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• A periodicity at about 8 minutes is simultaneously identified in wavelengths of ra-
dio, HXR, EUV/UV, Lyα and white light.
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Abstract

We explored the quasi-periodic pulsations (QPPs) at multiple periods during an X4.0
flare on 2024 May 10 (SOL2024-05-10T06:27), which occurred in the complex active re-
gion of NOAA 13664. The flare radiation reveals five prominent periods in multiple wave-
lengths. A 8-min QPP is simultaneously detected in wavelengths of HXR, radio, UV/EUV,
Lyα, and white light, which may be associated with nonthermal electrons periodically
accelerated by intermittent magnetic reconnection that is modulated by the slow wave.
A quasi-period at 14 minutes is observed in the SXR and high-temperature EUV wave-
bands, and it may be caused by repeatedly heated plasmas in hot flare loops. A quasi-
period at about 18 minutes is only observed by STIX, with reconstructed SXR images
suggesting that the 18-min period pulsations should be considered as different flares. Mean-
while, a 3-min QPP is simultaneously detected in wavelengths of HXR, radio, and UV/EUV,
which is directly modulated by the slow magnetoacoustic wave leaking from sunspot um-
brae. At last, a 2-min QPP is simultaneously detected in HXR and radio emissions dur-
ing the pre-flare phase, which is possibly generated by a quasi-periodic regime of mag-
netic reconnection that is triggered by the kink wave.

Plain Language Summary

Combined various solar telescopes, especially the radio telescopes supported by Chi-
nese Meridian Project, we analyzed the evolution of multi-wavelength flaring emission
during 06:00−07:30 UT on 10 May 2024. Multiple periodicities are identified in the multi-
wavelength light curves. A 2-min period is identified in what is described as a precur-
sor event in hard X-ray (HXR) and radio wavelengths. A periodicity at 3 minutes is iden-
tified in HXR, radio, Ultraviolet (UV), and Extreme UV (EUV) wavelength observations.
A periodicity at 8 minutes is identified in the HXR, radio, EUV, UV, Lyman alpha and
white light wavelength observations. Further, a 14-min period is identified in the soft X-
ray and high-temperature EUV light curves. Finally, a 18-min period is identified in the
low energy soft X-rays. We also tried to explore the origin of these periods based on multi-
wavelength observations.

1 Introduction

A flare eruption refers to the impulsive and dramatic electromagnetic radiation over
a broad range of wavebands on the Sun and stars, which could be observed in various
heights of the solar/stellar atmosphere (see Benz, 2017; Kowalski, 2024, and reference
therein). The flare energy is presumably transferred from the free magnetic energy that
has been stored in non-potential magnetic configuration in the outer atmosphere (i.e.,
Shibata & Magara, 2011; X. Yan et al., 2022; Lu et al., 2024). Generally, the flare en-
ergy releases explosively and suddenly in a short time via the well-known magnetic re-
connection. A portion of the released energy heats coronal plasmas to a higher temper-
ature of several million Kelvin (MK) at the timescale of seconds or minutes, and some
other energies rapidly accelerate nonthermal particles to a higher energy in the range from
keV to GeV. The majority of accelerated particles could propagate along the newly-formed
flare loop and permeate into the lower atmosphere, while a portion of accelerated par-
ticles may escape the solar surface and spread into the interplanetary space along open
magnetic field lines. Such energy-released process can be well explained by the standard
two-dimensional (2D) reconnection model (Priest & Forbes, 2002; Lin et al., 2003). In
the spatially-resolved observation of a solar flare, the loop-like features at high temper-
atures can be clearly seen in wavelengths of Extreme Ultraviolet (EUV) and soft X-rays
(SXR). These hot loops are commonly along the closed magnetic field lines and root in
the opposite magnetic fields. Two footpoints that are connected by the hot loop are of-
ten found in wavebands of hard X-rays (HXR) and microwave, and a loop-top source may
appear in HXR and microwave emission (i.e., Masuda et al., 1994; Y. Chen et al., 2017;
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Fleishman et al., 2020; D. Li, Warmuth, et al., 2021). Meanwhile, double ribbon-like struc-
tures can be observed in the wavelength of ultraviolet (UV), and the flare ribbons of-
ten appear as bright kernels in the Hα or white-light emission (Temmer et al., 2007; T. Li
et al., 2017; Q. Zhang, 2024). The so-called ‘double-ribbons flare’ is the most common
flare on the Sun, and it matches the standard 2D reconnection model. The solar flare
that is observed in the optical continuum channel is usually regarded as the white-light
flare (WLF), which is rare event compared to the SXR flare on the Sun, largely due to
the strong visible background in the photosphere (Song et al., 2020; Joshi et al., 2021;
Fremstad et al., 2023). Therefore, the WLF is often detected in the powerful flare on the
Sun (Zhao et al., 2021), or it can be observed in the superflare in solar-type stars (Shibayama
et al., 2013; Y. Yan et al., 2021).

The feature of quasi-periodic pulsations (QPPs) is a common phenomenon that is
usually associated with the flare radiation in multiple wavelengths. In a broad sense, the
QPPs, which are time-dependent oscillations, are often defined as a sequence of repet-
itive and successive pulsations or pulses in light curves of solar/stellar flares (cf. Zimovets
et al., 2021). A typical QPP event should have at least three or four successive pulsa-
tions in the time series. It is not necessary to discuss the periodic behavior when there
are just one or two pulses, which might be just a coincidence occurred by chance (McLaughlin
et al., 2018; D. Li, Li, et al., 2024). The time interval for each pulsation of a flare QPP
is expected to be roughly equal, which is termed as the period. However, the majority
durations of detected pulsations are always non-stationary, regarded as the quasi-period
of non-stationarity QPPs (Nakariakov et al., 2019; Mehta et al., 2023). Their quasi-periods
have been reported in a broad range of timescales, i.e., dozens of milliseconds, tens of
seconds, and even a few tens minutes (i.e., Tan et al., 2010; Nakariakov et al., 2018; Kashapova
et al., 2020; D. Li, Ge, et al., 2021; D. Li et al., 2023; Karlický & Rybák, 2023; Collier
et al., 2024; J. Huang et al., 2024; A. R. Inglis & Hayes, 2024; D. Li, 2025). Similar to
the flare radiation, the flare QPPs on the Sun can be found in a wide range of wavelengths,
such as radio/microwave, white light, Hα, Lyα, UV/EUV, SXR/HXR, and γ-rays (i.e.,
Milligan et al., 2017; Chelpanov & Kobanov, 2021; D. Li, 2022; D. Li & Chen, 2022; Shen
et al., 2022; Zimovets et al., 2023; Shi et al., 2024; Millar et al., 2024; Zhou et al., 2024).
On the other hand, the flare QPPs in solar-type stars are often reported in wavebands
of white light and X-rays (Kolotkov et al., 2021; Howard & MacGregor, 2022). The quasi-
periods measured in solar and stellar flares often depend on the time resolution of the
detected telescopes (McLaughlin et al., 2018).

It is still an open issue for the generation mechanism of flare QPPs (Zimovets et
al., 2021; A. Inglis et al., 2023). The QPPs behavior can be directly induced by the mag-
netohydrodynamic (MHD) wave in plasma/magnetic loops, and the eigenmodes may be
slow-mode, fast kink- or sausage-mode (Nakariakov & Kolotkov, 2020). The QPPs fea-
ture can also be driven by a periodic regime of intermittent magnetic reconnection, and
the periodic reconnection might be either triggered or spontaneous (i.e., Karampelas et
al., 2023; Comisso, 2024; Kumar et al., 2024; Sharma et al., 2024; Y. Zhang et al., 2024).
That is, the periodicity of magnetic reconnection could be caused owing to an external
MHD wave, or it might be regarded as a self-oscillation system. In such case, the non-
thermal electrons and ions are periodically accelerated by the intermittent magnetic re-
connection during the solar flare. So, it is easier to trigger the QPPs feature that is ob-
served in HXR and microwave channels during the impulsive phase of a solar flare (Yuan
et al., 2019; Luo et al., 2022; D. Li, Hong, et al., 2024). In a recent review paper (Zimovets
et al., 2021), fifteen mechanisms/models are summarized, which are almost according
to the MHD waves or the intermittent reconnection model. However, it is still impos-
sible to determine an unambiguous conclusion that which generation mechanism should
be responsible for all flare QPPs, largely due to the qualitative nature of generation mod-
els and the insufficient information of observational data. That is, it is not yet possible
to use one single model to interpret all observed QPPs, and the detected QPPs in dif-
ferent categories could be caused by different mechanisms (McLaughlin et al., 2018; A. In-
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glis et al., 2023). Because the available observations can not be fully distinguish from
various models.

The observed QPPs show a broad range of quasi-periods, and one QPP event is
often dominated by a certain period. The QPPs with double or multiple periods are also
reported in a same event (Chowdhury et al., 2015; Karlický & Rybák, 2020). The QPPs
at double periods are thought to be dependent on the MHD modes, and they are expected
to have a period ratio of about two in the weakly dispersive modes (Nakariakov et al.,
2005). However, the observed period ratio often deviates obviously from two, which could
be attributed to the highly dispersive modes or some additional physical effects, such as
the expansion of plasma loops (Verth & Erdélyi, 2008), or the stratification of longitu-
dinal density (Andries et al., 2005). The flare QPPs with multi-periods could be observed
in the same phase or different phases (Hayes et al., 2016; Tian et al., 2016), and mul-
tiple periods in a same flare could be detected either in one certain wavelength or in var-
ious wavebands (D. Li & Zhang, 2017; X. Chen et al., 2019). Besides these discrete multi-
periods, the continuous multi-periods are also discovered in flare QPPs, which often re-
veal a growing periodicity with time, and the growing periods could be associated with
the length of flare loops (Reznikova & Shibasaki, 2011; Pugh et al., 2019; D. Li, Ge, et
al., 2021). The idea is that the reconnection site moves toward higher altitudes, there-
fore, the flare loops become longer and their footpoints, i.e., the flare ribbons, moving
away from each other.

One critical issue is to understand the generation mechanism of flare QPPs at mul-
tiple periods. In this article, we explored the QPPs feature with multiple periods dur-
ing a powerful solar flare, we also tried to explore their generation mechanisms. The ar-
ticle is organized as follows: Section 2 describes the observations, Section 3 introduces
the data reduction and our main results, Section 4 provides some discussions, and a brief
summary is shown in Section 5.

2 Observations

On 2024 May 10, a powerful solar flare occurred in the active region of NOAA 13664,
which was a super active region and produced a number of major flares (Y. Li et al., 2024).
The target flare occurred near a group of sunspots, and it was simultaneously observed
by various instruments: the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012),
the Helioseismic and Magnetic Imager (HMI; Schou et al., 2012), and the Extreme ul-
traviolet Variability Experiment (EVE; Woods et al., 2012) for the the Solar Dynam-
ics Observatory (SDO), the Solar Ultraviolet Imager (SUVI) and the X-Ray Sensor (XRS)
carried by the Geostationary Operational Environmental Satellite (GOES), the Spec-
trometer/Telescope for Imaging X-rays (STIX; Krucker et al., 2020) on board the So-
lar Orbiter, the Gravitational Wave High-Energy Electromagnetic Counterpart All-sky
Monitor (GECAM; Xiao et al., 2022), the Hard X-ray Imager (HXI; Y. Su et al., 2019)
and the Lyα Solar Telescope (LST; L. Feng et al., 2019) for the Advanced Space-based
Solar Observatory (ASO-S; Gan et al., 2019; Y. Huang et al., 2019), the New Vacuum
Solar Telescope (NVST; Liu et al., 2014; X. Yan et al., 2020), the Solar Upper Transi-
tion Region Imager (SUTRI; Bai et al., 2023), the Chinese Hα Solar Explorer (CHASE;
C. Li et al., 2019), the Chashan Broadband Solar radio spectrometer (CBS; Shang et al.,
2022; F. Yan et al., 2023), the STEREO/WAVES (SWAVES; Kaiser et al., 2008), the
Large-Yield RAdiometer (LYRA) on board the PRoject for OnBoard Autonomy 2 (Dominique
et al., 2013), the Nobeyama Radio Polarimeters (NoRP), and the DAocheng Solar Ra-
dio Telescope (DART; J. Yan et al., 2023; R. Li et al., 2024).

SDO/AIA captures EUV/UV snapshots nearly simultaneously with a temporal ca-
dence of 12/24 s in EUV/UV wavebands, SDO/HMI provides the line-of-sight (LOS) mag-
netogram and visible continuum maps near the Fe 6173 Å line at a temporal cadence of
45 s, and they have a same spatial scale of 0.6′′ pixel−1 after processing by a standard
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procedure. SDO/EVE records the EUV spectrum for the entire Sun in the wavelength
range of about 1−1216 Å. Some emission lines at EUV and Lyα can be extracted from
the EUV spectrum, and their temporal cadence is averaged down to 60 s. GOES/SUVI
probes the corona that includes million-degree temperature, which has a temporal ca-
dence of ∼120 s, and a spatial scale of 2.5′′ pixel−1. GOES/XRS records the SXR fluxes
integrated over the whole Sun in 1−8 Å and 0.5−4 Å at a temporal cadence of 1 s. Based
on their ratio, the iso-thermal temperature could be estimated (White et al., 2005). LYRA
records the solar irradiance at four wavebands at a temporal cadence of 0.05 s. STIX pro-
vides the flare imaging spectroscopy of solar flares in the X-ray range of 4−150 keV at
a temporal cadence of about 0.5 s. GECAM can measure solar irradiance in X- and γ-
rays. In this case, the solar X-ray flux at about 18−48 keV was used, which has a tem-
poral cadence of 1 s.

ASO-S/LST equipped with two telescopes: the Solar Disk Imager (SDI) and the
White-light Solar Telescope (WST). SDI takes the Lyα maps with a normal cadence of
60 s, and it changes to ∼6 s in flare mode. WST provides the white-light map at 3600 Å
in a normal cadence of 120 s, and it can reach to ∼1 s in the flare mode. HXI provides
the imaging spectroscopy of solar flares in HXR channels of about 10-300 keV. The tem-
poral cadence is normally 4 s, and it can be as high as 0.125 s in the flare mode. NVST,
which situates at Fuxian Lake, can provide the localized images in channels of Hα and
TiO-band. In this case, the TiO images with a FOV of 133′′×112′′ were provided, and
it has a spatial scale of 0.052′′ pixel−1 and a temporal cadence of ∼30 s. CHASE oper-
ates the spectroscopic observation of the entire Sun in wavelength ranges of Hα and Fe
I at a temporal cadence of about 71 s and a spatial scale of 1.04′′ pixel−1. SUTRI takes
the EUV map at a temperature of ∼0.5 MK (Tian, 2017), which has a temporal cadence
of ∼31 s and a spatial scale of 1.23′′ pixel−1. Noting that the CHASE and SUTRI maps
are discontinuous due to the orbit period, and they missed the impulsive phase of the
major flare.

The DART Radiaheliograph routinely produces solar radio snapshots from 149 MHz
to 447 MHz. The spatial scale is about 52′′ pixel−1 in the frequency of 447 MHz, and
it decreases to about 157′′ pixel−1 at 149 MHz, while it has a uniform temporal cadence
of 10 s. CBS is a newly built solar radio spectrograph at Chashan Solar radio Observa-
tory (CSO). It provides solar radio dynamic spectra in a broad frequency range of mil-
limeter (∼35−40 GHz, mm), centimeter (∼6−15 GHz, cm), decimeter (∼0.5−6 GHz,
dm), meter-decameter (∼80−610 MHz, m) regimes. Their temporal cadences are ∼0.53 s
(CBSmm), ∼0.067 s (CBScm), ∼2.15 s (CBSdm), and ∼0.1 s (CBSm), respectively. DART
and CSO are both solar radio telescopes supported by Chinese initiative Meridian Project
phase 2. SWAVES takes the solar radio spectrum in the low frequency range of ∼0.0026−16.025 MHz
at a temporal cadence of 60 s. NoRP measures solar radio fluxes in six microwave fre-
quencies at a temporal cadence of 1 s.

3 Data reduction and results

The target flare was measured by various instruments, which provided us an op-
portunity to investigate the flare QPPs at multiple periods in multiple wavelengths, i.e.,
HXR/SXR, EUV/UV, white light, Lyα, and radio.

3.1 Overview of the powerful flare

Figure 1 presents an overview of the target flare on 2024 May 10. Panel (a) shows
the full-disk light curves in SXR and X-ray ultraviolet (XUV) wavebands from 06:00 to
07:30 UT. The GOES 1−8 Å flux suggests an X4.0-class flare, it started at about 06:27 UT,
reached its maximum at about 06:54 UT, and stopped at about 07:13 UT, as marked
by the vertical dashed lines. The GOES fluxes at 1−8 Å and 0.5−4 Å reveals three suc-
cessive pulsations from about 06:18 to 07:00 UT, indicating a QPP signal in the SXR
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channel, and it is much more visible in the temperature profile, suggesting that it highly
depends on periodic variations of the plasma temperature. The STIX flux at 4-10 keV
also shows three successive pulsations during ∼06:01−06:59 UT. Obviously, the QPP pe-
riod is longer than that observed by GOES. Conversely, XUV flux at 1−800 Å recorded
by LYRA appears a rather weak signal of QPP.

In Figure 1(b), we show the light curves in channels of HXR and microwave mea-
sured by HXI and NoRP, which also appear a number of successive pulsations. However,
they are different from those successive pulsations in the SXR channel. Moreover, at least
three successive pulsations with a small amplitude are seen in the HXR channel, as in-
dicated by the green arrow. They appear before the onset of the X4.0 flare, which might
be regarded as a precursor. Panels (c)−(e) show EUV maps observed by GOES/SUVI
during the flare impulsive phase, and they have a large FOV. The over-plotted blue con-
tours represent the HXR radiation, which are reconstructed by the HXI CLEAN algo-
rithm from the HXI data between 06:42−06:44 UT. The flare sources seen in wavebands
of HXR and EUV match with each other. We also plot the radio sources in the meter-
wave regime measured by DART, as shown by the color contours in panels (d) and (e).
The radio sources are far away from the flare area. The distance between the radio source
and the flare site becomes farther with the observed frequency decreasing, but the ra-
dio source region becomes larger and larger. This feature could be attributed to the an-
gular resolution of DART, that is, the angular resolution of DART becomes lower and
lower with the decreasing of radio frequencies. Or it may be due to the high loop top
(Gary et al., 2018).

Figure 2 shows the dynamic radio spectra measured by CSO Radiaheliograph and
SWAVES in a wide range of frequencies. The over-plotted curve in each panel represents
the radio flux at the designated frequency, as marked by the short line on the left hand.
A sequence of radio bursts can be seen in the dynamic spectra, and they drift rapidly
from higher to lower frequencies, which might be regarded as a group of centimeter-decimeter
bursts, as shown in panels (a)−(e). On the other hand, some radio bursts only appear
in the meter-decameter regime (panel d), and they are almost no frequency drift, which
might be considered as the type IV burst. A type III group is seen in the low frequency
range measured by SWAVES, as shown in panel (e). Anyway, all these radio emissions
seem to show quasi-periodicity. The overlaid fluxes show a number of successive pulsa-
tions, especially for the radio fluxes in frequencies of 7.95 GHz, 3.96 GHz, 300 MHz, and
1.575 MHz. Conversely, the radio flux at 37.75 GHz show a weak signal of QPP, which
may be attributed to its higher frequency, and thus it requires a large amount of ener-
gies.

3.2 Multi-periodic pulsations

In order to determine the quasi-period of flare QPPs, we perform the fast Fourier
Transform (FFT) for the raw light curves with a Lomb-Scargle periodogram method (Scargle,
1982), and the confidence level is defined by Horne and Baliunas (1986). Figure 3 presents
the FFT power spectra in multiple wavebands, the cyan curve represents the best fit re-
sult for the observational data, and the magenta curve is the confidence level at 99%.
We can find that several peaks exceed the 99% confidence level, especially in wavebands
of radio and HXR (a-d), as indicated by the color arrows. However, some peaks only ap-
pear in one or two wavebands (hot pink arrows), so they are not considered in this study.
At last, three dominant periods (P1-P3) are simultaneously identified in NoRP 3.75 GHz,
HXI 20-50 keV, CBS 300 MHz and CBS 7.95 GHz, as indicated by the green arrows. For
simple, the three dominant periods are regarded as 2-, 3-, and 8-minutes, respectively.

In Figure 3 (e) and (f), we also show the FFT power spectra in the SXR channel.
From which, a dominant period of about 14 minutes (P4) appears in the time series of
GOES temperature, and a dominant period of about 18 minutes (P5) exceeds the con-
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fidence level in the energy range of STIX 4-10 keV. The FFT results are consistent with
the three pulsations in raw light curves measured by GOES and STIX in Figure 1, con-
firming the existence of 14-min and 18-min QPPs.

3.3 Local observations

The radio dynamic spectra and HXR/SXR fluxes are all integrated over the whole
Sun. To search for the source region that generated the flare QPPs, we draw the multi-
wavelength images in Figures 4 and 5. Figure 4 shows the EUV/UV images and the line-
of-sight (LOS) magnetogram with a same FOV of about 270′′×270′′ during the X4.0 flare.
Two groups of hot loops (pink arrows) can be clearly seen in wavebands of AIA 94 Å
and 131 Å at about 06:36 UT, and they become a bright loop and several weak loops
at about 06:51 UT, as marked by the red arrow. The hot loop can be seen in AIA 193 Å,
but it is hard to be observed in AIA 211 Å, suggesting that the flare loop is filled with
high-temperature plasma, i.e., >6 MK. Some bright kernels appear in AIA 304, 1600 and
1700 Å, and SUTRI 465 Å at about 06:36 UT, and they become double ribbons (RB1
and RB2) at about 06:51 UT. The HXR emissions observed by HXI 20-50 keV are over-
laid on AIA 131 and 1600 Å maps, and they are mainly situated in double ribbons, named
as footpoints, as shown by the blue contours. The footpoints/ribbons connected by hot
loops have changed from about 06:36 UT to 06:51 UT, implying that the magnetic re-
connection occurs during the X4.0 flare. A weak signature of dark structure is simulta-
neously found in wavebands of AIA 193, 211, and 304 Å at about 06:36 UT, as indicated
by the green arrow. The dark structure can be clearly seen in wavebands of AIA 171 Å
before the X4.0 flare, i.e., at about 06:00 UT. Moreover, a sunspot group can be found
in AIA 1600 nd 1700 Å, which locates in a complex magnetic field structures (panel i).
All these observations suggest that the dark structure could be regarded as a micro-filament,
and the magnetic reconnection during the X4.0 flare could be triggered by the filament
eruption. The gold box outlines the flare area used to integrate over the local flux in EUV/UV
wavelengths.

Figure 5 shows some more sub-maps in multiple wavelengths during the X4.0 flare.
In panels (a)-(c), one patch of visible continuum enhancement is simultaneously detected
in wavebands of WST 3600 Å, HMI continuum near 6173 Å, and NVST TiO 7058 Å,
as outlined by the magenta contour. Thus, the X4.0 flare can be regarded as a WLF,
and the gold rectangle outlines the flare area used to integrate the white-light flux. More-
over, the white-light brightening is temporally and spatially consistent with the HXR
radiation source, as marked by the blue contours. The cyan contours outline the bound-
ary between the umbra and penumbra. Panels (d1)-(d3) shows the Hα images at its line
center and two line wings measured by CHASE at about 06:56 UT. The radiation en-
hancements seen in two line wings of Hα (d1 and d3) appear to match the white-light
brightening, suggesting that the Hα line-wing radiation is mostly from the upper pho-
tosphere to the lower chromosphere. Similar to the AIA 304 Å image, the Hα image at
its line center (d2) reveals double ribbons. Figures 5 (e)-(g) presents the EUV sub-maps
observed by SUTRI 465 Å, AIA 171 and 335 Å at about 07:19 UT. They both show a
number of loop-like structures, which could be regarded as the post flare loops.

In Figure 6, we show multi-wavelength light curves, and they are normalized by
their maximum intensity. Panel (a) presents the full-disk light curves recorded by SDO/EVE
for the isolated lines, including high- (Fe XX, Fe XIX) and low-temperature (Ne VII, He I
and H I) lines. Panel (b) shows the local light curves measured by SDO/AIA, which are
integrated over the flare area. The local AIA fluxes are also divided into high- (131 and
94 Å) and low-temperature (1600, 304 and 1700 Å). The time series at high-temperature
channels show the quasi-period that is consistent with the SXR fluxes recorded by GOES.
Conversely, the time series at low-temperature channels appear to reveal multi-period
QPPs, which agree with the HXR and radio fluxes. Moreover, the precursor pulse can
also be seen in the local AIA fluxes, as marked by the green arrow, confirming the pres-
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ence of flare precursor. Figure 6 (c) shows the white-light fluxes measured by WST 3600 Å,
HMI continuum, and NVST TiO, which are integrated over the WLF region. Here, we
also show the local flux in SDI 1216 Å, and the full-disk light curve in EVE 1210-1220 Å.
They match with each other, regarded as the Lyα flux. All these time series in wave-
bands of white light and Lyα also reveal a prominent signature of quasi-periodicity. Fig-
ure 6 (d) presents the local radio fluxes at meter-wave regime, which are measured by
DART. They all appear the QPP feature with multiple periods. All these observational
results are similar to that obtained from the FFT power spectra in Figure 3.

3.4 Precursor QPP

The local fluxes measured by SDO and ASO-S demonstrated the existence of the
flare precursor. Figure 7 presents the light curves (a and b) and images (c-e) in multi-
ple wavelengths during the pre-flare phase, i.e., from 06:10 UT to 06:30 UT. The HXR
light curves in the energy range of HXI 20-50 keV and GECAM 18-48 keV show four suc-
cessive peaks (1-4) during ∼06:17-06:25 UT, within an average duration of about 2 min-
utes. The average duration is consistent with the 2-min period (P1) detected in radio
and HXR channels, which may be regarded as the precursor QPP. The precursor QPP
can be seen in radio/microwave fluxes in frequencies of NoRP 9.4 GHz and CBS 7.95 GHz,
and it shows a weak QPP signature in the local light curves in wavelengths of AIA 1600 Å
and SDI 1216 Å. However, it is hard to see any QPP feature in channels of AIA 131 Å,
Ne VII 465 Å (EUV), DART 300 MHz, and CBS 300 MHz (meter-wave). These inten-
sity curves only show one apparent pulse during the precursor, and the pulse seen in the
meter-wave regime is shorter/narrower and earlier than that observed in the EUV wave-
lengths. This observational fact also implies that the flare precursor is highly related to
the nonthermal electrons, and the precursor QPP could be driven by a quasi-periodic
regime of magnetic reconnection. Panels (c)-(e) show the EUV/UV sub-maps with a same
FOV of about 400′′×400′′ during the flare precursor. Similarly to what has seen in the
X4.0 flare, some hot loop-like features can be found in the high-temperature channel of
AIA 131 Å, and some ribbon-like structures are seen in the low-temperature channel of
AIA 1600 Å, SDI 1216 Å (tomato), and SUTRI 465 Å (cyan). Moreover, some bright
kernels (blue) are measured by HXI 20-50 keV, and they appear to be connected by hot
loops, termed as footpoints. At last, the radio source measured by DART 300 MHz seems
to be far way from the precursor region, which may be attributed to the high loop top.

4 Discussions

The X4.0 flare shows QPP behaviors at multiple periods in various wavebands dur-
ing different flare phases. In order to reveal their trigger mechanisms, we used the wavelet
transform and Fourier transform to determine the temporal and spatial distributions of
multi-period QPPs.

4.1 Temporal distribution

In order to identify the temporal distribution of the flare QPPs, we performed the
wavelet transform with a ‘mother’ function (Torrence & Compo, 1998) for the detrended
time series. This method can well resolve the temporal distribution of periods, that is,
the time-resolved period. However, it is often used for the detrended time series, which
might introduce a spurious periodicity in signals (Broomhall et al., 2019). In this study,
two running windows are used for each raw light curve to obtain the detrended time se-
ries, and thus the artifact period of the detrending process could be excluded (i.e., Tian
et al., 2012; D. Li, Wang, & Huang, 2024). The time resolution of light curves measured
by WST 3600 Å and SDI 1216 Å is nonuniform due to the switch of observational modes.
Therefore, the white-light and Lyα fluxes are interpolated into the unform time resolu-
tions of 120 s and 60 s, respectively. Figure 8 shows the Morlet wavelet analysis results
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for multi-wavelength light curves. Considering the broad period range of QPPs, differ-
ent running windows are used for various channels. Panels (a1)-(f1) show the Morlet wavelet
power spectra in wavebands of radio, HXR, white light, Lyα, and low-temperature EUV/UV
during the X4.0 flare, and they are characterized by a bulk of power spectra inside the
99% significance level. Panels (a2)-(f2) presents the global wavelet power spectra with
two running windows of 10 (black) and 15 minutes (magenta), respectively. They all re-
veal a prominent peak that is centered at about 8 minutes, confirming the presence of
the 8-min period (P3). On the other hand, the global wavelet power spectra measured
by CBS 3.96 GHz, HXI 20-50 keV, SDI 1216 Å, and AIA 1600 Å display another peak
that is centered at about 3 minutes, although the signature of 3-min QPP in wavebands
of SDI 1216 Å and AIA 1600 Å is a bit weak. All these results provide prominent ob-
servational signatures of the existence of the 3-min period (P2). On the contrary, the
3-min period is not observed in wavebands of WST 3600 Å and EVL 465 Å, largely due
to their lower temporal resolution, i.e., 2 minutes.

Panels (g1) and (g2) present the Morlet wavelet power spectrum and its global wavelet
power spectrum in the wavelength of high-temperature EUV from the precursor to X4.0
flare. Here, the running windows of 15 (black) and 20 minutes (tomato) are used, as we
expected a 14-min period. The power spectrum shows a broad range of period at a cen-
ter of about 14 minutes, which is similar to the 14-min period (P4) in SXR channels. Pan-
els (h1)-(h2) show the Morlet wavelet power spectrum and its global wavelet power spec-
trum in the channel of HXR during the precursor. The running windows of 3 (black) and
5 minutes (hot pink) are used, since the 2-min and 3-min periods are expected. Double
peaks that are centered at 2 minutes and 3 minutes can be seen in the global wavelet
power spectrum, similar to the P1 and P2 periods. The wavelet analysis results suggest
that the 2-min period is mainly from the precursor phase, which might be regarded as
a precursory indicator of the powerful flare (Tan et al., 2016; D. Li et al., 2020).

4.2 Spatial distribution

In order to determine the trigger source of flare QPPs at various periods in mul-
tiple wavelengths, that is, spatial-resolved their sources, the Fourier transform (i.e., A. R. In-
glis et al., 2008; R. A. Sych & Nakariakov, 2008; S. Feng et al., 2020) is performed on
the radiation intensity of every pixel in several channels, as shown in Figure 9. Panel (a1)
shows the visible continuum map measured by SDO/HMI before the X4.0 flare. It re-
veals a group of sunspots, the umbras and penumbras are clearly distinguished, as in-
dicated by the magenta contours. Panel (a2) presents the spatial distribution of the nor-
malized Fourier power that is averaged over the spectral component at 2-4 minutes for
the HMI continuum data during 06:00-08:00 UT, containing the flare and non-flare time.
We can find that the spectral component at the period range of 2-4 minutes is generally
situated in sunspot umbras, as outlined by the magenta contours. Panel (b) presents the
magnetic configuration on the flare active region, and it is derived from the potential field
source surface (PFSS) extrapolation (Schrijver & De Rosa, 2003). The flare active re-
gion is filled with a number of magnetic field lines, including the open and closed lines,
as indicated by the purple and white lines, respectively. Also, the flare area and the sunspot
umbra are linked by some magnetic field lines, providing an opportunity for the prop-
agation of slow waves from sunspot umbras to the flare area. This model was first pre-
sented by Nakariakov and Zimovets (2011), who proposed that the QPPs of double-ribbon
flares could be explained by propagating slow waves. Then, it is demonstrated by study-
ing the relationship between HXR pulses and footpoint sources in double-ribbon flares
(A. R. Inglis & Dennis, 2012). And the slow wave has been used to explain the 3-min
QPP in HXR, microwave, UV, and Lyα emissions (cf. D. Li, Hong, et al., 2024), sim-
ilar to the 3-min period in our case.

Figures 9 (c1) and (d1) show the UV/EUV sub-maps in wavelengths of AIA 1600
and 94 Å during the X4.0 flare. Double flare ribbons can be seen in the low-temperature
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waveband of AIA 1600 Å, and hot flare loops are observed in the high-temperature wave-
band of AIA 94 Å, as marked by the cyan and tomato contours. Panels (c2) and (c3)
present the spatial distributions of normalized Fourier power for the AIA 1600 Å data,
and they are averaged among 2-4 and 7-9 minutes during 06:15-07:15 UT. We can find
that the Fourier power spectra are significantly enhanced in the double flare ribbons, in-
cluding the spectral components at 2-4 and 7-9 minutes. Panels (d2) and (d3) shows the
spatial distributions of normalized Fourier power for the AIA 94 Å data, which are av-
eraged among 2-4 and 13-15 minutes during the same time interval. The spectral com-
ponent at 2-4 minutes appears to enhance at double flare ribbons or footpoints, while
that at 13-15 minutes appears at the hot flare loops. The spectral component at 2-4 min-
utes is similar to the quasi-period at 3 minutes, and it can be simultaneously observed
in wavebands of HXR, radio, EUV/UV, and Lyα at double ribbons or footpoints. More-
over, the similar period of 3 minutes is detected in the adjacent sunspot umbras, and the
flare ribbons and the sunspot umbras are connected by some magnetic field lines. All
those observations support that the 3-min QPP is most likely modulated by the slow mag-
netoacoustic wave leaking from the sunspot umbra (i.e., Yuan et al., 2011; R. Sych et
al., 2009; A. R. Inglis & Dennis, 2012; Kumar et al., 2016; D. Li, Hong, et al., 2024). The
idea is that the slow magnetoacoustic wave at about 3 minutes is always existent in the
sunspot umbras, it originates from the photospheric umbra, and then propagates along
the magnetic field lines, causing the flare QPP at about 3 minutes in the outer solar at-
mosphere (i.e., Nakariakov & Zimovets, 2011; Yuan et al., 2014; Yuan, 2015; R. Sych et
al., 2024), as illustrated in Figure 11 (a). The spectral component at 13-15 minutes is
similar to the quasi-period at 14 minutes seen in wavelengths of SXR and high-temperature
EUV, which may be associated with the periodic variation of high-temperature plasmas
that is heated by the loop-loop interaction (D. Li, Li, et al., 2024), as the 14-min period
is mainly located in hot flare loops. We also note that the three main peaks seen in the
GOES flux originate from the same active region however they appear to originate from
different parts of the active region, which are linked by some interaction between the mag-
netic fields of loop systems in the active region. This also confirms that the temperature
evolution at a period of 14 minutes is attributed to the loop-loop interaction. Moreover,
the 14-min period can be only detected in wavebands of SXR and high-temperature EUV,
implying that it depends on temperature.

Figure 10 (a) shows the spatial location of the Solar Orbiter with respect to Earth
at 06:45 UT on 2024 May 10. STIX was located at about 166.9 degree west in solar lon-
gitude from the Sun-Earth line, their distance was about 0.69 AU. Thus, STIX observed
the Sun at a different point, comparing the Earth’s perspective. Panels (b)-(d) presents
the SXR images at three time intervals, corresponding to the three pulsations in the STIX
light curve. The SXR images at 4-10 keV are reconstructed from the STIX pixelated sci-
ence data in the STIX Aspect System (Warmuth et al., 2020). For validating the source
location of the reconstructed SXR emissions, three image reconstruction methods that
have been implemented in the STIX data analysis software are used, that is, the expectation-
maximization algorithm (EM), the back-projection method (BP), and the maximum en-
tropy method (MEM GE). The source locations of the second and third pulsations match
with each other, but they are far away from that of the first pulsations. Moreover, the
first pulsation locates inside the solar limb, so it was not observed by GOES and SDO/AIA
in the Earth measurement. Thus, the quasi-period at about 18 minutes is only observed
in the channel of STIX 4-10 keV, which could be attributed to the intermittent energy-
release processes of different solar flares. That is, these three pulsations are different in
the space, but they are successive and repetitive in the term of time series. Therefore,
we still termed it as the 18-min period, since they are flare emissions with similar time
intervals between three successive pulses (Zimovets et al., 2021), although they are in
fact different flares.

We wanted to discuss the generation mechanism of the quasi-period at about 8 min-
utes. These pulsations can be simultaneously seen in wavebands of HXR, radio, EUV/UV,
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white light, and Lyα emissions. Moreover, it can be detected in a broad range of radio
frequencies, ranging from the centimeter through the decimeter to the meter-decameter
regimes. All these observations suggest that the 8-min period could be associated with
nonthermal electrons that are periodically accelerated by intermittent magnetic recon-
nections, i.e., the periodic regimes of repetitive magnetic reconnection. The idea is that
the flare radiation in wavelengths of HXR, radio, white light, and Lyα are usually re-
lated to accelerated electrons via the well-known magnetic reconnection (Priest & Forbes,
2002; Lin et al., 2003). Therefore, the nonthermal electrons can be periodically accel-
erated during the X4.0 flare, causing the 8-min QPP simultaneously in wavelengths of
HXR, radio, white light, and Lyα emissions, as illustrated in Figure 11 (b). This is also
consistent with the white-light QPP reported in an X8.2 flare (Zhao et al., 2021). On
the other hand, D. Li, Wang, and Huang (2024) reported a white-light QPP at the pe-
riod of about 8.5 minutes, but it was only observed in the white-light emission. This is
obviously different from the 8-min period observed in multiple wavelengths in our case.
Therefore, the 8-min QPP can not be modulated by the slow-mode magnetoacoustic grav-
ity (MAG) wave originating from the sunspot penumbra. If the slow-mode MAG wave
at the period of about 8 minutes is originated in the solar lower atmosphere, then it can-
not propagate upwardly into the solar upper atmosphere, due to the low-frequency cut-
off in the photosphere (R. Sych et al., 2009; J. T. Su et al., 2013; Yuan et al., 2014; Ku-
mar et al., 2016). That is, only the 3-min period wave can propagate upwardly to the
solar outer atmosphere, and the quasi-period at about 3 minutes seen in double ribbons
can well be explained by the slow magnetoacoustic wave, as it can be simultaneously ob-
served in multi-height solar atmospheres, as shown in Figure 11 (a). Moreover, the 3-
min period can be simultaneously seen in multiple AIA wavelengths, e.g., high- and low-
temperature channels, suggesting that the slow wave is independent of temperature, which
is similar to our previous findings (D. Li, Hong, et al., 2024).

4.3 Coronal seismology and scaling laws

Given the wide range of wavelengths considered, the flare QPPs at multiple peri-
ods can be applied for the coronal seismology. That is, the multi-period QPPs are use-
ful for diagnosing the key parameters of the flaring core, since they carry the time char-
acteristics of flare radiation (Pugh et al., 2019; Yuan et al., 2019). The flare QPPs could
be a novel tool to diagnose the stellar atmospheres if their generation mechanisms are
justified, because the spatial resolution of a remote star is difficult to achieve (Zimovets
et al., 2021; Kowalski, 2024). In our case, the 2-min QPP is explained by the periodic
magnetic reconnection. The idea is that nonthermal electrons are repeatedly accelerated
by periodic magnetic reconnections, which was predicted by the numerical simulation
(Takasao & Shibata, 2016). However, the periodic magnetic reconnection is not detected
directly due to the current instrumentation, that is, coronal magnetic fields can not be
measured directly. The QPP feature observed in wavelengths of HXR and radio/microwave
could be associated with accelerated electrons generated by quasi-periodic magnetic re-
connections, such process has been discussed detailed in previous observations (Wu et
al., 2016; D. Li, Ge, et al., 2021; Kumar et al., 2025). The 8-min QPP can also be in-
terpreted by the periodic magnetic reconnection, since it is simultaneously observed in
wavelengths of HXR, radio/microwave, Lyα, and white light. This feature also suggests
that the nonthermal electrons may only precipitate into the lower chromosphere or the
upper photosphere, where is the main source region of white-light emissions. Thus, the
X4.0 flare belongs to ‘Type I WLFs’, as were categorized by Fang and Ding (1995). The
3-min period is simultaneously observed at the flare site and the nearby sunspot umbra,
and they are connected by the closed magnetic field lines. So, it is possibly regarded as
the leakage of sunspot oscillation in the form of slow MHD waves, which propagates from
the sunspot umbra to the flare site along the closed magnetic loop, as shown in Figure 11 (a).

The coronal seismology aims to estimate the local plasma and magnetic proper-
ties using observed wave characteristics and their underlying mechanisms. According to
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the MHD waves at kink (Nakariakov et al., 2021; Gao et al., 2024) and slow modes (Wang
et al., 2021; Kolotkov, 2022), some plasma and magnetic properties in the corona can
be estimated from Equations 1 and 2, respectively. In our case, both the 2-min and 8-
min QPPs can be explained by the mechanism based upon a repetitive regime of mag-
netic reconnection, which might be modulated by the resonances of MHD waves. The
8-min QPP appears during the X4.0 flare, which shows a hot plasma loop (L1 ≈ 92 Mm),
as indicated by the red arrow in Figure 4 (b2). The phase speed (vp) is estimated to about
400 km s−1, which is less than the local sound speed (vs ≈ 480 km s−1) in the solar corona
at a high temperate (T ) of about 10 MK. The polytropic (or effective adiabatic) index
(α) can be estimated to about 1.16, consistent with that measured by Van Doorsselaere
et al. (2011). By using the relation between vp/vs and thermal ratio (d) given by Wang
et al. (2021), the effective thermal ratio de could be estimated to about 0.18, the actual
thermal ratio (d0) is about 0.016, and the result of de/d0 is about 11.25 in the flare loop.
All these facts suggest that the 8-min period is possibly modulated by the slow-mode
wave. On the other hand, a hot plasma loop (L2 ≈ 63 Mm) is seen during the pre-flare
phase (Figure 7 c). The phase speed is about 1050 km s−1, which is in the range of kink
speeds (Nakariakov & Kolotkov, 2020; Nakariakov et al., 2021). Therefore, the 2-min pe-
riod is likely to be modulated by the kink wave, and the local Alfvén speed (vA) and mag-
netic field strength (B) are estimated to about 750 km s−1 and 40 G in the hot plasma
loop, agreeing with our previous measurements in flare loops (D. Li et al., 2017, 2018).
It should be pointed out that all those estimations are in the corona, i.e., hot plasma loops.
The plasma and magnetic properties in lower atmospheres are difficult to be measured,
largely due to their complex magnetic fields and high densities.

vp =
2L

P
, vA = vp

√

1 + rρ
2

, B ≈ vA
√
µ0 ρ. (1)

Where, rρ is the density ratio between external and internal flare loop, µ0 is the mag-
netic permittivity in vacuum, and ρ is the density of hot loop.

vs ≈ 152
√

T (MK), vp ≈
√

α

γ
vs, d0 = 4.93 (

T 3/2

n P
). (2)

Here, γ is the adiabatic index, and n is the number density of flare loop. T (MK) refers
to that the loop temperature in the unit of MK.

The flare QPPs at periods of 3 and 8 minutes are both associated with slow-mode
waves, but their generation mechanisms are clearly different. In the coronal environment,
large-amplitude QPPs (i.e., >20%) could be triggered by slow magnetoacoustic waves
when the duration of the heat pulse (△tH) is shorter than the loop sound crossing time
(τs) (Reale et al., 2019; Wang et al., 2021), as shown in Equation 3. In our case, τs can
be estimated to about 460 s at the X4.0 flare maximum. Under the assumption of △tH ≃
P , the 3-min QPP may be directly modulated by the slow magnetoacoustic wave leak-
ing from sunspot umbrae, as is illuminated in Figure 11 (a). Conversely, the 8-min QPP
is generated by the repetitive magnetic reconnection that is triggered by the slow-mode
wave in the solar corona, that is, the periodicity of magnetic reconnection is modulated
by the slow-mode wave at a period of about 8 minutes, as shown in Figure 11 (b). Sim-
ilarly, the 2-min QPP is generated by the periodic magnetic reconnections that is trig-
gered by the kink wave.

△tH < τs ∼ 5
L(Mm)

√

0.1 T (MK)
. (3)

In order to compare with the statistically established scaling laws for flare QPPs
(Hayes et al., 2020), we perform the scaling law between the QPP period (P) and the
flare duration (τ) with the relationship described in Equation 4. τ is determined by the
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time interval of the start and stop times of the X4.0 flare that was defined in the GOES
catalog, and it is 2760 s. C is a constant, which is about 0.5 given by Hayes et al. (2020).
Then, the QPP period is estimated to be (1.68±0.01) minutes, which is clearly differ-
ent from the multiple periods detected in this study. This is mainly because that the scal-
ing laws presented by Hayes et al. (2020) only searched for periodicity in the timescale
of 6−300 s in the GOES SXR channel, but the multiple periods in this study are found
in a wide range of wavelengths. Therefore, the scaling laws for flare QPPs should be up-
dated if we considering a wide wavelength range and a longer period range.

P ≈ Cτ0.67±0.03. (4)

5 Summary

Based on the combined solar telescopes, i.e., ASO-S/HXI, ASO-S/LST, SDO/AIA,
SDO/HMI, SDO/EVE, NVST, CHASE, SUTRI, GECAM, STIX, LYRA, GOES, CBS,
DART, SWAVES, and NoRP, we explored flare QPPs at five quasi-periods in multiple
wavebands, we also tried to explore their generation mechanisms. The main conclusions
are summarized as follows:

1. The multi-periodic pulsations are detected during an X4.0 flare in various wave-
bands, i.e., at least five periods. The X4.0 flare could be regarded as a WLF, as
it is simultaneously brightening in wavebands of WST 3600 Å, HMI continuum
near 6173 Å, and NVST TiO 7058 Å. It belongs to the ‘Type I WLFs’. This is
the first report of the flare QPP that is seen in the channel of TiO 7058 Å.

2. A quasi-period at about 2 minutes is observed in HXR and radio (i.e., centime-
ter and decimeter) emissions during the flare precursor, which might be associ-
ated with the periodic magnetic reconnection, and it could be regarded as a pre-
cursory indicator of the powerful flare.

3. A quasi-period at about 3 minutes is simultaneously detected in channels of HXR,
radio, and EUV/UV at double ribbons or footpoints. It is independent of tem-
perature and could be directly modulated by the slow magnetoacoustic wave leak-
ing from sunspot umbrae.

4. A quasi-period at about 8 minutes is simultaneously detected in wavebands of HXR,
radio, EUV/UV, white light and Lyα during the X4.0 flare. It is probably trig-
gered by quasi-periodic regimes of magnetic reconnection, which can periodically
accelerate nonthermal electrons.

5. A quasi-period at about 14 minutes is found in wavelengths of SXR and high-temperature
EUV from the precursor to the X4.0 flare. It depends on temperature and might
be associated with the temperature fluctuation caused by loop-loop interaction.

6. A quasi-period at about 18 minutes is seen in STIX 4-10 keV. It could be regarded
as three successive and repeated energy-release processes in different flare regions.
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http://www.solarmonitor.org/.
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Figure 1. Overview of a powerful flare occurred on 2024 May 10. (a): Light curves measured

by GOES 1-8 Å, 0.5-4 Å, and temperature, LYRA 1-800 Å, and STIX 4-10 keV. The vertical

lines mark the start, peak and stop times of the powerful flare. (b): Time series recorded by

NoRP 2.0 GHz, 3.75 GHz, and 9.4 GHz, HXI 20-50 keV and its background. The green arrow

indicates a flare precursor. (c)-(e): EUV snapshots with a large FOV of 900′′×900′′ measured by

GOES/SUVI in wavelengths of 304 Å, 94 Å, and 284 Å. The blue contours represent the flare

radiation in the HXR channel, and the contour level is set at 10%. The colored contours in pan-

els (d) and (e) outlines the radio radiation observed by DART, and their contour levels are set at

60%.
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Figure 2. Dynamic radio spectra measured by CSO Radiaheliograph (millimeter, centimeter,

decimeter, and meter-decameter regimes) and SWAVES. The overplotted curves are the radio

fluxes derived from the radio spectra, as marked by the short line in each panel.
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Figure 3. Fourier power spectra of raw light curves in multiple wavelengths. The cyan line

in each panel represents a best-fit result for the observational data (black), and the magenta line

indicates the confidence level at 99%. The color arrows mark quasi-periods for P1-P5 above the

confidence level.
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Figure 4. (a1)-(g2): EUV/UV snapshots captured by SDO/AIA at ∼06:36 UT and

∼06:51 UT during the X4.0 flare. (h): The AIA 171 Å map at about 06:00 UT before the X4.0

flare. (i): The LOS magnetogram measured by SDO/HMI. They have a same FOV of about

270′′×270′′. The blue contours represent the HXR emission at HXI 20-50 keV, and the level is

set at 50%. The magenta and cyan contours are the positive and negative magnetic fields at a

strength of ±800 G. The pink and red arrow marks the hot flare loop, and the green arrow indi-

cates a filament. The yellow rectangle outlines the flare area used to integrate the intensity curve

observed by SDO/AIA and ASO-S/SDI.
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Figure 5. Multi-wavelength snapshots measured by ASO-S/WST, SDO/HMI, NVST,

CHASE, SUTRI, and SDO/AIA. They have a small FOV of about 200′′×200′′, and the TiO-

band map has a much smaller FOV of 133′′×112′′ due to the observational limit, as outlined by

the red rectangle in panel (b). The magenta contour outlines the white-light brightening in the

wavelength of WST 3600 Å, and the blue contours represent HXR emissions in the channel of

HXI 20-50 keV at levels of 50%. The cyan contours outline the sunspot umbra, and the spring

green contours outline the post flare loops. The gold rectangle outlines the flare area used to

integrate the white-light flux.
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Figure 6. Multi-wavelength light curves. (a): Full-disk light curves recorded by SDO/EVE

for the isolated lines. (b): Local intensity curves integrated over the flare area measured by

SDO/AIA. The green arrow indicates the flare precursor. (c): Local time series integrated over

the flare region observed by WST, SDI, HMI, and NVST, and the full-disk Lyα flux recorded by

SDO/EVE. (d) Local light curves in radio emissions integrated over the active region measured

by DART.
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Figure 7. Overview of the pre-flare phase. (a) and (b): Multi-wavelength light curves mea-

sured by HXI, GECAM, SDO/AIA, SDO/EVE, DART, CBS, NoRP, and SDI. (c): Multi-

wavelength maps observed by SDO/AIA and LST/SDI. The overlaid contours outline the flare

radiation measured by HXI 20-50 keV (blue, 10% level), DART 300 MHz (hot pink, 80% level),

SDI 1216 Å (tomato), and SUTRI 465 Å (cyan).
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Figure 8. Morlet wavelet analysis results. (a1)-(h1): Morlet wavelet power spectra. (a2)-(f2):

Global wavelet power spectra for the running windows of 10 minutes (black) and 15 minutes (ma-

genta), respectively. (g2): Global wavelet power spectra for the running windows of 15 minutes

(black) and 20 minutes (tomato). (h2): Global wavelet power spectra for the running windows

of 3 minutes (black) and 5 minutes (hot pink). The cyan contours and lines represent the signifi-

cance level of 99%.
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Figure 9. (a1)-(d1): Multi-wavelengths images in wavelengths of HMI continuum,

AIA 1600 Å, and 94 Å. The overlaid contours outline the sunspot umbras (magenta), double flare

ribbons (cyan) and hot flare loops (tomato), respectively. (b): The magnetic field lines extrap-

olated from a PFSS model. The purple and white lines indicate the open and closed magnetic

fields, respectively. (a2)-(d3): Fourier power maps that are averaged over 2-4 minutes (a2-d2) and

7-10 minutes (c3) or 13-15 minutes (d3), respectively.
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Figure 10. (a): Sketch plot of the spatial locations of Solar Orbiter and STEREO A and

their connections with the Sun and Earth. (b) Reconstructed STIX images at 4-10 keV using

three algorithms (EM, BP, and MEM GE). The contour levels are set at 50% and 80%. The dot-

ted gold lines represent latitude-longitude grids, and the solid gold line marks the solar limb.
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Figure 11. Cartoon images for illustrating the origin of flare QPPs. (a): The 3-min period

is modulated by the slow magnetoacoustic wave (SMW), which is originating from the umbral

oscillation in the sunspot. It propagates along the magnetic field line (MFL) to the flare area,

i.e., two ribbons (RBs) or double footpoints (Fts). Here, the low-frequency cutoff prevents long-

period wave propagating from the photosphere to the upper atmosphere. (b): The 8-min period

is possibly triggered by the repeated magnetic reconnection, which may periodically accelerate

non-thermal electrons. In this process, double footpoints are formed in the HXR/microwave

channels, two ribbons or some kernels are generated in the UV, Lyα, and white-light (WL)

emissions, and a group of radio bursts can be seen in various frequencies of centimeter (CM),

decimeter (DM) and meter(M) regimes, or the low frequency in the interplanetary space.
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