, 2013), and now at EUV temperatures in QS-like
mixed network fields with lengths down to ∼10″. This range of
lengths over a range of temperatures and magnetic field
topologies points directly to self-similar mechanisms influen-
cing plasma and magnetic field dynamics at a range of scales.
Our findings suggest that the processes driving some large-
scale eruptions (i.e., flux emergence, helicity build-up, and flux
cancellation leading to non-potential field heating (Chen
et al. 2014)), can also manifest in a range of configurations
on sub-network size scales in QS-like magnetic field config-
urations. These QS flaring non-potential fields are similar to
their large-scale counterparts, but not as strict in their evolution.
The diversity in the observed topologies may scale with the
diversity of magnetic configurations that exist in the

Figure 8. 2011c August 05 non-eruptive mini-sigmoid evolution in AIA 304, 171, 193, and 211 Å passbands. Images are wavelet transformed for clarity. Box denotes
area over which light curves are determined.

8

The Astrophysical Journal, 822:72 (12pp), 2016 May 10 Chesny, Oluseyi, & Orange



supergranulation network. QS non-potential fields evolve in
multi-polar environments, and are not restricted to strongly
bipolar dominated regions as in larger-scale, higher tempera-
ture events. Despite this, one of the presented events (2011a
August 05) results in a post-flare potential loop arcade, which is
similar to some observed AR sigmoid fields (Moore
et al. 2001).

We propose that the threshold between eruptive and non-
eruptive activity is uniquely dependent on two variables:
proximity of neighboring network loops, and the amount of
available free magnetic energy in the local network. First, it has
been shown that the QS network at EUV temperatures is
dominated by crowded loop structures with one footpoint
rooted in the network lanes (Feldman et al. 1999; Oluseyi
et al. 1999a, 1999b; Warren & Winebarger 2000). The close
proximity of such loops and the sharing of footpoints elevate
such structures as prime candidates for the TCR process. The
observed dynamics of quiescent loops at or below the spatial
resolution of AIA in the events presented here suggest such
dynamics are possible. The TCR process is known to form
X-ray sigmoids and lead to eruptive activity (Liu et al. 2010).
This scaled-down process closely follows the flare model of
Hughes et al. (2003) where the stochastic assembly of loop
footpoints of the same polarity leads to cascades of further
reconnection and scale-free SOC (see below). We must also
note that while formation mechanisms may make it possible for
the non-eruptive events to erupt, the magnetic energy of the
non-potential fields may not be sufficient to break out of the
downward magnetic pressure of existing overlying potential
loops or the canopy field, thus confining any eruptions that do
occur (Shibata et al. 1994; Yang et al. 2014; Orange
et al. 2015).

Second, it has been determined that the QS supergranular
network shows clustering of both the emergence, convergence,
and cancellation of magnetic flux elements along network
boundaries (Berger & Title 1996; Berger 1997; Lamb
et al. 2008; Uritsky & Davila 2012). Stochastic photospheric
motions provide the asymmetric processes and helicity
injections necessary to generate non-potential magnetic fields

(Woodard & Chae 1999; Chesny et al. 2013; Uritsky et al.
2013; Wiegelmann et al. 2013). Tziotziou et al. (2014)
subsequently determined that the free magnetic energy and
helicity budgets of the QS network are sufficient to sustain fine-
scale network structuring. The presented observations of flaring
non-potential fields alone are strong evidence that there also
exists sufficient free magnetic energy in the QS-like network to
initiate a process or processes akin to sigmoid formation.
However, the size scale of these non-potential fields are small,
and the magnetic fields are weak (i.e., close to the spatial
resolution of HMI). Thus, we are not able to follow the precise
weak, rapid changes reliably. Nonetheless, field emergence,
coalescence, cancellation, and imbalances are suggested to be
occurring in the regions below these short-lived, dynamic non-
potential fields, and can contribute to their changing of
connectivities (Wiegelmann et al. 2013). This type of behavior
has been shown to contribute to both large-scale sigmoid
formation (Archontis et al. 2009) and the generation of non-
potential fields in the QS network (Chesny et al. 2013). A
substantial amount of the free magnetic energy available to the
loop structures in the supergranular network seems to come
from the internetwork (Gošić et al. 2014), i.e., the emerging
convective flux in the center of network cells. This energy
recycles on timescales of less than one day (Gošić et al. 2014),
and thus could be a source of the frequency of events we
identified within a relatively short amount of time on 2011
August 05 (Table 1). By this analysis, we expect these flaring
non-potential field events to perhaps be a relatively common
occurrence in the QS network.
Here, we have provided strong radiative evidence for the

existence of the smallest scale “sigmoid-like” structures
observed to date, and, as such, possibly the first evidence of
a new “mini” class of the sigmoid phenomena. However, in
terms of the currently accepted sigmoid definition, the atypical
characteristics and wide diversity of these three individual non-
potential events may relegate them to a new feature class
unassociated with the “sigmoid” term. Below, we explore the
possibility of linking these small-scale events with formation
mechanisms self-similar to large-scale sigmoids.

4.2. Tether-cutting Reconnection

We have suggested that these events formed via the
convergence of individual small-scale network loops, suggest-
ing TCR to be their formation process. Small-scale magnetic
field dynamics may force the overlap of footpoints of loop
structures in close proximity within the supergranular network.
Subsequent reconnection between the footpoints force new
connectivities between the existing loop structures and forms a
non-potential loop arcade. However, the small-scale nature of
these observations make it impossible to speculate on the
details of the internal processes leading to the reconnection.
Thermal radiation resulting from the reconnection event
propagates down the newly connected field lines and brightens
the existing loop footpoints, which is visually brightest in the
2011a August 05 chromospheric 304Å band at 10:40:33 UT
(yellow arrow, Figure 2; Sterling et al. 2001), and the 2011b
August 05 and 2011c August 05 antiparallel loops. We observe
this radiation as flaring activity through the upper TR and into
the hot corona (94Å; Section 2). This flaring is dependent on
the energy contained in the local QS magnetic network (see
Section 3.2) and these events show that the QS can produce

Figure 9. Light curves for the 2011c August 05 mini-sigmoid event. Time (in
minutes) is from the beginning of hour 09 UT. AIA data counts are scaled by
subtracting the data count from the first considered time, thus showing overall
intensity enhancements per passband.
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dynamic flaring non-potential activity that radiates to coronal
temperatures (e.g., 193 and 211Å).

These rapidly evolving non-potential fields are helical
structures, and the recent results of Li et al. (2014) show that
the mutual helicity of the pre-existing network loops in close

proximity can drive the reconnection process that initiates the
formation of non-potential loop arcades. QS network magnetic
field recycling can provide the combination of field strengths,
field imbalances, and helicity to drive plasma dynamics toward
the point of SOC. This subsequently induces reconnection and

Figure 10. Aligned HMI LOS magnetograms of (a) 2011a August 05, (b) 2011b August 05, and (c) 2011c August 05. Green contours in the center panels are AIA
outlines of the most-S-like configurations corresponding to times 10:40:24 UT, 10:33:48 UT, and 09:17:24 UT, respectively. Green arrows in (b) and (c) denote areas
of visually discernable emerging flux in close proximity to the non-potential structures. Snapshot timescales are chosen to allow for photospheric flux recycling. Each
flaring event is seen to overlie mixed polarity fields. These non-potential arcades do not lie on the PILs of bipolar flux concentrations, as is usually seen in sigmoid
activity. Colorbar units are in Gauss.
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releases the stored magnetic energy as network-scale flaring
non-potential field phenomena, and may contribute to solar
wind mass feeding (Edwards et al. 2015).

4.3. Scale Invariance and Self-organized Criticality

These observations can be attributed to multi-scaled
formation of non-potential fields as a fundamental process
leading to SOC in the solar atmosphere (Hughes et al. 2003;
Chesny et al. 2013). The basic photospheric dynamics leading
to the formation of non-potential fields (Woodard & Chae 1999;
Uritsky & Davila 2012; Uritsky et al. 2013) causes the built-up
helical and vortical stresses in the local turbulent environment
to exceed the local threshold for instability. This causes a rapid
dissipation of the stored magnetic energy and initiates fast
reconnection (Klimchuk 2006; Uritsky et al. 2010; Pouquet
et al. 2011; Aschwanden 2014). This type of build-up and
release is an inherent characteristic of SOC in the photospheric
network (Uritsky et al. 2013) and other solar atmospheric
events (Uritsky et al. 2007; Aschwanden & Freeland 2012;
Aschwanden 2014). It is even plausable to extend the notion of
self-similar non-potentiality as a possible driving force behind
nanoflares. If the free magnetic energy of the currently
unresolved magnetic environment in QS conditions is sufficient
for flaring non-potential fields, as seen here by AIA, then it
may also be able to explain small-scale, impulsive nanoflare
events (Meyer et al. 2013). As such, an important implication
of the identification of these events could be the ability of these
QS-like, supergranular network-scale flaring non-potential
fields to help constrain the power-law distribution of solar
energetic events at lower temperatures (Aschwanden 2008).
This multi-scaled self-similarity suggests the potential for a
future statistical description of an ensemble of events.

5. CONCLUSION

Previously, solar non-potential fields were recognized in
X-rays and high-temperature EUV lines on large scales in AR
sigmoids and in the QS (Sterling et al. 2007), where they often
lead to CMEs, on an intermediate size scale (∼50″), where they
can lead to jets (Raouafi et al. 2010; Chesny et al. 2015), and in
tenuous QS conditions (Chesny et al. 2013). Here, we have
presented evidence of flaring non-potential field activity of a
size scale of 10″, i.e., similar to or smaller than the
supergranular network scale, in cooler temperature EUV QS-
like fields. That the sigmoid formation process of TCR can
occur at scales of the QS network shows the existence of a
multi-scaled self-similarity in the solar atmosphere, although
their topological diversity of our events are greater due to the
stochastic nature of the identified mixed QS-like magnetic
network. We have also shown evidence of both eruptive and
non-eruptive non-potential field behavior in the EUV QS
network.

When sufficient magnetic energy and helicity are present,
flaring can be initiated and build-up non-potential sigmoids
with a lower energy level than that originally contained in the
pre-reconnected loops. Magnetic reconnection, as proposed in
the TCR model, could happen between such QS structures in
close proximity. The events presented here provide the high
spatial resolution and temporal cadence to be considered as
evidence of such processes in the QS network. These small-
scale non-potential events may be able to uncover previously
unidentified aspects of the predictive capabilities of sigmoid

formation. These mini-sigmoids are a source of SOC in QS-like
conditions, and may hint at TCR as a global process in the solar
atmosphere.
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