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Abstract—A statistical study of long-duration (long-duration event, LDE) flares in the soft X-ray (SXR)
range for solar cycles 23 and 24 is carried out. Graphs of the dependence of the strength of LDE flares and
coronal mass ejections (CMESs) on the duration of these flares are constructed. As a result, we find that a sig-
nificant proportion of LDE flares is not associated with large mass CMEs. This contradicts the hypothesis
that the energy required to maintain the post-eruptive phase of LDE flares is supplied by the energy of settling
matter after CME eruption. However, most flares are accompanied by mini-eruptions, which may have a sig-
nificance in the energy balance of LDEs. The diagram of the strength—duration of flares shows that there is
a limit of energy and maximum strength of an LDE flare in the SXR range in LDE events. Apparently, this
limit differs for cycles 23 and 24. This fact may indicate that there is a limit to the maximum flare energy that

can be observed in a particular solar cycle.

DOI: 10.1134/50016793220070221

1. INTRODUCTION

Solar flares can be divided into two significantly
different classes: compact or impulsive flares and
long-duration events (LDEs). It is currently believed
that the development of the MHD instability of the
magnetic configuration leads to chromospheric and
coronal mass ejections (CMEs). Subsequent relax-
ation is accompanied by the reconnection of magnetic
field lines and the formation of a coronal current
sheet, which leads to impulse energy release and the
formation of coronal loops filled with hot plasma
(Gopalswamy, 2003; Grechneyv et al., 2006). The SXR
radiation in impulse events lasts 10—20 min, while it
decays slowly for many hours in LDEs.

In this article, a flare is defined as a significant
emission increase in the SXR range and chromo-
spheric lines. Accordingly, by flare duration, we mean
the duration of SXR radiation. Recall that the term
LDFE was introduced by Antalova in the late 1980s
(Antalova, 1988), when regular measurements of the
solar integral flux of the SXR radiation began. It is
generally recognized that this requires an additional
supply of energy, in addition to the release of energy in
the impulse phase. One such energy source can be the
settling of matter after a CME. The relationship
between chromospheric ejections and CMEs and
LDE flares has been discussed (Shibasaki, 2002;
Shakhovskaya and Akhtemov, 2013; Shakhovskaya
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et al., 2006; Livshits et al., 2013). A slight correlation
(0.45) between the CME mass and the duration of
SXR flares was found (Gopalswamy, 2003; Yashiro
and Gopalswamy, 2009). However, there are LDE
flares even without massive CMEs, and the question
of additional energy remains open.

2. CMEs AND ASSOCIATED LDE
FLARES IN CYCLE 24

A statistical analysis of all LDE flares of solar cycle
24 from the consolidated solar activity reports of the
US Space Weather Prediction Center (SWPC,
ftp.swpc.noaa.gov/pub/indices/events/) was carried
out. Flares with a total SXR duration of >40 min and an
SXR class of M 1.0 or higher accompanied by CM Es were
selected. There were 72 such events from 2011 to 2017.
The CME mass was taken from the SOHO LASCO
CME CATALOG (cdaw.gsfc.nasa.gov/CME_list/).
Publicly available data from SOHO LASCO (Brueck-
ner, et al., 1995), SDO AIA, (Lemen et al., 2008), and
H-alpha (Kanzelhoehe Observatory) space missions
were also used.

Our sample of LDE flares can be characterized by
the following statistical features:

—The total number of events was 72.

—The CME mass was determined for 64 (89%) of
the events.
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Fig. 1. Diagram of the CME mass distribution in the events of cycle 24 depending on the duration of SXR radiation of the asso-

ciated the LDE flares.
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Fig. 2. Histogram of the CME mass distribution in the events of cycle 24 associated with the LDE flares.
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Fig. 3. Histograms of the SXR flare flux logarithm for cycles 23 (top) and 24 (bottom).

—There were 24 (33%) recurrent flares.

—CME cannibalism was observed for 12 (17%)
flares.

—Several SXR peaks (GOES) were detected in 21
(29%) flares.

—EUVjets and mini-eruptions were observed in 22
(31%) flares.

—There were six (8%) flares with settling eruptions
visible in the limb at 304 A.

It can be seen from Fig. 1 that there is no clear correla-
tion between SXR duration and CME mass, but, accord-
ing to the histogram in Fig. 2, most flares are accompa-
nied by a CME with a mass of less than 2 x 10" g. Most
LDE flares without massive CMEs occurred in Octo-
ber 2014.

3. COMPARATIVE CHARACTERISTICS
OF LDE FLARES IN CYCLES 24 AND 23

For cycle 23, the number of LDE flares meeting
our criteria was much higher, 271 events, but the SDO

GEOMAGNETISM AND AERONOMY Vol. 60 No.7

satellite was not yet in operation at that time, and
the SOHO observations had large interruptions.
Therefore, we did not study the CME characteris-
tics but confined ourselves to the GOESI15 satellite
observations and studied the following parameters
presented in the YYYYMMDDevents.txt files at
ftp.swpc.noaa.gov/pub/indices/events/:

—Maximum SXR flux in the range 1—8 A, during
flare.

—Flare onset (first minute of 4-min monotonic
SXR flux increase).

—Maximum time of SXR flare peak.

—End of flare (time accurate to the minute when
the SXR flux reached the average between the maxi-
mum and background before the flare).

Based on the three latter items, we determined the
following values:

—ty4,, 18 the full time from the start to the end of the
flare.

—t4, 18 the initial time phase from the flare onset
to its maximum (pre-flare and impulsive phases).

2020
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Fig. 4. Histograms of the SXR duration of the LDE flares for cycles 23 (top) and 24 (bottom).

—t4r is the decline phase of the SXR radiation
(post-eruptive phase), the time from the maximum to
the end of the flare.

—a = (tyur2 — tqur1)/taur 18 the coefficient showing the
ratio of flare phases.

Histograms showing the distribution of these param-
eters in cycles 23 and 24 were constructed (Figs. 3—5).

Figures 3 and 4 show the distribution of events by
strength and duration for cycles 23 and 24. The distri-
bution by the SXR flux for both cycles differs from the
normal one; both histograms have a second maximum
corresponding to M6—M8 X-ray flares. The duration
distribution for both cycles is close to normal but dif-
fers in the position of the maxima. As can be seen in
Fig. 4, the duration of the initial phase for most flares
is more than a post-eruptive one for both cycles. This
is most likely an effect from the determination of the
onset and end of the flare, because the onset is not
associated with the value of the maximum, and the
end of the flare is associated. Figure 5 gives the distribu-
tion diagram for the SXR flux and the coefficient (a).
Figure 6 shows the strength—duration distribution dia-
gram for both cycles. It can be clearly seen that the
selected flares of cycles 23 and 24 were limited in
strength, but the straight lines limiting them differ for
these cycles. Since the data in this figure are on a dou-
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ble logarithmic scale, the maximum SXR flux (F) is a
power function of duration #, i.e., F'= At %

Figure 7 shows the distribution diagrams of the
parameter (a) with respect to flare strength for both
cycles. The diagram in the top panel shows that the
parameter (a) calculated for the flares of cycle 23 is
symmetrical with respect to 0 for average strength
flares (from M3 to X1). For stronger flares (>X1), it
is <0, i.e., these flares have a longer initial phase with
the pre-flare and impulse phases. As shown in the bot-
tom panel in the diagram of the parameter (a) calcu-
lated for flares of cycle 24, there is also a symmetry
effect, but it is expressed more weakly because of the
smaller number of flares. At the same time, the phases
of the two strongest flares in the diagram (X3.1 on
October 24, 2014, and X8.2 of September 10, 2017) are
similar in terms of duration.

It should be emphasized that some of the strongest
eruptive flares in the SXR radiation of cycle 24, e.g.,
X6.9 on August 9, 2011 (Sharykin et al., 2015), and
X9.3 on September 6, 2017 (Struminskii et al., 2020),
did not fall within the sample of LDEs. These flares
had a pronounced, short, SXR impulse phase, and the
SXR intensity in the long post-eruptive phase was less
than half of the maximum (Fig. 8). It can also be seen
in Fig. 8 based on the X9.3 event as an example that
the duration of the initial phase (if the start of the event

No. 7 2020
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tom). Value 0 for the parameter (@) is marked by straight lines.

is determined) can be underestimated when a flare is
detected during the decline phase of the previous one.

4. DISCUSSION AND CONCLUSIONS

No explicit correlation between mass and duration
was found for the selected LDE flares of cycle 24,
which contradicts the hypothesis of the role of matter
settling after the CME in the development of post-
eruptive flare phase, but the influence of mini-erup-
tions in H-alpha and EUV-jets is not improbable
(Wyper and DeVore, 2016; Innes et al., 2016; Lim
et al., 2016).

In our opinion, the prolonged SXR in flares is a
consequence of the acceleration and chromospheric
evaporation in individual post-eruptive loops. In
cycle 23, there were more than three times more LDE
flares than in cycle 24, because the cycle was stronger.
For most of the selected flares, the initial phase was
longer than the post-eruptive phase, which may indi-
cate different variants of the development of instability
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of the rope (CME) and, consequently, a different
development of the acceleration processes in flares. If
the rope rises slowly, more time is required to create
critical instability, and impulse development is more
likely if critical instability already exists.

The effect of the poste-ruptive phase duration for
>X1 flares found for the parameter (a) in both cycles
may be the result of the determination of the end time
of the flare taken in the YYYYMMDDevents.txt files.
Since the background is usually much smaller than the
maximum SXR flux in the considered flares, the time
of the end of the flare corresponds to a drop in the
radiation intensity to half of the maximum value. In
flares with a pronounced impulse phase (Struminskii
et al., 2019), such a drop in the flux occurs quite
quickly and is determined by the end of the effective
acceleration of electrons in the impulsive phase. The
decline phase in all long flares, in our opinion, is char-
acterized by post-eruptive acceleration. The effect
under discussion requires additional research.

No. 7 2020
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Apparently, the maximum strength, which may
correspond to the full flare energy, is limited (Katsova
and Livshits, 2015). This limitation is different for dif-
ferent cycles, which, in turn, may indicate that
dynamo processes are different for different cycles.
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