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ABSTRACT
Context. Magnetic energy is required to heat the corona, the outer atmosphere of the Sun, to millions of degrees.
Aims. We study the nature of the magnetic energy source that is probably responsible for the brightening of coronal loops driven by

nanoflares in the cores of solar active regions.
Methods. We consider observations of two active regions (ARs), 11890 and 12234, in which nanoflares have been detected. To this
end, we use ultraviolet (UV) and extreme ultraviolet (EUV) images from the Atmospheric Imaging Assembly (AIA) onboard the Solar
Dynamics Observatory (SDO) for coronal loop diagnostics. These images are combined with the co-temporal line-of-sight magnetic
field maps from the Helioseismic and Magnetic Imager (HMI) onboard SDO to investigate the connection between coronal loops and
their magnetic roots in the photosphere.
Results. The core of these ARs exhibit loop brightening in multiple EUV channels of AIA, particularly in its 9.4 nm filter. The
HMI magnetic field maps reveal the presence of a complex mixed polarity magnetic field distribution at the base of these loops.
We detect the cancellation of photospheric magnetic flux at these locations at a rate of about 1015 Mx s−1 . The associated compact
coronal brightenings directly above the cancelling magnetic features are indicative of plasma heating due to chromospheric magnetic
reconnection.
Conclusions. We suggest that the complex magnetic topology and the evolution of magnetic field, such as flux cancellation in the
photosphere and the resulting chromospheric reconnection, can play an important role in energizing active region coronal loops
driven by nanoflares. Our estimate of magnetic energy release during flux cancellation in the quiet Sun suggests that chromospheric
reconnection can also power the quiet corona.
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1. Introduction
The extreme ultraviolet (EUV) and the thermal X-ray emission
from the corona of the Sun is radiated by plasma at temperatures
in excess of 1 MK, which is much hotter than the Sun’s surface
temperature of about 6000 K. Spatially resolved solar observations reveal that, at EUV and X-ray wavelengths, the corona is
particularly bright in active regions (ARs) hosting strong magnetic field concentrations including sunspots. The cores of these
ARs have an emission component from hot plasma at temperatures of about 5 MK (Testa & Reale 2012) confined by the magnetic field structured in the form of compact loops. The origin of
such high-temperature plasma and, more generally, the nature of
the energy source responsible for coronal heating remain poorly
understood. Any heating process has to explain not only the
high temperature, but also the observed spatial structuring and
temporal intermittency in the corona (e.g. Webb & Zirin 1981;
Shimizu et al. 1992; Falconer et al. 1997; Ugarte-Urra & Warren
2014).
During the emergence of an AR, when new sunspots form,
the energy released from the rapid reconfiguration of surface
magnetic fields, including emergence and cancellation of mag?
The movie associated to Fig. 1 is available at
https://www.aanda.org

netic flux, can heat the plasma to several million Kelvin (e.g.
Engell et al. 2011). However, the active corona persists for several days or even weeks, well after the emergence of largescale magnetic field has ceased (e.g. Ugarte-Urra & Warren
2014). Therefore, current scenarios of coronal heating rely on
either the dissipation of magnetohydrodynamic (MHD) waves
(e.g. Hollweg 1981; Asgari-Targhi et al. 2015; Karampelas et al.
2017), or Ohmic dissipation of current sheets in nanoflares,
induced by slowly moving the footpoints of coronal loops and
braiding the magnetic field (e.g. Parker 1988; Priest et al. 2002;
Klimchuk 2006). MHD waves are observed to be ubiquitous in
the solar atmosphere (Tomczyk et al. 2007) and they can heat
the quiet corona, i.e. the corona outside ARs (McIntosh et al.
2011), but in general the observed wave power is two-orders-ofmagnitude too weak to power the AR corona (Withbroe & Noyes
1977). Although coronal loops may develop ubiquitous magnetic braids due to continual motion of their footpoints at the
surface, direct observations of magnetic braiding, which would
indicate the release of energy through unwinding of those braids,
are sparse (Cirtain et al. 2013). Moreover, questions were raised
on the kind of footpoint motions that would generate such highly
braided structures (van Ballegooijen et al. 2014). Furthermore,
Tiwari et al. (2014) observed that the coronal brightenings at
these braids were not triggered internally, but were initiated
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externally by photospheric flux cancellation along a polarity
inversion line over which the braided structure had formed.
Recent studies that connect the evolution of coronal brightenings to the evolution of photospheric magnetic field in ARs
find that some of the bright coronal loops are rooted in regions
of mixed magnetic polarities (i.e. regions where a dominant
magnetic polarity and minor opposite magnetic polarity patches
are present; Chitta et al. 2017a; Tiwari et al. 2017; Huang et al.
2018). Interactions of such mixed-polarity magnetic fields leading to the cancellation of surface magnetic flux followed by
disturbances in the solar atmosphere that are widely associated with magnetic reconnection (e.g. plasma jets and compact
brightenings) are also observed at the footpoints of coronal loops
(Chitta et al. 2017a,b; Huang et al. 2018).
Based on the above observations, we find it necessary to
investigate the nature of the magnetic energy source that is likely
responsible for powering the coronal loops, in particular loops in
the cores of ARs hosting hot plasma at several million Kelvin. In
the present work, we consider brightenings in such loops that are
associated with nanoflares. We find that these loops are apparently rooted in photospheric regions with a complex magnetic
landscape containing mixed magnetic polarities. We notice that
intermittent brightenings in the solar atmosphere follow surface
magnetic flux cancellation at these locations. Our findings hint
at the possibility of reconnection driven by the cancellation of
surface magnetic flux as the energy source, at least in some of
the coronal loop brightenings.

2. Observations
To investigate the origin of coronal loop brightenings in
AR cores, we consider observations of AR 11890 and AR
12234 obtained with the Solar Dynamics Observatory (SDO;
Pesnell et al. 2012). We use time series of images recorded in the
ultraviolet (UV) at a cadence of 24 s and the EUV at a cadence of
12 s by the Atmospheric Imaging Assembly (AIA; Lemen et al.
2012) onboard SDO to detect brightenings through the solar
atmosphere. To trace the magnetic roots of these coronal loops
at the solar surface, we analyse co-temporal, photospheric lineof-sight magnetic field maps of these ARs, recorded every 45 s
by the Helioseismic and Magnetic Imager (HMI; Scherrer et al.
2012) onboard SDO.
As described at the end of Sect. 1, these ARs are chosen simply because the loop brightenings in their cores are attributed to
nanoflares. For instance, Testa et al. (2014) presented imaging
and spectroscopic observations of AR 11890, where they detect
footpoint brightenings at the base of a coronal loop that is visible
in the AIA 9.4 nm filter. These footpoint brightenings are associated with modest upflows with velocities of 15 km s−1 in the
transition-region Si iv observations obtained from the Interface
Region Imaging Spectrograph. Based on numerical modelling of
impulsively heated loops, the authors argued that the footpoint
brightening and the upflows in the transition region are due to
the interaction of the lower atmosphere with non-thermal electrons accelerated in coronal nanoflares. Similarly, Ishikawa et al.
(2017) presented observations from the Focusing Optics X-ray
Solar Imager, with a detection of faint emission in hard X-rays
(above 3 keV) in AR 12234 that they ascribed to plasma heated
above 10 MK in nanoflares.

3. Brightening in AR 11890
Here we describe the case of a coronal loop brightening in AR
11890 observed on 9 November 2013 (Fig. 1); Testa et al. (2014)
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presented observations covering western footpoints of this loop
(including the region roughly covered by the magenta box in
Fig. 1) during the same period. This loop brightening is clearly
distinguishable in the 9.4 nm filter of AIA for about 40 min. This
filter can detect plasma at temperatures of about 7 MK, but is
also sensitive to cooler plasma at temperatures of about 1 MK.
During the phase when the main section of the loop is bright
in the 9.4 nm filter (Fig. 1a), it was invisible (or indistinguishable) to the other filters of AIA at 17.1 nm, 19.3 nm, or 21.1 nm,
that are more sensitive to plasma at ∼1 MK (Boerner et al. 2012),
which suggests that most of the brightening in the 9.4 nm image
is due to hot plasma. This is demonstrated using the 17.1 nm filter image displayed in Fig. 1c.
The loop brightening presented some interesting characteristics. Once the hot core loop is fully developed (Fig. 1a), it connects the main positive (white/west) and negative (black/east)
magnetic polarities at both ends. The AIA 9.4 nm emission light
curves of hot plasma near these regions show a similar evolution and both feet brighten almost simultaneously. This applies
in particular to the initial, smaller brightenings visible in the light
curves (see short vertical lines in panel b), which are clearly seen
as transient bright dots in the accompanying online movie (distinguishable at the western footpoint from 11:50 UT onward).
The bulk of the loop shows similar evolution to the footpoints.
The light curve from the AIA 17.1 nm filter showing the evolution of cooler plasma (panel d) also displays high variability, but
only near the eastern footpoint. Similar, high variability in the
emission, although only at the eastern footpoint, is also apparent
in the AIA 19.3 nm and 21.1 nm filter images. These intensity
fluctuations near the eastern footpoint originate from a bright
compact feature in the corona (see panel c and the movie).
When these coronal emission maps are examined in conjunction with the photospheric magnetic field maps, we find
that the bright compact coronal feature near the eastern footpoint lies directly above the region where the surface magnetic
field is mixed with the presence of opposite magnetic polarities (see arrow in panel e; magnetic field contours in panels a
and c). Moreover, the surface magnetic field in the region of
interest (black box in panel e) is evolving, in that we observe
a monotonic decrease of the magnetic flux in the area at a
rate of about 1015 Mx s−1 (panel f). We note that this decrease
is due to the local disappearance of the magnetic flux and is
not due to the advection of the flux out of the rectangular box
considered.
To examine the evolution of the lower atmosphere during the
loop brightening, we adopt the ratio of AIA UV filters at 160 nm
and 170 nm. The 160 nm filter samples photospheric continuum
and also has a contribution from the C iv doublet forming at
a characteristic transition region temperature of ∼0.1 MK. The
170 nm filter records photospheric continuum only (Lemen et al.
2012). The intensity ratio of 160 nm and 170 nm filters can provide information on the C iv emission, if present, by normalizing out continuum from both the filters. Therefore, we expect
that the ratio of these light curves will be (i) close to constant if
the C iv doublet contribution to the 160 nm filter is steady, and
(ii) smaller compared to regions with higher densities of C iv
(meaning less plasma at 0.1 MK assuming equilibrium conditions). In Fig. 2 we plot such ratios from the eastern and western loop footpoints (black and magenta), and from a quiet-Sun
region for reference (green). Unlike the almost time-independent
(steady) and smaller (less plasma at 0.1 MK) filter ratio from the
quiet-Sun region, the ratios from the footpoint regions are akin to
their coronal counterparts (particularly the 17.1 nm light curves).
The ratio from the eastern footpoint is similar to the intensity
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fluctuations observed in prolonged UV bursts, which are thought
Based on the presence of mixed polarities and the decrease in
to result from magnetic reconnection in the chromosphere (e.g.
the magnetic flux at the surface, which coincides with the overChitta et al. 2017b).
lying brightenings near the eastern footpoint, we infer that this
Based on the presence of mixed polarities and the decrease in
cancellation of magnetic flux is associated with magnetic reconthe magnetic flux at the surface, which coincides with the overnection. Here the magnetic energy released during the reconneclying brightenings near the eastern footpoint, we infer that this
tion is likely responsible for the compact brightening, and the
cancellation of magnetic flux is associated with magnetic recondecrease in the surface magnetic flux is a consequence of the
nection. Here the magnetic energy released during the reconnecsubmergence of the reconnected field. We note that these mixed
tion is likely responsible for the compact brightening, and the
polarity magnetic concentrations are present only near the eastdecrease in the surface magnetic flux is a consequence of the
ern footpoint but not at the western one (Fig. 1(e)). We cannot,
submergence of the reconnected field. We note that these mixed
however, rule out the presence of smaller and weaker patches of
polarity magnetic concentrations are present only near the eastopposite polarity magnetic elements at the western footpoint due
ern footpoint but not at the western one (Fig. 1e). We cannot,
to the moderate spatial resolution of the HMI (e.g. Chitta et al.
however, rule out the presence of smaller and weaker patches of
2017a, cf. Barthol et al. 2011; Solanki et al. 2017).
opposite polarity magnetic elements at the western footpoint due
Themoderate
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in theresolution
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curves
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bothetthe
to the
spatial
of light
the HMI
(e.g.
Chitta
al.
footpoints
suggest
that
they
are
causally
connected.
Moreover,
2017a, cf. Barthol et al. 2011; Solanki et al. 2017).

The similarities in the AIA 9.4 nm light curves from both the
the compact bright region near the eastern footpoint is directly
footpoints suggest that they are causally connected. Moreover,
overlying a source, where the magnetic energy is likely released
the compact bright region near the eastern footpoint is directly
during the reconnection process. This indicates that the magnetic
overlying a source, where the magnetic energy is likely released
reconnection at the eastern footpoint is probably also responsible
during the reconnection process. This indicates that the magnetic
for the disturbances seen at the western footpoint.
reconnection at the eastern footpoint is probably also responsible
for the disturbances seen at the western footpoint.
4. Brightening in AR 12234
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In this study we focus on a scenario of coronal brightenings in AR cores and their likely association with chromospheric reconnection during surface magnetic flux cancellation.
In principle, such a scenario might also be applied to the diffuse solar corona in quiet Sun regions. The rate of energy loss
from the entire quiet solar corona has been estimated to be
about 1028 erg s−1 (Withbroe & Noyes 1977). Parker (1988) proposed nanoflares as a way to energize the quiet corona. With
each nanoflare providing on average an energy of 1024 erg, there
would have to be about 104 nanoflares at any given time distributed on the Sun to sustain the quiet corona.
In contrast to the nanoflares produced by reconnection distributed in the corona following energy build-up by braiding, one
could also speculate that the quiet Sun is heated by small reconnection events at the coronal base associated with flux cancellation in the photosphere, similar to our proposal for the AR cores.
In a recent study, Smitha et al. (2017) used high-resolution magnetic field maps and analysed the rate of flux emergence and cancellation in the quiet Sun from the balloon-borne Sunrise telescope
(Solanki et al. 2010; Barthol et al. 2011). For the magnetic features
with a flux content in the range of 1015 Mx to 1018 Mx, they obtain
a flux-loss rate (due to flux cancellation) per unit area of about
1150 Mx cm−2 day−1 at the photosphere. This amounts to a fluxloss rate of Φ̇ = 8 × 1020 Mx s−1 , over the entire solar surface. This
is a lower limit, as, using another technique, Zhou et al. (2013)
obtain a flux-loss rate more than five times higher. We now consider that this flux loss leads to magnetic energy release through
reconnection over a height range of H = 500 km above the photosphere, which corresponds to the temperature minimum level in
traditional solar atmosphere models. Reconnection is most likely
at these low levels as most of the small-scale loops in the quiet
Sun do not reach much higher (Wiegelmann et al. 2010), where the
average magnetic field strength, B, is assumed to be in the range
of 10 G−100 G (e.g. Trujillo Bueno et al. 2004; Danilovic et al.
2016; Lagg et al. 2016). The rate of magnetic energy release due to
1
flux cancellation can be written as Ė = 4π
BΦ̇H. The above values
4
for B, Φ̇, and H give a lower limit for the rate of magnetic energy
release of approximately 1028 −1029 erg s−1 . Comparing this with
the energy requirement of the quiet corona mentioned above shows
that reconnection during small-scale flux cancellation would be
sufficient to power the quiet corona. These order-of-magnitude
estimates are consistent with previously reported values in the literature (e.g. Zhou et al. 2010). If and how these small-scale reconnection events might be related to nanoflares is currently difficult
to say due to the limitations in the detectability of an individual
nanoflare.

7. Conclusions
We present two examples of recently reported nanoflares with
an aim to understand their origin. To this end, we combined the
diagnostics of atmospheric emission during the brightening of
loops driven by nanoflares with the evolution of surface magnetic field. In both the cases we found that the surface magnetic
field underlying the brightenings is dynamically evolving with
clear signatures of a monotonic decrease in the magnetic flux (at
a rate of about 1015 Mx s−1 ), suggesting the release of magnetic
energy through reconnection at one of the apparent footpoints of
the loops hosting the nanoflares. The surface evolution of the
magnetic field connecting the coronal brightenings highlights
4

We note that here we include the contribution of magnetic features
with fluxes in the range of 1015 Mx–1018 Mx only. Therefore, our energy
estimate should be considered as a lower limit.
L9, page 6 of 6

a complex and dynamic magnetic coupling through the solar
atmosphere that probably governs the energetics of these coronal
structures and, as we speculate, those of many others. We suggest that the energy released in chromospheric reconnection is a
viable source to power AR coronal loops driven by nanoflares. A
similar process of chromospheric reconnection during flux cancellation would be sufficient to power the quiet solar corona.
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