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Abstract. Quasi-periodic, fast-mode, propagating wave trains (QFPs) are alnssvvational phenomenon recently discovered in
the solar corona by th8olar Dynamics Observatonyith extreme ultraviolet (EUV) imaging observations. They originate from
flares and propagate at speeds up2000 km s* within funnel-shaped waveguides in the wakes of coronal mass eje(GMES).
QFPs can carry dficient energy fluxes required for coronal heating during their oetwogs. They can provide new diagnostics for
the solar corona and their associated flares. We present recentailises of QFPs focusing on their spatio-temporal properties,
temperature dependence, and statistical correlation with flares and.@W garticular interest is the 2010-Aug-01 C3.2 flare with
correlated QFPs and drifting zebra and fiber radio bursts, which migidifterent manifestations of the same fast-mode wave
trains. We also discuss the potential roles of QFPs in acceleratirigranddulating the solar wind.

INTRODUCTION

The dynamic, magnetized solar corona hosts a variety ofridagr magnetohydrodynamic (MHD) waves that are
believed to play important roles in many fundamental, yagmatic processes, such as energy transport, coronal
heating, and solar-wind acceleration. Flare-associd@edsi-periodic, Fast-mode Propagating wave tra@pEHs

see Figl. 1b; 1, 2, 3]) are a new, spectacular coronal wavegphenon discovered in extreme ultraviolet (EUV) by the
Atmospheric Imaging Assembly (AlA) onboard tBelar Dynamics ObservatofDO), thanks to its unprecedented
high spatio—temporal resolution. QFPs have been repradimc®IHD simulations and identified as propagating (as
opposed to standing) fast-mode magnetosonic waves [¢5.647].

The significanceof QFPs lies in their potential novel diagnostics, previpusiavailable due to instrumental
limitations. First of all, they are intimately associatedhasolar flares during and even after coronal mass ejections
(CMEs) and often originate from flare kernels. They sharees@ut not all) periodicities with quasi-periodic pulsa-
tions (see Fig. 1c and 1d) of their accompanying flares icaditly detected in non-imaging data from radio to hard
X-rays [e.g., 8, 9]. QFPs can thus provide critical insigtatshe poorly understood mechanisms of energy release
and associated plasma heating and particle acceleratimesgses in flares, a fundamental question in solar physics.
Secondly, QFPs can serve as a new tool for coronal seism{:daoglil] to probe the physical properties of the
solar corona, the medium in which they propagate. For exentpeir funnel-shaped paths indicate the presence of
waveguides, which provide a unique way to map the spatisiiligion of the fast-magnetosonic speed and thus the
coronal magnetic field strength. Thirdly, learning aboutf@Fan help us better understand wave propagation in the
solar corona and MHD turbulence in general.

QFPs are not uncommon. A handful of them have been reportéetifirst five years of th&DOmission [e.g.,
1,2,3,12, 13, 14, 15, 16]. The general properties of QFPs vestiewed by Liu and Ofman [17]. Yet, our knowledge
of this new phenomenon is still rudimentary. In this paperreport recent progress in understanding QFPs, highlight
a few interesting findings, and present a preliminary sunfé@FPs and their flaf€ME association.



SPATIO -TEMPORAL PROPERTIES

Frequency Distributions and Power SpectraQFPs are generally observed in a wide period range from 2800 s,
with the lower end limited by the Nyquist frequency given byA& 12-second cadence. In Fourier power spectra or
k—w diagrams (e.g., Fig./1e), QFPs appear as bright, nearligtradges, which describe their dispersion relations.
Individual peaks of power on the ridge are often concentrati¢hin a period range of 40—240 s.

In the heavily studied 2010-Aug-01 C3.2 fl&p&-P event [e.g., 18], for example, Lat al. [E] found that such
power peaks were distributed approximately in a power lafrefuencyv with an index of—(1.8 + 0.2), as shown
in Fig.[If. This index, close to the Kolmogorov value -65/3 for turbulence, is similar to that of the zebra radio
bursts detected in the same event [19, his Fig. 6] and theselfelsewhere in the coro@ 21, their Table 1]. This
suggests that QFPs could be part of the ensemble of wavddndaupermeating and potentially heating the corona.

The detection of zebra and fiber radio bursts in the same 20401 event [19], as shown in Figl 1g and 1h
bears further interesting implications. Their drifts frdrigh to low frequencies with time were ascribed to coherent
plasma emission modulated by upward propagating fast-muaaignetosonic WaveﬂZEZS]. Assuming an atmo-
spheric density modﬂ24, p. 188], the frequency driftssiad yield propagation speeds~af000 km st, which are
roughly consistent with those AlA-detected QFPs and thggsst a common origin of fast-mode wave trains.
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FIGURE 1. Left: Example of QFPs in a funnel (waveguide) rooted at the 2011-Ma@28 flare shown in (a) AIA 171 A direct
and (b) diference images, which were analyzed by Shen and Liu [12] and ¥uah [14]. The rest of this figure are for the
2010-Aug-01 C3.2 flare evertliddle (modified from Liuet al. [E]): (c) QFPs shown in a 171 A space-time plot and (d) their
correlated X-ray and UV pulsations at a dominant 3-min period. (eji€opower ork—w diagram of QFPs shown as a bright ridge
and (f) wave-number averaged wave power as a function of frecyuRight: (g) Zebra and (h) fiber radio bursts detected by the
Ondiejov Observatory radiospectrograph [data ffom 19].

TEMPERATURE DEPENDENCE

QFPs are best (and often only) detected in AlA's 171 A chaanel occasionally in the 193 and 211 A channels.
Possible underlying reasons are two-fold: (1) The waveihggplasma is likely near the 171 A channel’s peak re-
sponse temperature 6.8 MK, rather than those of the 193 and 211 A channelk and 20 MK, respectively).
In addition, QFPs, unlike global EUV waves of often large #itages [e.g., 25], cause smaller perturbations (to the
plasma) and thus too small temperature departures to appeder AIA channels. (2) The 171 A channel has a
much higher photon responsgieiency than any other AIA channel by at least one order of ritade. Therefore it
is particularly sensitive to small intensity variationgpically on the 1-5% level for QFPs.

QFPs detected at 171 A and 1981 A, occasionally in the same event, often have consitedifferences, e.g.,
in speed and spatial domain [3, 13]. 171 A waves usually apgeaer to the source flare and propagate at higher
speeds than 19311 A waves. This is consistent with the rapid decrease destemagnetosonic speed away from the
active region core. Such waves can also appearfiareént directions, consistent with the inhomogeneous teaye
distribution of plasma in dierent spatial regions, which was recently verified in MHD@liations of QFPs (Downs et
al. 2015, in prep.). An example of such distinct behavioshiswn in Fig. 2 for the 2010-Apr-08 B3.7 flgegFP event.
The strongest 171 A wave trains (blue) are separatedds) in propagation direction from their 193 A counterparts
(green) and have a mean initial speed of 750 khvs. 570 km st.

STATISTICAL SURVEY OF QFPS

Recently, we performed a preliminary survey of QFPs and diotivat they were rather common. We exhaustively
scanned global EUV waves from June 2010 to December 2014glthe first 4.5 years of th8DOmission, which
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FIGURE 2. Example of the temperature dependence of QFPs during the 201084p38-7 flare, whose associated CME eruption
[@] produced the first global EUV wave [1] and non-linear Kelvinkidkoltz instability WaveéE?] detected ISDQAIA shortly
after its first light. () & (b) AIA 193 and 171 A images overlaid with sphatisectors centered at the source flare (modified from
). The arrows mark the locations of QFP wave fronts. (¢) Runmatip space-time plots at 193 A obtained from Sector A2
shown in (a). The white dotted lines are parabolic fits to identified QFP waiesti@) The initial wave speeds from the fits in
(c) as a function of time. The horizontal error bars show the duratitiseofits. The horizontal dashed line indicates the mean
velocity. (e) & (f) Same as (c) & (d) but for 171 A waves within Sector €%wn in (b). The red curve is tH@OES1-8 A flux of

the flare showing an interesting temporal correlation with the initial wavedspee

are currently cataloged at LMSAL (Nittet al. 28; http//www.Imsal.coninittg/moviegAIA _Waves). Out of the 355
global EUV waves, we identified 155 preliminary QFP events.tf\én assigned each event a significance [8val
the range of 1-4, depending on the wave amplitude (contsasjial size, and duration. ConsideriBg?2 as definitive
detection, we found 112 QFP events, which translate to acag®on rate of 112355~ 1/3 with global EUV waves
that are all associated with CMEs and flares. Figure 3 showsligtributions of their significance levels and flare
classes, with median values of level 2 and class M1.0, biit motclear correlation between them.

From another preliminary survey of

flares from selected active regions, we found s (2) A;l events 100_(.") Al e‘."ent.s | gspc), Signif. level > 2 v.ems_
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rich AR 12192 produced almost no CMEs T T )
“?91 @] and only one of its 26 flares in_FIGURE 3. Distribution of identified QFP events during 2006 —201412.

GOES1-8 A channel flux vs. QFP significance le®lshowing no clear
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trast, AR 12205 produced 50% less flares correlation. (b) & (c) Histograms of QFP events distributedSirand flare

S Wasses. Onhs > 2 events, considered as definitive detection of QFPs, are
total but had five times more detectable QFE,own in () with a median flare class of M1.0.

events (all with CMESs). This suggests that a
CME may create favorable conditions for QFP production deckéon, e.g., by forming a waveguide within funnel-
shaped CME wakes as those detected in white-light eclipagesi[31].

DISCUSSION

It has been proposed long ago that Afwvaves as well as fast-mode magnetosonic waves can ptbeideomentum
input and energy flux that acceleratesats the solar wind [e.g., 32, 33]. These waves are patlgtimportant for
solar wind acceleration in open magnetic field regions siscbomonal holes [e.g., 34] and have been the subject of
extensive numerical modeling [see the revie@y 35]. The @@&Re-trains discovered BDQAIA and identified
as fast magnetosonic waves withfitient energy flux to heat active regions [4] provided the findtience for this
mechanism in the lower corona that can power the solar wihés& waves are closely related to Afvwaves in
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low-beta plasma, and can carry large energy fluxes due tohigi wave speeds. Nevertheless, the exact occurrence
rate of these waves and the contribution of undetected ssualé events to the integrated continuous wave energy
flux in the corona are currently unknown and will be subjedtiture observational and numerical studies.

Another outstanding question regarding QFPs is the oriitheir periodicities. The same periods found in
simultaneous QFPs and flare pulsations suggest a yet to éemileéd common origin, which could be (1) pulsed
energy release intrinsic to magnetic reconnection, suake@etitive ejections of plasmoids [e. @ 36, 7] or the flow-
induced Kelvin-Helmholtz instability in the current sh@] or (2) MHD oscillations due to resonance or dispersion
such as three-minute chromospheric sunspot oscillatiotieaame period of the dominant signal in some QFPs [2],
which may be related to the upward leakage of slow-mode ntagoeic waves [e.g., 38]. Such mode conversion
or coupling is expected to occur in the chromosphere whexgothsmas is close to unity [e. gBQ] and could be
potentially related to those fast-propagating sunspotesaecently detected at the photospheric Ie[l [40]. Such
possibilities remain to be verified in future investigasoe.g., with joint observations BDQAIA, IRIS, Hinode
and DKIST among other space missions or ground-basedtiesili
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