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QPPs in solar and stellar flares

An intensively studied phenomenon which is not described by the standard flare
model are quasi-periodic pulsations (QPP) of the flaring emission. As analysis of
the QPP phenomenon intrinsically requires a combination of high time and spatial
resolutions, especially in the radio band, the unprecedented capabilities of SKA
offer us a unique opportunity to reach a breakthrough progress in the observa-
tional study of QPP. The SKA-Mid-frequency band falls in a unique window where
both coherent emissions from particle acceleration sites and incoherent gyrosyn-
chrotron emissions from non-thermal particles in coronal loops can be studied.
With an additional polarisation dimension and the capability to perform wide-
band spectroscopic imaging, the QPPs in gyrosynchrotron emission (� 1 GHz)
and plasma emission will help understand the local magnetic field modulation due
to active phenomena and the response seen in the particle acceleration observable
below 600 MHz. An incomplete list of specific science questions to be addressed
with SKA includes (a) the role of QPP in the energy partition in flares, (b) seis-
mology of flaring sites by QPP of different classes, (c ) differences and similarities
between QPP in solar and stellar flares, (d) advancing the standard flare model, (e)
the physics of repetitive magnetic reconnection: spontaneous vs induced, (f) ML
techniques in the detection, classification and analysis of QPP, (g) QPP in weak
flares. The latter topic could be especially advanced with SKA which will allow
for high-cadence high fidelity radio imaging of weak energy release events.
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QPPs in solar and stellar �ares

1 Introduction

The phenomenon of quasi-periodic pulsations (QPP) in solar �ares has been attracting attention
for several decades, since the discovery of 16-s periodic modulation of X-ray intensity of a �aring
emission, detected on a high-altitude balloon (Parks and Winckler, 1969). QPP appear in all
types of the emitted radiation, both thermal and non-thermal, from radio and millimeter to X-ray
and gamma-ray wavelengths (see, e.g., Nakariakov and Melnikov, 2009; Nakariakov et al., 2010;
Krucker et al., 2013; Van Doorsselaere et al., 2016; Kupriyanova et al., 2020; Zimovets et al.,
2021, for reviews). Typical oscillation periods range from a fraction of a second to several tens
of minutes. An example of a spatially resolved QPP in the microwave emission of an an M-class
solar �are is shown in Figure 1. QPP are detected in all classes of solar �ares, from micro�ares to
the most powerful X-class �ares, and in all phases of a �are. Statistical analyses based upon rather
conservative detection criteria demonstrate that QPP is a common feature of solar �ares (Hayes
et al., 2020; Simões et al., 2015). Speci�c attention has recently been given to non-stationary QPP
patterns, with pronounced modulation of the instantaneous oscillation period and amplitude, as the
modulations could reveal evolution of parameters of �aring cites (Nakariakov et al., 2019).

Similar QPP patterns have been detected in lightcurves of stellar �ares, in radio (e.g., Stepanov
et al., 2001), UV (e.g., Doyle et al., 2018), and white light (e.g., Pugh et al., 2016; Mancuso et al.,
2020; Doyle et al., 2022) emissions, including powerful super�ares. Moreover, a similarity of
QPPs, at least of a certain class, in stellar and solar �ares has been established empirically: a
statistically similar linear scaling of the damping time with the oscillation period of QPPs of the
SUMER-oscillation class (a rapidly decaying almost harmonic oscillations of the thermal emission
intensity in the decay phase of the �are) (Cho et al., 2016). This analogy opens up promising
opportunities for a comparative analysis of QPPs in stellar and solar �ares and their relationship
with �are parameters. It substantially broadens the accessible parameter space, which is essential for
understanding the connection between solar �ares and stellar super�ares, the processes responsible
for generating QPPs, and the seismological diagnostics of plasma in �are regions.

The broad variety of oscillation periods (ranging from sub-seconds to almost hours), modulations,
and kinds of modulated emissions suggests that di�erent types of QPP have di�erent nature.
Theoretical mechanisms which have been proposed to explain the phenomenon of QPP could
be divided into three main groups: the modulation of the parameters of the emitting plasma
by an external periodic process, for example, magnetohydrodynamic (MHD) oscillations; and
repetitive magnetic reconnection which is either spontaneous, i.e., a self-oscillation, or is induced
by an external driver, see (Aschwanden, 1987; McLaughlin et al., 2018; Zimovets et al., 2021)
for comprehensive reviews. Mechanisms based on repetitive reconnection include the periodic
acceleration of non-thermal charged particles. In addition, the kinematics of particles accelerated
impulsively, randomly, or steadily can be periodically modulated by MHD oscillations, resulting in
QPPs. Although QPPs are a widespread feature of �aring energy release, the current form of the
standard �are model does not account for this phenomenon. Therefore, incorporating QPPs into the
model o�ers a promising path toward a more reliable understanding of the �are process, including
its forecasting.

One of the bottlenecks in distinguishing the QPP mechanisms is the ability to image the particle
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QPPs in solar and stellar �ares

acceleration sites and study their variability at sub-arcsecond resolution across the active region as
the event progresses. Radio observations are extremely sensitive to reconnection-driven electron
beams, owing to coherent emission mechanisms involving wave-wave and wave-particle resonant
interactions triggered by electron beams (Ginzburg and Zhelezniakov, 1958; Tsytovich and Kaplan,
1969; Melrose, 1970; Melrose and Sy, 1972). Hence, even weak reconnection events can generate
radio bursts with emission brightness temperatures up to 109�10 11 K (Saint-Hilaire et al., 2013;
Reid and Ratcli�e, 2014). Also, since radio burst emission forms as coherent emission at the local
plasma or gyro- frequency (ap or aB) and its harmonics due the plasma emission and electron
cyclotron maser mechanisms, the observation frequency directly links to local density or magnetic
�eld strength at emission sites. Hence, broadband spectroscopic imaging at high time resolution
can map the variability at di�erent regions simultaneously and directly infer the evolution of local
physical parameters at the QPP source.

Furthermore, imaging-based studies could hardly explore the evolution of the pre- and post-�are
sources because of limitations in (a) imaging sensitivity and (b) dynamic range required for the
robust detection and morphological characterization of the source. The latter issue is often a serious
problem since there can be multiple co-temporal active regions with coherent radio �ux levels
varying by 2�4 orders of magnitude at �ne time-frequency scales on the solar disk. This problem
limited the extension of imaging-based studies to the larger ensemble of weak solar �ares, which play
a major role in quasi-steady heating and particle acceleration in solar active regions (Aschwanden
and Freeland, 2012). Weak �ares, which are believed to be phenomenologically similar to strong
events, also present QPP patterns (e.g., Nakariakov et al., 2018). The SKA-Low and mid arrays in
AA* and AA4 con�guration will enable sub-arcsec scale high dynamic range imaging capability
with sub-second, sub-MHz spectro-temporal averaging, revolutionizing the exploration of radio QPP
sources associated with a range of �are energy scales from nano�ares to major eruptions. Combining
this unique radio data with high-cadence optical-to-X-ray spectroscopy data from cutting-edge
ground- and space-based instruments will enable us to tackle the major open problems in the
�eld (Nakariakov et al., 2015). An incomplete list of speci�c science questions to be addressed
includes (a) the role of QPPs in the energy partition in �ares, (b) seismology of �aring sites by
QPPs of di�erent classes, (c) advancing the standard �are model, (d) the physics of repetitive
magnetic reconnection: spontaneous vs induced, (e) ML techniques in the detection, classi�cation
and analysis of QPP, and (f) QPP in nano�ares. Besides, a statistical understanding of the link
between various classes of QPPs, underlying activity, and associated physical models will help
advance our understanding of QPPs observed in sun-like stars, observations of which lack spatially
resolved information.

The state-of-the-art SKA precursors and path�nders primarily in the low frequency band (0.05�
0.35 GHz) have already enabled high dynamic range snapshot spectroscopic imaging of solar active
regions and quasi-steady emission regions across corona at sub-second and sub-MHz resolution.
These instruments include the SKA precursor, Murchison Wide�eld Array (MWA; Tingay et al.,
2013; Wayth et al., 2018), operating in the 80�240 MHz and the LOw Frequency ARray (LOFAR;
van Haarlem et al., 2013) in the 30�80 MHz band, covering the planned SKA-Low spectral band.

In this chapter, we brie�y summarise mechanisms that are considered to be responsible for QPP
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QPPs in solar and stellar �ares

(Sec. 2); address the potential of the QPP study to reveal the processes behind stellar �ares
(Sec. 3); describe promising data analysis techniques relevant to the detection and analysis of
QPP in observational data (Sec. 4) and the machine learing approach (Sec. 5; overview advances
in QPP research with SKA precursors and path�nders (Sec. 6); discuss expected advances with
SKA-Low and SKA-Mid (Sec. 7), including possibilities for coordinated observation with other
upcoming observational facilities. Bried conclusions are given in Sec. 8.

Figure 1: (a) Integrated �ux time pro�le of microwave emission at 17 GHz for an o�-limb solar �are on 8th
May 1998, as observed by the Nobeyama Radioheliograph. Overlayed with the dashed line is the background
emission pro�le obtained via 20 s smoothing of the integrated �ux signal. b) The signal after subtraction
of the background pro�le from the integrated �ux. c) Solar �ux time pro�les of microwave emission at
9.4 GHz (dot-dashed line), 17 GHz (solid line) and 3.75 GHz (dotted line), obtained by the Nobeyama
Radiopolarimeters. (d) The cross-correlation coe�cient map for background subtracted microwave emission
at 17 GHz, obtained by the Nobeyama Radioheliograph during the QPP. The correlation coe�cient is
calculated with zero time lag. The master pixel is the pixel with the highest time-integrated intensity of the
signal. Figure credits: Inglis et al. (2008).

2 Mechanisms for QPP

The use of QPP for the diagnostics of �aring plasmas, to understand the underlying physical pro-
cesses, and to exploit the solar�stellar analogy requires identi�cation of the mechanisms responsible
for the QPP phenomenon. The wide range of observed periods and the diversity of modulation
patterns strongly suggest that multiple physical processes can produce signals that appear as QPP.
Currently, there is no consensus on which speci�c mechanisms are responsible for a given type
of QPP. The recent comprehensive review by Zimovets et al. (2021) summarises �fteen distinct
mechanisms capable of generating QPP. In this section, we brie�y summarise those mechanisms
that are most relevant for producing QPP detectable with SKA.

2.1 MHD oscillations in coronal plasma structures

A major class of explanations attributes QPP to MHD oscillations of plasma structures. Such
oscillations, primarily fast and slow magnetoacoustic modes, are detected con�dently in the corona
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(e.g., Nakariakov and Kolotkov, 2020). They can be excited by �are-associated impulsive drivers
in standing or propagating forms. Once excited, these waves modulate local plasma parameters,
especially density, and the strength and direction of the magnetic �eld. The resulting variation of
the emitting plasma produces observable modulation in both thermal and non-thermal emissions.

Fast sausage modes which are axisymmetric perturbations of, for example, coronal loops, are highly
compressive and can modulate density and magnetic �eld strength e�ciently, making them strong
candidates for QPP in the microwave emission (e.g., Melnikov et al., 2005; Kuznetsov et al., 2015),
and also the coherent radio emission by perturbing the local electron plasma frequency. Oscillation
periods of sausage modes range from sub-second to tens of seconds depending on loop radius,
density contrast, and the magnetic �eld strength.

Fast kink modes, although only weakly compressive in the long-wavelength limit, cause periodic
variations in the direction of the local magnetic �eld and can therefore modulate the intensity of
microwave emission through changes in the column depth of the emitting region. In addition, QPP
modulation arises from periodic variations of the angle between the magnetic �eld and the line of
sight. The periods of kink oscillations are determined by the internal and external Alfvén speeds of
the oscillating plasma structure (e.g. a coronal loop) and by its length. Typical kink-mode periods
range from tens of seconds to several tens of minutes.

Alfvén waves may also modulate gyrosynchrotron emission by altering the local angle between
the magnetic �eld and the line of sight. However, the essentially non-collective nature of coronal
Alfvén waves prevents them from producing systematic QPP.

Slow magnetoacoustic modes produce QPP by modulating the plasma density and hence the local
electron plasma frequency. Typical periods of standing slow oscillations detected in the corona
range between a few and tens of minutes, while periods of propagating slow waves, about 3 minutes,
are prescribed by the chromospheric driver.

2.2 Periodic triggering of magnetic reconnection by external waves

Rather than oscillations of the emitting plasma itself, QPP may also arise from the periodic mod-
ulation of magnetic reconnection by external waves, e.g., by slow (Chen and Priest, 2006) and
fast (Nakariakov et al., 2006). The waves cause variations in local plasma parameters such as the
magnetic �eld and density in the vicinity of the reconnection site. Furthermore, from the point
of view of the reconnection site, an incoming perpendicular longitudinal wave, i.e., a compressive
wave propagating across the �eld, causes the variations of the in�ow rate. These variations a�ect
the reconnection rate and hence the e�ectiveness of the instantaneous energy release, including
acceleration of non-thermal electorns. The oscillation periods of periodically triggered QPP are
determined by the time variability in the triggering wave motion.

In addition, magnetoacoustic waves approaching the reconnection site experience refraction toward
magnetic null points (McLaughlin et al., 2011), where they concentrate energy and produce spikes
of the elecric current density. When such waves arrive periodically, they can generate periodic
episodes of the current-diven anomalous electrical resistivity and hence bursts of reconnection
(Nakariakov et al., 2006). Even small-amplitude waves can lead to strong current modulation
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because the null region acts as a geometric ampli�er (a lense, focusing the waves in its vicinity) and
because of the highly nonlinear nature of the electrical resistivity dependence of the current density.

2.3 Spontaneous oscillatory reconnection

A fundamentally di�erent class of mechanisms concerns repeatitive or oscillatory reconnection, in
which reconnection proceeds in a self-sustained, quasi-periodic manner even when the driver is not
periodic (e.g., McLaughlin et al., 2012; Thurgood et al., 2019; McMahon, 2019). This behaviour
emerges during the relaxation of stressed magnetic �elds containing null points or current sheets,
and the dynamic interplay between Lorentz forces and thermal-pressure gradients.

For example, in one of the proposed 2D scenarios, an initial collapse of the reconnection site forms
a current sheet and launches out�ows that heat the surrounding plasma. The heated plasma then
expands, overcompresses the null region, and forces the system into a current sheet of opposite
orientation. This sequence repeats several times, producing bursts of reconnection with alternating
in�ow and out�ow geometry (McLaughlin et al., 2009). Each cycle dissipates a fraction of the stored
magnetic energy, leading to exponentially decaying amplitudes. QPP produced by this mechanism
may appear in all observational bands.

There has not been a systematic study that would link the oscillation period with parameters of
the reconnection site and its vicinity, while various case studies show a broad range of oscillation
periods. In particular, numerical simulations of collapse of a single magnetic null point yield
characteristic periods of 50�80 s (McLaughlin et al., 2012), while �ux-emergence scenarios generate
periods of 100�200 s (Murray et al., 2009). According to a numerical study of Karampelas et al.
(2023), in a 1 MK plasma, the oscillation period of repeative reconnection in a 2D magnetic null
point without a guiding �eld is estimated as %rr � 38•0•� 0 ¸ 26•08 � 10 6p

d0 � 21•01 � 4•26, where
the period %rr is measured in seconds, the plasma density d0 in kilograms per cubic meters, and �0

is the magnetic �eld at a distance 1 Mm from the null point in Gauss.

2.4 Self-oscillatory and over-stable plasma processes

Similarly to spontaneous repetitive reconnection, acoustic or magnetoacoustic self-oscillatory pro-
cesses may arise when (quasi-)steady energy input (heating or �ows) competes with losses (radiation,
conduction, viscosity, and resistivity) resulting in an oscillatory variation of the plasma parame-
ters. One of the examples is the phenomenon of thermal over-stability. In the corona, thermal
over-stability is characterised by a repeatitive variation of thermal equilibrium established by the
balance of optically thin radiative cooling, cooling by �eld-aligned thermal conduction down to
the chromosphere, and unspeci�ed plasma heating mechanism. The oscillation period of thermal
over-stability is determined the local sound speed, i.e., the plasma temperature, and derivatives
of the combined heating/cooling function with respect to local thermodynamic parameters, e.g.,
denisty and temperature. Perturbations of the plasma density and temperature, caused by thermal
instability, lead to the variation of thermal emission from the plasma, and can also a�ect radio and
microwave emission by the variation of the electron plasma frequency.

Flow-driven over-stability is associated with steady in�ows into a reconnecting current sheet.
When �ow speeds approach the Alfvén speed, coupled Kelvin�Helmholtz and tearing instabilities

7
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generate over-stable oscillations (Ofman and Sui, 2006). These cause periodic variability in the
Ohmic heating rate, plasmoid formation, and bursts of particle acceleration, and hence can produce
QPP in both thermal and non-thermal emissions.

In fragmented current sheets, recurrent plasmoid ejection can itself generate quasi-periodic energy
release by the �magnetic tuning fork� mechanism (Takasao and Shibata, 2016). In this mechanism,
a pair of repeatedly diverging and converging magnetic surfaces near a reconnection region behave
like the prongs of a tuning fork, producing quasi-periodic compressions and rarefactions of the
plasma. In this scenario, fast reconnection out�ows collide with a dense magnetic arcade or
loop system; the re�ected back-pressure periodically squeezes and re-expands the out�ow channel,
creating an oscillatory pattern in the current sheet and surrounding magnetic �eld. This leads to
periodic acceleration or injection of energetic electrons, and hence to quasi-periodic modulation of
microwave and hard X-ray emission. The oscillation period is set by the local Alfvén speed and
the size of the reconnection out�ow region, typically yielding periods of a few seconds to tens of
seconds.

2.5 Equivalent LCR-contour

The LCR mechanism for QPP interprets a �aring coronal loop as an equivalent electrical circuit
containing inductive (L), capacitive (C), and resistive (R) elements, capable of supporting oscillatory
electric currents (e.g., Zaitsev and Stepanov, 2008). In the chromospheric segment of the circuit,
the current between the footpoints arises because of the �nite perpendicular electrical conductivity
associated with partial ionisation e�ects. In this scenario, an impulsive energy release perturbs the
alteernate current �owing along the loop and the chromospheric �short cut�, after which the system
relaxes through oscillations governed by the circuit's natural eigenfrequency.

These current oscillations modulate the gyrosynchrotron emissivity by periodically varying the
magnetic �eld strength, pitch-angle distribution, and density of non-thermal electrons, thereby
producing QPP in microwave and hard X-ray emission. In addition, Ohmic dissipation of the
alternate current can lead to oscillatory behaviour in the thermal emission. The period of the
LCR oscillation depends on the loop length, magnetic �ux, plasma density, and e�ective electrical
resistivity in both the coronal and chromospheric parts of the �circuit�, and typically lies in the sub-
second to several-second range, although longer periods are possible in loops with high inductance
or low plasma resistivity.

A limitation of this mechanism is that in a magnetic �ux tube, the alternate current is associated with
alternate magnetic twisting, i.e. torsional Alfvén waves, whose resonant periods predicted by MHD
theory are generally an order of magnitude longer. Nevertheless, observations of 1.5-hour QPP in
soft X-rays and 3-hour QPP in white-light emission during a stellar �are, detected in thermal and
non-thermal channels, respectively, are consistent with an LCR-type oscillatory scenario (Kolotkov
et al., 2021a).

Table 1 summarises the most widely discussed mechanisms for QPP and provides very approximate
characteristic properties of the resulting pulsations.
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Table 1: Comparison of the principal mechanisms proposed for QPP generation in solar and stellar �ares.

Mechanism Typical Periods Key Indicators Dominant Chan-
nels

MHD eigenmodes
(sausage, kink, slow)
of emitting plasma
structures

1 s � 1 hour Harmonic decaying or decayless pat-
terns; periods set by AR geometry;
spatial oscillation signatures; multi-
period behaviour possible.

Thermal (EUV,
SXR) and non-
thermal (radio,
microwave HXR)

Periodic triggering of
reconnection by exter-
nal waves

1 s � 1 hour, de-
pending on na-
ture of the exter-
nal wave

Coherence with oscillations in chro-
mospheric or coronal plasma struc-
tures. Oscillatory patterns can be un-
harmoniic

Radio, microwave,
EUV, SXR, HXR

Spontaneous oscilla-
tory reconnection

50�200 s Sequence of reconnection bursts; an-
harmonic signals

Non-thermal. Ther-
mal for periods ¡ 1�
2 min

Thermal over-stability Several tens of
seconds to many
minutes

Growing or decayless thermal QPP;
strong temperature/density modula-
tion; pre�are long-period pulsations.

SXR, EUV, radio,
microwave

Flow-driven over-
stability

100�200 s Variation of Ohmic heating; plasmoid
formation; simultaneous thermal and
non-thermal modulation.

Radio, microwave,
EUV, SXR, HXR

Dispersive fast-wave
trains

Ÿ1 s to �1�
2 min

Wave-train shape of amplitude, time
variation of period.

Radio, microwave,
EUV, SXR, HXR

Equivalent LCR-
contour

�0.1 � a few
hours

Oscillatory alternated current in the
�aring loop. Possiibly produces
highly regular QPP. For large mod-
ulation depths, nonthermal emission
oscillation period is two longer than
thermal one.

Radio, microwave;
occasionally HXR

3 Solar-stellar analogy in the QPP study

Despite growing interest, detections of QPPs in stellar �ares remain sporadic. The main hurdles
are the limited sensitivity and time resolution of available instruments, as well as the need for long
�sit-and-stare� observations to capture a �are during the relevant interval. Recently, most QPP
detections in stellar �ares have been made in the white-light channel (see, e.g., Pugh et al., 2016;
Howard and MacGregor, 2022; Bruno et al., 2024; Joshi et al., 2025), using spaceborne telescopes
primarily designed for exoplanet searches.

Nevertheless, there is increasing evidence for the similarity of QPPs in solar and stellar �ares, at
least for certain classes of pulsations. Cho et al. (2016) analysed and compared SUMER-type QPPs

9



QPPs in solar and stellar �ares

Figure 2: Damping times as a function of the oscillation period for the solar (red) and stellar QPPs (blue)
of the SUMER type, detected in the soft X-ray emission in the decay phases of the �ares. The blue and
red straight lines show the best-�tting powerlaw dependency. The black dashed line the linear �t of the
combined, solar and stellar, sets of QPPs. Figure credits:(Cho et al., 2016)

detected in soft X-ray emission from both solar and stellar �ares. They �nd that solar QPPs tend
to have shorter oscillation periods than their stellar counterparts in the same QPP class, which may
be attributed to the generally more powerful nature of the detected stellar �ares. However, the
damping times and oscillation periods exhibit a linear scaling in both solar and stellar cases (see
Figure 2). This suggests that the underlying physical processes responsible for the modulation are
similar, providing a foundation for using stellar-�are QPPs as a tool for seismological diagnostics.

Detections of QPPs in the radio and microwave emission of stellar �ares are much rarer. For
example, Zaitsev et al. (2004) reported 1-s QPPs in the 4.5�5.1 GHz �aring emission of the M-
dwarf AD Leo using the 100-m E�elsberg radio telescope. More recently, observations of AD Leo
with the Five-hundred-meter Aperture Spherical Radio Telescope revealed sub-second pulsating
emission features around 1 GHz (Zhang et al., 2023; Zarka et al., 2025). Figure. 3a shows examples
of radio bursts on AD Leo recorded by the upgraded Giant Metrewave Radio Telescope (uGMRT;
Gupta et al., 2017) in the 500�850 MHz range. The radio dynamic spectrum revealed strong quasi-
periodic type III-like bursts followed by a type IV signature, making it the �rst report of solar-like
burst types in a young M-dwarf. The band-averaged uGMRT light curve highlights the QPPs
with multiple strong bursts marked from F1-4. Using modern sensitive interferometers like JVLA,
LOFAR, ASKAP, etc., capable of wideband imaging observations, certain studies have reported
radio burst �ne structures, which could be classi�ed as QPPs (Osten and Bastian, 2006; Osten et al.,
2008; Villadsen and Hallinan, 2019).

The advancements in millimeter observations enabled by the Atacama Large Millimeter/submillimeter
Array (ALMA; Wedemeyer et al., 2016) and Northern Extended Millimetre Array (NOEMA; Chenu
et al., 2016) have also led to sub-second scale stellar �are studies in the 30�1000 GHz band. Fig-
ure 3b shows a mm burst with second-scale QPPs and a characteristic positive spectral index around
�are peaks, akin to some sub-THz solar �ares (e.g. Silva et al., 1997; Trottet et al., 2008) and unlike
other reported second-scale stellar bursts (MacGregor et al., 2018, 2020; Howard et al., 2022).
During the peak �are periods, signi�cant variability in the linear polarization is also noted from

10



QPPs in solar and stellar �ares

Figure 3: QPPs in AD Leo bursts. (a): STOKES V dynamic spectrum and band-averaged light curve
showing highly polarised quasi-periodic radio bursts (F1-4) during a strong activity period. The periods of
strong and weak activity show type III and band-limited type IV burst features, respectively, marking this
the �rst case to report these burst-types in a young M-dwarf (Mohan et al., 2024). Horizontal line in the
light curve marks the base level adopted to de�ne strong activity (b): Millimeter bursts recorded by NOEMA
showing second-scale QPPs in the two linear polarization channels (H and V). The mean STOKES I light
curves in the two sub-bands reveal a frequency-rising nature (positive spectral index (X)) with second-scale
modulations on the �8-13 s scale burst pulses (Mohan et al., 2025).

the H and V polarization light curves. In the sun, several mm burst QPPs have been observed with
second-scale variability in �ux, polarisation, and spectral index (e.g., Kaufmann et al., 1985; Raulin
et al., 2003; Krucker et al., 2013; Shen et al., 2023). The frequency-rising bursts are often associ-
ated with particle acceleration in long �are loops (e.g., Fleishman and Kontar, 2010), while QPP
phenomena can result from various mechanisms discussed in Sec. 2, depending on the event(e.g.,
Fleishman and Kontar, 2010; Zaitsev et al., 2014; Klopf et al., 2014). Recently, Tandoi et al. (2024)
released a catalog of stellar mm �ares detected by the South Pole Telescope with minute-scale
cadence, revealing QPPs in some events.

4 QPP-oriented time-series analysis techniques

Detection of QPPs in solar and stellar �ares presents a major challenge for traditional time-series
analysis because of their intrinsically non-stationary, short-lived, and often anharmonic nature.
The conventional fast Fourier transform (FFT) technique assumes decomposition into stationary
sinusoidal components and is consequently highly limited in application when the oscillation
period and/or amplitude vary on timescales comparable to the �are duration. QPP signals typically
last only a few oscillation cycles and undergo strong modulation driven by the evolving plasma
parameters of the �aring region, rapid damping, or geometric changes in oscillating loops. As
reviewed by An�nogentov et al. (2022) and Jafarzadeh et al. (2025), Fourier basis functions rarely
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match the true physical modes of the system, leading to power spreading across multiple harmonics
and potentially spurious peaks in the spectrum. Noise, both white and coloured of physical or
instrumental origin, together with the strong and often asymmetric �are trend, further distorts
the spectral power distribution and complicates signi�cance testing (see e.g. Pugh et al., 2017;
Nakariakov et al., 2019).

A partial improvement is obtained with the methods which provide oscillation power-frequency-
time distributions and can therefore detect slowly evolving periodicities such as windowed Fourier
transforms, wavelet transform and, in some cases, the Hilbert or Wigner�Ville (WV) transforms.
These methods can capture QPP with weak non-stationarity, such as small frequency drifts. How-
ever, they remain fundamentally Fourier-based and therefore inherit the limitations of harmonic
basis functions. They are especially sensitive to the broadband and intrinsically multi-scale nature
of �are light curves. For example, the cross-term interference in the WV approach leads to the
redistribution of power across frequency bands when multiple oscillatory components are present.
Nevertheless, the method has been used successfully, for example, for the detection of QPP with
modest frequency drift in microwave observations of a �are on AD Leo (Zaitsev et al., 2004).

To overcome the limitations inherent to Fourier-based approaches, empirical mode decomposition
(EMD) has emerged as a powerful tool for QPP analysis (Kolotkov et al., 2015). EMD imposes
no assumption about basis functions: intrinsic mode functions (IMFs) are derived directly from
the data, allowing extraction of locally de�ned, amplitude- and frequency-modulated oscillations.
This adaptability makes EMD particularly well suited to QPP, which commonly display strong non-
stationarity. It has been applied extensively to QPP (including those in non-thermal microwave,
white light, and UV bands) in both solar and stellar �ares (e.g. Doyle et al., 2018; Jackman et al.,
2019; Kashapova et al., 2020). Because noise can also generate spurious IMFs, EMD must be
accompanied by rigorous statistical signi�cance testing (Kolotkov et al., 2016). Recent develop-
ments include the SunPy-a�liated SCOPE package1, designed to identify statistically signi�cant
oscillations extracted by EMD in the presence of coloured noise.

Another approach to QPP detection involves direct best-�tting of physically motivated models to
the observed �are light curves with traditional least-square methods or a more advanced Bayesian
Markov Chain Monte Carlo (MCMC) inference scheme. In particular, in the time domain, Bayesian
MCMC enables fully probabilistic estimation of the characteristic �are and QPP timescales, includ-
ing oscillation period/damping time variations (e.g. Pascoe et al., 2020; Kuznetsov and Kolotkov,
2021; Li, 2025). It avoids assumptions inherent to spectral transforms but is necessarily model-
dependent. Another tool, AFINO2 (Automated Flare Inference of Oscillations Inglis et al., 2016),
implements Bayesian MCMC best-�tting in the Fourier spectral domain, which compares competing
power-spectral models to assess the presence of power enhancements caused by oscillatory compo-
nents. Despite its systematic design, AFINO remains constrained by the fundamental assumptions
and limitations of Fourier analysis and is therefore inherently conservative.

Because no single method is found to perform optimally for all QPP morphologies, the combined
use of multiple, independent techniques seems to be the most robust practice. The large-scale

1https://github.com/Warwick-Solar/scope
2https://aringlis.github.io/AFINO/
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comparative study of Broomhall et al. (2019) demonstrated that using two or more methods,
typically one Fourier-based and one adaptive method such as EMD (see Fig. 4), signi�cantly
improves the detection reliability and minimises the probability of false positives across a wide
range of QPP behaviours.

Figure 4: A QPP event with strong period drift in a white-light �are on TIC 233547261 star observed with
TESS. Top left: �are light curve (black) with low-frequency trend (red); dashed lines mark the analysed
interval. Bottom left: detrended signal (black) and the statistically signi�cant EMD mode (blue). Top right:
Fourier power spectrum of the detrended signal; the best-�tting noise model is shown in blue, with 1f and
2f signi�cance levels in green and red. The vertical dashed line marks the period equal to 0.4 of the analysed
interval. Bottom right: EMD spectrum after trend removal; the expected power-law noise distribution (blue)
and 95% con�dence levels (red) are shown. Error bars re�ect the half-level widths of the global wavelet
spectra for each mode. Figure credits: Ramsay et al. (2021).

Advanced data analysis techniques are also required for the physical interpretation of QPP beyond
their detection. In the radio band, the method of microwave imaging spectroscopy (Fleishman
et al., 2022) o�ers the capability of reconstructing time-dependent maps of plasma parameters
in �aring active regions, linking observed QPP modulations directly to the underlying physical
processes discussed in Sec. 2. A complementary route involves studying empirically revealed
scalings between QPP parameters, such as the dependence of damping time on oscillation period,
which di�er between proposed mechanisms. For example, resonantly-absorbing kink oscillations
and standing slow waves damped by thermal conduction in coronal loops are expected to have linear
and quadratic proportionality between damping time and period, respectively, which can be tested
in QPP observations. Bayesian MCMC inference plays a central role in discriminating between
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competing models and comparing observations with multi-parametric theoretical predictions (see
e.g. Arregui et al., 2023).

5 Machine learning techniques in QPP study

The explosive growth in observational facilities and the data provided by them demand the use of
automated techniques to detect various phenomena, including QPPs. The standard transform-based
data analysis techniques commonly used to detect QPPs in lightcurves (see e.g., Broomhall et al.,
2019) are limited due to non-stationary nature of QPPs and depend on the QPP type. In this regard,
the machine learning (ML) techniques have the potential to supplement the traditional methods.
In particular, ML open a prospect of using di�erent data types for a detection/classi�cation task
(multimodal learning) extracting the useful information from as many data sources as possible,
which is hard to achieve by using the traditional methods. Moreover, ML can be used to �nd
dependencies in data, e.g., and to determine data clusters. The latter has a great potential for
classifying QPPs based on the data structure rather than the researcher's biases. Despite all the
advantages of using ML in QPP studies, it is worth remembering that the majority of ML models,
especially neural networks, are hardly explanable. This is why these models should be applied as
preliminary data sifts to limit the amount of data for traditional data analysis.

The �rst attempt to use ML in the QPP study was made by Belov et al. (2024), where the Fully
Convolution Network (FCN) architecture proposed by Wang et al. (2017), was used to classify
lightcurves, and determine whether they have exponentially decaying harmonic QPP or not. As this
task requires a signi�cant amount of data containing the exact type of QPP, the optimal approach
is to generate the syntetic data to control the data quality. For this purpose, 90,000 synthetic �are
lightcurves with and without QPP were generated. The network trained on this synthetic dataset
demonstrated an accuracy of 87.2% (see the left column of Fig. 5 for a confussion matrix). The
right column of Fig. 5 shows an example of the FCN responses for the lightcurves observed by
Kepler where Pugh et al. (2016) found decaying QPPs. In addition, the FCN was used to sieve the
comprised of 2274 �are events observed by Kepler, resulting in a 7% detection rate of QPPS of the
assumed class, with a probability above 95%.

Recently, Wang et al. (2025) applied the FCN developed by Belov et al. (2024) to identify a sample
of 10,465 stellar �ares detected with the Transiting Exoplanet Survey Satellite (TESS) exhibiting
SUMER-type QPP phenomena. QPP are found to appear more frequently in M-type stars, in stars
with lower e�ective temperatures, and in systems characterised by rapid rotation or short orbital
periods, indicating clear correlations between the occurrence of QPPs and fundamental stellar
parameters. No signi�cant correlation is found between QPP periods and �are parameters such
as energy, amplitude and duration. For the identi�cation of �ares, the authors used an ML search
method based on a convolutional neural network developed by Feinstein et al. (2020).

Future directions in QPP studies include the development of more sophisticated ML models, as
well as the application of state-of-the-art models to detect, classify, and uncover relations in the
QPP data. Another important avenue is the exploration of di�erent data to enable multimodal QPP
detection.This naturally expands the scope of data engineering: for example, additional diagnostic
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features such as the autocorrelation function may be incorporated, and raw lightcurves can be
transformed into two-dimensional spectral representations for further analysis. Moreover, ML
techniques applied to imaging data (Castelló et al., 2025; Belov et al., 2025) o�er a route to link
observed QPPs with speci�c wave modes, thus integrating temporal and spatial information in a
uni�ed framework. All of these steps will facilitate routine automated ML-powered QPP detection.

Figure 5: Left column: the confusssion matrix showing the FCN performance on the synthetic dataset.
Right column: An example of the FCN result for two stellar �are lightcurves with QPP from (Pugh et al.,
2016). The numbers in the right upper corners show the FCN con�dence in identifying the QPP. Figure
credits: Belov et al. (2024)

6 Advances in QPP research with SKA precursors and path�nders

In this section, we present recent advances in QPP research using SKA precursors and path�nders.
The MWA facilitated high dynamic range snapshot spectroscopic imaging of solar active regions
and quasi-steady emission regions across corona since the late 2010s. These studies required the
development of novel imaging strategies and their implementation as automated pipelines, given
the sheer volume of interferometric data (¦1 TB/h) that MWA generates and the novel technical
challenges involved in calibrating them (Oberoi et al., 2017; Mohan and Oberoi, 2017; Mondal
et al., 2019; Kansabanik et al., 2022). Besides, automated analysis tools were required to identify,
track, and model radio burst source morphologies across snapshot image spectral cubes generated
by the imaging pipeline at sub-second and sub-MHz resolutions across 30 MHz wide spectral bands
(Mohan and Oberoi, 2017; Oberoi et al., 2023b; Mohan, 2023). SPatially REsolved Dynamic
Spectrum (SPREDS; Mohan and Oberoi, 2017; Mohan, 2023), an extension of the traditional
dynamic spectrum, is a powerful tool for exploring the evolution of speci�c regions of choice on
the Sun. SPREDS allows performing source �tting in images made across every frequency-time
bin and recording the �ne spectro-temporal evolution of the �t parameters, to reveal the source
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morphological variability. Figure 6 shows an example of SPREDS for an active region, associated

Figure 6: SPREDS example.(a) Snapshot spectroscopic image of the Sun at 229.36 MHz (0.5 s, 160 kHz
averaging), with a bright type-I source highlighted by the bold black dotted contour. (b-d) SPREDS for the
source �ux density, area, and position angle derived by �tting the radio source with a 2D Gaussian function
in every snapshot spectroscopic image made across 4 minutes and 15 MHz extent.

with a type-I noise storm. The radio source appeared to have a 2D Gaussian morphology (see
Fig. 6a). The data were �tted with a Gaussian source model and the integrated �ux density, area,
and position angle of the source were recoded for each time-frequency bin in which the data were
imaged. The source area is estimated as the cross-sectional area of the ellipse that marks the full
width at half maximum (FWHM) of the peak source �ux density. In addition, the source centroids
are also often explored to study the e�ects of radio-wave scattering and any inherent large scale
dynamics (e.g., Mohan et al., 2019). Employing the novel imaging and analysis tools, namely
SPREDS, solar active and quiescent emission regions were studied, exploring nano�ares to coronal
mass ejections (CMEs) (e.g., McCauley et al., 2017; Rahman et al., 2019; Mohan et al., 2019;
Mohan et al., 2019; Mondal et al., 2020a,b; Sharma and Oberoi, 2020; Mohan, 2021a; Kansabanik
et al., 2023).

Similar sub-second spectroscopic evolution of source sizes and �ux density have also been per-
formed with the SKA-Low path�nder, LOw Frequency ARray (LOFAR; van Haarlem et al., 2013)
in the 30�80 MHz band. These studies primarily explored the impact of coronal density �uctuations
and other propagation e�ects on the observed radio source properties during weak to major solar
�ares and CMEs (e.g., Kontar et al., 2017, 2019; Zhang et al., 2019; Murphy et al., 2021; Clarkson
and Kontar, 2025; Kumari et al., 2025). Certain studies also explored the image plane sources of
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