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Abstract—We present the results of statistical analysis of various thermal plasma parameters and non-thermal
X-ray spectra of helioseismically active (producing “sunquakes”) solar flares of the 24th solar cycle up to
February 2014. Two samples of flares are compared: with helioseismic activity in the form of sunquakes and
a sample of flares without photospheric disturbances. The dependences of the considered flare parameters
on the energy of helioseismic disturbances are also investigated. Quantitative parameters of solar flares are
taken from the statistical work of the Global Energetics series by Markus Ashwanden in 2014—2019. We con-
sider thermodynamic plasma parameters derived from the analysis of RHESSI X-ray spectra and differential
emission measure (from AIA EUV images), as well as the characterization of non-thermal X-ray spectra from
RHESSI. Statistical analysis confirmed that helioseismically active solar flares are characterized by signifi-
cantly larger fluxes of non-thermal X-ray emission compared to flares without photospheric disturbances. A
good linear relationship between helioseismic energy and the total flux of non-thermal X-ray radiation and
the total energy of accelerated electrons is found. It is shown that the power-law index of the nonthermal
X-ray spectrum is not the parameter by which one can separate the two groups of flares under consideration.
The analysis of the X-ray thermal spectra shows a slight difference between the flares with the sunsets.
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1. INTRODUCTION

A solar flare, manifesting itself in all ranges of the
electromagnetic spectrum, is a unique natural labora-
tory of plasma physics, provided to us by nature for
comprehensive research. Both modern observational
and theoretical studies of flares are devoted to the
most diverse aspects of their energy release: magnetic
reconnection, acceleration of charged particles, con-
nection with coronal mass ejections (CMEs), etc.
Among the variety of different types of energy release
of solar flares, one of the least studied is helioseismic
disturbance. It is believed that strong photospheric
disturbances during solar flares with optical glow are
accompanied by the generation of helioseismic waves,
known as “sunquakes”. The possibility of such a phe-
nomenon was initially discussed in [1]. Then a theo-
retical prediction was made [2] based on gas-dynamic
numerical simulation. The sunquake was first detected
[3] using Dopplerograms from the MDI instrument
(Michelson Doppler Imager, [4]) on board the SOHO
(Solar Orbital Heliospheric Observatory, [5]).

Typically, helioseismic waves are observed on
Dopplerograms (photospheric line-of-sight velocity

maps) as concentric (usually highly anisotropic) waves
propagating from the initial photospheric flare distur-
bances, observed during the impulse phase as bright
and dark contrasting groups of pixels. From a physics
point of view, sunquakes are acoustic waves passing
through the solar convective zone and returning back
to the photosphere due to refraction caused by
increasing temperature with depth. Wave fronts
emerging from inside the Sun into the photosphere are
observed on Dopplerograms in the form of packets of
traveling circular waves with a characteristic spatio-
temporal dependence. Helioseismic disturbances are
usually associated with fairly compact disturbances of
the photosphere and the appearance of optical radia-
tion near acoustic sources reconstructed by helioseis-
mic (or acoustic) holography [6—9].

A review of the observational properties of sun-
quakes, the morphology of helioseismic flares and the
theory of their generation can be found in articles [10,
11]. We will briefly mention only the main hypotheses
for the occurrence of sunquakes. The most discussed
mechanism for generating the initial photospheric dis-
turbance is the injection of accelerated electrons into
the lower layers of the solar atmosphere. This hypoth-
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esis assumes that a sunquake occurs as a result of a
reaction to the immediate rapid heating of the photo-
sphere by injected accelerated electrons [2], which is
confirmed by the close temporal and spatial connec-
tion of sunquake sources with sources of hard X-ray
radiation [for example, 12—14]. Recent helioseismic
modeling of sunquakes by [ 15] showed that at least half
of the events studied are consistent with the electron
beam hypothesis. Accelerated protons can be an even
more powerful agent for initiating sunquakes [16]. It is
possible that the effect of heating the photosphere by
ultraviolet radiation from a flare can also cause a pres-
sure disturbance necessary for the generation of sun-
quakes waves [10]. Another alternative hypothesis
assumes that the momentum of the photospheric
plasma can be transferred due to the dynamics of the
pressure gradient due to the eruption of a magnetic
flux rope (for example, [17, 18]) or due to the Lorentz
force impulse, which can be stimulated by a change in
the magnetic field in the lower part of the solar atmo-
sphere [19—23]. It was discussed in [24, 25] that the
rapid dissipation of electric currents in the lower
atmosphere can also explain the occurrence of sun-
quakes. It is possible that different events may be
caused by different mechanisms, or that the described
mechanisms may act together and their contribution
may also change during the progression of the flare.

Despite the presence of a number of hypotheses
based on observational material and a small number of
models, we state the fact that the nature of sunquakes
is not fully understood. This is due to several aspects.
Firstly, there are virtually no detailed theoretical mod-
els for the generation of sunquakes. Secondly, obser-
vational material on helioseismically active solar flares
is relatively poor and sometimes contradictory in com-
parison with other actively studied aspects of the
energy release of solar flares. In reality, all observa-
tional work is usually devoted to fragmentary studies
of individual events. There have been virtually no sta-
tistical studies of the properties of solar flares accom-
panied by sunquakes. However, today such a study is
possible thanks to the availability of several catalogs of
helioseismically active solar flares. Moreover, there
are the first results of statistical studies that are
important for understanding the nature of sunquakes.

The first catalogs of helioseismically active solar
flares were presented in [9] and [26] for the 23rd and
24th solar cycles (until February 2014). The catalogs
for these cycles list 23 and 18 helioseismic events,
respectively; in the first work, only flares with
observed hard X-ray radiation above 50 keV were con-
sidered (according to the RHESSI (Reuven Ramaty
High Energy Solar Spectroscopic Imager) catalog,
[27]). In [28], 60 powerful flashes (with X-ray GOES
class above M5) in the 24th solar cycle were analyzed
by acoustic holography to search for sunquakes using
the helioseismic holography method [8]. A total of
24 flares were considered seismically active. However,
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in this work, no statistical studies of any flare parame-
ters were carried out.

The most complete catalog of helioseismically
active solar flares of the 24th cycle is described in [29]
(hereinafter we will refer to this catalog as SQ24),
which used observational data from the Helioseismic
Magnetic Imager (HMI, [30]) instrument on board
the space Solar Dynamics Observatory (SDO, [31]).
This study identified 94 flares with reliably identified
sunquakes and a small group of potential candidates. A
statistical study of GOES observations of the total soft
X-ray flux in the 1—8 A channel was also carried out
and showed that the power of sunquakes correlates
more with the maximum derivative of the soft X-ray
flux rather than the X-ray (GOES) class of the flare.
This fact indirectly indicates that the nature of sun-
quakes is associated with the presence of populations
of accelerated electrons in the flare region. This con-
clusion was made on the basis of the Neupert effect
[32, 33], which states that the derivative of the soft
thermal X-ray flux correlates with the hard X-ray flux.
This effect results from the heating of the chromo-
sphere by the electron beam, and non-thermal X-rays
are generated by the electron beam as a result of Cou-
lomb collisions with plasma ions [34]. The beam heats
the chromospheric plasma to coronal temperatures,
causing its evaporation and an increase in the fluxes of
thermal soft X-ray radiation in the corona, as follows
from radiation hydrodynamics modeling [35—38].
However, real information about accelerated electrons
cannot be obtained only by using indirect effects.
Analysis of the spectra of hard X-rays or microwave
radio emission is required.

To date, there is only one known attempt to statis-
tically analyze X-ray spectra in relation to helioseismi-
cally active flares [39]. This paper presents a compar-
ative analysis of the non-thermal energy of two sam-
ples of powerful (GOES class in the range M7.2—
X6.9) flares: 12 flares with sunquakes, 8 flares without
photospheric disturbances. The work [39] states that
helioseismically active flares are characterized by
higher integral energies of non-thermal electrons
(non-thermal energy) above 300 keV, while the total
non-thermal energy of electrons with energies above
50 keV on average is practically the same in these two
groups. In other words, flares with sunquakes are
“harder” in spectra with a predominance of high-
energy accelerated electrons. However, from our point
of view, the statistics in this work are quite poor and
are reduced only to a comparison of the rigidity of the
spectrum of accelerated particles without considering
other parameters obtained from the analysis of X-ray
radiation. In addition, comparison of the histograms
in this work does not allow us to draw a clear conclu-
sion about the difference in the spectra at high ener-
gies.

This article is devoted to a detailed statistical study
of helioseismically active solar flares from the SQ24
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catalog. The main goal is to obtain new information
about the properties of flares with sunquakes, neces-
sary for understanding the physics of this phenome-
non. In particular, we are going to support with new
observational statistical data the most natural (in our
subjective opinion) hypothesis about the generation of
sunquakes by accelerated electrons. Within the frame-
work of this work, two main tasks are solved:

(1) Statistical study of the thermodynamic param-
eters of solar flares with sunquakes based on X-ray
observations based on RHESSI data and based on the
analysis of the differential emission measure (DEM)
obtained from observations of extreme ultraviolet
radiation (EUV) using the Atmospheric Imaging
Assembly (AIA, [40]) instrument on board SDO.

(2) Statistical study of the parameters of non-ther-
mal X-ray spectra of solar flares with sunquakes based
on observations of X-ray radiation according to
RHESSI data. Determination of non-thermal ener-
gies of solar flares.

It is worth noting that the first task does not
directly concern the main hypotheses of the genera-
tion of sunquakes. The solution to this problem is nec-
essary, first of all, to form a general view of the mor-
phology and thermal response of flares with helio-
seismic activity. Thermodynamic and non-thermal
parameters will be taken from published catalogs of
other authors (details in the next section). Each of the
two tasks is methodologically split into:

(1) comparative analysis of flares with sunquakes
and without photospheric disturbances (flares with
photospheric disturbances do not necessarily produce
sunquakes) according to various thermal and non-
thermal parameters;

(2) analysis of correlations between various studied
flare parameters and the energy of helioseismic waves,
estimated using the acoustic holography method.

The article consists of five sections, not counting
the Introduction. The first section briefly describes
the SQ24 catalog, as well as the catalogs from which
we take the necessary parameters for the two tasks
under consideration. Then, the next section examines
the statistics of thermal plasma parameters from
RHESSI X-ray spectroscopy data. The third, largest
section of the article discusses the statistics of param-
eters of the non-thermal X-ray spectrum based on the
same RHESSI data. It also provides statistical data on
the non-thermal energy of accelerated particles in the
considered groups of flares. The fourth section
describes the results of statistical analysis of thermal
plasma parameters obtained from the analysis of the
DEM according to AIA data. At the end of each of
Sections 2—4, we provide lists of the main results of
the statistical analyses, to lighten the load on the final
section, in which we discuss the main findings and
results of the paper.
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2. USED DATA AND CATALOGS, SELECTION
OF FLARES FOR STATISTICAL ANALYSIS

Let us discuss the main aspects of the work per-
formed on the search for helioseismic flares for the
SQ24 catalog [29]. All selected solar flares for the
24th cycle were analyzed for the presence of helioseis-
mic waves using HM1/SDO Dopplerograms using the
following methods:

(1) a visual method based on the creation of films
that show the time sequence of difference HMI Dop-
plerograms filtered in the frequency range of 5—
7 MHz;

(2) a method for constructing time—distance dia-
grams with various averaging from points where the
strongest photospheric disturbances were observed on
Dopplerograms;

(3) reconstruction of maps of helioseismic wave
sources using the acoustic holography method [8].

A flare was considered helioseismically active if
one of these three methods gave a positive result. A
total of 507 solar flares of M and X GOES class were
analyzed for the 24th cycle with a distance from the
center of the solar disk to 800 arcsec. The number of
solar flares with photospheric disturbances visible on
Dopplerograms and with optical glow was 181. The
number of solar flares with helioseismic disturbances
that were recorded by at least one of three methods was
93 (plus 19 candidates) in 35 active areas. Thus, con-
sidering the candidates, more than half of the events
with photospheric disturbances were accompanied by
the generation of helioseismic waves. In this work, we
will consider only those helioseismically active flares
(80 events) in which it was possible to register acoustic
sources using the acoustic holography method. For
such flares, we have estimates of the total energy of
sunquakes in the frequency range 5—7 MHz. And
therefore, for these flares, we will be able to conduct a
correlation analysis between the energy of the helio-
seismic disturbance and various parameters within the
framework of the two problems being solved (see
Introduction).

The panel (a) of Fig. 1 shows the dependence of the
total acoustic energy on the GOES class (maximum
X-ray flux in the channel 1—8 A). Panel (b) of the
same figure demonstrates the dependence of the max-
imum value of the time derivative of the flux of 1—8 A
on the energy of the helioseismic disturbance. All
events marked in red and blue on the graphs (the
meaning of these colors will be discussed a little
below) are real helioseismically active flares, while
black corresponds to candidate events in the SQ24 cat-
alog. For clarity, the figures show the values of correla-
tion coefficients for different groups of flares (Pearson
and rank correlation) to demonstrate a stronger con-
nection of the derivative with the energy of sunquakes.
When candidates for sunquakes are considered, the
correlation coefficient becomes lower (0.4 and 0.57 for
(a) and (b)). In this article, we will not use candidates
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Fig. 1. Dependences of the total acoustic power of sunquakes from the SQ24 catalog in the frequency range 5—7 MHz on the
GOES flare class (a, ¢) and the maximum time derivative in the GOES 1—8 A channel (b, d). Flares with reliable solar quake
detections for which the X-ray spectrum in GEVIII was analyzed (denoted as “SQ flares + GEVIII”) are shown in red in panels
(a) and (b). Sunquake flares for which the DEM was analyzed within the GEII catalog (denoted as “SQ flares + GEVII”) are
shown in red in panels (c) and (d). Blue color indicates events outside the GEVIII (a and b) and GEII (c and d) catalogs. Flashes
shown in black are candidate sunquakes from the SQ24 catalog. The dotted line corresponds to the bisector. Pearson correlation
coefficients (Pcc) and rank correlation coefficients (rcc) are shown directly in the panels.

to expand statistics further and will limit ourselves
only to “reliable” events.

Next we will discuss the catalogs used with solar
flare parameters. First of all, it is worth noting that we
decided not to conduct our own global analysis of
solar flare parameters due to the extreme complexity
of such work. It was decided to use the results of other
statistical studies that examined solar flares without
reference to helioseismic effects. Today, there are
unique catalogs with a large number of parameters of
solar flares, determined within the framework of the
Global Energetics of Solar Flares project, presented in
a series of 12 articles published from 2014 to 2020 by
Markus Aschwanden. These works examined a variety
of aspects of the energy release of solar flares of
the 24th cycle of solar activity in the date range
Vol. 67 No. 11
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January 1, 2010—January 31, 2014: parameters of ther-
mal plasma, characteristics of accelerated electrons,
CME dynamics, magnetic energies, etc. All tables
from these works were published on the Internet on
the VizieR On-line Data Catalog website. In our
work, we will touch only two articles that describe the
analysis of the parameters of thermal and non-thermal
X-ray spectra [41] (hereinafter referred to as the
GEVIII catalog, see https://cdsarc.cds.unistra.fr/viz-
bin/cat/J/Ap)/881/1) and characteristics of thermal
plasma obtained using DEM analysis [42] (herein-
after referred to as the GEII catalog, see
https://cdsarc.cds.unistra.fr/viz-bin/cat/J /ApJ /802/53).

In Fig. 1, we highlight in red those flares from the
SQ24 catalog for which the X-ray spectra were ana-
lyzed (22 flares in total) within the framework of work
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[41], on which the GEVIII catalog was compiled. It is
noteworthy that for this limited sample the correlation
coefficient is 0.78 according to Pearson in Fig. 1a (ver-
sus 0.71 for panel (b), where along the x-axis we con-
sider the GOES class. These values are not consistent
with the results of the analysis of the entire sample
from SQ24: for the entire set of blue and red dots, we
have a Pearson correlation coefficient of 0.51 (Fig. 1a)
and 0.69 (Fig. 1b). Most likely, this discrepancy is due
precisely to the small sample size. In a sample of
22 events, it is not possible to say exactly how much
one correlation is better than another. A comparison
of 0.71 and 0.78 indicates that both correlations are
quite good, considering the correlation coefficient
error (standard deviation): £0.16 and +0.14. Further
statistical analysis of flare parameters will clarify the
real relationships. In the case of flares for which DEM
analysis was carried out (GEII catalog), we have a
sample of 46 events. In this case, comparison of cor-
relations for similar dependencies in Figs. 1c, 1d do
not show significant discrepancies with the results of
[29]: 0.6 £ 0.11 for the GOES class and 0.71 & 0.12 for
the time derivative.

In the section in which we will consider the correla-
tion dependences of sunquake energy on various
parameters, we will evaluate the reliability of the cor-
relation using the t-test with a confidence threshold of
95 percent. If the criterion is met, we will call the cor-
relation satisfactory. For confidence thresholds of
99 and 99.9%, the correlation will be called good and
excellent, respectively. When comparing the normal-
ized distributions of parameters of two groups of flares
(with sunquakes and without photospheric distur-
bances), we will use the Mann—Whitney U test
(comparison of distribution medians, function
“rs_test.pro” in IDL) and the Kolmogorov—Smirnov
test (procedure “kstwo.pro” in IDL) with a probability
threshold of 5%. In other words, different distribu-
tions will have lower probabilities of matching the dis-
tributions and their medians. Moreover, it will also be
important to compare the absolute values of the medi-
ans. The criteria may indicate differences in distribu-
tions, but the medians will differ very little and there
will be no obvious physical meaning in the difference
between the distributions. From our subjective point
of view, a difference in medians of approximately three
times gives the minimum threshold at which we will
talk about the difference between distributions on
average. If we have a number of five and even an order
of magnitude, then we are talking about a clear differ-
ence between the distributions on average. Of course,
the criteria used should give low probabilities. It is
especially important when comparing distributions to
identify those parameters for which we have the great-
est difference.

Later in the text, we will discuss some details of the
methods for calculating flare parameters for the GEII
and GEVIII catalogs. Next, the next three sections
will be devoted to specific problems of statistical anal-
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ysis: analysis of thermal plasma parameters from
RHESSI X-ray spectra, statistics of parameters from
non-thermal X-ray spectra from RHESSI, analysis of
thermal plasma parameters from DEM analysis
obtained using AIA ultraviolet images.

3. STATISTICS OF THERMAL PLASMA
PARAMETERS ACCORDING
TO X-RAY SPECTROSCOPY DATA

Comparing the GEVIII and SQ24 catalogs, we
find 22 flares in which X-ray spectra were studied for
energies above 3 keV (spectrum analysis boundaries
are floating) over the duration of the entire event. It is
worth noting that we use tables from the article [41],
although the article [43] was previously published,
which also considers the analysis of thermal plasma
and non-thermal energy of accelerated electrons using
RHESSI data. Our choice in favor of a later catalog is
dictated by the fact that the catalog based on the first
work in 2016 shows the parameters of X-ray spectra
only from the position of the “warm target” model
[44], in which the low-energy boundary of the spec-
trum of accelerated electrons determined by the
plasma temperature and power index. The later
GEVIII catalog is an expansion of the 2016 version
using different models of the low-energy edge of the
accelerated electron spectrum. In this section we will
not talk about the problem of the low-energy bound-
ary (see the next section), since here we will only dis-
cuss the parameters of the thermal X-ray spectrum:
maximum temperature, emission measure and ther-
mal energy of the plasma. These parameters, as well as
estimates of the characteristic linear dimensions of the
flare region and flare duration, are available on the
Internet only for the GEVIII catalog.

Figure 2 compares the normalized distributions
(histograms) of various flare parameters for two sam-
ples: 22 flares with a helioseismic response (red) and
72 flares without photospheric disturbances (black).
For comparison, we also indicate the values of the
medians of the distributions and the ratio of the two
medians. The greatest differences in medians are char-
acteristic of the distributions of the maximum emis-
sion measure EM (Fig. 2a), the estimate of the ther-

mal plasma density n,, =+ EM /L3 (Fig. 2e) and the

maximum thermal energy E,, = 3kzsT\EM/ r
(Fig. 2d), where L is the characteristic linear scale of
the flare region. Also, what is most striking about
these distributions is their relative shift, both “in gen-
eral” and in terms of the position of the distribution
maximum.

For the two samples considered, the distributions
of linear scales (Fig. 2c¢), maximum temperatures
(Fig. 2b) and characteristic durations of flares (Fig. 2f)
are almost identical in terms of the shape of the distri-
bution, the position of maxima and medians. An esti-
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Fig. 2. Comparison of distributions (normalized histograms) of thermal plasma parameters (according to RHESSI data from
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mate of the characteristic length scale of the flare
region is the result of an analysis of DEM maps (more
details in [45]), in which regions above a certain fixed
value of the emission measure were identified. The
durations of flares in GEVIII were taken from the
GOES catalog as the difference between the time of
the end of the event and its beginning.

It is worth paying special attention to the identity of
the distributions of characteristic flare durations. The
thing is that this fact contradicts the conclusions of
work [29], which examined the temporal characteris-
tics of flares with sunquakes on the GOES database
and showed that flares with sunquakes are on average
shorter in duration compared to flares without a pho-
tospheric response. However, in [29], the durations of
the pulse phases were determined from the curve of
the derivative of the soft X-ray flux in the 1—8 A chan-
nel (the time interval during which the derivative of
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the flux is above 0.1 from its maximum). We noticed
that when using the start time according to GOES
data, the flare durations do not differ so much (Fig. 2f)
in the two samples, since the algorithm for fixing the
start of a flare often works at low radiation fluxes in the
pre-flare phase. Whereas the conditional end of a flare
is determined by the time the flux decreases by half
compared to the maximum (determined reliably due
to high flux values). Also, the coincidence of the dis-
tribution of flare durations in this study may be asso-
ciated with the following type of selection effect.
RHESSI observes the Sun at periodic intervals associ-
ated with entry into the Earth’s shadow and some-
times into the southern magnetic anomaly (detectors
are oversaturated due to high radiation fluxes). On
average, there is about 40—50 minutes of observation
time per revolution. This is most likely why flashes
with times less than 60 minutes were selected (being
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Fig. 3. Dependences of the total acoustic power of sunquakes for 22 flares in the frequency range 5—7 MHz on thermal plasma
parameters (according to RHESSI data from GEVIII): (a) emission measure, (b) peak temperature, (c) characteristic linear size,
(d) thermal energy. The Pearson correlation coefficient (Pcc) and rank correlation coefficient (rcc) values are indicated in the

panels of the figure.

more likely to be fully observed). For longer flares, the
probability of measuring their full duration is lower.
We believe that the discrepancy under discussion is an
artifact of the GEVIII catalog compilation methodol-
ogy and the peculiarities of observations of the Sun by
the RHESSI and GOES spacecraft. Thus, from our
point of view, the result about the pronounced pulse of
helioseismically active flares is not canceled.

In Fig. 3, we present an analysis of the dependences
of the parameters of helioseismically active flares from
the GEVIII catalog on the total energy of the sun-
quake in the frequency range 5—7 MHz. The figure
shows the values of the Pearson correlation coefficient
(P,.) and the rank correlation coefficient (#,.). In what
follows, for brevity, we will only mention the Pearson
correlation. It can be seen that for thermal energy
(Fig. 3d) we have the correlation P,. = 0.62 (the best of
all thermal parameters) with solar earthquake energy,
despite the lack of a linear relationship with the emis-
sion measure (P,, = 0.32). This fact, in particular, is

due to the fact that the correlation of helioseismic
energy with temperature (Fig. 3b) and characteristic
size (Fig. 3c) is 0.58 and 0.53, respectively. It can be
seen that these values differ greatly from the correla-
tion P, = 0.78 for the GOES class (Figs. 1la—1b),
which again indicates a small number of events in the
sample of flares with sunquakes. We will check these
dependencies below using DEM data, for which the
sample is approximately twice as large.

To summarize this section of the article, we will
highlight and repeat the statistical results obtained.
Firstly, a comparative analysis of the thermal plasma
parameters (according to RHESSI data) of flares
without photospheric disturbances with the same
parameters of helioseismically active flares shows:

(1) the presence of small differences in the distribu-
tion of parameters for the two samples. There are
slight shifts in the distributions relative to each other,
showing that flares with sunquakes, on average, emit a
little more due to a larger emission measure (medians
Vol. 67 2023
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23.8 x 10* and 7.5 x 10* cm~3), have a slightly higher
plasma density (1.6 x 10'° and 6.0 x 10° cm™3), and
also have a higher maximum thermal plasma energy
(3.9 x 10%® and 1.2 x 10% erg);

(2) distributions of temperature (median 12 MK for
both distributions), characteristic sizes of the flare
region (11.1 and 9.9 Mm) and flare duration (24.3 and
23.9 min) for these two samples practically do not dif-
fer from each other;

(3) the identity of the duration distributions is most
likely a feature of the GOES flare recording method
and the RHESSI observation conditions. This fact
does not contradict a more accurate analysis in article
[29], which showed that flares with sunquakes are
more impulsive and shorter in duration compared to
flares without a photospheric response.

Secondly, studies of the relationships between the
power of helioseismic disturbances and thermal
plasma parameters have revealed the following fea-
tures:

(1) the more powerful the helioseismic flare, the
larger it is in size, the hotter it is and the more total ther-
mal plasma energy it has. For these dependencies, the
correlation coefficients are in the range of 0.53—0.62;

(2) the energy of sunquakes does not have a lin-
ear relationship with the measure of plasma emis-
sion (P, = 0.32).

4. STATISTICS OF NON-THERMAL X-RAY
SPECTRUM PARAMETERS

In this section, we will discuss the statistical analy-
sis of parameters of the non-thermal X-ray spectrum
using the GEVIII catalog. The number of flares with-
out photospheric disturbances and events with helio-
seismic activity is the same as in the previous section,
where thermal plasma parameters were considered.
We will first perform a comparative analysis of the two
samples, and then conduct a correlation analysis
between the parameters of the non-thermal X-ray
spectrum, the non-thermal energy of accelerated elec-
trons and the energy of sunquakes.

For the physics of solar flares, one of the central
problems in determining the integral characteristics of
accelerated electrons (flux, density, energy) is deter-
mining the value of the low-energy boundary in the
spectrum, which is determined by the physics of the
acceleration process. It is often fixed at some standard
value (for example, 20 keV). It is also sometimes pos-
sible to determine the value of the low-energy bound-
ary when approximating the spectrum of hard X-ray
radiation within the framework of an optimization
algorithm for fitting the model to real data. Some ana-
lytical models allow one to estimate the value of the
low-energy boundary based on physical assumptions.
In particular, within the framework of the warm target
model [44], the low-energy boundary is determined
by the plasma temperature and the power-law index of
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the spectrum of accelerated electrons. The value of
this energy boundary can be several times less than the
typical value of the intersection of the thermal and
power parts of the X-ray spectrum (~20 keV). In [43],
the low-energy limit and the value of the total non-
thermal energy of accelerated electrons were given
only within the framework of the warm target model.
We are interested in data not only on non-thermal
energy, but also the main parameters of the non-ther-
mal spectrum: the normalization factor for an energy
of 50 keV (which determines the X-ray flux density at
a given energy), the power index of the non-thermal
X-ray spectrum, the low-energy boundary (the inter-
section of the thermal and non-thermal parts of the
spectrum). Based on these parameters of the non-
thermal X-ray spectrum, this section analyzes the
results of a statistical study.

The choice of parameters for statistical analysis was
dictated by the following considerations. The fact is
that, based on the basic parameters of the photon
spectrum, we can determine the characteristics of the
spectrum of accelerated electrons, which is also power
law. Then, using one or another physical model
(including the warm target model), one can estimate
the total energy and flux of accelerated electrons. We
will use the classical “thick target” model [34], in
which the low-energy boundary is one of the parame-
ters. Note that any statistical study involves construct-
ing dependencies (histograms) of the number of events
on a number of parameters that follow from observa-
tions or are obtained under simplifying assumptions
(models). In our case, we will carry out a statistical
study of the distribution of the number of flares, first
of all, for the parameters of the X-ray spectrum, from
which we can indirectly judge the characteristics of
accelerated electrons by considering the “thick target”
model. For this kind of statistical research, the use of
more complex models of the interaction of accelerated
electron beams in the magnetically active plasma of
flare loops seems premature.

A comparison of the distributions of parameters of
the non-thermal X-ray spectrum for two samples of
flares is shown in Fig. 4. In contrast to the distribu-
tions of thermal parameters (described in the previous
section), here we observe a strong separation of the
histograms. The most striking difference between
flares with sunquakes and flares without photospheric
disturbances is when comparing the distributions of
the normalization coefficient of the power-law spec-
trum (Fig. 4a). The difference in medians reaches
16.7 times in favor of the sample of helioseismically
active flares. Note that this difference is determined by
the narrow half-width of the distributions, which is
approximately an order of magnitude of the parame-
ter. These distributions are clearly separated and prac-
tically do not intersect due to their narrowness. If we
compare the peaks of the probability distributions, the
difference is slightly smaller and is approximately an
order of magnitude.
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Fig. 4. Comparison of parameter distributions (normalized histograms) of the power-law spectrum of non-thermal hard X-ray
radiation (according to RHESSI data from GEVIII). Vertical dashed lines show median values, which are also duplicated by
numbers in the panels of the figure. Histograms are shown for a group of flares with a helioseismic response (red) and without it
(black). Panel (f) shows the behavior of the ratio of median values as a function of the value of the low-energy cutoff (above which
the X-ray spectrum is integrated) for two distributions of non-thermal X-ray spectrum parameters: the total X-ray flux over the
entire duration of the flare (black) and at its peak (red). The median ratios are calculated for two pairs of flare samples: for flares
with sunquakes and without photospheric disturbances (thin lower lines), for flares with and without photospheric disturbances
(thick upper lines). The vertical gray bar shows the range of low energy boundaries from minimum to maximum values. The ver-
tical black line corresponds to the average value of the distribution of low-energy boundaries.

Another important result is related to the compari-
son of the distributions of power-law indices of non-
thermal X-ray spectra (Fig. 4b). The analysis showed
that the histograms differ slightly from each other. In
both distributions, the median value is approximately
7:7.3 for flares without photospheric disturbances and
7.0 for flares with sunquakes.

In terms of non-thermal energies (Fig. 4c), the dis-
tributions differ in medians by a factor of approxi-
mately five. The values of non-thermal energies were
calculated within the framework of the “thick target”
model. To calculate the total non-thermal energy, we
integrated the spectrum of accelerated electrons above
the energy value (low-energy boundary) correspond-
ing to the intersection of the power-law part of the

X-ray spectrum with its thermal part. In this article,
we do not compare the distributions of the low-energy
boundaries themselves due to the layout of the figure.
We will only point out that these distributions are very
similar to each other, and also show the average, min-
imum and maximum values of the low-energy edges in
Fig. 4f with a gray bar and a black line (average value).
Note that here the difference between the histogram
medians is not so significant (about 5 times) compared
to the case of distributions depending on the normal-
ization coefficient. Also, the histograms have a wider
shape, which is most likely due to the greater uncer-

tainty of the low-energy boundary (further E.,).
Later in the text we present a parametric analysis con-
sidering different values of the low-energy cutoff,
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above which we integrate the spectrum of X-ray pho-
tons. If we consider the fluxes of accelerated electrons
[electrons s~'] (approximately equal to the quotient of
non-thermal energy and low-energy boundary), we
obtain distributions similar to the distributions of non-
thermal energies in Fig. 4c.

In Figs. 4d and 4e we compare the distributions of
the calculated integral hard X-ray flux above the low-
energy boundary determined from the intersection of
the thermal and non-thermal components of the
X-ray spectrum (panel 4d) and for a fixed lower energy
value of 20 keV (panel 4e) for the duration of the entire
flare. Assuming that the real dynamic spectrum of
non-thermal X-ray photons is a power-law in energy

and time 1 (E, 1) = As, (1)(£/50) ™, where Aj, is the
normalization coefficient of the X-ray spectrum at an
energy of 50 keV, and v is the power-law index of the
X-ray spectrum, we obtain an estimate of the total flux
based on the available values of the GEVIII catalog as

follows:
tin oo
I, = j I(E,t)dEdt
tart Erow (7) (1)
~A50[ Elow j ! Elow Thiare-
50kevV) y-1

(790 ]

Here, we made a transition through the sign from
real values, time-varying parameters of the non-ther-
mal X-ray spectrum, to fixed values from the GEVIII
catalog, which do not reflect the dynamics of the

spectrum in any way. The quantity T, corresponds to
the characteristic duration of the flare, which re-eval-
uates the time of the pulse phase with hard X-ray radi-
ation. In fact, the presented expression is an upper
estimate of the total photon flux [photons cm™2]. If we
discard integration over time, we obtain an estimate of
the maximum during the flare of the flux of X-ray
photons [photons s~! cm™2].

Comparison of histograms in Figs. 4d and 4e shows
the distributions of the integral flux of liquid radiation
shifted relative to each other for the two classes of
flares under consideration. The group of flares with
solar quakes is particularly strikingly different from the
flares without photospheric disturbances in Fig. 4e,
where we consider a fixed low-energy cutoff value of
20 keV (roughly the average of the distribution of all
flares from GEVIII). Here, the medians differ by an
order of magnitude, and the maxima of the distribu-
tions are even greater, while for the unfixed low-
energy boundary taken from the catalog, the medians
differ by about a factor of five. Generally speaking, the
difference in the medians of the distributions under
consideration indicates significant differences
(between two samples) for all integral characteristics
of accelerated electrons, since the formulas for deter-
mining these characteristics (see [34]) include the
integral photon flux. Note also that the difference in
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the distributions of non-thermal photon fluxes and
the normalization coefficient is greater (the difference
in the medians is an order of magnitude) than in the
case of thermal parameters (the medians differ by a
maximum of three times), discussed in the previous
section. This indicates the fundamental importance of
accelerated particles for the helioseismic activity of
flares and provides a compelling additional argument
in favor of the model of sunquakes generation by
beams of accelerated particles injected into the dense
layers of the solar atmosphere.

The last panel of Fig. 4 shows the results of a para-
metric analysis of the ratio of the median distributions
of the total photon flux (black) for the entire flare and
the maximum flux during the flare (red) depending on
the value of the low-energy boundary (on the x-axis
from 7 to 90 keV). Moreover, we consider two different
pairs of distributions in order to emphasize the differ-
ence between flares with photospheric disturbance
and without photospheric response. The first pair cor-
responds to what we considered in all previous panels
of Fig. 4 and in all histograms in Fig. 2: comparison of
flares without photospheric disturbances and helio-
seismically active flares, i.e., those events that gave
rise to the sunquake (thin lower lines). The second
pair of distributions compares flares with and without
photospheric disturbances (thick top lines). Let us
recall that not all flares with photospheric distur-
bances recorded on Dopplerograms or HMI contin-
uum maps are characterized by the presence of helio-
seismic waves. Thus, we additionally consider the
more general case of flares with photospheric activity,
which include a subset of helioseismically active flares
(41 flares in the sample).

Figure 4f shows that for a wide range of values of
the low-energy cutoff we have a significant difference
in the distributions of flares with solar quakes and
flares without photospheric disturbances. This differ-
ence is about an order of magnitude throughout the
entire considered range of low-energy boundary val-
ues. In the case of the second pair of distributions
(flares with and without photospheric disturbances),
this difference is approximately five times (for energies
above approximately 20 keV) in favor of flares with
photospheric disturbances. For lower energies the dif-
ference begins to decrease. As a result, we see that
photospheric disturbances in the general case (includ-
ing without sunquakes) and sunquakes in particular
(and to a greater extent) are clearly associated with
increased fluxes of accelerated electrons compared to
flares without any photospheric manifestations.

Figure 5 shows the results of an analysis of the
dependences of helioseismic power on the parameters
of the non-thermal X-ray spectrum, which we dis-
cussed above in the case of histograms in Fig. 4. For
the normalization coefficient for the energy of 50 keV
and the duration of the flare, we have, respectively, a
correlation with the coefficients: 0.56 and 0.51
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(Figs. 4a and 4c¢). In the case of the power index, there
is no correlation (P, = 0.18).

Figures 5d—5f show the dependences of the total
acoustic power of sunquakes for 22 flares in the fre-
quency range 5S—7 MHz on the parameters of the non-
thermal X-ray spectrum—the integral flux of X-ray
radiation for the duration of the entire flare, the max-
imum flux and the total non-thermal energy of accel-
erated electrons for the entire flare time within the
framework of the “thick target” model. In black, we
denote the case of an unfixed low-energy edge of the
spectrum of accelerated electrons, which we took from
the GEVIII catalog. The highest value of the correla-
tion coefficient is 0.61 for the total X-ray flux over the
entire duration of the flare (Fig. 5d). The non-thermal
energy of accelerated electrons correlates least of all
with the energy of sunquakes (P, = 0.51). The calcu-
lation results for a fixed low-energy boundary of
20 keV are indicated in red. Note that in this case the
correlation coefficient becomes higher: in Figs. 5d and
Se the correlation coefficient takes the value of 0.68
(confidence probability more than 99.9%), and for
non-thermal energy in Fig. 5f, it increases to 0.55.

Comparison of histograms and the results of cor-
relation analysis for the case of a floating value of the
energy of the normalization factor shows results simi-
lar to those shown in Fig. 4f and Figs. 5g—5i. If the
analysis is carried out for higher energies (both for
normalization and for the low-energy boundary), for
example, up to 300 keV (as in [Wu2023]), then we
obtain a weak correlation between the integral flux of
non-thermal X-ray photons and the energy of sun-
quakes, which most likely follows from the uncertainty
of the type of energy spectrum in the region above
100 keV—the spectrum may differ in slope and have,
for example, a break. Therefore, we consider lower
bounds on the energy and normalization of the spec-
trum to an energy of 100 keV and continue the spec-
trum model-wise with one power.

An analysis of the dependence of the correlation
coefficient on the value of the fixed low-energy
boundary for plots of type 5d—5f is shown in
panels 5g—5i. The range of variation of the low-energy
boundary is similar to the case in Fig. 4f and is
7—90 keV. The graphs show dependencies for both the
rank correlation coefficient and the Pearson coeffi-
cient (a smoother curve). The gray stripe shows the
boundaries from the minimum to the maximum value
of the low-energy boundary from the sample from the
GEVIII catalog. The vertical line shows the average
value of the low-energy boundary for this sample.
Note that for the total flux (Fig. 5g) and the maximum
flux (Fig. 5h) of X-ray radiation, the correlation coef-
ficient peaks at 20 keV for the Pearson coefficient and
at 15 keV for the rank correlation coefficient. For
higher energies, the relationship between the charac-
teristics under consideration and the energy of sun-
quakes begins to deteriorate. This fact indicates a pos-
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sible weak relationship between sunquakes and the
high-energy part of the spectrum of accelerated elec-
trons. For the non-thermal energy of accelerated elec-
trons (Fig. 5i), the Pearson correlation coefficient
peaks (has a very flat shape) around 30 keV and for the
rank correlation coefficient the maximum is reached
at the low-energy edge of about 25 keV. Moreover, the
correlation is generally worse compared to the correla-
tion shown in the graphs in Figs. 5g and 5h.

Let us summarize the statistical results obtained
above. First, a comparative analysis of the parameters
of the non-thermal X-ray spectrum (according to
RHESSI data) of flares without photospheric distur-
bances with the same parameters of helioseismically
active flares shows:

(1) the sample data differ most in the distribution
of the normalization coefficient of the power-law
non-thermal X-ray spectrum for an energy of 50 keV.
The ratio of the medians of the two distributions is
almost 17 in favor of flares with sunquakes;

(2) when comparing the distributions of total (over
the entire duration of the flare) and maximum fluxes
of non-thermal X-ray radiation, we also discovered a
significant shift in the distributions relative to each
other. The ratio of the distribution medians becomes
even larger (roughly an order of magnitude) when
considering fixed values of the low-energy cutoff
above which we integrate the spectrum. An analysis of
the dependence of the ratio of medians on the choice
of the value of the low-energy boundary showed that
for a wide variety of values, the difference in medians
varies slightly and is approximately an order of magni-
tude;

(3) for the distributions of non-thermal energy of
accelerated electrons within the framework of the
“thick target” model, a difference in distributions was
also established. The ratio of medians is approximately
5 times;

(4) analysis of the distributions of power indices of
the non-thermal X-ray spectrum showed a slight dif-
ference between these samples.

Secondly, the analysis of correlations between the
power of helioseismic disturbances and the parame-
ters of non-thermal X-ray spectra revealed the follow-
ing features:

(1) a complete lack of correlation between the
energy of helioseismic disturbances and the power-law
index of the non-thermal X-ray spectrum was discov-
ered;

(2) a correlation (P,, = 0.61) was found between
helioseismic energy and the total flux of non-thermal
X-ray radiation for the entire flare in the case of an
unfixed value of the low-energy boundary (taken from
the GEVIII catalog). For a fixed low-energy boundary

E,,,, = 20 keV, the maximum value of the correlation
coefficient is 0.68;
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Fig. 5. Dependences of the total acoustic power of sunquakes for 22 flares in the frequency range 5—7 MHz on the parameters of
the non-thermal X-ray spectrum (according to RHESSI data from GEVIII). Figs. 5d—5f show in black the dependences in the
case of integrating the spectrum above the low-energy cutoff taken from GEVIII (the value of this cutoff is not fixed). Red color
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(3) the correlation coefficient between helioseismic
energy and the total non-thermal energy of acceler-
ated electrons for the entire duration of the flare is

0.58, if we consider the fixed E,, = 30 keV. For
unfixed values P, = 0.51.

Generally speaking, all the results can be reduced
to one conclusion—helioseismically active solar flares
are events that are more saturated with accelerated
electrons compared to flares without photospheric
disturbances. This conclusion is an additional strong
argument in favor of the main hypothesis about the
causes of sunquakes associated with the penetration of
non-thermal electrons into the lower layers of the
solar atmosphere.

5. STATISTICS OF THERMAL
PLASMA PARAMETERS OBTAINED
FROM ANALYSIS OF THE DIFFERENTIAL
EMISSION MEASURE

In the previous two sections, we examined the sta-
tistics of solar flares based on observations of X-ray
radiation by the RHESSI space observatory. In partic-
ular, we studied the features of solar flares with a heli-
oseismic response from the point of view of the ther-
modynamic parameters of hot plasma—the maximum
values of the emission measure, temperature and ther-
mal energy. The obtained statistics indicate the pres-
ence of a correlation between the sunquake energy and
the maximum thermal energy (P,. = 0.62) and tem-
perature (P,. = 0.58) of the heated plasma. It turned
out that the correlation with the emission measure is
not high (P, = 0.32). In this section, we present the
results of a statistical analysis of the thermodynamic
parameters of flares for extended samples based on
observations of extreme ultraviolet (EUV) radiation
from AIA/SDO data, which allow us to complement
the obtained results on the distributions of thermody-
namic parameters of flares from RHESSI data. Statis-
tical analysis is also divided into two parts:
(1) comparative analysis of the distributions of param-
eters of flares with sunquakes and flares without sun-
quakes; (2) correlation analysis of the relationships
between the thermodynamic parameters of flare
plasma and the energy of sunquakes calculated by the
acoustic holography method.

Next, we provide a relatively brief description of the
AIA ultraviolet space telescope and the technique for
analyzing plasma heating using the DEM forward-fit-
ting method [45], which formed the basis of the GEII
catalog [42]. Despite the detailed description in the
original article, we must point out the main features of
the method in order to further understand the differ-
ence with X-ray spectroscopy within the scope of this
article.

The AIA telescope [40] on board SDO [31] carries
out spatially resolved observations of EUV radiation in
a wide range of wavelengths in seven channels: 94
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(Fe XVIII, 7.2 MK), 131 (Fe VIII and XXI, 0.5 MK),
171 (Fe 1X, 0.8 MK), 193 (Fe XII and XXIV, 1.5 MK),
211 (Fe XIV, 1.9 MK), 304 (He II, 0.08 MK) and
335 A (Fe XVI, 2.5 MK). This set of channels allows
one to study the temperature structure of the corona in
a wide range from 0.06 to 20 MK. Using EUV maps of
flare regions [42], a GEII catalog of thermodynamic
parameters of M and X flares was compiled, deter-
mined by analyzing the DEM of flare plasma.
This approach involves determining the function

DEM (T) = n’dz/dT [cm~ K~'] of plasma distribu-
tion along the line of sight (coordinate z) depending
on temperature 7. Note that the analysis of the
RHESSI data (for the GEVIII catalog) was carried out
within the framework of a single-temperature approx-
imation: the X-ray spectrum (up to approximately
20 keV) was approximated by the model spectrum of
bremsstrahlung thermal radiation of an isothermal
plasma. The description within the DEM is more
complete. Therefore, in addition to checking previous
results for RHESSI, we will receive more advanced
statistical data.

When determining the emission measure and
plasma temperature in the flare region, the authors of
GEII used the following technique. At the input there
was a data set of dimensions (X, Y, A, t), consisting of
a time sequence of EUV images: two image coordi-
nates, wavelength of the AIA channel (6 in total minus
304 A, corresponding to the chromosphere and tran-
sition zone), time (with duty cycle 12 s). For each pixel
ofthe EUV map at any time, the DEM was selected in
the form of a Gaussian with three variable parameters
(peak, temperature of the center of the Gaussian and
width) so as to get as close as possible to the intensity
values in all 6 channels. Then a contour (determining
the size of the flare region) was selected based on some
empirically selected value of the Gaussian maximum.
The next step was the summation of all Gaussians
within the selected contour. Thus, we obtained the
spatially integrated DEM of the entire flare region as a
function of time. Then, integrating over temperature,
we obtain the time dependence of the total emission
measure, the maximum value of which is indicated in
the GEII catalog.

Temperatures in the GEII catalog are given in two
versions. The first value T, corresponds to the maxi-
mum peak temperature of the spatially integrated
DEM for the entire duration of the flare. The second

value T, is the maximum of the average temperature

averaged over the DEM. In fact, 7, is the center of
mass of the DEM and is calculated as follows:

J-TDEM(T, NdT Zk:T WDEM(T,,HAT,

Tw (t) - -
_[DEM(T, NdT EM(1)
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This formula also shows the transition from continu-
ous to discrete representation. In [42], to determine
the DEM, the temperature range of the peaks of indi-
vidual components of the Gaussians 0.5—30 MK
(36 discrete values, equidistant on a logarithmic scale)
was considered, while the spatially integrated DEM
was determined in an extended temperature range

lg 7, = 5-8 in order to consider the contribution of the

“tails” of the Gaussians for the coldest and hottest
DEM components. DEM analysis showed that the

values 7, = 6—40 MK are systematically higher than

the values 7, = 0.5-25 MK, which means a greater
contribution to the total emission measure from plas-
mas with lower temperatures. In discrete form, the
total thermal energy of the plasma in the flare region is
calculated using the DEM as follows (for more details,
see the Appendix in [42]):

Ew(t) = 3k T, (DEM (T, 1) AT,) 2.
k

For our statistical study, we will use the following
information from the GEII catalog: maximum emis-

sion measure, characteristic length scale L, T, T,
total thermal energy of the plasma, plasma density as

VEM/L .

Figure 6 shows a comparison of the distributions of
thermal plasma parameters for a sample of flares with
sunquakes and without photospheric disturbances.
The most important thing that follows from this figure
is the virtually complete identity of the samples:
almost identical values of medians, peaks and histo-
gram widths (unlike the RHESSI data in Fig. 2). Thus,
when considering the DEM, the difference in distri-
butions previously noted from the RHESSI data dis-
appears. It is necessary to try to understand whether
there is physics in this difference. Most likely, this is
due to the construction of the DEM, which considers
the contribution of plasma with a very wide tempera-
ture range.

Correlations of thermal plasma parameters accord-
ing to DEM and the values of the total energy of heli-
oseismic flare disturbances are shown in Fig. 7. In
contrast to the RHESSI data, we have a more obvious
dependence of the sunquake energy on the emission
measure (Fig. 7a) with a correlation coefficient of 0.56
(about twice as good as in Fig. 3a). The situation with
temperatures is the opposite: the correlation is worse
for both T, (P, = 0.43 versus 0.58 in Fig. 3b) and 7,
(P, = 0.36). The correlation coefficients for the max-
imum thermal energy of the flare plasma and the char-
acteristic length scale are approximately the same
(0.55 and 0.51). It is interesting that for the plasma
density determined from DEM there is a weak anti-
correlation with the coefficient P,, = —0.33. This
means that the more a flare manifests itself in helio-
seismic activity, the more likely it is characterized by a
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lower plasma concentration. However, the difference
in concentrations is very small (10" and 0.8 x 10! cm™)
and the correlation is too small (P,, = —0.33) to be
confident in this dependence. It is also worth noting
that the obtained identical correlations for both types
(by RHESSI and by DEM) of maximum thermal
energies are the results of the correlation of helioseis-
mic energy with the maximum flare temperature
according to RHESSI data in the case of Fig. 3d and
correlation with the emission measure determined
from DEM (in Fig. 7f).

Also, given the relative narrowness of the distribu-
tions of flares by plasma concentrations, as well as the
correlation of sunquake energy with the characteristic
length scale (P,. = 0.51 in Fig. 7d), we think that the
correlation with the emission measure (Fig. 7a) is
more related to the volume of the flare region, because

EM = n’L’. In other words, large sunquakes are asso-
ciated with the involvement of a larger number of mag-
netic loops in the flare process. That is, we have an
unambiguous “geometric effect of a large flare.” At
the same time, flares with sunquakes and without
photospheric disturbances do not differ in any way in
geometric sizes within the framework of the method-
ology for estimating lengths in the GEII catalog (recall
that the lengths in GEVIII are taken from the second
GEII catalog).

As a summary of this section, we indicate the fol-
lowing results of statistical analysis of flares based on
the DEM of EUV radiation:

(1) flares with sunquakes and without photo-
spheric disturbances are identical in their distributions
of thermodynamic parameters of the flare region
within the framework of DEM analysis;

(2) a correlation (P, = 0.56) was found between the
energy of helioseismic disturbances and the emission
measure (which differs from the results of the analysis
of RHESSI data);

(3) no correlation was found between the energy of
helioseismic disturbances and the temperature esti-
mated from the DEM in two different ways (also con-
tradicts the results of the analysis of RHESSI data);

(4) we obtained a similar (as for the RHESSI data)
correlation between helioseismic energy and the max-
imum thermal energy of the flare plasma, obtained
within the framework of DEM analysis. However, this
correlation is more related to the dependence of sun-
quake energy on the emission measure and the charac-
teristic size of the flare region. Whereas for the
RHESSI data we have a linear dependence on tem-
perature and also on length;

(5) an anti-correlation (the only one in the entire
work) was obtained between the energy of sunquakes
and the plasma concentration. However, this result
has little reliability and in the future it needs to be
checked on larger samples or using a more reliable
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flares with sunquakes from catalog of [Sharykin & Kosovichev, 2020]

flares without photospheric disturbances
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Fig. 6. Comparison of parameter distributions (normalized histograms) of thermal plasma (according to AIA data from GEII):
(a) emission measure, (b) LEED peak temperature, (c) LEED-averaged temperature, (d) characteristic linear scale, (e) charac-
teristic concentration plasma, (f) thermal energy. Histograms are shown for a group of flares with a helioseismic response (red)
and without it (black). Vertical dotted lines show the median values, which are also duplicated by the numbers m1 and m2 in the

panels of the figure.

method for determining the geometric dimensions of
flare regions.

6. MAIN RESULTS

As a result of comparing helioseismically active
solar flares and flares without photospheric distur-
bances, we found:

(1) significant difference in non-thermal X-ray
fluxes. On average, the flows of two samples differ by
at least an order of magnitude. The maximum ratio
(almost 17 times in favor of flares with sunquakes) of
the distribution medians was found for the normaliza-
tion coefficient of the power-law non-thermal X-ray
spectrum for an energy of 50 keV;

(2) we found no differences between the two sam-
ples of flares in terms of the distributions of the power-
law index of the non-thermal X-ray spectrum (i.e., the
hardness of the spectrum of accelerated electrons).

A more important parameter is the integral flux of
hard X-ray radiation;

(3) there is a slight difference in the two considered
distributions (bias) of thermodynamic parameters
determined from the RHESSI X-ray spectra. Flares
with sunquakes have a slightly higher maximum ther-
mal energy, emission measure, and hot plasma con-
centration (the medians of the distributions differ by
about a factor of three);

(4) comparison of the distributions of characteris-
tic sizes of the flare region showed the identity of two
samples of flares within the framework of the tech-
nique for identifying the geometric location of a flare
using DEM maps;

(5) it is shown that, from the point of view of DEM
analysis, the thermodynamic parameters of the two
samples of flares are practically the same.

Analysis of the dependences of helioseismic energy
on various parameters of flares obtained in the frame-
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Pearson correlation coefficient (Pcc) and rank correlation coefficient (rcc) values are indicated in the panels of the figure.

work of works [41, 42] showed the following main
results:

(1) the strongest correlation (according to Pearson
0.68) was obtained for the dependence of helioseismic
energy on the total flux of non-thermal X-ray photons
under the assumption of a fixed low-energy boundary
of 20 keV;

(2) an interesting result is the found correlation
(0.58) of sunquake energy with plasma temperature
according to RHESSI, with a weak correlation with
the emission measure (P, = 0.32);

(3) there is a clear dependence of the energy of sun-
quakes on the characteristic dimensions of the flare
region. Thanks to this effect, we also observe a rela-
tionship (P, = 0.56) between helioseismic energy and
the integral emission measure obtained from DEM
analysis;

(4) the DEM analysis did not allow us to find a good
correlation between the energy of sunquakes and the
plasma temperature (P,, = 0.36 and 0.43 for the tempera-

tures 7, and 7,), which contradicts the RHESSI data.
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7. DISCUSSION OF THE RESULTS
OBTAINED

Let us discuss the results obtained in relation to two
important aspects: the physics of sunquakes and the
methodology of statistical analysis. First of all, we
note that from the point of view of statistical analysis,
the potential of the SQ24 catalog is far from exhausted.
When considering overlap with the GEII and GEVIII
catalogs, we found, respectively, only 22 and 42 events
before February 2014. When considering other flares
after this date, we could expand the catalog for both
DEM and X-ray analysis. However, RHESSI’s ger-
manium semiconductor detectors have undergone
severe degradation since 2015. Therefore, very large
and careful additional work is needed to interpret the
X-ray spectrum of flares since 2015 (which was not
done in the Global Energetics series). Note that for the
purposes of the initial statistical analysis, we only need
data without spatial resolution. In this regard, from
our point of view, the next step would be to analyze the
X-ray emission of a larger number of events using the
KONUS instrument [46] on board the Wind space-
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craft. This instrument is distinguished by the longest
observation time compared to other X-ray spectrome-
ters, the absence of eclipses and a relatively stable
background. Analysis of expanded samples will make
it possible to better compare flares with different
degrees of photospheric activity and obtain refined
correlations between the energy of sunquakes and the
parameters of the X-ray non-thermal spectrum, which
indirectly indicates accelerated electrons.

In this work, we used information on the character-
istic linear dimensions of the flare region. Moreover,
analysis of the distributions of characteristic lengths
showed no differences between flares with sunquakes
and flares without photospheric disturbances. How-
ever, we noticed that there is a correlation between the
energy of sunquakes and the characteristic size of the
flare region. In other words, we have shown that fast
and pulsed flares with a helioseismic response [29] do
not have the property of compact energy release
regions from the point of view of the technique for
estimating the characteristic sizes described in [42].
Nevertheless, the issue of the geometric structure of
the flare region within the framework of studies of
helioseismically active solar flares is not removed from
the agenda and, moreover, is extremely important. In
fact, this work only showed that in all flares the condi-
tional number of magnetic loops (and their sizes)
involved in the flare energy release is approximately
the same. In this case, we do not consider the finer
spatial structure of the flare region.

From the point of view of the hypothesis about the
generation of helioseismic waves by accelerated elec-
trons, one of the most important parameters is the
area of their precipitation into the lower layers of the
solar atmosphere. At different values of the area, the
energy flux density of the precipitating accelerated
electrons will also be different and, therefore, the pho-
tospheric response will be different. Based on the
GEVIII catalog, we estimated the energy flux density
of accelerated electrons and found a difference in the
medians of the distributions (flares with solar quakes
and flares without photospheric disturbances) by
approximately five times (the same as in Fig. 4c). Also,
the criteria used showed a significant difference in the
distributions, despite the approximate estimate of the
time of the pulse phase, the area of the flare region and
the value of the low-energy boundary. Also, the esti-
mate of the thermal plasma density depends on the
refined geometric dimensions. Refinement of statis-
tics in terms of geometric parameters in the future will
significantly improve the understanding of helioseis-
mically active solar flares. In addition, it is important
to consider the multiplicity of compact areas of pre-
cipitation of accelerated particles, as well as the
dynamics of the number and size of those areas into
which accelerated electrons are injected (it is possible
that successive injections can enhance the helioseis-
mic wave).

SHARYKIN et al.

One of the important results of the DEM analysis
is the identity of samples of solar flares with sunquakes
and without photospheric disturbances in terms of
thermodynamic parameters. However, for the
RHESSI data we found a difference in the medians of
these distributions. Most likely, this is due to the con-
struction of the DEM, which considers plasma in a
very wide temperature range (from ~0.1 to ~20 MK).
Note that, despite the high values of 7, = 6—40 MK
with a median of ~26 MK, exceeding the maximum
temperature values according to RHESSI in the MK
range T, = 0.5—25 MK and a median of ~12 MK,
the temperature data cannot be compared directly.

The point is that 7,, characterizes the DEM distribu-
tion as a whole, while the RHESSI temperature is
determined from a single-temperature approximation
of the X-ray spectrum at very short wavelengths with
energies (about 5—20 keV) that are not actually acces-
sible to AIA. AIA also has poor sensitivity to plasma
radiation above 20 MK, while RHESSI reliably mea-
sures X-ray plasma radiation up to very high tempera-
tures. It was shown in [47] that on average the ratio of
flare plasma temperatures (for 149 M and X flares)
according to RHESSI and AIA datais 1.9 + 0.1. We
can say that in terms of diagnosing very hot plasma, we
should trust the RHESSI data more. In connection
with these considerations, it is tempting to consider
the plasma, according to RHESSI X-ray measure-
ments, to be more “directly” associated with the flare
energy release region in which magnetic reconnection
occurs. Whereas the plasma observed in the EUV
range is determined to a greater extent by the effect of
chromospheric evaporation and is therefore only indi-
rectly related to the reconnection region in the corona.
In other words, there is a large contribution to the total
X-ray flux from hot plasma directly heated within (or
in the vicinity of) the reconnecting current sheet
(probable shock waves, turbulence, electric current
dissipation, etc.). This issue should be studied in more
detail in the future. Here, we only hypothesize why
analyzes of AIA and RHESSI data may lead to differ-
ent results.

We also note that as part of the analysis of thermal
X-ray spectra using RHESSI data, it was found that
the plasma density of flares with sunquakes is slightly
higher (the medians differ by approximately three
times) than for flares without photospheric distur-
bances, and there is also a correlation (P, = 0.58)
between the energy of sunquakes and maximum
plasma temperature. This may indirectly indicate that
in helioseismically active solar flares there are more
hot electrons in the tail of the Maxwellian distribution,
which can be accelerated more efficiently. However,
this statement is quite speculative, since the plasma
density is determined in a specific way, and we do not
know the details of the physics of acceleration. In the
GEVIII catalog, the characteristic linear size is deter-
mined, as in GEII, based on the analysis of DEM
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maps (see above for more details). Generally speaking,
considering the natural course of DEM, which is
characterized by the fact that in the region of high
temperatures (approximately more than 10 MK) there
is less plasma, we can expect smaller volumes of
plasma emitting X-ray bremsstrahlung. However,
RHESSI does not provide images with a wide
dynamic range and high (comparable to AIA) spatial
resolution, and therefore we cannot estimate the real
size of the hottest part of the flare region. Conse-
quently, plasma density estimates from RHESSI are
quite controversial. Because of this, we also did not
present a graph of the correlation of helioseismic
energy with plasma density according to RHESSI
(however, the analysis showed that there is virtually no
correlation). Thus, we again come to the importance
of more accurately determining the geometric dimen-
sions of flare regions, which is necessary for a better
understanding of the characteristics of the energy
release of helioseismically active flares.

Now let’s move on to discussing the most import-
ant result of this article. Generally speaking, the statis-
tical analysis performed indicates that the presence of
increased fluxes of non-thermal X-ray radiation is a
striking feature of helioseismically active solar flares.
This indirectly indicates large fluxes of accelerated
electrons compared to flares without a photospheric
response. We also obtained a clear correlation (the
best among other studied parameters) of helioseismic
energy with X-ray fluxes. Based on these results, what
prevents us from saying that the hypothesis of the gen-
eration of helioseismic disturbances by electrons fall-
ing into the lower layers of the solar atmosphere has
been proven?

First, from a physics point of view, increased total
(spatially integrated) fluxes of non-thermal X-ray
radiation and, therefore, increased fluxes of acceler-
ated electrons may be a secondary (accompanying)
phenomenon in relation to some other more import-
ant parameter of flare energy release. Acceleration of
charged particles most likely results from the exposure
of electron populations to either large-scale or small-
scale electric fields generated by magnetic reconnec-
tion and various instabilities of the reconnecting cur-
rent sheet (in a wide variety of magnetic field geome-
tries). Intense magnetic reconnection may be accom-
panied by other significant processes that may affect
the lower layers of the solar atmosphere. For example,
the eruptive process and magnetic field dynamics at
the photosphere level may correlate with the rate of
magnetic reconnection. The eruption itself may be the
cause of magnetic reconnection during the pulse
phase of a solar flare, stimulating rapid changes in the
magnetic field in the lower layers of the solar atmo-
sphere [48—50]. As a result of a magnetic field jump, a
pulsed Lorentz force can arise, which is theoretically
capable of generating photospheric disturbances (see
Introduction). Also, in parallel with the acceleration
of electrons, ions can be accelerated in the widest
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energy range. Moreover, ions may be a more prefera-
ble agent (due to their larger mass compared to elec-
trons) for excitation of sunquakes [16]. Accordingly,
increased fluxes of accelerated electrons may indi-
rectly indicate in favor of accelerated ions, the very
presence of which and their characteristics are
extremely difficult to reliably establish from the avail-
able observational data. In future studies, the effect of
accelerated MeV protons on the perturbation of the
photosphere can be assessed by recording gamma
radiation. However, there are no systematic observa-
tions of gamma-ray spectra yet, even in the “Sun as a
star” observation mode.

Secondly, great uncertainty is introduced into the
analysis by the transition from the description of
fluxes of non-thermal X-ray radiation to fluxes of
accelerated electrons and to an estimate of their total
energy. We used the simplest “thick target” model
[34]. However, in reality, the transport of accelerated
particles can be much more complex, considering
additional effects: capture in magnetic traps (for
example, [51]), reverse electric current (for example,
[51, 52]), small-scale turbulence (for example, [53])
and etc.

Also, the spectrum of X-ray radiation depends on
the characteristics of the target: warm, thick, thin,
partial ionization of the plasma, etc. It is almost
impossible to take these effects into account within the
framework of statistical analysis. Moreover, such a
study is difficult to do even for individual solar flares.
Additional distortions of the recorded hard X-ray radi-
ation, complicating the interpretation of the spec-
trum, can be associated with the effect of Compton
scattering (or albedo) from the photosphere (see, for
example, [54]), which depends on the heliographic
longitude and latitude of the flare.

A serious obstacle is the still insurmountable prob-
lem of uncertainty of the low-energy boundary above
which the spectrum of accelerated electrons is inte-
grated. Quite unexpectedly, we obtained a correlation
(P,. = 0.51) of non-thermal energy (within the “thick
target” model) with the total energy of sunquakes,
considering a very rough estimate of the low-energy
boundary (we took the intersection of the thermal and
non-thermal parts of the X-ray spectrum).

It is also worth noting that we have omitted in this
section a discussion of the obvious importance of spa-
tially resolved observations and the inclusion of other
bands of the electromagnetic spectrum (particularly
the microwave and gamma bands) in statistical analy-
sis. There are so many problems here, that the descrip-
tion of which seems unnecessary and goes far beyond
the scope of this article.

In conclusion, we would like to note that the
obtained statistical results of the analysis of the char-
acteristics of the energy release of helioseismically
active solar flares are actually the first in the world.
Conclusions drawn from the analysis of non-thermal
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X-ray spectra so far provide only indirect evidence in
favor of the hypothesis of the generation of sunquakes
by accelerated electrons. Further extensive research is
needed. We consider the results obtained in this article
as a “seed” for our (and other authors’) future statisti-
cal studies. First, it will be necessary to refine the
results obtained for expanded samples of outbreaks.
Secondly, improving methods in a number of areas
(see discussion above) and connecting to statistical
analysis of other parameters of solar flares (magnetic
field, CME dynamics, etc.) will significantly improve
the understanding of the conditions for the generation
of sunquakes. Along with the analysis of observational
data, it is necessary to develop modeling of sunquakes.
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