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Abstract Quasi-periodic pulsations (or QPPs) are periodic intensity variations in the flare
emission that occur across all wavelength bands. In this article, we review the observational
and modelling achievements since the previous review on this topic by Nakariakov and Mel-
nikov (Space Sci. Rev. 149, 119, 2009). In recent years, it has become clear that QPPs are an
inherent feature of solar flares because almost all flares exhibit QPPs. Moreover, it is now
firmly established that QPPs often show multiple periods. We also review possible mecha-
nisms for generating QPPs. Up to now, it has not been possible to conclusively identify the
triggering mechanism or cause of QPPs. The lack of this identification currently hampers
possible seismological inferences of flare plasma parameters. QPPs in stellar flares have
been detected for a long time, and the high-quality data of the Kepler mission allows study-
ing the QPP more systematically. However, it has not been conclusively shown whether the
timescales of stellar QPPs are different or the same as those in solar flares.
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Figure 1 Intensities as a
function of time for the “seven
sisters” flare. Picture taken from
Kane et al. (1983).

1. Introduction

In the past 15 years, it has become obvious that the solar corona hosts a variety of magneto-
hydrodynamic (MHD) waves. First, slow waves were detected in coronal plumes and loops
(DeForest and Gurman, 1998; Berghmans and Clette, 1999), quickly followed by kink waves
excited by flares (Nakariakov et al., 1999). For an overview of the earlier observations, we
recommend a thorough reading of Nakariakov and Verwichte (2005) or De Moortel and
Nakariakov (2012). More recently, it was found that kink waves are observed in nearly all
coronal loops (Tomczyk et al., 2007; Van Doorsselaere, Nakariakov, and Verwichte, 2008;
McIntosh et al., 2011; Nisticò, Nakariakov, and Verwichte, 2013), and that slow waves are
also detected in all coronal loops at all times (Krishna Prasad et al., 2012; Banerjee and
Krishna Prasad, 2016).

The violent nature of the flare is bound to excite waves in its vicinity. Often, direct ob-
servations of flares and their surroundings show clear oscillatory phenomena. Indeed, it is
obvious that transverse waves are excited in nearby loops by the flare disturbance. In partic-
ular, the flare light curve shows periodic intensity increases and decreases. These are called
quasi-periodic pulsations (or QPPs). The classical example is the so-called “seven sisters”
flare (Kane et al., 1983), as depicted in Figure 1, where a clear 8 s period is observed. QPPs
in solar flares have typical periods of between a few seconds to a few minutes. For stellar
flares, the periods may reach tens of minutes. These timescales place the QPP oscillations
in the MHD regime.
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QPPs were reviewed in depth by Nakariakov and Melnikov (2009). The current article
aims to give an overview of recent theoretical and modelling results. Even though many new
results have been obtained, there is still no consensus reached on what physical mechanism
is responsible for the generation of QPPs.

The importance of studying QPPs cannot be overstated. If the QPPs are generated by
quasi-steady processes (also called magnetic dripping), their period probably contains infor-
mation on the ongoing physical processes during the flare. If they are generated by magnetic
dripping or MHD waves, they offer us a unique tool to seismologically probe the flare site.
By comparing the QPP periods to theoretical models, it is possible to gauge plasma parame-
ters in the flare surroundings, which are difficult to measure otherwise (e.g. magnetic field).
Moreover, it has been argued by Fletcher and Hudson (2008), Russell and Fletcher (2013)
that MHD waves are responsible for the energy transport from the reconnection site to the
main emission sites in the flare foot-points. The QPPs could be a direct sign of this transport
mechanism.

Up to now, however, it is unclear what causes the QPPs (as mentioned above). This
hampers progress in using QPPs for seismological purposes (using either the quasi-steady,
dripping or wave description).

2. Observations of QPPs in Solar Flares

Since QPPs are typically short-period phenomena (the typical periods of seconds are shorter
than those of other oscillatory phenomena in the solar atmosphere, Nakariakov and Ver-
wichte, 2005), they are mostly observed with instruments observing the Sun as a star, i.e.
with no (or limited) spatial resolution. Key instruments are often radio telescopes because
they offer a superior time resolution. Because of the nature, history, and observability of
the QPPs, we first focus on the temporal domain (Section 2.1), before moving to the spatial
(Section 2.2) and spectral (Section 2.3) information.

2.1. Temporal Behaviour

Most studies focus on frequency analyses of the time series of a flare emission intensity.
This is usually done by subtracting some flare trend (established by smoothing the flare light
curve, Fourier or wavelet filtration, polynomial fitting, or other techniques), before analysing
it with standard period analysis techniques (such as FFT, nonlinear fitting, or wavelets).
However, recently, some new methods have been exploited (Kolotkov et al., 2015; Inglis,
Ireland, and Dominique, 2015). Kolotkov et al. (2015) focused on the detection of nonlinear
and time-dependent signals (e.g. Nakariakov et al., 2010a, which has a clear anharmonic
signal indicating the presence of nonlinear waves) with the Hilbert–Huang transform imple-
menting the Empirical Mode Decomposition. Inglis, Ireland, and Dominique (2015) focused
on the proper accounting of the flare noise.

The periods of QPPs in solar flares cover a wide range, but are rather short. They reach
from sub-second periods to periods of seconds or tens of seconds, with maximal periods of
around five minutes. Tan et al. (2010) reported an event in which even all of these periods
were simultaneously present in their data. Indeed, this has become abundantly clear in the
past five–six years: QPPs often show multiple periods in the same flare and are thus multi-
periodic phenomena. Inglis and Nakariakov (2009) were one of the first teams to study mul-
tiperiodicity in a flare. They found a spectrum in which the periods were nearly multiples
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of each other. This was unexpected because non-dispersive waves would rather have fre-
quencies that are multiples of the fundamental mode. Further multiperiodic events were re-
ported by Van Doorsselaere et al. (2011), Kupriyanova, Melnikov, and Shibasaki (2013b,a),
Kupriyanova et al. (2014), Kolotkov et al. (2015), Chowdhury et al. (2015). In some of
these cases, the periods seem to be associated with harmonics of a single wave mode (e.g.
Kupriyanova, Melnikov, and Shibasaki, 2013b; Chowdhury et al., 2015). However, in other
cases, the periods are far removed from each other (Van Doorsselaere et al., 2011), probably
indicating that they come from different wave modes.

In most cases, the periods seem to be stable. However, in other cases, the periods are
observed to grow. For instance, Reznikova and Shibasaki (2011) found that the QPP period
grew from two and a half to five minutes over the duration of the flare, and Huang et al.
(2014) observed a period growing from 21 – 23 s in soft X-rays and microwave emission, to
24 s in the EUV and even 27 – 32 s in radio, with these subsequent bands associated with
later or decaying phases of the flare.

At the moment, the relationship between the phases of the flare and the timing of the
occurrence of the QPP is unclear. In some cases, the QPPs occur in both the rise phase and
the gradual (decay) phase of the flare (e.g. Van Doorsselaere et al., 2011; Dolla et al., 2012;
Simões, Hudson, and Fletcher, 2015). However, in some cases, the QPPs are restricted to
only the rise phase (Jakimiec and Tomczak, 2012, and follow-up works), but in other cases,
the QPPs are observed during the decay phase only (e.g. Kane et al., 1983). In the latter
work, very regular pulsations were observed during the decay phase of the flare, lasting for
seven cycles (see Figure 1). On the other hand, short damping times are often observed,
with only a few cycles visible (e.g. Kolotkov et al., 2015). It seems therefore that the quality
factor of QPPs has a broad range (quality factor is the damping time divided by the period,
i.e. some are damped in a few periods, while others are nearly non-damped), indicating
that multiple physical mechanisms may be responsible for generating QPPs. The damping
time could be heavily influenced by the signal noise and the relative strength of the QPP
compared to the flare background.

Another point of note is that the QPPs are not co-temporal in different wavelength bands
and that time delays are observed. Zimovets (2010) showed a phase shift for a long-period
QPP. Dolla et al. (2012) performed an extensive study using all available data sources and
showed that the phase shifts could reach up to a quarter or even half of the QPP period in
some wavelength bands.

An important question that may be asked is whether QPPs are a frequently observed phe-
nomenon. This is certainly true, as was proven observationally by Kupriyanova et al. (2010).
They selected 12 standard flares (standard in the sense of isolated and close enough to the
disc centre), and found that 10 out of 12 showed QPPs. This is convincing evidence that
QPPs are an inherent feature of solar flares: solar flares without QPPs are rarely observed.
On the other hand, Mossessian and Fleishman (2012) applied their technique to 412 bursts
and found that only in 2.5 % of them the QPPs appear in the dynamic spectrum, and in 10 %
of them the QPPs are present at only a few frequencies. Moreover, it was argued recently by
Gruber et al. (2011), Inglis, Ireland, and Dominique (2015) that the flare variations follow
red noise (i.e. a power law in Fourier space, rather than uniform white noise).

Indeed, such power laws are prevalent in solar and astrophysics: it has been observed in
the Fourier spectrum of narrow-band dm-radio spikes (Fárník and Karlický, 2005) and zebra
patterns (Karlický, 2014). A similar power-law Fourier spectrum was found during a solar
flare (Karlický et al., 2005), in which QPP periods in the range of 0.9 – 7.5 s were found
simultaneously. Liu et al. (2011) also found indications for the power-law distribution of
peaks in the Fourier spectrum of the EUV emission of a C3.2 solar flare/CME event. It seems
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to be a general feature of coronal emission and waves (Bemporad, Matthaeus, and Poletto,
2008; Tomczyk and McIntosh, 2009; Gupta, 2014; Ireland, McAteer, and Inglis, 2015), and
the last team of authors believed that this Fourier spectral shape contradicts the commonly
held assumption that coronal time series are well described by the sum of a long-timescale
background trend, oscillatory signal, and normally distributed noise. The power-law shape
of the Fourier power spectrum is interpreted as being due to the summation of a distribution
of exponentially decaying emission events along the line-of-sight.

Thus, it is the opinion of Inglis, Ireland, and Dominique (2015) that the QPP identifica-
tion and detection needs to be revisited with this in mind. The authors stated that the QPPs
should have a power higher than the 99 % confidence level using the red noise approach,
i.e. in the confidence level above the power law in Fourier space (rather than the confidence
above the white noise, as is commonly assumed). This was taken into account by Simões,
Hudson, and Fletcher (2015), who performed a comprehensive study of 35 flares. They still
found at 97.5 % confidence that most flares (80 % of 35 flares) had significant oscillations,
above the red noise level.

In the literature, it is clear that no firm consensus has been reached on the occurrence rate
of QPPs. Kupriyanova et al. (2010), Simões, Hudson, and Fletcher (2015) found that QPPs
are very common, but Mossessian and Fleishman (2012) found that they are rare. It should
be investigated if there are selection effects in these articles for selecting the events, or for
the period detection.

2.2. Spatial Location

In addition to the temporal evolution of the flare emission, there is currently a trend to
investigate spatially resolved flares. This has been possible with the most modern radio tele-
scopes, such as the Nobeyama RadioHeliograph. For example, Melnikov et al. (2005) could
identify the fundamental sausage mode and its overtone in a coarsely resolved loop. How-
ever, radio observations often have a coarse spatial resolution. This was stressed when Zi-
movets, Kuznetsov, and Struminsky (2013) re-analysed a seemingly resolved flare observed
by Kupriyanova et al. (2010). Zimovets, Kuznetsov, and Struminsky (2013) pointed out that
the single loop flare in the radio band corresponded to a bundle of unresolved flaring loops
in TRACE (see Figure 2). They argued that it was the propagation from one loop to the next
that created the QPPs in this case, rather than a sausage mode in a thick flaring loop.

It is well known that solar flares excite transverse waves in nearby loops (see, e.g. Ku-
mar et al., 2013; Nisticò, Nakariakov, and Verwichte, 2013; White, Verwichte, and Foullon,
2013; Zimovets and Nakariakov, 2015; Goddard et al., 2016), and sometimes also loop con-
tractions (see, e.g. Liu et al., 2012; Zhou et al., 2013). In recent observations of Simões et al.
(2013), it seemed that the transverse oscillations of contracting loops appeared together with
QPPs. The authors found that the transverse oscillations of surrounding loops were appar-
ently caused by the “persistent, semi-regular compression of the flare core region”. This is
an observational indication of the nature of the QPP, which is interacting directly with (some
of) the surrounding loops. This effect (as also suggested by Zimovets and Nakariakov, 2015)
was observed and modelled by Russell, Simões, and Fletcher (2015) for five contracting
loops during a solar flare. The authors found that the highest loops oscillated during their
contraction, while the shortest loops did not. They concluded that coronal loop contractions
and oscillations together can be caused by removal of magnetic energy from the corona,
which could be related to the QPP. The proposed framework suggests that loop motions can
be used as a diagnostic for the removal of coronal magnetic energy by flares (confirming
the observational results of Simões et al., 2013), and the rapid decrease of coronal magnetic
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Figure 2 A re-analysis of a QPP
observed in the Nobeyama
RadioHeliograph (top) with the
TRACE instrument (bottom),
showing that a single flare loop in
radio may correspond to a bundle
of flare loops in EUV. Figure
taken from Zimovets, Kuznetsov,
and Struminsky (2013).

energy is a newly identified excitation mechanism for transverse loop oscillations (Hudson,
Fisher, and Welsch, 2008).

Evidence for an external trigger of the QPPs (Section 3.1.1), or a common trigger for ex-
ternal oscillations, was found in EUV observations. It was found by Liu et al. (2011) that the
QPP periods agreed with quasi-periodic fast propagating (QFP) waves in a nearby funnel,
indicating a common origin. Another possible connection with external waves was revealed
by AIA observations of slow waves. Kumar, Nakariakov, and Cho (2015) found long-period
slow waves propagating in a flaring loop, with a period of 409 s. Simultaneously, a QPP
with a period of 202 s was observed, of which the emission originated in one foot-point.
The physical connection between these two periodicities is unclear, but it could be related to
a resonant coupling between the QPP and the slow wave by the second harmonic of a wave
mode. The quasi-periodic response at another foot-point suggests a closed configuration of
the magnetic field lines. In an open magnetic field configuration, the periodicity appears
as quasi-repetitive type III radio bursts (Kumar, Nakariakov, and Cho, 2016) produced by
ultra-relativistic electrons escaping the solar corona. The period of about three minutes cor-
responds to the periods of the sunspot oscillations, and some observational evidence has
been found for a link (Sych et al., 2009).

Su, Shen, and Liu (2012) and Su et al. (2012) reported the formation of cusp-like struc-
tures from a loop system directly in imaging observations with the SDO/AIA facilities. Su,
Shen, and Liu (2012) detected bidirectionally propagating waves in 171 Å in one of the loop
legs. The waves corresponding to the QPPs were found to be directed upward only, above
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the cusp. The intensity modulation in all wavelengths was large, more than 30 % of the emis-
sion trend for the event. The authors estimated that the magnitude exceeded that expected
for density perturbations caused by slow-mode magnetoacoustic waves. The authors there-
fore connected their observation of the QPP with episodic outflows along the tube, caused
by the physics of the reconnection (Section 3.1.2).

A similar QPP event was studied by Su et al. (2012). QPPs were detected in almost all
the loop sources. The location of the QPPs was different for separate phases of the flare.
Before the flare, pulsations were only seen in one loop. After the flare, pulsations were
pronounced in the newly appeared cusp and loop. The pulsations in the new structures were
five to seven minutes delayed relative to those in the old loop. However, they were found
to correlate well after the delay was removed. The QPP periods range from 24 to 166 s.
The span of the periods found with the time-distance diagrams in different parts of the loop
system were explained by the presence of different MHD modes (see Section 3.1.3).

Observational data in the microwave and ultraviolet bandpasses revealed that oscilla-
tory processes in the sunspot led to the flare ignition in a neighbouring active region (Sych
et al., 2015). Spatial analysis of the sunspot oscillations revealed that a magnetic waveguide
connected the sunspot with the flare site. The waveguide was also well pronounced in the
coronal line emission (SDO/AIA 171 Å). Slow magnetoacoustic waves propagated from the
sunspot to the flare region along this magnetic channel, and this argues again in favour of an
external triggering mechanism (Section 3.1.1).

2.3. Spectral Information

Spectral information is mainly lacking in the current observational QPP studies. There is
a wide coverage of broadband imaging facilities, ranging from γ -rays (Nakariakov et al.,
2010b) to radio emission. However, detailed spectroscopic studies of QPPs have not been
performed.

In general, great progress has been made for flares by Milligan et al. (2012a,b), Milligan
and McElroy (2013). They used the MEGS spectrometer in the EVE instrument onboard
the SDO to show that continuum emission plays a major role in the flare emission. Thus,
the question is raised how QPPs would be observed in the spectral domain. Are they mainly
observed as variations of the continuum (as seems to follow from Milligan and McElroy), or
would they be detectable in the varying intensity of hot spectral lines? In stellar flare studies,
the spectral approach is often taken (e.g. Kowalski et al., 2013) with great success, and this
urges the same approach to be pursued in QPP observations.

An interesting observational finding has been made by Li, Ning, and Zhang (2015). They
performed a multi-wavelength study of a solar flare. They showed that many bright struc-
tures (in AIA 1600 Å images) move along the flare ribbon parallel to the magnetic neutral
line. The four minute periodicity of the QPP is also found in X-rays, EUV lines, radio emis-
sion, and Doppler velocities. From the imaging data in the EUV range, it was concluded
that QPPs originate from the flare ribbon front. Spectral observations with IRIS indicate that
both the spectral line width and the Doppler velocity varied in phase with the QPP.

In a very recent study, Brosius and Daw (2015) analysed IRIS observations of solar
flare ribbons. In IRIS, the Fe XXI spectral line together with cooler chromospheric lines
(such as O IV and C IV) are observed simultaneously in the same wavelength band. Brosius
and Daw detected QPPs in the emission of the cooler lines, and they also reported that the
QPPs were not as clear in the hot Fe XXI lines. Moreover, they also observed simultaneous
Doppler shift oscillations in the cooler lines. The Doppler-shift oscillations are in phase
with the intensity oscillations, similar to Li, Ning, and Zhang (2015). Thinking ahead to a
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Figure 3 Schematic
representation of possible causes
for the generation of QPPs. The
QPPs could be caused in the
external flare trigger, in the flare
itself, or in the post-flare loops.
Figure adapted from Shibata
et al. (1995).

possible interpretation in terms of flare loop wave modes (Section 3.1.3), this places strong
constraints on the possible wave mode identification.

3. Interpretations for QPPs

The periodic behaviour of QPPs must have a physical explanation and interpretation. It has
sometimes been said that multiple flares (or sympathetic flares) occur sufficiently close in
time to show up as a secondary peak in the light curve. However, this does not explain
the occurrence of nicely periodic intensity variations because the chance of having multiple
flares occurring periodically is rather small, except in a few idealised situations or models.

Given the periodic nature, it is straightforward to study oscillatory plasma processes to
explain the QPPs. The typical timescale of a few seconds to a few minutes is firmly in the
MHD regime, and thus this is what we focus on in the explanations.

3.1. Physical Mechanism

It is currently debated which physical mechanism is responsible for the generation of QPPs.
Three possible mechanisms are discussed in detail: waves could be excited by the flare trig-
ger (Section 3.1.1), in the flare itself (Section 3.1.2), or in the post-flare loops (Section 3.1.3),
as shown schematically in Figure 3. For each proposed mechanism, we list the observational
arguments that support or contradict that particular theory.

3.1.1. External Oscillatory Triggers

The first possibility is that QPPs are triggered by a periodicity in the inflow that drives the
reconnection. Then, the reconnection is modulated periodically, leading to a periodic pro-
duction of non-thermal particles. This then naturally explains the modulation in the emission



QPP in Solar and Stellar Flares 3151

Figure 4 Schematic drawing of
an external periodic triggering of
reconnection, resulting in
periodic precipitation of energetic
particles and modulation of the
observed emission. Figure taken
from Nakariakov et al. (2006).

by the episodically increased and decreased number density of non-thermal particles precip-
itating in the flare loop foot-points. This possibility for generating QPPs was first suggested
in Nakariakov et al. (2006), and is shown schematically in Figure 4.

In the figure, the indicated cooler loop symbolises the external trigger for the QPPs. The
external trigger is an essential ingredient in this scenario. As shown in the picture, it could
be a transversely oscillating loop, for which the evanescent tail extends to the null point.
It could also be a propagating disturbance generated by e.g. another flare. Possible triggers
may be any oscillatory disturbance reaching (the surroundings of) the null point and thereby
periodically triggering thus modulating the reconnection rate.

The first models for such oscillations were developed by McLaughlin and Hood (2004),
who showed that a wave pulse steepened around the null point, leading to the generation
of strong currents (and thus reconnection). Later on, Nakariakov et al. (2006) extended the
experiment to mimic periodic external drivers, pointing out that the small-amplitude external
driver results in periodic current spikes near the null point, whose amplitude is much larger
than the amplitude of the driving wave because of the nonlinear behaviour near the null
point.

Another study on this subject was performed by Gruszecki et al. (2011), who incorpo-
rated nonlinear wave effects (such as shock dissipation in the models). The shock dissipation
in the incoming wave will damp the incoming waves with high amplitude, while the low-
amplitude waves will not have a strong effect. The external triggering wave therefore needs
to have a perfectly matching amplitude to have the strongest effect on the null point (i.e.
a Goldilocks principle). This could explain the difference in strength between QPPs in dif-
ferent flare events, because they strongly depend on the amplitude of the external driver.

More numerical simulations were done for a more general magnetic field configuration
by Santamaria, Khomenko, and Collados (2015). They showed that a low-frequency driver
(with periods of around five minutes, typical in the solar atmosphere) can lead to high-
frequency oscillations (>10 mHz) with periods close to those of QPPs. It is unclear for
now how the short-period waves are generated from the longer-period waves, but it could be
related to dispersive evolution or resonant filtering.

Even though their model is entirely different, the work by Nakariakov and Zimovets
(2011) can also be sorted under this category (“external oscillatory triggers”). They proposed
the cross-field propagation of slow waves to explain the apparent propagation of the flare
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Figure 5 Figure taken from Murray, van Driel-Gesztelyi, and Baker (2009), showing the temporal evolution
of the current in their numerical model of oscillatory reconnection.

foot-points. This could also lead to a periodic triggering of the reconnection along an X-line
resulting in QPPs. However, with this mechanism the timescales may be too slow to explain
the short QPP periods. A similar (albeit more convoluted) model was described in Artemyev
and Zimovets (2012), who focussed on waves above post-flare arcades.

Some observational support for the scenario in which QPPs are triggered by external
oscillations is offered by the work of Liu et al. (2011). They found that the light curves from
the flaring region showed the same periodicity as for the quasi-periodic fast magnetoacoustic
propagating wave train in the nearby funnel of open magnetic field. This suggests that both
phenomena have a common cause, externally linked to the flare region.

The scenario of externally triggered QPPs can also clearly explain the time delays be-
tween QPPs in different wavelength bands (Dolla et al., 2012). In this scenario, we would
have the co-temporal, periodic generation of the non-thermal particles near the X-point. Ow-
ing to the different propagation speeds of the species and their different dissipation location
(where the non-thermal particle is thermalised and emitting), this would naturally lead to
time delays between wave signals in different wavelength bands.

Still, it is hard to explain multi-periodic QPPs with this scenario because it is unclear how
multiple external periods could be propagated through the highly nonlinear reconnection
response. Further modelling is needed to determine how a multi-periodic driver could result
in multi-periodic QPPs and how the X-point filters or amplifies different harmonics in the
external driver or possibly generates them itself.

As mentioned in Section 2.2, some observational evidence exists from spatially resolved
QPP events. Liu et al. (2011) reported a possible connection with the quasi-periodic fast-
propagating (QFP) waves, and Kumar, Nakariakov, and Cho (2015) provided evidence for
an apparent harmonic connection between the QPP and the propagating slow wave.

3.1.2. Periods Generated by the Flare

A second possible generation mechanism for QPPs is the built-in periodicity of the re-
connection in the flare. Even though the inflow into the reconnection region may be non-
periodic, the reconnection is prone to generate waves and is inherently an unstable process.

In a solar physics context, flare oscillations were first studied by Craig and McClymont
(1991) and follow-up works. They considered a resistive X-point surrounded by a fixed,
circular boundary and studied the eigenoscillations of the system. They found a damped
oscillatory regime of the reconnection, in which the angle between the X-point field lines is
changed periodically (see also representative simulations in Figure 5). This means that these
waves are fast waves, whose period is determined by the Alfvén speed profile around the
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X-point, which forms the resonator. The damping of the wave is governed by the resistivity
of the plasma.

The oscillatory reconnection was found in 2.5D numerical simulations by Murray, van
Driel-Gesztelyi, and Baker (2009) (see Figure 5) and in 2D by McLaughlin et al. (2009).
In the first work, an oscillatory regime of reconnection is shown, similar to Craig and Mc-
Clymont (1991), which leads to a periodic variation of the reconnection rate and current
density in the current sheet. McLaughlin et al. (2009) studied the effect of an incoming
wave on the reconnection, and found once again that the current sheet deforms and oscil-
lates. However, they found that the reconnection jets (and the associated pressure) play a role
in the dynamics of the current sheet, and thus the oscillation mode may be determined by
the timescales of the slow magnetoacoustic wave transit time, rather than the Alfvén transit
time. This was later also studied by McLaughlin et al. (2012) in a similar setting, where they
performed a parametric study. McLaughlin, Thurgood, and MacTaggart (2012) reported that
the period of the oscillatory reconnection depends on the amplitude of the exciting wave, in-
dicating that the waves are essentially nonlinear. Pucci, Onofri, and Malara (2014) perturbed
an X-point with magnetosonic perturbations and also found oscillatory reconnection. It was
most clearly visible in the out-of-plane vorticity, and this seems to indicate a fast nature of
the oscillations.

The eigenoscillations of the Alfvén speed resonator around an X-point may result in the
periodic production of energetic particles that modulate the flare emission to a QPP. The
(presumably) Sturm–Liouville spectrum of this Alfvén speed resonator could also naturally
lead to multi-periodic QPPs. This mechanism for the generation of QPPs would be extremely
nice for remote sensing with seismology: with the QPP wave signals we could directly probe
the reconnection site for the Alfvén speed profile. Still, more modelling work is needed to
see how the wave periods depend on the current sheet properties and what type of wave
spectrum would be formed. On the other hand, it could be very difficult to observationally
verify this generation mechanism for QPPs.

Even if the X-point does not serve as a resonator, it is to be expected that reconnection is
a source of waves. This was explored by Longcope and Priest (2007). The reconnection and
its outflows excite multiple wave modes in the flaring environment. The same idea was used
by Takasao et al. (2015). They initiated reconnection above a magnetic arcade in a 2D MHD
simulation. They found that the flare outflow led to the formation of fast-mode shocks near
the arcade top. The resonance between these two fast-mode shocks then led to periodicity
in the flare outflow (which would precipitate to become the QPP emission). It is unclear
whether the mechanism found by Takasao et al. (2015) could lead to multiperiodicity in the
emission.

From numerical experiments, we also know that the tearing mode instability is operating
in the current sheet. Thus, there is a quasi-periodic generation of plasmoids in the current
sheet, and the plasmoids are subsequently ejected. Theoretical models for QPPs with this
scenario were developed by Tan et al. (2007), Tan (2008), yielding a broad range of possible
QPP periods (Tan et al., 2010). Following early numerical simulations (Kliem, Karlický, and
Benz, 2000), more advanced simulations concerning solar flares were performed by Bárta,
Vršnak, and Karlický (2008), but the concept is studied in other fields of plasma physics as
well. QPPs can then be generated by the precipitation of the plasmoids in the foot-points,
leading to periodically increased emission. Recent work using particle-in-cell simulations
by Innocenti et al. (2015) showed that the generation of plasmoids stops after the formation
of a monster plasmoid. Therefore, plasmoid generation might not be able to explain long-
lived QPPs. Moreover, it is unclear how the (chaotic) tearing instability may lead to such
clearly periodic signals in the observations.
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The coalescence instability of current-carrying loops was previously also considered as a
generation mechanism for QPPs, but since no recent work was done on this topic, we refer
to Nakariakov and Melnikov (2009) for more details.

3.1.3. MHD Waves in Flaring System

A third option indicated in Figure 3 is that oscillations are present or become excited in the
flaring or post-flare loops. As mentioned before, waves are currently considered as a trans-
port mechanism for the flare energy from the X-point location to the foot-points (Fletcher
and Hudson, 2008; Russell and Fletcher, 2013). Thus, it is natural to assume that they are
reflected several times in the flaring loop, setting up standing waves in the resonant cavity.

A flaring loop is often modelled as a radially piecewise constant, static cylinder (with
radius R) in magnetohydrostatic pressure equilibrium (e.g. Van Doorsselaere et al., 2011),
following the early work of Edwin and Roberts (1983). This is questionable because it is
clear that flaring loops have strong flows (i.e. not static) and are not in equilibrium, let alone
pressure equilibrium. However, the model is surprisingly robust, and the basic wave solu-
tions survive when flows (Goossens, Hollweg, and Sakurai, 1992) or non-equilibria (Rud-
erman, 2011) are considered. The model independently constructed by Edwin and Roberts
(1983), Zaitsev and Stepanov (1975) results in a dispersion relation for the frequency ω:
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where kz is the longitudinal wave number. The integer number m is the wave number in the
azimuthal direction, ρ is the mass density, and VA is the Alfvén speed. The subscripts i and
e denote quantities inside and outside of the loop. The Bessel function of the first kind is
denoted with Jm, and the modified Bessel function of the second kind with Km. The prime ′
denotes a derivative with respect to the argument. κ takes the role of radial wave number
and is calculated from the wave speeds by
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in which VS is the sound speed.
This dispersion relation has infinitely many solutions, leading to a wide variety of pos-

sible wave modes in the plasma cylinders (Nakariakov and Verwichte, 2005). The solutions
are shown in Figure 6. Of particular importance to the QPPs are the axisymmetric modes
with m = 0, of which there are fast sausage and slow (sausage) modes. Since these waves
are compressive, they have traditionally been considered as possible causes for the inten-
sity modulations during QPPs. The fast modes would be responsible for the short-period
QPPs (periods of up to tens of seconds), while the slow modes would be responsible for
the long-period QPPs (periods of about a minute). The periods of the fast modes are mainly
determined by the external Alfvén speed (e.g. Vasheghani Farahani et al., 2014), while the
period of the slow mode is determined by the internal sound speed, as indicated in Figure 6.
Kink modes (transverse waves with m = 1) have also sometimes been considered to in-
terpret intermediate periods (e.g. Kupriyanova, Melnikov, and Shibasaki, 2013b; Kolotkov
et al., 2015) because of their predicted periods, which are determined by the internal Alfvén
speed.

To generate QPPs, the reconnection is then assumed to have a constant acceleration rate
for energetic particles. The steady outflow to the foot-points is modulated by the oscillations
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Figure 6 A graph showing the
dispersion curves for the
solutions of Equation (1). The
index j denotes the number of
nodes in the radial direction. The
wave speeds were taken as
VAe = 5VSi, VAi = 2VSi, and
VSe = 0.5VSi. The graph clearly
shows the different timescales for
fast and slow waves.

in the flare loop, which allow the periodic precipitation from e.g. a magnetic bottle (by the
fast sausage mode). Multiple harmonics in the loop would then also naturally explain the
multiple harmonics seen in the QPPs. In this theory, it is unclear how time delays between
different wavelength bands may be explained (Dolla et al., 2012).

Another possibility in this category for the generation of the QPPs is the excitation of
propagating or standing slow waves by the evaporation of chromospheric material that is
due to the flare heat deposition there. In numerical experiments, Fang et al. (2015) found
that these flows result in periodic emission in the foot-points and can be directly observed
in the flare loop body (confirming the interpretation of the observations of Kumar, Innes,
and Inhester, 2013; Kumar, Nakariakov, and Cho, 2015). Moreover, this mechanism may be
responsible for the standing slow waves observed in hot flare loops with SUMER (Wang,
2011; Yuan et al., 2015). However, it is not yet clear in how far these waves would be
observed in whole-Sun observations of flare signals, as QPPs.

Even more possibilities are found in the excitation of fast sausage mode wave trains,
as proposed by Nakariakov et al. (2004) following Roberts, Edwin, and Benz (1984). The
temporal signature of a wave train are three phases: the periodic phase, the quasi-periodic
phase when the time profile varies with the highest amplitude and is characterised by fre-
quency modulation, and the decay phase. Such wave trains would lead to “crazy tadpoles” in
wavelet diagrams (see, e.g. Mészárosová et al., 2014), in which a narrow-band tail precedes
a broad-band head. The model was recently set on a firm theoretical footing (Oliver, Ruder-
man, and Terradas, 2015). The typical wavelet signal serves as a straightforward identifica-
tion of this mechanism, but so far only a few publications on observations of this type exist
(Mészárosová et al., 2009a,b,c; Karlický, Mészárosová, and Jelínek, 2013; Mészárosová
et al., 2013; Nisticò, Pascoe, and Nakariakov, 2014).

An alternative theory for the explanation of flare loop oscillations is the LCR circuit
models (LCR stands for the electric circuit equivalent: inductor, capacitor, and resistor).
These have been reviewed in depth by Khodachenko et al. (2009). The expected period for
the oscillations in that model is between 1 and 30 s, corresponding nicely to some of the QPP
periods. However, it is unclear at the moment how and if the LCR pulsations correspond
to the straight MHD models of Equation (1), and this makes the correspondence with the
observations also non-trivial.
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Previously, the thermal over-stability and the ballooning instability of curved loops were
proposed as models for QPP oscillations, but given the lack of recent work, we refer to
Nakariakov and Melnikov (2009) for more details. The ballooning instability was invoked
by Zaitsev, Stepanov, and Melnikov (2013) to explain sub-THz emission in flares.

3.2. Forward Modelling

Recently, forward modelling (i.e. creating artificial observations) has become available (e.g.
Nita et al., 2015; Van Doorsselaere et al., 2016), thanks to improved computational power.
Especially the GX Simulator by Nita et al. (2015) is directly aimed at simulating emission
from solar flares, and FOMO-GS by Van Doorsselaere et al. (2016) computes the gyrosyn-
chrotron emission. Most of the models in Section 3.1 only discuss plasma parameters and
do not directly compute the expected emission.

It seems intuitive that the compressive fast sausage mode has associated intensity per-
turbations, and that is why it is popular for explaining the QPPs. However, with forward
modelling, it was shown that the intensity variations may be small (Gruszecki, Nakariakov,
and Van Doorsselaere, 2012), and strongly dependent on the spectral line (Antolin and Van
Doorsselaere, 2013). In the gyrosynchrotron radio emission, a counter-intuitive dependence
on the radio wavelength (Reznikova, Antolin, and Van Doorsselaere, 2014; Kuznetsov, Van
Doorsselaere, and Reznikova, 2015) was found, in contrast to earlier analytical predictions
(Mossessian and Fleishman, 2012).

It is therefore clear that the intuitive understanding of the wave modes of the flaring sys-
tem does not translate directly into the observed emission. Therefore, we would argue that
forward modelling of the emission of flare models is essential when trying to identify the
correct mechanism for the QPP generation. It is even necessary to go beyond simple ana-
lytical approximations (like Gruszecki, Nakariakov, and Van Doorsselaere, 2012; Dulk and
Marsh, 1982) to correctly predict the emission, especially for the optically thick gyrosyn-
chrotron emission (Reznikova, Antolin, and Van Doorsselaere, 2014). The emission near the
foot-points is even more difficult to compute because there non-LTE effects come into play.

3.3. Seismology

With seismology, observed wave properties are used to infer information about the wave
medium. Given the high occurrence rate of QPPs in flares (Kupriyanova et al., 2010), they
have a great potential for seismology to directly probe the flare environment. This point is
even made more strongly because the flare emission dominates the emission of the whole
solar disc during the brief interval of the flares. Thus, seismology is possible even when
no spatial resolution is available. Indeed, the dominating emission from the flare ensures a
high spatial resolution because of the small emitting volume. The reason is that in contrast
to normal observations (where the instrument resolution is the limiting factor), the inherent
high spatial resolution of the flare emission is provided here by the small-scale physics near
the X-point and foot-points, which only comes from a tiny fraction of the coronal volume.

However, before seismology can be performed, it is first necessary to establish the mech-
anism behind the QPP generation. As pointed out before, this might be waves in the external
medium, periodicities generated in the X-point (by steady processes), or waves in the flar-
ing loop system. This is why there is currently such a great interest in the observational
and modelling studies of QPPs: when the generation mechanism of the QPP is established,
seismology can reveal new information about the flare surroundings.
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Some preliminary studies have been undertaken that made assumptions on the physical
mechanism behind the observed QPP periods. Van Doorsselaere et al. (2011) assumed that
the oscillations were solely taking place in the flaring loop (i.e. scenario in Section 3.1.3),
and identified the modes based on their periodicity. Short periods were taken to be fast
sausage modes, while the long periods were assumed to be standing slow modes. While not
based on spatial information in this case, these associations were based on the experience
gained in spatially resolved observations. With the additional assumption that the wave-
lengths of both modes are related via a rational number, it was possible to determine the
flare plasma β to be 0.4. However, the weak point is that the mode identification is only
based on temporal scales.

More recently, Kupriyanova, Melnikov, and Shibasaki (2013b) found QPPs with three
periods. They assumed that the three periodicities are subsequent harmonics of one oscil-
lation mode and found that the kink mode matches the periods best. Such a multi-periodic
event has a high potential for seismology: the more periods, the more information can be
derived about the medium. A similar approach was taken by Kolotkov et al. (2015), who
were able to exclude different wave modes because of unrealistic temperature estimates for
slow modes. They found that the long period is likely a kink mode, while the short period
is a sausage mode. They used the latter to estimate the aspect ratio of the flare loop L/R to
be 12.

Recently, a new seismology scheme for the inversion of sausage mode periods was de-
veloped by Chen et al. (2015). To use this, short-period QPPs need to be observed, whose
damping time must also be confidently measured (and again the assumption that QPPs are
caused by sausage modes). Using the period and damping time, we could determine a rela-
tion between the Alfvén travel time, the width of the inhomogeneous layer, and the density
contrast of the flaring loop. The measurement of QPP damping times seems to be almost
feasible with the current quality of observations.

The fact that different wave mode identifications are reported is expected and does not
contradict the assumption that MHD waves might be responsible for the QPPs. Flares are im-
pulsive and localised drivers and consequently contain (mathematically speaking) all wave
modes. Therefore, it is to be expected that many wave modes can and will be observed in
the flare emission.

Most of the seismology models assume that only one mechanism for the generation of
QPPs is at work. However, this may not be true. It could be that the reconnection is mod-
ulated by an external wave (Section 3.1.1) and that the periodic particles are modulated
further down by waves in the flare loop (Section 3.1.3), which leads to multiple periodicity.
In this case, it is very hard to make progress with seismology, and therefore all the current
seismological inferences assume one single mechanism for the QPPs.

4. QPPs in Stellar Flares

It has long been known that other stars harbour flares as well. This was recently made promi-
nent by the use of Kepler data (Walkowicz et al., 2011; Maehara et al., 2012; Balona, 2012;
Shibayama et al., 2013; Candelaresi et al., 2014). It has been known for a long time that stel-
lar flares show periodic signals (Rodonò, 1974), which can be interpreted as stellar QPPs.
Since the turn of the century, we have had clear detections of stellar QPPs by Zhilyaev et al.
(2000), Mathioudakis et al. (2003), Zaitsev et al. (2004), Mitra-Kraev et al. (2005), Math-
ioudakis et al. (2006), Welsh et al. (2006), Anfinogentov et al. (2013), Srivastava, Lalitha,
and Pandey (2013), Balona et al. (2015), Pugh, Nakariakov, and Broomhall (2015). The
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Figure 7 The emission intensity
as a function of time for the
megaflare on YZ CMi (Kowalski
et al., 2010). The QPP with a
clear 32 min period is evident.
Figure taken from Anfinogentov
et al. (2013).

timescale for most of these observations is common over many spectral types and compati-
ble with periodicities in solar flares (Maehara et al., 2015). On the other hand, much longer
periods (of up to a few thousand seconds, see Figure 7) are also measured in stellar flare
QPPs, but this is perhaps because solar flares are too short (because of their comparatively
low amplitude) to sustain (or develop) these periods.

Previously, prominences were thought to be responsible for a periodic obscuration of the
flare emission (Houdebine et al., 1993), but we know from solar observations that this is not
the case. It is to be expected that the same mechanisms for QPP generation (Section 3.1)
are applicable to QPPs in stellar flares. When the QPP generation mechanism will have
been determined for solar flares, it is evident to extend this model to stellar flare QPPs
(even though we cannot check this because we lack the spatial resolution). If MHD waves
are found to be responsible for QPPs, then this would open up seismology of stellar flares
as well. This is an exciting new topic because it would provide more information on the
nature of the flare and, by extension, on stellar coronae. This is an important subject to study
because stellar atmospheres, their flares, and space weather have an impact on exoplanet
habitability.

Some first steps in performing stellar QPP seismology have been taken, using the as-
sumption that QPP periods correspond directly to periods of MHD waves. Mathioudakis
et al. (2003) used white-light observations of II Peg to determine the magnetic field strength
of 1200 G by interpreting the QPPs as kink modes. Using the same interpretation and tech-
nique, Mitra-Kraev et al. (2005) performed seismology using XMM observations of QPPs
on AT Mic, finding a magnetic field of 100 G.

Anfinogentov et al. (2013) performed an in-depth study of the possible interpretation of
the long period (about 2000 s) in the megaflare on YZ CMi (see Figure 7). It was found
that the long period could be due to a standing slow wave in a flaring loop with a length of
200 Mm, compatible with earlier modelling estimates.

Srivastava, Lalitha, and Pandey (2013) observed two periods (∼1300 s and ∼690 s) in
a QPP on Proxima Centauri. They found that the period ratio is 1.83. Assuming the model
of standing kink waves in the flaring loop, they determined the density stratification to be
23 Mm in the stellar corona.

The seismology result of Zaitsev et al. (2004) used radio observations of AD Leo to
study QPPs and found that the LCR model could explain the observed short periodicities.
They estimated the loop length to be of about 400 Mm, which is comparable to the M-dwarf
stellar radius.
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5. Conclusions

We have reviewed the observational and theoretical results on quasi-periodic pulsations (also
known as QPPs). These QPPs are periodic intensity modulations in the flare emission (across
all wavelength bands). We have focussed on reporting on the works since the publication of
the review by Nakariakov and Melnikov (2009).

Despite the many observational and theoretical advances in the past years, it has not been
possible to determine the physical mechanism that causes the QPPs. There are three main
lines of thought: i) the periods could be created by external modulation of the reconnection
(Section 3.1.1), ii) the periods could be inherent to the reconnection process (Section 3.1.2),
or iii) the periods are modulations of the flare particles by waves in the flaring loop (Sec-
tion 3.1.3). The correct mechanism (at least for the long-period QPPs) will probably be
determined in the next few years by comparing spatial information from the EUV to the
temporal emission, where recent results have been achieved. It could be that the ALMA
instrument will play a role in this (Wedemeyer et al., 2015).

We stress that QPPs carry high potential for further research. When the correct mecha-
nism will have been identified (and if it is related to MHD waves), it becomes possible to use
them for seismology: by comparing the QPP periods to models, we can determine physical
quantities near the flare site.

An interpretation in terms of MHD waves in the flaring loops (Section 3.1.3) is currently
the most popular because it explains most of the observational features (such as multi-
periodicity). Making this assumption, it is possible to make progress in measuring flare
parameters seismologically. Most of the solar and stellar QPP seismology interpretations
are currently based on crude models. However, it is a promising start, and more advanced
models can lead to better understanding of the flare surrounding. It is important that flare
models naturally incorporate QPPs, however, because they seem to occur in most flares.

In our view, progress in the understanding of QPPs can be mainly made in two ways:

i) By observationally identifying the source location for the QPPs, and
ii) by constructing realistic models for flares and their QPPs that include forward mod-

elling.

Acknowledgements Inspiration for this review was obtained during ISSI and ISSI-BJ workshops. TVD
thanks the Odysseus type II funding (FWO-Vlaanderen), IAP P7/08 CHARM (Belspo), GOA-2015-014
(KU Leuven). EK is a beneficiary of a mobility grant from Belspo.

Disclosure of Potential Conflicts of Interest The authors declare that they have no conflicts of interest.

References

Anfinogentov, S., Nakariakov, V.M., Mathioudakis, M., Van Doorsselaere, T., Kowalski, A.F.: 2013, The
decaying long-period oscillation of a stellar megaflare. Astrophys. J. 773, 156. DOI. ADS.

Antolin, P., Van Doorsselaere, T.: 2013, Line-of-sight geometrical and instrumental resolution effects on
intensity perturbations by sausage modes. Astron. Astrophys. 555, A74. DOI. ADS.

Artemyev, A., Zimovets, I.: 2012, Stability of current sheets in the solar corona. Solar Phys. 277, 283. DOI.
ADS.

Balona, L.A.: 2012, Kepler observations of flaring in A–F type stars. Mon. Not. Roy. Astron. Soc. 423, 3420.
DOI. ADS.

Balona, L.A., Broomhall, A.-M., Kosovichev, A., Nakariakov, V.M., Pugh, C.E., Van Doorsselaere, T.: 2015,
Oscillations in stellar superflares. Mon. Not. Roy. Astron. Soc. 450, 956. DOI. ADS.

Banerjee, D., Krishna Prasad, S.: 2016, MHD waves in coronal holes. In: Keiling, A., Lee, D.-H., Nakari-
akov, V. (eds.) Low-Frequency Waves in Space Plasmas, Geophys. Mon. Ser. 216, 419. DOI, ADS.

http://dx.doi.org/10.1088/0004-637X/773/2/156
http://adsabs.harvard.edu/abs/2013ApJ...773..156A
http://dx.doi.org/10.1051/0004-6361/201220784
http://adsabs.harvard.edu/abs/2013A%26A...555A..74A
http://dx.doi.org/10.1007/s11207-011-9908-1
http://adsabs.harvard.edu/abs/2012SoPh..277..283A
http://dx.doi.org/10.1111/j.1365-2966.2012.21135.x
http://adsabs.harvard.edu/abs/2012MNRAS.423.3420B
http://dx.doi.org/10.1093/mnras/stv661
http://adsabs.harvard.edu/abs/2015MNRAS.450..956B
http://dx.doi.org/10.1002/9781119055006.ch24
http://adsabs.harvard.edu/abs/2016GMS...216..419B


3160 T. Van Doorsselaere et al.

Bárta, M., Vršnak, B., Karlický, M.: 2008, Dynamics of plasmoids formed by the current sheet tearing.
Astron. Astrophys. 477, 649. DOI. ADS.

Bemporad, A., Matthaeus, W.H., Poletto, G.: 2008, Low-frequency Lyα power spectra observed by UVCS in
a polar coronal hole. Astrophys. J. Lett. 677, L137. DOI. ADS.

Berghmans, D., Clette, F.: 1999, Active region EUV transient brightenings – first results by EIT of SOHO
JOP80. Solar Phys. 186, 207. DOI. ADS.

Brosius, J.W., Daw, A.N.: 2015, Quasi-periodic fluctuations and chromospheric evaporation in a solar flare
ribbon observed by IRIS. Astrophys. J. 810, 45. DOI. ADS.

Candelaresi, S., Hillier, A., Maehara, H., Brandenburg, A., Shibata, K.: 2014, Superflare occurrence and
energies on G-, K-, and M-type dwarfs. Astrophys. J. 792, 67. DOI. ADS.

Chen, S.-X., Li, B., Xiong, M., Yu, H., Guo, M.-Z.: 2015, Standing sausage modes in nonuniform magnetic
tubes: an inversion scheme for inferring flare loop parameters. Astrophys. J. 812, 22. DOI. ADS.

Chowdhury, P., Srivastava, A.K., Dwivedi, B.N., Sych, R., Moon, Y.-J.: 2015, Study of multi-periodic coronal
pulsations during an X-class solar flare. Adv. Space Res. 56, 2769. DOI. ADS.

Craig, I.J.D., McClymont, A.N.: 1991, Dynamic magnetic reconnection at an X-type neutral point. Astrophys.
J. Lett. 371, L41. DOI. ADS.

De Moortel, I., Nakariakov, V.M.: 2012, Magnetohydrodynamic waves and coronal seismology: an overview
of recent results. Phil. Trans. Roy. Soc. London Ser. A 370, 3193. DOI. ADS.

DeForest, C.E., Gurman, J.B.: 1998, Observation of quasi-periodic compressive waves in solar polar plumes.
Astrophys. J. Lett. 501, L217. DOI. ADS.

Dolla, L., Marqué, C., Seaton, D.B., Van Doorsselaere, T., Dominique, M., Berghmans, D., Cabanas, C., De
Groof, A., Schmutz, W., Verdini, A., West, M.J., Zender, J., Zhukov, A.N.: 2012, Time delays in quasi-
periodic pulsations observed during the X2.2 solar flare on 2011 February 15. Astrophys. J. Lett. 749,
L16. DOI. ADS.

Dulk, G.A., Marsh, K.A.: 1982, Simplified expressions for the gyrosynchrotron radiation from mildly rela-
tivistic, nonthermal and thermal electrons. Astrophys. J. 259, 350. DOI. ADS.

Edwin, P.M., Roberts, B.: 1983, Wave propagation in a magnetic cylinder. Solar Phys. 88, 179. DOI. ADS.
Fang, X., Yuan, D., Van Doorsselaere, T., Keppens, R., Xia, C.: 2015, Modeling of reflective propagating

slow-mode wave in a flaring loop. Astrophys. J. 813, 33. DOI. ADS.
Fárník, F., Karlický, M.: 2005, Narrowband dm-spikes in the frequency range above 1 GHz and hard X-ray

emission. Adv. Space Res. 35, 1799. DOI. ADS.
Fletcher, L., Hudson, H.S.: 2008, Impulsive phase flare energy transport by large-scale Alfvén waves and the

electron acceleration problem. Astrophys. J. 675, 1645. DOI. ADS.
Goddard, C.R., Nisticò, G., Nakariakov, V.M., Zimovets, I.V.: 2016, A statistical study of decaying kink

oscillations detected using SDO/AIA. Astron. Astrophys. 585, A137. DOI. ADS.
Goossens, M., Hollweg, J.V., Sakurai, T.: 1992, Resonant behaviour of MHD waves on magnetic flux tubes.

III – Effect of equilibrium flow. Solar Phys. 138, 233. DOI. ADS.
Gruber, D., Lachowicz, P., Bissaldi, E., Briggs, M.S., Connaughton, V., Greiner, J., van der Horst, A.J.,

Kanbach, G., Rau, A., Bhat, P.N., Diehl, R., von Kienlin, A., Kippen, R.M., Meegan, C.A., Paciesas,
W.S., Preece, R.D., Wilson-Hodge, C.: 2011, Quasi-periodic pulsations in solar flares: new clues from
the Fermi gamma-ray burst monitor. Astron. Astrophys. 533, A61. DOI. ADS.

Gruszecki, M., Nakariakov, V.M., Van Doorsselaere, T.: 2012, Intensity variations associated with fast
sausage modes. Astron. Astrophys. 543, A12. DOI. ADS.

Gruszecki, M., Vasheghani Farahani, S., Nakariakov, V.M., Arber, T.D.: 2011, Magnetoacoustic shock for-
mation near a magnetic null point. Astron. Astrophys. 531, A63. DOI. ADS.

Gupta, G.R.: 2014, Observations of dissipation of slow magneto-acoustic waves in a polar coronal hole.
Astron. Astrophys. 568, A96. DOI. ADS.

Houdebine, E.R., Foing, B.H., Doyle, J.G., Rodonò, M.: 1993, Dynamics of flares on late type dme-stars –
part two – mass motions and prominence oscillations during a flare on AD-Leonis. Astron. Astrophys.
274, 245. ADS.

Huang, J., Tan, B., Zhang, Y., Karlický, M., Mészárosová, H.: 2014, Quasi-periodic pulsations with varying
period in multi-wavelength observations of an X-class flare. Astrophys. J. 791, 44. DOI. ADS.

Hudson, H.S., Fisher, G.H., Welsch, B.T.: 2008, Flare energy and magnetic field variations. In: Howe, R.,
Komm, R.W., Balasubramaniam, K.S., Petrie, G.J.D. (eds.) Subsurface and Atmospheric Influences on
Solar Activity, Astron. Soc. Pac. Conf. Ser. 383, 221. ADS.

Inglis, A.R., Nakariakov, V.M.: 2009, A multi-periodic oscillatory event in a solar flare. Astron. Astrophys.
493, 259. DOI. ADS.

Inglis, A.R., Ireland, J., Dominique, M.: 2015, Quasi-periodic pulsations in solar and stellar flares: re-
evaluating their nature in the context of power-law flare Fourier spectra. Astrophys. J. 798, 108. DOI.
ADS.

http://dx.doi.org/10.1051/0004-6361:20078266
http://adsabs.harvard.edu/abs/2008A%26A...477..649B
http://dx.doi.org/10.1086/588093
http://adsabs.harvard.edu/abs/2008ApJ...677L.137B
http://dx.doi.org/10.1023/A:1005189508371
http://adsabs.harvard.edu/abs/1999SoPh..186..207B
http://dx.doi.org/10.1088/0004-637X/810/1/45
http://adsabs.harvard.edu/abs/2015ApJ...810...45B
http://dx.doi.org/10.1088/0004-637X/792/1/67
http://adsabs.harvard.edu/abs/2014ApJ...792...67C
http://dx.doi.org/10.1088/0004-637X/812/1/22
http://adsabs.harvard.edu/abs/2015ApJ...812...22C
http://dx.doi.org/10.1016/j.asr.2015.08.003
http://adsabs.harvard.edu/abs/2015AdSpR..56.2769C
http://dx.doi.org/10.1086/185997
http://adsabs.harvard.edu/abs/1991ApJ...371L..41C
http://dx.doi.org/10.1098/rsta.2011.0640
http://adsabs.harvard.edu/abs/2012RSPTA.370.3193D
http://dx.doi.org/10.1086/311460
http://adsabs.harvard.edu/abs/1998ApJ...501L.217D
http://dx.doi.org/10.1088/2041-8205/749/1/L16
http://adsabs.harvard.edu/abs/2012ApJ...749L..16D
http://dx.doi.org/10.1086/160171
http://adsabs.harvard.edu/abs/1982ApJ...259..350D
http://dx.doi.org/10.1007/BF00196186
http://adsabs.harvard.edu/abs/1983SoPh...88..179E
http://dx.doi.org/10.1088/0004-637X/813/1/33
http://adsabs.harvard.edu/abs/2015ApJ...813...33F
http://dx.doi.org/10.1016/j.asr.2005.02.040
http://adsabs.harvard.edu/abs/2005AdSpR..35.1799F
http://dx.doi.org/10.1086/527044
http://adsabs.harvard.edu/abs/2008ApJ...675.1645F
http://dx.doi.org/10.1051/0004-6361/201527341
http://adsabs.harvard.edu/abs/2016A%26A...585A.137G
http://dx.doi.org/10.1007/BF00151914
http://adsabs.harvard.edu/abs/1992SoPh..138..233G
http://dx.doi.org/10.1051/0004-6361/201117077
http://adsabs.harvard.edu/abs/2011A%26A...533A..61G
http://dx.doi.org/10.1051/0004-6361/201118168
http://adsabs.harvard.edu/abs/2012A%26A...543A..12G
http://dx.doi.org/10.1051/0004-6361/201116753
http://adsabs.harvard.edu/abs/2011A%26A...531A..63G
http://dx.doi.org/10.1051/0004-6361/201323200
http://adsabs.harvard.edu/abs/2014A%26A...568A..96G
http://adsabs.harvard.edu/abs/1993A%26A...274..245H
http://dx.doi.org/10.1088/0004-637X/791/1/44
http://adsabs.harvard.edu/abs/2014ApJ...791...44H
http://adsabs.harvard.edu/abs/2008ASPC..383..221H
http://dx.doi.org/10.1051/0004-6361:200810473
http://adsabs.harvard.edu/abs/2009A%26A...493..259I
http://dx.doi.org/10.1088/0004-637X/798/2/108
http://adsabs.harvard.edu/abs/2015ApJ...798..108I


QPP in Solar and Stellar Flares 3161

Innocenti, M.E., Goldman, M., Newman, D., Markidis, S., Lapenta, G.: 2015, Evidence of magnetic field
switch-off in collisionless magnetic reconnection. Astrophys. J. Lett. 810, L19. DOI. ADS.

Ireland, J., McAteer, R.T.J., Inglis, A.R.: 2015, Coronal Fourier power spectra: implications for coronal seis-
mology and coronal heating. Astrophys. J. 798, 1. DOI. ADS.

Jakimiec, J., Tomczak, M.: 2012, Investigation of quasi-periodic variations in hard X-rays of solar flares. II.
Further investigation of oscillating magnetic traps. Solar Phys. 278, 393. DOI. ADS.

Kane, S.R., Kai, K., Kosugi, T., Enome, S., Landecker, P.B., McKenzie, D.L.: 1983, Acceleration and con-
finement of energetic particles in the 1980 June 7 solar flare. Astrophys. J. 271, 376. DOI. ADS.

Karlický, M.: 2014, Frequency variations of solar radio zebras and their power-law spectra. Astron. Astrophys.
561, A34. DOI. ADS.

Karlický, M., Mészárosová, H., Jelínek, P.: 2013, Radio fiber bursts and fast magnetoacoustic wave trains.
Astron. Astrophys. 550, A1. DOI. ADS.

Karlický, M., Bárta, M., Mészárosová, H., Zlobec, P.: 2005, Time scales of the slowly drifting pulsating
structure observed during the April 12, 2001 flare. Astron. Astrophys. 432, 705. DOI. ADS.

Khodachenko, M.L., Zaitsev, V.V., Kislyakov, A.G., Stepanov, A.V.: 2009, Equivalent electric circuit models
of coronal magnetic loops and related oscillatory phenomena on the sun. Space Sci. Rev. 149, 83. DOI.
ADS.

Kliem, B., Karlický, M., Benz, A.O.: 2000, Solar flare radio pulsations as a signature of dynamic magnetic
reconnection. Astron. Astrophys. 360, 715. ADS.

Kolotkov, D.Y., Nakariakov, V.M., Kupriyanova, E.G., Ratcliffe, H., Shibasaki, K.: 2015, Multi-mode quasi-
periodic pulsations in a solar flare. Astron. Astrophys. 574, A53. DOI. ADS.

Kowalski, A.F., Hawley, S.L., Holtzman, J.A., Wisniewski, J.P., Hilton, E.J.: 2010, A white light megaflare
on the dM4.5e star YZ CMi. Astrophys. J. Lett. 714, L98. DOI. ADS.

Kowalski, A.F., Hawley, S.L., Wisniewski, J.P., Osten, R.A., Hilton, E.J., Holtzman, J.A., Schmidt, S.J.,
Davenport, J.R.A.: 2013, Time-resolved properties and global trends in dMe flares from simultaneous
photometry and spectra. Astrophys. J. Suppl. 207, 15. DOI. ADS.

Krishna Prasad, S., Banerjee, D., Van Doorsselaere, T., Singh, J.: 2012, Omnipresent long-period intensity
oscillations in open coronal structures. Astron. Astrophys. 546, A50. DOI. ADS.

Kumar, P., Innes, D.E., Inhester, B.: 2013, Solar dynamics observatory/atmospheric imaging assembly obser-
vations of a reflecting longitudinal wave in a coronal loop. Astrophys. J. Lett. 779, L7. DOI. ADS.

Kumar, P., Nakariakov, V.M., Cho, K.-S.: 2015, X-ray and EUV observations of simultaneous short and long
period oscillations in hot coronal arcade loops. Astrophys. J. 804, 4. DOI. ADS.

Kumar, P., Nakariakov, V.M., Cho, K.-S.: 2016, Observation of a quasiperiodic pulsation in hard X-ray, radio,
and extreme-ultraviolet wavelengths. Astrophys. J. 822, 7. DOI. ADS.

Kumar, P., Cho, K.-S., Chen, P.F., Bong, S.-C., Park, S.-H.: 2013, Multiwavelength study of a solar eruption
from AR NOAA 11112: II. Large-scale coronal wave and loop oscillation. Solar Phys. 282, 523. DOI.
ADS.

Kupriyanova, E.G., Melnikov, V.F., Shibasaki, K.: 2013a, Evolution of the source of quasi-periodic mi-
crowave pulsations in a single flaring loop. Publ. Astron. Soc. Japan 65, S3. DOI. ADS.

Kupriyanova, E.G., Melnikov, V.F., Shibasaki, K.: 2013b, Spatially resolved microwave observations of mul-
tiple periodicities in a flaring loop. Solar Phys. 284, 559. DOI. ADS.

Kupriyanova, E.G., Melnikov, V.F., Nakariakov, V.M., Shibasaki, K.: 2010, Types of microwave quasi-
periodic pulsations in single flaring loops. Solar Phys. 267, 329. DOI. ADS.

Kupriyanova, E.G., Melnikov, V.F., Puzynya, V.M., Shibasaki, K., Ji, H.S.: 2014, Long-period pulsations of
the thermal microwave emission of the solar flare of June 2, 2007 from data with high spatial resolution.
Astron. Rep. 58, 573. DOI. ADS.

Kuznetsov, A.A., Van Doorsselaere, T., Reznikova, V.E.: 2015, Simulations of gyrosynchrotron microwave
emission from an oscillating 3D magnetic loop. Solar Phys. 290, 1173. DOI. ADS.

Li, D., Ning, Z.J., Zhang, Q.M.: 2015, Imaging and spectral observations of quasi-periodic pulsations in a
solar flare. Astrophys. J. 807, 72. DOI. ADS.

Liu, W., Title, A.M., Zhao, J., Ofman, L., Schrijver, C.J., Aschwanden, M.J., De Pontieu, B., Tarbell, T.D.:
2011, Direct imaging of quasi-periodic fast propagating waves of ∼2000 km s−1 in the low solar corona
by the solar dynamics observatory atmospheric imaging assembly. Astrophys. J. Lett. 736, L13. DOI.
ADS.

Liu, R., Liu, C., Török, T., Wang, Y., Wang, H.: 2012, Contracting and erupting components of sigmoidal
active regions. Astrophys. J. 757, 150. DOI. ADS.

Longcope, D.W., Priest, E.R.: 2007, Fast magnetosonic waves launched by transient, current sheet reconnec-
tion. Phys. Plasmas 14, 122905. DOI. ADS.

Maehara, H., Shibayama, T., Notsu, Y., Notsu, S., Honda, S., Nogami, D., Shibata, K.: 2015, Statistical
properties of superflares on solar-type stars based on 1-min cadence data. Earth Planets Space 67, 59.
DOI. ADS.

http://dx.doi.org/10.1088/2041-8205/810/2/L19
http://adsabs.harvard.edu/abs/2015ApJ...810L..19I
http://dx.doi.org/10.1088/0004-637X/798/1/1
http://adsabs.harvard.edu/abs/2015ApJ...798....1I
http://dx.doi.org/10.1007/s11207-012-9934-7
http://adsabs.harvard.edu/abs/2012SoPh..278..393J
http://dx.doi.org/10.1086/161203
http://adsabs.harvard.edu/abs/1983ApJ...271..376K
http://dx.doi.org/10.1051/0004-6361/201322547
http://adsabs.harvard.edu/abs/2014A%26A...561A..34K
http://dx.doi.org/10.1051/0004-6361/201220296
http://adsabs.harvard.edu/abs/2013A%26A...550A...1K
http://dx.doi.org/10.1051/0004-6361:20041551
http://adsabs.harvard.edu/abs/2005A%26A...432..705K
http://dx.doi.org/10.1007/s11214-009-9538-1
http://adsabs.harvard.edu/abs/2009SSRv..149...83K
http://adsabs.harvard.edu/abs/2000A%26A...360..715K
http://dx.doi.org/10.1051/0004-6361/201424988
http://adsabs.harvard.edu/abs/2015A%26A...574A..53K
http://dx.doi.org/10.1088/2041-8205/714/1/L98
http://adsabs.harvard.edu/abs/2010ApJ...714L..98K
http://dx.doi.org/10.1088/0067-0049/207/1/15
http://adsabs.harvard.edu/abs/2013ApJS..207...15K
http://dx.doi.org/10.1051/0004-6361/201219885
http://adsabs.harvard.edu/abs/2012A%26A...546A..50K
http://dx.doi.org/10.1088/2041-8205/779/1/L7
http://adsabs.harvard.edu/abs/2013ApJ...779L...7K
http://dx.doi.org/10.1088/0004-637X/804/1/4
http://adsabs.harvard.edu/abs/2015ApJ...804....4K
http://dx.doi.org/10.3847/0004-637X/822/1/7
http://adsabs.harvard.edu/abs/2016ApJ...822....7K
http://dx.doi.org/10.1007/s11207-012-0158-7
http://adsabs.harvard.edu/abs/2013SoPh..282..523K
http://dx.doi.org/10.1093/pasj/65.sp1.S3
http://adsabs.harvard.edu/abs/2013PASJ...65S...3K
http://dx.doi.org/10.1007/s11207-012-0141-3
http://adsabs.harvard.edu/abs/2013SoPh..284..559K
http://dx.doi.org/10.1007/s11207-010-9642-0
http://adsabs.harvard.edu/abs/2010SoPh..267..329K
http://dx.doi.org/10.1134/S1063772914080022
http://adsabs.harvard.edu/abs/2014ARep...58..573K
http://dx.doi.org/10.1007/s11207-015-0662-7
http://adsabs.harvard.edu/abs/2015SoPh..290.1173K
http://dx.doi.org/10.1088/0004-637X/807/1/72
http://adsabs.harvard.edu/abs/2015ApJ...807...72L
http://dx.doi.org/10.1088/2041-8205/736/1/L13
http://adsabs.harvard.edu/abs/2011ApJ...736L..13L
http://dx.doi.org/10.1088/0004-637X/757/2/150
http://adsabs.harvard.edu/abs/2012ApJ...757..150L
http://dx.doi.org/10.1063/1.2823023
http://adsabs.harvard.edu/abs/2007PhPl...14l2905L
http://dx.doi.org/10.1186/s40623-015-0217-z
http://adsabs.harvard.edu/abs/2015EP%26S...67...59M


3162 T. Van Doorsselaere et al.

Maehara, H., Shibayama, T., Notsu, S., Notsu, Y., Nagao, T., Kusaba, S., Honda, S., Nogami, D., Shibata, K.:
2012, Superflares on solar-type stars. Nature 485, 478. DOI, ADS.

Mathioudakis, M., Seiradakis, J.H., Williams, D.R., Avgoloupis, S., Bloomfield, D.S., McAteer, R.T.J.: 2003,
White-light oscillations during a flare on II Peg. Astron. Astrophys. 403, 1101. DOI. ADS.

Mathioudakis, M., Bloomfield, D.S., Jess, D.B., Dhillon, V.S., Marsh, T.R.: 2006, The periodic variations of
a white-light flare observed with ULTRACAM. Astron. Astrophys. 456, 323. DOI. ADS.

McIntosh, S.W., de Pontieu, B., Carlsson, M., Hansteen, V., Boerner, P., Goossens, M.: 2011, Alfvénic waves
with sufficient energy to power the quiet solar corona and fast solar wind. Nature 475, 477. DOI. ADS.

McLaughlin, J.A., Hood, A.W.: 2004, MHD wave propagation in the neighbourhood of a two-dimensional
null point. Astron. Astrophys. 420, 1129. DOI. ADS.

McLaughlin, J.A., Thurgood, J.O., MacTaggart, D.: 2012, On the periodicity of oscillatory reconnection.
Astron. Astrophys. 548, A98. DOI. ADS.

McLaughlin, J.A., De Moortel, I., Hood, A.W., Brady, C.S.: 2009, Nonlinear fast magnetoacoustic wave
propagation in the neighbourhood of a 2D magnetic X-point: oscillatory reconnection. Astron. Astro-
phys. 493, 227. DOI. ADS.

McLaughlin, J.A., Verth, G., Fedun, V., Erdélyi, R.: 2012, Generation of quasi-periodic waves and flows in
the solar atmosphere by oscillatory reconnection. Astrophys. J. 749, 30. DOI. ADS.

Melnikov, V.F., Reznikova, V.E., Shibasaki, K., Nakariakov, V.M.: 2005, Spatially resolved microwave pul-
sations of a flare loop. Astron. Astrophys. 439, 727. DOI. ADS.

Mészárosová, H., Sawant, H.S., Cecatto, J.R., Rybák, J., Karlický, M., Fernandes, F.C.R., de Andrade, M.C.,
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