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ABSTRACT

Context. The emission of radiation associated with the release of energy in solar flares is often modulated according to a quasi-
oscillatory pattern. This behavior is known as quasi-periodic pulsation (QPP). In this work, the STIX instrument on board Solar
Orbiter was used to study solar flares that show quasi-periodic variations in X-ray emission.

Aims. This work aimed to conduct a statistical study of the periods and amplitudes of QPPs observed in quick-look light curves of the

STIX instrument.

Methods. The quick-look light curves recorded from April 14, 2020 (the beginning of the mission) to the end of March, 2022 were
scrutinized. 129 flares with the most distinct pulses were selected, for which the periodicity analysis was carried out using the Lomb-
Scargle periodogram and the autocorrelation method. This sample contained mostly weak B- and C-class flares.

Results. It was found that 70% of examined flares showed statistically significant oscillations. Longer periods occur less frequently
than shorter ones. We also identified a relationship between the period and the duration in which the oscillations were observed.
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1. Introduction

The term quasi-periodic pulsations (QPPs) covers all peri-
odic and quasi-periodic changes in the radiation emitted dur-
ing flares. We often observe very characteristic fast and
impulsive changes in the light curves of solar flares. Subse-
quent emission peaks can be recorded at quite regular time
intervals, while the amplitudes of individual pulses usually
change during the evolution of the phenomenon (Foullon et al.
2005; Nakariakov & Melnikov 2009; Nakariakov et al. 2010;
Zaitsev et al. 2014). In some flares, QPPs are only visible in one
particular phase, i.e in the impulsive or decay phase (Kane et al.
1983; Jakimiec & Tomczak 2012), in others — in all phases
of the flare (Van Doorsselaere et al. 2011; Dolla et al. 2012;
Kupriyanova & Ratcliffe 2016). In the case of QPPs observed
in the decay phase, decaying quasi-harmonic oscillations are
often visible (Kim et al. 2012; Nakariakov et al. 2019). In gen-
eral, the QPP period remains constant throughout the observa-
tion period. However, there are observations of flares in which
this period changes significantly with the evolution of the flare
(Reznikova & Shibasaki 2011). Moreover, an increasing number
of observations suggest that many flares exhibit several periods
of QPPs simultaneously (Inglis & Nakariakov 2009; Tan et al.
2010; Tomczak & Szaforz 2014).

Quasi-periodic pulsations were recorded in flare-intensity
profiles across the entire electromagnetic spectrum, from radio
to the gamma range, and in nonthermal and thermal radia-
tion. The largest number of observations were made in hard
X-rays (HXRs) and in microwave radiation, where quasi-
periodic changes are often very pronounced. The observed QPP
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periods range from fractions of seconds to several dozen min-
utes. It should be noted, however, that the temporal resolution
of instruments limits this interval. On the other hand, solar
flares are assumed to be phenomena that last only for a cer-
tain duration. This fact limits the possibility of detecting longer
periods.

The mechanism causing QPPs is not yet clearly understood.
Many theoretical models exist that have been described in a
review paper by McLaughlin et al. (2018). Kupriyanova et al.
(2019) also reviewed theoretical models of the QPPs’ excita-
tion, mentioning twelve models divided into the following three
groups:

— Direct modulation of radiation emission caused by magneto-
hydrodynamic (MHD) waves or electromagnetic oscillations
of various types

— Modulation of the efficiency of the energy release process

— Spontaneous, quasi-periodic energy release

Not all aforesaid mechanisms included in these two reviews
overlap. For example, McLaughlinetal. (2018) did not
mention the flapping oscillation mechanism described by
Kupriyanova et al. (2019). Unlike McLaughlin et al. (2018), the
work of Kupriyanova et al. (2019) does not describe a model
of wave packets with different dispersions. In another review,
Zimovets et al. (2021), two additional models are considered:
Kelvin-Helmholtz instability and current sheath thermal insta-
bility.

Starting with the first detections in the 1960s (Thompson &
Maxwell 1962; Parks & Winckler 1969), quasi-periodic varia-
tions in solar flare radiation have become an object of interest
for many scientists. Most research was conducted based on case
studies. However, in recent years, attempts have been made to
perform a statistical analysis of QPPs.

A251, page 1 of 10

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202452046
https://www.aanda.org
http://orcid.org/0000-0002-5757-3155
http://orcid.org/0000-0003-4142-366X
http://orcid.org/0000-0002-8674-4806
mailto:zs@cbk.pan.wroc.pl
mailto:tmrozek@cbk.pan.wroc.pl
mailto:michal.tomczak@uwr.edu.pl
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Szaforz, Z., et al.: A&A, 694, A251 (2025)

Simdes et al. (2015) analyzed 35 X-class flares observed
during the 24th solar cycle with the X-ray Sensor (XRS;
Chamberlin et al. 2009) onboard Geostationary Operational
Environmental Satellites (GOES). Wavelet analysis was used to
search for pulsations. QPPs were detected in approximately 80%
of the events examined. Typical periods were in the range of
16-53s. On the other hand, in Inglis et al. (2016), nearly 700
M- and X-class flares observed from 2011-2015 were studied.
Observations were used from the GOES satellite in SXR and
the Gamma-ray Burst Monitor (GBM) instrument onboard the
Fermi Gamma-ray Space Telescope (Meegan et al. 2009) satel-
lite in hard X-ray. The analysis was performed with the AFINO
code described by Anfinogentov et al. (2022). This time, the
presence of QPPs in the GOES data was confirmed in only
30% of examined flares. Moreover, only 8% of the same events
showed QPPs in HXR. The determined periods were similar to
those detected in Simdes et al. (2015) and ranged between 10
and 30s.

The work of Hayes et al. (2020) also used the AFINO code
to search for QPPs in GOES data. For this study, they consid-
ered a total of 5519 flares of GOES C class and higher occurring
between 2011 and 2018. The authors showed that approximately
46% of X-class flares, approximately 20% of M-class flares,
and approximately 9% of C-class flares exhibited QPP signa-
tures. The decrease in the detected number of flares with bright-
ness class may be due to a reduced signal-to-noise ratio for
fainter phenomena. Periods in the range of 6-300s (predomi-
nately between 10—40s (+107)) were observed. It was found that
there is no correlation between the QPPs period and the strength
of the flare or the properties of the active region in which the flare
occurred. However, a relationship was found between the period
and the estimated parameters of the two-ribbon structure, such as
ribbon separation, ribbon surface, and magnetic flux. The period
was also correlated with the duration of the flare: longer flares
showed QPPs with longer periods. It was also noticed that the
oscillations observed in the decay phase of the flare were longer
than those observed in the impulse phase.

A statistical analysis of QPPs in HXR was performed
in Szaforz & Tomczak (2019) for 74 behind-the-limb flares
observed with the HXT instrument onboard the Yohkoh satel-
lite. However, periodicity was only derived in light curves with
a sufficiently high signal-to-noise ratio. It was shown that in 14—
23,23-33, and 33-55 keV energy ranges, approximately 35% of
the observed flares had QPPs. In the 53-93 keV energy range,
this result was much higher (67%). However, in this channel, a
sufficiently high signal-to-noise ratio was observed for only six
flares, which makes the statistical analysis unreliable. We can
therefore say that the obtained statistics of flares associated with
QPPs are consistent with the results of Inglis et al. (2016) and
Hayes et al. (2020). The observed periods ranged widely from
20 to 317s.

In this work, we searched for QPPs in the data collected
by the Spectrometer Telescope for Imaging X-rays (STIX;
Krucker et al. 2020). In Sect. 2, we briefly describe observational
data, Sect. 3 contains a description of the methodology used to
determine periodicity, while in Sect. 4 the results of the statisti-
cal analysis are presented. Section 5 contains a short summary
of the results of this work.

2. Observations

Solar Orbiter (Miiller et al. 2020) is a space probe built by ESA
in cooperation with NASA, launched on February 10, 2020.
It orbits the Sun with varying distances and inclinations. The
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minimum distance between Solar Orbiter and the Sun reaches
0.28 a.u. at perihelion. Ten scientific instruments including STIX
are onboard. The STIX provides spectroscopic data in the range
of 4-150 keV, with a spectral resolution as high as 1 keV at 6keV
and a time resolution down to 0.1s. Since the Solar Orbiter
launch, STIX collected scientific data for several weeks in 2020.
Since 1 January 2021, STIX data have been recorded almost con-
tinuously. However, not all science data are downloaded due to
telemetry limitations.

One of the STIX’s quick-look data products is light curves.
Although these data products’ spectral and temporal resolution
is limited, their great advantage is that they are downloaded con-
tinuously. Quick-look light curves are provided in five energy
bands: 4-10, 10-15, 15-25, 25-50, and 50-84 keV with a time
resolution of 4 s.

This work includes a review of the STIX instrument’s quick-
look light curves recorded from the mission’s beginning (April
14, 2020) to the end of March, 2022. The STIX database cata-
logued 8409 flares during this period. Those were mostly weak
flares. The distribution of GOES classes, estimated taking into
account the number of STIX counts and the distance from the
Sun (Xiao et al. 2023), is shown in Fig. 1a. We looked for flares
with at least three distinctively observed radiation pulses (see
Sect. 3). Due to the incomplete understanding of the impact
of attenuators on the recorded flare flux, the phenomena dur-
ing which the attenuator motion was triggered were omitted.
Over 330 flares meeting the above conditions were found, 129
of which with either the strongest, most regular or long pulsa-
tions were analyzed. Estimated GOES classes for this group of
flares ranged from B4.0 to X1.0. The distribution of the classes
in the sample is presented in Fig. 1b.

3. Periodicity determination

Intuitively, we define QPPs in flares as a sequence of succes-
sive emission maxima characterized by similar visually tempo-
ral spacing. However, observations showed a large diversity of
QPPs. In the observational data, QPPs are often difficult to rec-
ognize and parameterize. This is influenced by many factors,
including the following:

— Different shapes of a slowly changing flare emission compo-

nent (a trend).
— Visible changes in the period and amplitude of QPPs during
the flare.

— Pulsation damping.

— Anharmonic shape of individual pulses.

— Superposition with noise.

— Low quality of QPPs observations.
Broomhall et al. (2019) tested eight different methods for detect-
ing QPPs with varying properties in simulated and observed flare
light curves. In the tests, they considered the effects of detrend-
ing and data trimming, the effects of noise, non-stationarity,
and the period drift of QPPs. The detection techniques used
in Broombhall et al. (2019) include both traditionally used meth-
ods (Fourier periodogram, wavelet analysis) and new generation
methods, increasingly used in the study of solar observations,
such as empirical mode decomposition (EMD) and Bayesian
analysis.

The test showed that no method works perfectly for every
type of observation. For example, the Fourier periodogram effec-
tively detects high-quality harmonic oscillations with stable
period(s) in noisy time series. To search for QPPs with a non-
stationary or slowly drifting period, wavelet analysis is more
suitable. The EMD method is preferred for analyzing complex
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Fig. 1. Estimated GOES classes for solar flares in the STIX catalogue. Panel (a) shows the distribution of estimated GOES classes for all flares
observed between April 14, 2020, and March 31, 2022, including events without automatic class estimation (labeled as NAN). Panel (b) focuses
on the subset of 129 selected flares, highlighting their distribution across the estimated classes.
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Fig. 2. Temporal analysis of the November 16, 2020 flare observed by
STIX. (a) Flux recorded in the 4-10keV channel, with the red line indi-
cating the running average fit. (b) Normalized time series S (7).

time series with an anharmonic form or a strongly nonstation-
ary period. Bayesian methods allow for robust estimates of QPP
parameters and their uncertainties, provided that the model func-
tion is properly specified. The application of several independent
techniques has proven beneficial to improving the reliability of
QPPs detection.

In HXRs, QPPs typically superimpose a standard light-curve
profile (Gryciuk et al. 2017), which shows a rapid rise followed
by a gradual decline. Broomhall et al. (2019) showed that trend
subtraction can positively impact the pulsation detection process,
but only if done with due care by individually selecting param-
eters for each time series. Automating the trend subtraction pro-
cess often leads to a relatively high number of false pulsation
detections.

In this work, we subtracted the trend and created a normal-
ized time series S (7):

F@t) - F()

S =
® E(t)

, ey

where F(r) is the observed HXR radiation flux and F(¢) is the
running average of F(f). The window width used to calculate the
running average was selected individually for each light curve so

that no artificial pulses were created during the subtraction pro-
cess. Both the duration of the flare and the period of the identified
pulsations were taken into account. The window widths selected
for the analyzed flares are included in Table A.1. An example
of the STIX light curve with a fit average for the November 16,
2020 flare is shown in Fig. 2, panel a). For this flare, the width of
the smoothing window was 600 s. Panel b) of this figure shows
the normalized time series S (7).

The QPP periods were determined using two independent
methods. The first applied technique is the Lomb-Scargle peri-
odogram (Lomb 1976; Scargle 1982; VanderPlas 2018). This is
a method based on the Fourier transform (Auchere et al. 2016),
whose greatest advantage over other methods for determining
periodicity is that it can be used in the case of unevenly sampled
time series. A good metric to express the significance of a period
designated by a Lomb-Scargle periodogram is false alarm prob-
ability (FAP). A false positive occurs in periodic analysis tech-
niques when a period is mistakenly detected when there is none.
The lower the FAP value for a given period P, the more likely it is
that it is a significant period. FAP values are expressed as num-
bers ranging from zero to one. In this work, the level of FAP =
0.01 was used as the criterion for the significance of the periods
obtained in the Lomb-Scargle periodograms.

The Lomb-Scargle periodogram calculated for the flare of
November 16, 2020 is presented in the upper panel of Fig. 3.
The dashed line corresponds to the significance level of the FAP
method = 0.01. We can identify several peaks above the level.
The highest of them corresponds to the period 611 s. The subse-
quent maxima correspond to periods of approximately 380 and
1050s: that is, half and twice the main period, respectively. The
first of these periods corresponds to the frequency of the second
harmonic of the observed signal. These types of maxima appear
quite often in periodograms.

The second method for quantifying quasi-periodic pulsa-
tion, the autocorrelation function, was used to verify the results
obtained using the Lomb-Scargle periodogram. It examines the
relationship between successive points in a time series and pro-
vides information about randomness in the data set. If the set
is random, the autocorrelation should be below the confidence
level, regardless of the time offset used between the data. For the
significance level of 0.05, the values of the autocorrelation func-
tion calculated for white Gaussian noise are within +1.96N~!/2
(N is the number of elements in the data set). If above the sig-
nificance level, the position of the maximum of the autocorrela-
tion function for the nonzero argument determines the period of
the signal in the time series (Chatfield 2004; Brockwell & Davis
2016). The autocorrelation method can only be used for uni-
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Fig. 3. Analysis of periodicity for the November 16, 2020 flare.
(a) Power spectrum calculated using Lomb-Scargle method, with
the dashed line corresponding to the significance level of the FAP
method =0.01. (b) Autocorrelation coefficient function for the same
flare, where the dashed lines represent a significance level of 0.05.

formly sampled time series. If this condition is not met, the time
series must be interpolated before applying it. However, there
was no need for interpolation in the case of the STIX quick-look
light curves, as they are uniformly sampled. This method also
gives incorrect results for long periods compared to the entire
time series given to the analysis. The analysis assumed that this
method works correctly for periods shorter than 1/6 of the length
of the tested time series. It is worth noting that in such cases the
designated period often corresponds to the frequency of the sec-
ond harmonic of the real signal: that is, it is half as long as the
real one.

The autocorrelation function for the example flare is shown
in Fig. 3b. Here, we see a stronger maximum for the period of
584 s, which is similar to that obtained from the Lomb-Scargle
method. The second maximum of the function corresponds to a
period of 342s.

In this work, the following criteria were taken into account
to determine whether we are dealing with QPPs during a solar
flare:

1. Atleast three pulses are visible in the normalized time series.

2. The maximum in the Lomb-Scargle periodogram is signifi-
cant at the FAP level =0.01.

3. The maximum of the autocorrelation function is above the
significance level of 0.05.

4. The difference between the period obtained by the autocorre-
lation function and the period obtained from Lomb-Scargle
method is less than 15% of the longer period of those two.
Since each method can show several maxima above its cor-
responding level of significance, a maximum of the three
strongest maxima were taken into account for each method.

Of the sample of 129 flares analyzed, 91 met the first two criteria

for at least one energy interval. 62 flares met all requirements.

The values of the periods corresponding to the strongest
maximum in the Lomb-Scargle periodogram and the autocor-
relation function are included in Table A.1. If several maxima
were observed and the value of the weaker period was consistent
with the period determined by the second method or in another
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energy channel of a given flare, this value was also included in
Table A.1. Index (1) indicates situations when the period deter-
mined by the Lomb-Scargle method was outside the range of the
autocorrelation method. Sometimes it happened that one of the
methods gave periodicity on the border of the significance level,
but the obtained value was consistent with the periodicities deter-
mined by the second method or in other energy channels of the
examined flare. These periods are also placed in Table A.1 and
marked with index (2).

4. Statistical analyses

In Fig. 4, the flares examined in this paper are divided into five
groups defined by the following criteria:

— The strongest maxima present in the Lomb-Scargle peri-
odogram and in the autocorrelation function indicated the
same oscillation period with the difference less than 15% of
the longer period.

— In case any of the methods showed more than one maximum
above its significance level, we considered a maximum of the
three strongest maxima. If in any case the difference between
the maximum present in the Lomb-Scargle periodogram and
the maximum indicated by the autocorrelation function was
less than 15% of the longer of those two periods, the flare
fell into this group.

— The strongest maximum determined by the Lomb-Scargle
method was outside the range of the autocorrelation method.

— Both methods showed maxima with clearly different periods.

— Both methods gave results below the appropriate significance
levels; therefore, no periodicity was detected.

The top panel of Fig. 4 shows a summary graph considering
observations in all energy channels. If oscillations were observed
in several channels, the one for which the highest maximum in
the Lomb-Scargle periodogram was obtained was considered.
This graph shows that statistically significant periodicity was
observed in 70% of the examined solar flares. In the case of 62
events, the period determined by the Lomb-Scargle method was
confirmed by the autocorrelation method. The subsequent plots
in this figure were created for the periodicities observed in the
light curves in individual STIX energy channels. No graphs are
shown for the channels 25-50 and 50-84 keV, because in these
cases only three and two analyzed cases showed a statistically
significant periodicity, respectively.

Significant periodicity was therefore observed in 54, 59, and
43 flares, examined in channels 4-10, 10-15, and 15-25keV,
respectively. It should be noted, however, that we only consid-
ered the analysis of flares for which the presence of several max-
ima in the light curves had previously been visually detected.
On the other hand, if we consider all 8409 flares that took place
during the period under study (from the beginning of the mis-
sion to the end of March 2022), the periodicities were observed
in 32% of M-class flares, 9% of C-class flares, and 0.3% of B-
class flares. The results are therefore consistent with the previous
works of Simdes et al. (2015) and Hayes et al. (2020). However,
our sample is dominated by weak flares, which were not consid-
ered in previous analyses due to their low signal-to-noise ratios.
Only a single case of X-class flare observed in the analyzed time
period did not show QPP signatures. However, this is not enough
to allow us to draw conclusions concerning the QPP statistics in
X-class flares.

As shown in Hayes et al. (2020), longer periods are rela-
tively less common. This is confirmed by the histograms shown
in Fig. 5, where we see a decrease in the number of observa-
tions of longer periodicities in each energy channel. However,
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Fig. 4. Presence of statistically significant periodicities in light curves of 129 flares analyzed for periodicity. Panel (a) shows results for a statistically
significant period in at least one energy channel. Panels (b), (c), and (d) show individual results for the periods observed in the 4-10keV, 10-15 keV,
and 15-25keV channels, respectively.
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Fig. 5. Histograms of strongest periodicities visible in Lomb-Scargle periodograms. Only periodicities exceeding the significance level FIP =0.01
were taken into account. In the case of four flares for which different averaging times or time intervals were used, two periodicities were obtained;
both are included in the histogram. In panel (a), the strongest periodicity for each flare corresponds to the highest peak in the Lomb-Scargle
periodogram, regardless of the energy channel. Panels (b), (c), and (d) correspond to the energy channel 4-10, 10-15, and 15-25 keV, respectively.
The histograms include 95, 70, 77, and 58 flares, respectively.
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The relationship is expressed as duration = 0.18*period + 22.53. The Pearson and Spearman correlation coefficients, calculated without two flares

with the longest durations, are 0.76 and 0.73, respectively.

the majority of the periods observed by Hayes et al. (2020) lie in
the 10—40s range. The shortest period of oscillation determined
in this work is 43 s. One possible reason why we did not observe
shorter oscillations may be related to the time resolution of the
data used. Due to data availability, the analysis here was per-
formed for quick-look data with a resolution of 4 s — four times
longer than the time resolution of GOES data used in Hayes et al.
(2020). Since the end of January 2022, STIX has also continu-
ously transmitted Spectrogram data to Earth with a resolution of
up to 0.1s. In future, such high time cadence will allow for an
in-depth analysis of shorter periodicities.

As shown in Fig. 6a, the tested sample of flares included
both phenomena in which QPPs were observed only in the rise
and decay phase of the flare. However, the vast majority showed
QPP signatures throughout the duration of the flare (63%). The
strongest maximum in Lomb-Scargle periodograms was most
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often observed in the 4-10keV energy channel (Fig. 6b). We
can conclude that strong pulsations were more often observed
in thermal emission, which dominates this energy channel, than
in nonthermal emission, which is dominant in higher energy
channels. However, when we analyze this dependence for flares
of each estimated GOES class separately (Figs. 6¢-d), we can
clearly see that the higher the class, the more often we observe
the strongest maximum at higher energies. This is in agreement
with the fact that the stronger solar flares exhibit a higher pro-
portion of hard X-ray emissions, highlighting the role of acceler-
ated electrons in more energetic flares (Fletcher et al. 2011). The
results in panel Fig. 6b are therefore due to the predominance of
weak flares.

The histogram of the pulsation duration is shown in Fig. 7a.
Next, in Fig. 7b, the relationship between the pulsation dura-
tion and the observed pulsation period is shown. The period
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Fig. 8. Histograms of values of normalized amplitudes of light-curve modulations induced by QPPs. Panel (a) contains the highest amplitude
observed for a given flare. Panels (b), (c), and (d) show the values observed in the 4-10, 10-15, and 15-25keV channels, respectively.

that produced the strongest maximum in the Lomb-Scargle peri-
odograms obtained for a given flare in all energy channels was
adopted for each flare. Two flares were not included in the plot.
These were the flares with the longest durations, whose relatively
low pulsation periods make them stand out from the others. This
suggests that a different mechanism for either the excitation or
sustainment of pulsations could have been at work for them. The
fact that in both of these events the signal between individual
pulses drops almost to background level allows us to assume
that we may even be dealing with a series of homologous flares.
The Pearson and Spearman correlation coefficients, calculated
without these two flares, are 0.76 and 0.73, respectively. This
correlation is very similar to that found by Hayes et al. (2020)
between the period and duration of the flare (Pearson’s corre-
lation coefficient is 0.67 and Spearman’s is 0.71). Hayes et al.
(2020) concluded that this correlation is not due to observational
effects or limitations of the detection method used. This result
means that oscillations with longer periods can propagate longer
in the corona. In future, this relationship could be used to test
theoretical models of QPPs. Unfortunately, at present the mod-
els do not predict such a relationship.

Histograms of the amplitude values of the normalized time
series, obtained after subtracting the trend from the STIX light
curves according to formula (1), are shown in Fig. 8. Typically,
the highest amplitude values obtained for a given time series
were taken into account here. In a few cases, the procedure of
trend subtraction was not able to correctly separate the maximum
from the trend. This led to an identified maximum significantly
outweighing the others, and hence this maximum was omitted
to reflect the behavior of the entire phenomenon. In the figures,
we see the dominance of amplitudes in the range of 0.35-0.5,
especially in the higher energy channels.

Figure 9a presents the behavior of the normalized amplitudes
of the analyzed flares. We can see that most amplitudes had a
chaotic, variable nature. A decrease in amplitude over time was
observed for 17% of flares. The amplitude increased only in one
case — the 16 November 2020 flare — at around 8:00 UT. It was
a flare in which oscillations were visible in the rise phase. The
period of these oscillations was 250 s.

For the examined flares, a weak relationship between the
amplitude and the oscillation period was observed. Indeed, the
longest periods were observed in cases where individual pulses
were practically separated, so the amplitudes of these oscilla-
tions, even after normalization, were very large. The Pearson
coefficient of the observed correlation is 0.56, and the Spearman
coefficient is 0.40 (Fig. 9b).

5. Conclusions

This paper presents the results of the analysis of solar flares
observed with the STIX instrument onboard Solar Orbiter. STIX
offers new opportunities to study phenomena occurring on the
Sun. One of the great advantages of STIX, in the context of
this work, is the lack of modulated orbital background, which
is an issue for experiments conducted on low Earth orbits. This
is a significant simplification for time-series analysis. In addi-
tion, STIX has been continuously conducting observations since
January 1, 2021.

The advantages of STIX were used to study quasi-periodic
pulsations observed in solar flares. QPPs are one of the key prop-
erties of flares that can reveal information about energy-release
processes and their impact on the Sun and the space environ-
ment. So far, a lot of work has been devoted to the study of
QPPs. The majority of them determine the QPP characteristics of
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Fig. 9. Analysis of the amplitudes’ behavior and their correlation with the pulsation period in solar flares. (a) Behavior of values of nor-
malized amplitudes during flare. (b) Relationship between amplitude of normalized time series and pulsation period. The period with the
strongest maximum in the Lomb-Scargle periodograms among all channels was assumed for each flare. The relationship is expressed as dura-
tion = 473.865*period + 125.955. The Pearson correlation coefficient is 0.56, and the Spearman correlation coefficient is 0.40.

selected flares, with the aim of referring to the theoretical model
indicated by the author. In this work, we focused on statistical
studies, which allowed us to obtain more representative results
and identifying trends and relationships.

The STIX quick-look light curves recorded from April 14,
2020 (the beginning of the mission) to the end of March, 2022
were reviewed. We searched for flares with at least three radia-
tion pulses that occur at visually equal intervals. 129 flares with
the clearest pulses were selected, for which the feasibility of
modulating the light curves was checked using two methods.
The Lomb-Scargle method showed that 70% of the examined
flares showed statistically significant oscillations. In the case
of 48% flares, the autocorrelation method confirmed the pres-
ence of these periodicities. It has to be noted, however, that the
periods determined by the first method for 20% of flares were
beyond the scope of applicability of the second method. Taking
into account all the 8409 cataloged flares during the investigation
period, periodicities were observed in 32% of estimated GOES
M-class flares, 9% of C-class flares, and 0.3% of B-class flares.

Statistical studies of the behavior of the determined oscilla-
tion periods and amplitudes were conducted. The observed peri-
ods were in the range of 43—1355 s. It was found that longer peri-
ods occur less frequently than shorter ones. It was also shown
that there is a relationship between the period and the length of
the time interval during which the oscillations were observed.
Due to the fact that our sample was dominated by weak flares,
pulsations were much more often observed in thermal emission,
which dominates the 4-10keV energy channel.

A continuation of this work is planned in the future. We
intend to take a more detailed look at individual flares exhibiting
QPPs in order to indicate the mechanism responsible for their
excitation.
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