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Abstract. The paper analyzes the latitudinal distri-
bution of high-temperature plasma (T>4 MK) and mi-
croflares on the solar disk during low solar activity in
2009. The distribution of A0.1-A1.0 microflares con-
tains belts typical of ordinary flares of B class and high-
er. In total, we have registered 526 flares, most of
which, about 96 %, occurred at high latitudes. About 4
% of microflares were found near the solar equator. We
believe that they were formed by the residual magnetic
field of previous solar cycle 23. Ordinary flares were
almost not observed near the equator during this period.

The number of microflares in the southern hemisphere
was slightly higher than in the northern one. This differs
from the distribution of ordinary flares for which the
northern hemisphere was previously reported to be
dominant.
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INTRODUCTION

Spatial distribution of active regions and X-ray flares
(excluding microflares (energy 107-10% erg) and
nanoflares (energy 10*-10% erg)) over the Sun is very
nonuniform. Flares and sunspot groups are generally
formed in the so-called activity belts whose location
depends on solar cycle phase [Rao, 1974]. The belts
arise at the beginning of a cycle at high latitudes, then
slowly shift toward the equator, which, when their lati-
tude dependence is plotted, makes up the well-known
butterfly diagram [Knoska, Krivsky, 1978].

There are many works that examine the spatial dis-
tribution of flares, which agree that the reason for the
peculiarities of their localization is the nonuniform
structure of the solar magnetic field. Howard [1974], for
one, has analyzed the period from 1967 to 1973 and has
shown that 95 % of the magnetic flux in both solar hem-
ispheres is in the latitude range from 0° to 40°. The ab-
solute majority of solar flares are recorded within this
latitude range, regardless of solar cycle phase.

A number of papers study the asymmetry of activity in
the southern and northern hemispheres of the Sun. For
example, Bell [1962] showed the presence of long-term
asymmetry for solar cycles with numbers from 8 to 18. It
was demonstrated that during cycles 8, 9, and from 14 to
18, activity prevailed in the northern hemisphere — the
corresponding percentage of sunspots varied from 50 to 60
%. Verma et al. [1987] have indicated that during solar
cycles 19 and 20 most flares occurred in the northern hem-
isphere. Verma and Joshi [1987] have demonstrated that
during solar cycle 21 activity prevailed in the southern

hemisphere. Yadav and Badruddin [1980] have analyzed
the latitudinal distribution of optical flares in the southern
and northern hemispheres from 1957 to 1978 and have
revealed that 64 % of all flares occurred in the northern
hemisphere; and only 36 %, in the southern hemisphere. At
the same time, from 1957 to 1970 there were a larger num-
ber of optical flares in the northern hemisphere; and from
1970 to 1978, in the southern hemisphere, with the spatial
distribution of flares changing not between two cycles, but
directly during the cycle. Garcia [1990], analyzing solar
flares of the X-ray class M1 and higher, has revealed that
in solar cycles 20 and 21 the northern hemisphere was first
more active, and then the activity shifted to the southern
hemisphere. In cycle 22, according to [Li et al., 1998], the
southern hemisphere was more active. Joshi et al. [2006]
by examining the distribution of chromospheric flares in
the Ho line have shown that at the beginning of cycle 23
most flares were recorded in the northern hemisphere
and, after passing the maximum, in the southern hemi-
sphere. A large number of flares of class C and higher
from 1976 to 2008 have been analyzed in [Pandey et al.,
2015]. The authors confirmed the asymmetry of solar
activity during the period between cycles 21 and 23.
The results of these studies are in good agreement and
indicate that the asymmetry of X-ray flares from cycle
21 to cycle 23 varied from —-0.8 to 0.3. The data ob-
tained is also confirmed by the analysis of synoptic
charts carried out in [Yazev et al., 2021]. Joshi et al.
[2010] have analyzed solar activity for the period from
1976 to 2007 and have revealed that the maximum
asymmetry in the spatial location of flares and sunspots
is observed at solar minimum.
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The question about the spatial distribution of low-
energy flares is still much less understood (see, e.g., the
review [Bogachev et al., 2020]). A large number of flares
of low X-ray classes from A to C (more than 25 000
events) have been studied in [Christe et al., 2008], using
data from the RHESSI X-ray telescope and the GOES X-
ray monitor. The authors have drawn a conclusion that
there are belts in the spatial distribution of the events con-
sidered, as well as in the distribution of ordinary flares of C
class and higher.

Reva et al. [2012] have examined 169 events identi-
fied as hot X-ray points (HXPs). HXPs are short-lived
(5-100 min) high-temperature (5-50 MK) objects,
which distinguishes them, for instance, from X-ray
bright points whose lifetime may be 8-40 hrs, and the
temperature does not exceed several million degrees.
The study was based on X-ray solar images captured by
the CORONAS-F spacecraft (see [Zhitnik et al., 2003]).
Reva et al. [2012] have indicated that most HXPs are
located in activity belts in contrast to X-ray bright
points having a uniform spatial distribution [Golub et
al., 1974]. A small number of HXPs have been detected
near the equator.

Borovik and Zhdanov in [2018, 2019, 2020] have
studied the flare events that can be considered as ex-
tremely powerful microflares, using data in the Ha line.
It was found that during four solar cycles after cycle 21
there was a significant decrease in the number of flare
events recorded in the optical range. Unfortunately, sta-
tistics on the spatial location of flares on the solar disk
is not given in these works.

Kirichenko and Bogachev (see, e.g., [Kirichenko, Bo-
gachev, 2013; Kirichenko, Bogachev, 2017a, b] have
developed methods for finding and determining coordi-
nates of weak flares (microflares) of X-ray class below
Al.0. Using these methods, they discovered a correlation
between class of microflares and magnetic field charac-
teristics, but did not pay attention to the spatial distribu-
tion of microflares.

In this paper, we modify the methods from [Ki-
richenko, Bogachev, 2013; Kirichenko, Bogachev,
2017a, b] and apply them to the spatial distribution of
microflares of X-ray class A0.1 and higher and to the
spatial distribution of hot plasma formed in the micro-
flares. We want to figure out whether the activity belts
remain in this range, or flares are distributed more even-
ly. We suppose that low-energy flares should have a
uniform distribution. Such events can develop in com-
pact regions with a weak magnetic field, the conditions
for the existence of which can be provided at any lati-
tudes. However, the question as to where the transition
from belts to uniform distribution takes place (in micro-
flares, nanoflares or picoflares (energy 10%-10% erg))
and whether it occurs at all has not yet been unequivo-
cally resolved. For the study, we have chosen the period
of low solar activity in 2009, which we considered fa-
vorable for investigating low-energy flares.

The structure of the paper is as follows. In the next sec-
tion, we briefly describe the data used and processing
methods. Section 2 presents the results. In section 3, we
discuss the results and draw scientific conclusions.

1 DATA AND METHODS

For the study, we have mainly used data from CORO-
NAS-Photon spacecraft instruments operating in 2009: 1)
solar telescope FET; 2) imaging spectroheliometer MISH
[Kuzin et al., 2009; Kuzin et al., 2011]; 3) X-ray spectro-
photometer SphinX [Gburek, 2013].

Coordinates of microflares were determined from
MISH data; the imaging spectroheliometer detects mi-
cro-events by X-ray emission from the plasma they
heat. This instrument is monochromatic, i.e. it records
emission in a very narrow wavelength range with only
one strong spectral line — the MgXII doublet (8.419
and 8.425 A wavelengths; see description of the instru-
ment in [Reva et al., 2021]). Since MISH has a very
high threshold of temperature sensitivity (from 3—4 mil-
lion Kkelvin), it can provide data on hot microflares
against the background of a colder plasma of the quiet co-
rona and active regions. An image captured by MISH dur-
ing the period of interest is displayed on the right panel of
Figure 1. The left panel shows a close-in-time solar image
in a colder spectral region (171 A; T~0.6 million kelvin),
obtained by the solar telescope FET.

To determine the X-ray class of microflares, we
have used data from the SphinX spectrophotometer.
The instrument recorded soft X-ray spectra in the range
1-15 keV, as well as in the wavelength range 1-8 A,
employed for X-ray classification of flares. Information
on SphinX calibration, time profile processing features,
and the method for determining the X-ray class of flares
can be found in [Gryciuk et al., 2017]. SphinX had a
sensitivity in 1-8 A sufficient to detect flares of the X-
ray class A0.1 and higher. Also noteworthy is the low
level of background X-ray emission from the Sun dur-
ing the period under study, which was predominantly
below the sensitivity threshold of GOES monitors,
which corresponds to the Al class. This fact is crucially
important for the correct assessment of flare class when
using the instrument that records the emission flux from
the entire solar disk.

2. RESULTS

21. Spatial distribution  of
temperature radiation sources

high-

The spatial distribution of all high-temperature radi-
ation sources found in MISH images (11109 events) is
illustrated in Figure 2. The upper panel illustrates the
distribution of radiation sources over the solar disk. The
solar minimum between cycles 23 and 24 occurred ap-
proximately in December 2008. For this reason, in 2009
on the Sun there were simultaneously the activity cen-
ters located near the equator and associated with the end
of solar cycle 23, as well as the activity centers of new
cycle 24, located at high latitudes. High-latitude radia-
tion sources in the northern and southern hemispheres
are shown respectively in blue and red colors on the top
panel of Figure 2. Radiation sources near the equator are
shown in white.

In general, the distribution of high-temperature
plasma revealed good agreement with the expected
structure of activity belts at solar minimum.
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Figure 1. Examples of solar images we use in the work: a solar image captured by the FET telescope in the 171 A line (left);
a close-in-time solar image obtained by the MISH spectroheliometer in the 8.42 A line (right)
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Figure 2. Spatial distribution of high-temperature (T>4
MK) radiation sources over the solar disk in 2009 (solar min-
imum) derived from CORONAS-Photon spacecraft data

The bottom panel of Figure 2 represents the same re-
sult as a chart: distribution of radiation sources along
latitude and longitude. The color scale indicates the
number of sources detected in the corresponding regions

on the solar disk. As on the top panel, the distribution
structure in the form of three belts is clearly seen: two
belts at high latitudes and one group near the equator.
The longitude of 0° corresponds to the central meridian
of the Sun when observed from Earth. The longitudes of
—90° and +90° correspond to the eastern and western
limbs of the solar disk. We did not determine the abso-
lute (Carrington) longitude of the radiation sources be-
cause we did not aim at examining the longitude distri-
bution.

2.2. Spatial distribution of microflares

Spatial distribution of microflares, i.e. the radiation
sources for which the emission profile was reliably
measured and the X-ray class (526 events) was defined
is shown in Figure 3.

As for high-temperature radiation sources (Figure 2),
three groups are seen in Figure 3: two belts at high lati-
tudes (in the northern hemisphere (blue), in the southern
hemisphere (red)) and one group near the equator (white).
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Figure 3. Latitude distribution of solar microflares in 2009
(solar minimum) derived from CORONAS-Photon and GOES SC
data
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The green color indicates flares from the GOES catalog,
whose coordinates were not found in MISH data, but
were taken from the NOAA catalog.

Along the X-axis is an X-ray class of a flare (A, B, C)
and the emission flux intensity in the range 1-8 A (W m™).
The flares found from GOES data have approximately B
class and higher. The flares found from MISH and
SphinX data have a class from AQ.1 and higher.

3. DISCUSSION

The solar minimum is characterized by favorable
conditions for observing low-energy flares. In 2009, the
CORONAS-Photon spacecraft operated in Earth's orbit,
providing a significant amount of data on solar activity
during this period. In this study, we have used the data
to analyze the spatial distribution of low-energy flares
and high-temperature radiation sources.

From the results of data processing we have found a
significant number of high-temperature radiation
sources (11109) for which it was possible to determine
their position on the solar disk. Unfortunately, only for a
small percentage of these sources we could reliably
measure the emission profile, as well as estimate the X-
ray class. This is primarily due to the difficulty in iden-
tifying weak bursts against a background of noise. In
particular, the X-ray detectors operating at that time on
board the GOES spacecraft (SC) reliably detected only
flares of B class and higher. Moreover, part of the data
from the SphinX instrument we use in our work was lost
because the CORONAS-Photon spacecraft was in radia-
tion belts. In total, we have determined coordinates for
475 microflares of the X-ray class A0.1 and higher from
MISH and SphinX data; and for another 51 flares of B
class and higher, from GOES SC data.

The latitude distributions of flares and high-
temperature plasma (see Figures 2 and 3) turned out
match the expected distribution, which follows from
Spoerer's law. Figure 4 presents a butterfly diagram for
the period from 1996 to 2020. According to the data,
three groups of flares should have been observed in
2009: two at high latitudes in the northern and southern
hemispheres and one near the equator. Both distribu-
tions we have obtained (both for high-temperature
plasma and for microflares) roughly fit this pattern.
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Figure 4. Latitude distribution of solar flares of B class
and higher during solar cycles 23 and 24 as derived from
GOES and NOAA catalogs. The period we deal with (TESIS
observations) is shown

It was difficult to draw reliable conclusions about
the distribution of flares in the period of interest only
from GOES SC data since we found only 51 events of B
class and higher in the corresponding catalog. The con-
clusions drawn in this work have been made only due to
the use of MISH and SphinX data on flares of AO.1
class and higher.

Note also that it is almost impossible to separate the
high-latitude flare belts from the near-equator region,
using only GOES data. For example, Abdel-Sattar et al.
[2018] did not manage to identify a distribution region
near the equator: this group appeared to be mixed with
the wings of the southern and northern belts. In our
case, of all the flares recorded by GOES only two
events have been reliably attributed to the equatorial
region. All other flares of this group have been found
from SphinX and MISH data. The events of the equato-
rial group accounted for 4.2 % of the total number of
flares.

The distribution of flares in the belts is not symmet-
ric and cannot be approximated by a simple function,
such as the Gaussian distribution. Figure 5 exhibits the
actual latitude distribution of high-temperature radiation
sources (top panel) and microflares (bottom panel). The
red curve in Figure 5 is the result of approximation of
the distribution by the sum of the Gaussian function and
the second-degree polynomial. We can see that the in-
ternal and external parts of the distribution in both the
northern and southern hemispheres have different vari-
ance, but we have not studied this issue in more detail.
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Figure 5. Actual latitude distribution of high-temperature
radiation sources (top panel) and microflares (bottom panel).
The red curve is the approximation result
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Some statistical information on distributions of
flares and high-temperature plasma is given in Table 1.
The information is given only for high-latitude belts:
northern and southern. The equatorial distribution is not
presented because, due to the small number of events,
statistical conclusions about it are unreliable.

The distributions in Figure 5 show an asymmetry in
the number of events in the northern and southern hemi-
spheres. To quantify it, we use the formula:

A N-S ,
N+S
where N is the number of events in the northern hemi-
sphere; and S, in the southern hemisphere. A>0 corre-
sponds to the case when the largest number of events
has been recorded in the northern hemisphere; and A<O,
in the southern hemisphere. The results are presented in
Table 2.

The results obtained are somewhat contradictory as
they lead to different conclusions for high-temperature
plasma and microflares. In the former case, the northern
hemisphere was significantly dominated by the number of
events; and in the latter case, the southern hemisphere was
slightly dominated. This difference can be explained by the

possibility of hot plasma formation in the corona not only
in flares, but also due to slow energy release in active re-
gions (see, e.g., [Grechnev et al., 2006; Urnov et al.,
2007]). Note that in [Abdel-Sattar et al., 2018] for a longer
period from 2008 to 2012, which included 2009 we study,
an asymmetry was found with a predominance of activity
for flares in the northern hemisphere (5861 events in the
southern hemisphere versus 10407).

Note that in Figure 3 there is an increase in the width of
the belt in the region of weak microflares (X-ray class be-
low A1.0) compared to flares of B class and higher. In
other words, there are signs of an increase in the latitude
range within which flare events are recorded as their power
decreases. We find this interesting because we believe that
when approaching the lowest-energy flares (nanoflares
and, possibly, picoflares) the latitude distribution should
become more uniform (see, e.g., new results on nanoflares
in [Zavershinsky et al., 2022; Bogachev, Erkhova, 2023]).
It appears likely that we see signs of just such a transition
in Figure 3. However, the accuracy of the data we have
obtained is not yet sufficient for a reliable conclusion in
this regard due to the small statistics, as well as the lack
of data for the events whose class is lower than AQ.1.

Table 1
Characteristics of latitude distributions of high-temperature radiation sources and microflares
Sample Group Mean latitude, deg Latitude range, deg
. Northern 18.6°+£3.9° from 12° to 36.4°
High-temperature plasma
Southern —32.4°+4 4° from -39.7°to -17.2°
. Northern 18.5°+3.4° from 12.8° to 28.1°
Microflares
Southern -28.3°£3.7° from —39.1° to -23.3°
Table 2
Asymmetry of distributions in the northern and southern hemispheres during the period under study
Sample Asymmetry
High-temperature plasma 0.49
Microflares -0.13
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