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Abstract. We propose a method to measure the en-
ergy distribution of low-energy flares (nanoflares) in the
energy range below 10% erg. As an example, we meas-
ured the spectrum of nanoflares in the 10%-10% erg
range for two Sun’s frames observed by the SDO/AIA
telescope in the 171 A channel. Nanoflares are shown to
have the power law spectrum in the 102-10% erg range.
The spectral index is approximately constant, i.e. ener-
gy-independent. For energies below 10? erg, the spec-
trum begins to collapse. For lower energies, below 10
erg, the method does not give statistically significant
results due to major errors. The results of the study indi-

cate that solar nanoflares can be detected up to 10%—
10? erg energies. Results have previously been reported
only for 10% erg and above. The total energy flux of
nanoflares in the energy range above 10% erg, according
to our data, is P~2x10* erg cm? s, which is about 15

times less than heating losses of the solar corona.
Keywords: solar activity, nanoflares, coronal heating.

INTRODUCTION

The corona heating mechanism is one of the main is-
sues in modern solar physics. In the 1980s, Parker de-
veloped a theory of hot corona formation due to low-
energy flares [Parker, 1983, 1988], which drew attention
to the so-called nanoflares on the Sun. The latter usually
include flares with an energy from 10* to 10% erg,
which amounts to 10°-107° of the large solar flare en-
ergy equal to 10% erg (see, e.g., the review [Bogachev et
al., 2020]).

The total energy released in nanoflares depends on
their energy distribution. In 1991, Hudson [Hudson,
1991] suggested that this distribution follows power
laws, i.e. it is described by the formula

N(E) = AE™®. 1)
Here N is the number of nanoflares depending on their
energy E; o is the power-law distribution index; A is the
multiplier determined from the normalization condition.

In this case, the total energy of nanoflares within [E,,
E,] is equal to

According to Hudson’s estimates, the corresponding
energy release was 2-10% erg/s. At the same time, radia-
tion losses of the quiescent solar corona occur at a rate
of ~6-10% erg/s (see, e.g., [Withbroe, Noyes, 1977]). The
nanoflare energy from 10%* to 10% erg is therefore insuf-
ficient to compensate for coronal radiation losses.

From Formula (2) it follows that if the flare spec-
trum is power-law with ¢@>2, the main energy will be
released in low-energy flares. At <2, the main energy
is released in large flares. At =2, the energy is evenly
distributed. Hudson obtained the value ¢~1.8.

Later on, ¢ was examined by a number of authors.
The main results are presented in Table.

The data does not allow us to arrive at an unambigu-
ous conclusion as to which condition is fulfilled: ¢>2
(small flares dominate over large ones) or ¢<2 (large
flares dominate over small ones). Note, however, that
two most recent studies based on SDO/AIA data [Ulya-
nov et al., 2019; Purkhart, Veronig, 2022] have obtained
the value @>2. At the same time, the integral energy
release of nanoflares in both cases turned out to be less

P = [® AE°EdE = —~(E2 % —E2*). (2)  than required for coronal heating.
& 2o 1 0
Solar nanoflare spectrum measurements from 1998 to 2022
Work Device (channel) Energy range | Power-law
, erg index o
Berghmans et al., 1998 EIT (304, 195) 10*-10”" 1.9, 1.35
Aschwanden et al., 2000 TRACE (171/195) 10-10%° 1.79

Parnell, Jupp, 2000

TRACE (171, 195)

10%-10%° 2.4

Benz, Krucker, 2002 EIT (171/195)

10%-10% 2.3

Aschwanden, Parnell, 2002 | TRACE (171, 195) 10°-10% 1.86,1.81
Ulyanov et al., 2019 AlA (171) 10°-10%° 2.18-2.42
Purkhart, Veronig, 2022 AlA (94, 131,171, 193, 211, 335) 10*-10% 2.02-2.47
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For example, Ulyanov et al. [2019] for the 10%-10%
erg range obtained an energy release value of 9-10°
erg-cm s %, Purkhart, Veronig [2022] got a value of
3.7-10* erg-cm s * for the 10**~10% erg range. In both
cases, this appeared to be less than the corona energy
losses of ~3-10° erg-cm *-s ' [Withbroe, Noyes, 1977].
In general, at ¢~2, the energy release weakly depends
on the limits of integration.

Ulyanov et al. [2019] suggested that the missing en-
ergy can be found if the nanoflare distribution extends
to the region below 10% erg. They estimated that if the
distribution is extended to 10?* erg energies, the total
energy release of flares in the 10?:-10 *® erg range be-
comes comparable to the energy the corona loses
through radiation. That said, the methods for searching
nanoflares adopted in [Ulyanov et al., 2019; Purkhart,
Veronig, 2022] cannot detect flares in the region below
10% erg because they become indistinguishable from
image noise.

Zavershinsky et al. [2022] have proposed a hew
method for detecting nanoflares, which cannot measure
the energy of each individual nanoflare, but can esti-
mate the total number of flares even in the region of
very low energies. Using this method, the authors, for
instance, came to a conclusion about the uniform spatial
distribution of nanoflares over heliographic latitudes,
which significantly distinguishes them from ordinary
flares observed in activity belts. We suppose that this
method can also be used to estimate the shape of the
nanoflare energy distribution in the region of very low
energies, undetectable by other methods.

In this paper, we conduct such a study and report its re-
sults. The structure of the paper is as follows. Section 1
lists the observational data we use and briefly outlines the
processing method. Section 2 presents the results. Section
3 contains discussion and conclusions.

1. DATA AND METHOD

Nowadays, the main source of data for detecting
nanoflares is high-resolution images of the solar corona
in the vacuum UV spectral region (~100 A). Nanoflares
in such images are observed as a local burst often occur-
ring in just one pixel (sometimes in several adjacent
pixels) of the image and lasting for no more than a few
tens of seconds. We have used data acquired by the AlA
telescope [Lemen et al., 2012] on board the Solar Dy-
namics Observatory (SDO) in the 171 A channel.

The SDO/AIA telescope provides full-disk solar
images of size 4096x4096 pixels with an angular reso-
lution of 0.6"per pixel and a cadence of 12 s. The radi-
ation in the 171 A channel is formed mainly by the
FelX iron spectral line at a temperature of ~0.6"° K,
which is in good agreement with the plasma tempera-
ture in solar nanoflares.

For the study, we have selected two solar regions
(Figure 1). The corresponding series of images was cap-
tured by SDO/AIA on May 20, 2019 at 12:00-13:00
UT. The number of images in the series is 300, the size
of the regions is 512x512 pixels. The regions are located

X

Figure 1. Quiet-Sun regions studied in the work: N —
northern region, S — southern region

symmetrically about the center of the apparent solar
disk in the northern and southern hemispheres. The
main difference between the regions was the different
brightness of the solar disk: the northern region had a
slightly higher brightness than the southern one. We
found it useful to test the method in different conditions.
In other respects, the observation period was chosen
relatively randomly since the main purpose of the work
was to explore the fundamental possibility of detecting
very low energy nanoflares, and not to study a specific
period or region on the Sun.

Treating space telescope data often requires addi-
tional image processing, specifically, reduction of jitter,
reduction of differential rotation of the Sun, considera-
tion of the inhomogeneous sensitivity of the detector
(flat field function), as well as elimination of spikes
arising from energetic particles and the signal in bad
pixels in the image. Since we used Level 1 AlA data, a
flat field correction had been made in the data, as well
as bad pixels and spikes arising from energetic particles
had been removed. We controlled the position of the
Sun’s center, using FITS header data. According to the
data, there was no jitter or it was previously reduced.
This was also confirmed by visual examination of imag-
es. We also neglected the differential rotation of the Sun
since the characteristic duration of the events under
study was 12 s, and the maximum image shift over such
a period was less than 0.06 of pixel size. In general, we
came to the conclusion that the pre-processing of level 1
images is sufficient for our study and no additional pro-
cessing is required. Additional image processing was
not made either in [Zaverchinsky et al., 2022]. Purkhart,
Veronig [2022] reduced only the differential rotation, as
they dealt with longer events.

Below, we describe the data analysis method for the
northern region. For the southern region, the data was
analyzed in the same way. For it, we present only the
final result here.
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Following the method described in [Zavershinsky et
al., 2022], we transformed series of images into a data
cube Ii(x, y), where i is the image number from 1 to 300;
X, y are pixel coordinates (from 1 to 512). Next, we cal-
culated the difference

DI (%, ¥) =Lt (% y) =1 (%, Y). 3
The value of DI; (x, y) is thus equal to the change (in-
crease/decrease) of a signal in pixel (x, y) when going
fromito i+1.

In the absence of flares and other manifestations of
activity, the main cause for the signal change in AIA
images is photon noise. Thus, we can assume that the DI
array will have a normal (Gaussian) distribution with a
near-zero mean and a variance ¢ proportional to ~1°°,
From information on calibration of the SDO/AIA tele-
scope [Boerner et al., 2012], Zavershinsky et al. [2022]
have determined the theoretical dependence (1) for the
171 A channel

o(l) ~1.081%° (4)

and have shown that it fits the experimental value
well

o(1) ~1.061%%, %)

While Formulas (4) and (5) are almost identical, the
experimental distribution cannot completely coincide
with the theoretical one since DI changes occur not only
due to photon noise, but also due to real physical pro-
cesses affecting the radiation. In particular in the quies-
cent solar corona in the absence of large flares or other
significant manifestations of activity, nanoflares should
have a significant impact on the shape of the DI distri-
bution.

According to experimental data, the energy distribu-
tion of nanoflares follows power laws. That is why the
difference between the DI spectrum and the Gaussian
form must be especially noticeable at large values of DI,
where the power-law distribution dominates over the
exponential one. We interpret the corresponding differ-
ence between the Gaussian distribution generated by
noise and the actual distribution obtained from data pro-
cessing as a possible contribution of low-energy events.

To determine this contribution, we divided the range
into intervals of 10 measurements, for each interval we
found the DI function from Formula (3), and then we
constructed the corresponding normal Gaussian distri-
bution and the actual distribution. We deal with a signal
range from 130 to 320 since a preliminary study has
shown that for this region on the Sun the range contains
more than 90 % of all events. Significant statistical er-
rors occur outside of this range due to the small number
of events.

An example of the processing (for the intensity from
200 to 210 measurements) is given in Figure 2. In fact,
the measured DI values in this intensity range were
within ~+100 measurements. The theoretical value of
the variance for this range, derived from Formula (4),
o(l)=15.46. The actual value o©(1)=16.28. Region |
shows a normal (Gaussian) distribution for pu=0 and
6=15.46. The distribution is normalized to the total

number of events in the range from 200 to 210. Re-
gion Il reveals the actual distribution, i.e. the experi-
mental number of events detected in the correspond-
ing range of values.

The measurement error shown in Figure 2 was de-
fined as a superposition of the statistical error and the
error caused by the measurement resolution. We consid-
ered the latter to be equal to 1/5 since the DI distribution
was constructed with increment of 5 measurements.
Thus,

err = (\/ﬁ)z +0.22, (6)

where n is the number of events in the interval.

As expected, the most significant discrepancy be-
tween the noise distribution and the actual distribution is
observed in the region of large DI values. Specifically,
for DI>70 (corresponds to a level of ~4.5c), only 16
events must have been observed for the noise distribu-
tion (region ). In fact, 149 events have been detected in
this region (region I1).

The difference between the actual distribution (re-
gion 1) and the noise distribution (region I) is illustrated
in Figure 3. Note that at DI<30 measurement errors be-
come comparable to the measured values. A similar situa-
tion is observed at DI>85, but for some other reason —
because of the small number of events in this region.

The corresponding procedure was performed for all
intervals in the intensity range from 130 to 320 (recall
that Figures 2, 3 present the results only for the interval
200-210). Further, we summed all distributions and
obtained the integral distribution for the entire range of |
values. The corresponding distributions for the northern
and southern regions of the Sun, as well as their normal-
ization, are discussed in Section 2.

Eflay . -normal distribution (noise)
5=
| = : -measured distribution
4= I .
E I
53 ;
I
| SR ||
1 1 /
ol L1 -
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Figure 2. Image processing: region | is a normal signal
distribution corresponding to noise; region Il is the actual
distribution measured in the image

AR

0 I
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Figure 3. Difference between the actual distribution (re-
gion Il in Figure 2) and the normal distribution (region I in
Figure 2)



S.A. Bogachev, N.F. Erkhova

2. RESULTS

Figure 4 plots the integral distribution of all events
exceeding the noise level for the northern region of the
Sun. The values of N (Y-axis) are reduced to the units of
number of events'cm 2-s . AS already noted, low-
energy flares, according to present-day views, have a
power-law distribution, which is described by Formula (1).
In the logarithmic representation, the power-law function

is transformed into a linear one:
IgN =lgA-olgE. @)

According to Figure 4, the distribution N(DI) fol-
lows power laws in the DI range from ~50 to 150 (in
logarithmic representation from ~1.7 to 2.2). At DI<50,
the diagram deviates from the power-law dependence.
Such a power-law break at low energies is common for
nanoflare distributions (see, e.g., [Ulyanov et al., 2019;
Purkhart, Veronig, 2022]) and is associated with the
inability to detect nanoflares below the sensitivity
threshold depending on the chosen method. In the two
works mentioned above, the threshold was set at a level
5c because below this level the method adopted could
not distinguish individual nanoflares from noise. In this
work, we apply a different principle — the total number
of events is recorded instead of individual nanoflares;
for this reason, we believe that this threshold can be
shifted to lower energies.

In order to compare the obtained distribution with
those derived by other authors, we have calibrated the
diagram in Figure 4 to reduce N(DI) to N(E), i.e. to the
energy (E) dependence. First of all, since the distribu-
tion of N(DI) follows power laws, as does the distribu-
tion of N(E), we assume that the DI measurements and
the energy E are related by

DI =BE". ®)
Only in this case, the distribution during the transfor-
mation will continue to follow power laws.

The power-law part of the diagram in Figure 4 is de-
scribed by the formula

N =C(DI)™. 9)

According to Figure 4, C=10*92%%* ¢=_9.06 +0.12.
In this case, by comparing Formulas (1) and (9), we
can write

dN =C(DI)“d(DI)= AE “dE.

Hence, in view of (8), we get:

(10)

CBl*CbEf(CbJrlfb) — AEftpl

-19

(11)

N = 10492024 (Dl)-B.OG +0.12

-20

-21

-22

-23

Ig N, [events / cm 2 sec]

24

-25
14 16 1.8 20
g DI
Figure 4. Integral experimental distribution of low-energy
events N(DI) measured for the northern region of the Sun

Thus,
A=CB"p, (12)
p=cb+1-h. (13)

For normalization, we use the work [Ulyanov et al.,
2019], where the energy distribution of nanoflares in the
energy range from 10 to 10%° erg has been constructed in
the same channel 171 A of the SDO/AIA telescope under
similar conditions of solar minimum. The distribution
shape in [Ulyanov et al., 2019] was as follows (we have
converted it into a format convenient for us)

N =10"4 g 21802 [events cm™? s’l]. (14)

Hence, A=10"*, ¢=2.18+0.2. The error for the multipli-
er A in [Ulyanov et al., 2019] is omitted. Thus, (12) and
(13) yield:

b= ‘P—_i - 0.146, (15)
IgB = W 163, (16)

According to (8), we derive a formula for renormalizing
the X-axis of the diagram in Figure 4:
IgEzg(lg DI -IgB)=6.81lg DI +11.2. 7
The renormalization for the Y-axis can be found
from the relation

N(E)dE = N(D1)d(DI). (18)

In the literature, the spectrum of nanoflares is usually
constructed not in units of number of event-cm s, but
in energy flux units P erg-cm2's *. The relationship be-
tween P(E) and N(E) is determined as follows

P(E) = EN(E). (19)
Passing from N to P, Formula (18) can be written as
P(E)dE = EN(DI)d(DI). (20)

Substituting (8) into (18), we obtain the desired
normalization condition for the Y-axis of the diagram in
Figure 4:

Ig P(E) =g N(DI) +Ig(DI) +Igb. (21)

The result — a diagram transformed from N(DI) to
P(E) — is presented in Figure 5. For comparison, we
have plotted the distribution from [Ulyanov et al., 2019]
on it (see Figure 7 therein).

Figure 6 demonstrates the spectrum obtained in the
same way for the southern region of the Sun.

3. DISCUSSION AND CONCLUSIONS

The issue concerning the presence of very low-energy
flares on the Sun below 107 erg is still debatable. Modern
observations with SDO/AIA telescopes cannot confidently
identify events in this range since their amplitude turns out
to be comparable to the amplitude of photon noise. At the
same time, the presence or absence of such events is essen-
tial for the problem of corona heating, as the total energy of
nanoflares in the region of interest (above 10% erg) is not
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Figure 5. Distribution of energy flux P(E) associated with
nanoflares as measured for the northern region of the Sun
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Figure 6. The same for the southern region of the Sun

enough to fully compensate for coronal radiation losses.
That is why, objects of other types with low energy re-
lease are currently widely studied, such as microflares
[Kirichenko, Bogachev, 2013; Kirichenko, Bogachev,
2017; Mitra-Kraev, Del Zanna, 2019; Li et al., 2022],
bright points [Ulyanov et al., 2010], spicules and mac-
rospicles [Loboda, Bogachev, 2015, 2017, 2019; Cho et
al., 2019; Shimojo et al., 2020], as well as high-
temperature plasma sources, both small-sized (for ex-
ample, X-ray points [Reva et al., 2012, 2018; Mad-
jarska, 2019]) and large high-temperature regions
formed during flares and in the quiescent solar corona
[Grechnev et al., 2006]. The possibility of plasma heat-
ing during coronal mass ejections is also discussed ex-
haustively [Murphy et al., 2011; Reva et al., 2022].
However, the simplest solution to this problem cannot
be ruled out, namely, the search for flares of even lower
energy, a large number of which can at least partially
solve the problem of missing energy for corona heating.
In this paper, we have explored the possibility of sta-
tistically distinguishing minor events (nanoflares) from
photon noise in SDO/AIA images in the 171 A line. We
proceeded from the fact that the nanoflare distribution,
according to some authors, follows power laws and
hence, starting from a threshold, should dominate over
the noise distribution. We borrowed this assumption
from [Zavershinsky et al., 2022]. To solve this problem,
we have analyzed two regions of the quiet Sun observed
by SDO/AIA during solar minimum in May 2019. In
both cases, we did find a discrepancy between the theo-
retical distribution for photon noise and the actual signal
distribution. The difference between the distributions
follows power laws, i.e. it corresponds to the expected
distribution of low-energy solar flares. We have devel-
oped a method for calibrating the spectrum by compar-
ing it with nanoflare distributions obtained by other au-
thors. As a comparison spectrum, we chose the
nanoflare distribution from [Ulyanov et al., 2019],

measured in November 2010. The spectrum was taken
in the same range of 171 A we dealt with, as well as
under similar conditions — near solar minimum.

Preliminary results of the study (Figures 5, 6 for differ-
ent solar regions) show that the contribution of low-energy
flares can be traced to at least ~10° erg, which is about by
an order of magnitude lower than the threshold to which
nanoflares are detected by methods based on searching for
individual events. In the energy range below 10% erg, a
power-law break takes place; this means that either at such
energies the number of nanoflares begins to decrease or the
accuracy of the method becomes insufficient.

According to our data, the total nanoflare energy
flux in the range from 10% to 10% erg P~2-10* erg
cm? s ', Note that this is still not enough to compen-
sate for radiative losses of the solar corona, which
amount to 3-10° erg cm > s ' [Withbroe, Noyes, 1977].

Nevertheless, we believe that the method proposed
in this work is promising and also preliminarily con-
firms the possibility of detecting solar nanoflares up to
10% erg. According to our results, the spectrum slope of
nanoflares in the energy range from 10% to 10% erg
does not change and coincides with that in the range
from 10% to 10% erg. We deem this fact important for
the ongoing discussion about preservation of the flare
spectrum shape in the low-energy region or formation of
a break there.

The work was partially (Section 1, S.A. Bogachev)
supported by RSF (Grant No. 22-22-00879).
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