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Abstract. Solar flares are very spectacular, and they are accompawiedvhri-
ety of plasma motions. As a flare evolves, flare loops show mgngmic features of
plasma, such as, flare plasma heating and cooling, chroransmvaporation, recon-
nection inflow and outflow, and so on. In addition, many e@tfhenomena, such
as filamenfprominence eruptions have been observed in the chromaspimes, in
the extreme ultraviolet (EUV), and in X-rays. Flare-asatei waves and the related
plasma motions have also been studied. These plasma moépie observed as phe-
nomena accompanied by Doppler shifts in spectroscopiaadisens. Therefore, spec-
troscopic observations are crucially important for untierding the dynamics of flare
plasma. Moreover, with multi-wavelength observations, syeergistically understand
the flare physics in morphologically, qualitatively, anchqtitatively. We overview re-
cent observations of solar flares especially donéimode STEREO, and SDO, and
show (only a small part of) the dynamic features of flare peasm

1. Plasma Flows in Magnetic Reconnection

Solar flares are really spectacular. After the first observation 15@ yem (Carring-
ton 1859), solar flares have been extensively observed in variouslemgths. As
a comprehensive view of solar flares, the magnetic reconnection mogeigaw by
Carmichael (1964); Sturrock (1966); Hirayama (1974); Kopp & Pneu(if76) (the
CSHKP model) has been widely discussed. The CSHKP model suggestaabat
netic field lines successively reconnect in the corona, and it can exqaaaral well-
known features of solar flares. Around the reconnection regioonrestion inflow
(plasma flow toward the current sheet) and outflow (plasma flow outwandl thhe cur-
rent sheet) must occur. In a macroscopic view, the reconnection ositiewobserved
as ejections of plasmoiddaments. Beneath the reconnection regions, on the other
hand, we observed post-flare loops and formation of thetwb-ribbon structures at
their footpoints. Associated with flare, coronal disturbances and Vilewéeatures are
also observed. In Figure 1 we present a cartoon of the magnetic e@mmodel.

To understand these dynamic features, spectroscopic observatgonsuaially
required. On the other hand, the apparent plasma motions by filtergrarvatisns
are also important. After the launch dfnodein 2006, the sun had an extremely long
and deep solar minimum. There have been a very few large flares otbdgriiinode
and therefore, we are still waiting other large flares. However, it is iogytaue that
new instruments for solar observations are providing us a new insightlanfloes
and magnetic reconnection there. Here, we overview recent workslanfires and
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Figure 1.  Cartoon of magnetic reconnection. Solid linesstiee magnetic field
lines. N'S show the magnetic polarities of the positivegative. Reconnected mag-
netic field lines form post-flare loops with a cusp-shapeacstire. At the footpoints

of the post-flare lops the diflare ribbons are generated due to the precipitation of
nonthermal particles and thermal conduction into the clusphere. At the front of
filamengplasmoid ejections, shocks are formed (Asai et al. 2004a).

review the dynamic features unveiled with recent observations especjatijnode
STEREO, and SDO.

2. Inflows

After the first report of the observation on the reconnection inflow in threrta by
Yokoyama et al. (2001) (Fig. 2), inflow features have been exteysdleserved and
studied, since they are a direct and straightforward evidence of theati@geconnec-
tion. Yokoyama et al. (2001) reported that the apparent inflow veldgityf EUV-
emitting plasma seen in SOHEIT images is about 5 kra, which corresponds to the
reconnection rate={ Vi,/Va; coronal Alfvén Mach number) of about 0.001 — 0.03.
Furthermore, Narukage & Shibata (2006) statistically analyzed the agipafilews by
using SOHQEIT data, and confirmed th&t, is about 2 — 14 kits, which corresponds
to the reconnection rate of about 0.001 — 0.07. SDO has also observednfiaws
with the velocity of a few tens of kys. With the higher temporal and spatial resolutions,
the more detailed properties of reconnection inflows will be cleared.

Lin et al. (2005) showed a beautiful result on the spectral propertie=connec-
tion inflow, by using SOH@JVCS data. We found two bright features in thenlLine
that are located on both sides of the current sheet and are appmactéach other
with the velocity of about several tens of jgn Moreover, the bright pairs also show
the Doppler shift in the UVCS spectral data, with the velocity of about a few tf
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Figure 2.  Time evolution of a reconnection inflow. Soft X-iiayages (a, b, and
c) and EUV (Fe 195 A) images (d, e, and f) are takenYopkoliSXT and by

SOHQEIT, respectively. The bottom left panel shows the evolutid the one-

dimensional plot of EIT data (in the negative image) nealiyg the dashed line in
the panel (e)Courtesy of T. Yokoyama and H. Isobe

km/s. These imply the reconnection rate of about 0.01. These values otcthenee-
tion rate (0.001 — 0.03) means that the magnetic reconnection at solar flaneshs
faster than the steady reconnection by the Sweet-Parker model (S9&&:tHarker
1957) that predicts the reconnection rate of aboat 10

3. Outflows, Plasmoid Ejections, and Downflows

To understand detailed properties of reconnection outflow is also cruicigdiyrtant for
magnetic reconnection theories, since dynamic features inside the @iresntare still
invisible in solar flares and firstly appear as reconnection outflows. ithettional
flow reported by Innes et al. (1997) was one of the most sensaticndlgas the obser-
vation on the reconnection outflow. Associated with explosive eventsjdirediional
flow with the velocity of about 100 kfs is observed by SOHSUMER. Such bidi-
rectional flows have been also observed by S@EQS andHinodeEIS. Wang et al.
(2007) reported an example of the direct spectroscopic observatibre eaconnection
outflow (Fig. 3). They found enhanced blue-side tails in line profiles ofik¢8 MK)



4 Asai

well above the flare loops. The line-of-sight velocity is about 60@skisnd even higher
velocity of about 1800 — 3500 kfmis expected if the projectiorffect is corrected.

By HinodgEIS, similar fast flows above flare loops have been also reported. Hara
et al. (2009) found a brightening in a flare line (Bau; 263.7 A) at the top of a flare
loop. They also found a hot outflow (upward flow) from the loop top fegiion with
the Doppler velocity of about 200 — 400 ksnin the Caxvu line (192.86 A). In the
cooler lines, on the other hand, a flow toward the hot region is also identifieese
are suggested to be the reconnection outflow and inflow, respectively.

In a macroscopic view, (upward) reconnection outflows are obseaseplas-

moid/filament ejections. They start to rise up slowly (with the velocity of severgskm
before the main phase of a flare, and are accelerated during the imphsise. The
final velocity (near the solar surface) is typically about a few hundfdangs, which
is even smaller than the Alén velocity in the corona. Ohyama & Shibata (1998)
clearly showed that the ejecta are strongly accelerated during the hexd (kiXR)
burst. HXR emissions are mainly from energetic electrons precipitating intchtioe ¢
mosphere, and therefore, we expect strong energy release dugirtXfR burst. The
correlation between the plasmoid ejection and HXR emission indicates that plasmoid
ejections are strongly related with the energy release (magnetic recomeciess).
In other words, ejections regulate the speed of magnetic reconnectigisTaasily
understood in qualitatively. Fast plasmoid ejection induces thinning of tmertigheet
beneath the plasmoid because of the mas conservation, which also inastoecbn-
nection inflow. This has been discussed as a modified model of magnetiestion
(“plasmoid-induced-reconnection”, Shibata 1996, 1997).

Here, we mention more about the quantitative properties of plasmoid ejections.
Ejected plasmoid sometimes shows sub-structure in it. A plasmoid ejection seems to
be an ensemble of small plasmoids. Nishizuka et al. (2010) showed an lexamp
such “multiple plasmoid ejection”. Similarly, Karligket al. (2002) reported that drift-
ing radio signature associated with plasmoid ejection also show the sub-sgriciu
From the recent results of numerical simulation on magnetic reconnectiofortha-
tion of many tiny islands is expected inside the current sheet (e.g. Shibatauénta
2001). They are ejected from the X-point, and sometimes coalesce into islegels.
Therefore, the sub-structure of plasmoids could be each of such sntalbti@islands.
Interestingly, the timing of each small plasmoid ejection corresponds to aealbeb
HXR emission. This result again supports that plasmoid ejection regulates ¢imetita
reconnection process. Moreover, these fractal features of plasmpatably enhance
magnetic reconnection ratéectively in flares, and have been paid attension to.

With the progress of recent instruments for solar observations, suoih 8BO,
we can obtain the higher spatial and temporal resolution images for plasmctiic ege
They have revealed the finer structures in plasmoid ejections. The rigalspaf Fig-
ure 4 shows the evolution of the visible current sheet structure oliké&DO in
193 A associated with an over-the-limb flare that occurred on 2010 AugusThe
dark regions in the left-hand side are the solar disk, and bright thin steuisuthe
current sheet. Blobs (plasmoids) in the current sheet are ejected idibattion (sun-
ward and outward) with the velocity of about 200 fjsnWe can also see coalescence
of blobs.

Sun-ward dark (sometimes bright) features have been observedfear pdst-flare
loops after the main phase of a flare. McKenzie & Hudson (1999) fipsirted such
“downflow”, or sometimes called tadpole structure, in soft X-ray imagedgdikoliSXT.
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Figure 3.  Observations of a high-speed plasma outflow. (8AR195 A image
showing the compact flare loop. A sketch of the faint, risingd (red curve) is
indicated to show its spatial relation to the SUMER slit. @JMER spectra along
the slit in a window containing lines, Ga(557.7 A) and Feux (1118.1 A). (c) The
spectral line profiles of Feix (red curve) along the dashed line in panel (b). The
blue curve is the Feix line profile taken about a half hour before the event, showing
the stationary profile (Wang et al. 2007). Copyright held BySA
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Figure 4. Left Cartoon of the plasmoid formation in a current sh&ght Time
evolution of EUV images by SDO (193 A). The bright current ethappears for
several minutes and tiny blobs are ejected in both direstiorit. Courtesy of S.
Takasao

Such downflow motions have been also seen by EUV imaging data. Therbaoklg
faint regions is filled with superhot plasma of supra-arcade with the temoperaf
about 20 MK. The downflow features are thought to be hotter and lessedban the
ambient plasma (McKenzie 2000; Innes et al. 2003). In these phasesdnhdecay
phases) of a flare, the reconnection point is located high in the comdalcavnflows
are thought to be related with the downward reconnection outflow as vie Bigire 4.
Asai et al. (2004b), moreover, showed that the timing of each down#am &
EUV (195 A) images taken by TRACE corresponds to sub-peaks of HXRsion
like as for plasmoid ejections (Fig. 5). This again strongly supports thataiveftbw
features are related with the downward reconnection outflow. Furtherrmores et al.
(2003) showed the spectral features by using the SSHMER data. Although the
observing windows for the emission lines are limited, the red-wing of thenHee
(1349 A) is enhanced. If this enhancement is caused by theifi@e (1354 A), which
is located next to the Fat, it must have a blue-ward velocity of about 1000/knirhe
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Figure 5.  Time evolution of EUV images by TRACE (195 A) (toght) along
the slit line shown in line shown in the top left panel in thgatve image. The plots
in the bottom panel are microwave (17 GHz) and HXR (50 — 100) kgt curves
with NoRH and RHESSI, respectively (Asai et al. 2004b).

regions of such red-enhancement of thexikdines are associated with the regions of
downflows.

4. Shocks and Coronal Disturbances

Associated with large flares afwdl fast coronal mass ejections (CMEs), MHD shocks
are expected to be formed at the front of an ejection (Fig. 1). Shocksl trathe
corona and in the interplanetary space, accelerating particles. Theftemeobserved
as type-Il radio bursts (or interplanetary type-Il radio bursts). Sshacks are also
very important for space weather researches, since they could l#=ative factor to
generate solar energetic particles.

Moreton waves are faint phenomena seen in irhages associated with flares
(Moreton 1960). They have quite narrow opening angles and traveleirsplecific
directions that are the same as those of filament eruptions. The travelied ispas
fast as about 1000 kfs, which is much faster than the fast-mode shock speed in the
chromosphere. Uchida (1968) suggested the theoretical model fatdhowaves that
they are the intersections of MHD fast-mode shock that are traveling in ttomao
with the chromosphereYohkoliSXT also observed faint wave-like phenomena, and
are called “X-ray wave” (Khan & Aurass 2002). Narukage et al0@0Qfurthermore,
found an example of the simultaneous observation of Moreton wave aag Xave.
Their properties correspond well to each other, and thereforey X+saes are thought
to be the coronal counterpart of Moreton waves.
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Figure 6. (a~ d) Soft X-ray negative images taken with the Hinode XRT. The
arrows of panels (b) and (c) show the front of the waveliketiga. (e) Can H-
line image taken byHinodgSOT. The FOV is shown by the box in panel (a). (f
and g) Normalized spectra at the crossesdf (A) and (B) in Fexv window. The
solid histograms show the spectra, and the dotted and dalti#t bnes are the fitting
results that represent the main and the blueshift compsrmrihe line (Asai et al.

2008).
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HinodgXRT observed an X-ray wave associated with the typical two-ribbon flare
on 2006 December 13 as we show in Figure 6. The wave-like faint feahawn in
the Figure 6(a, b, and c) has a velocity of about 60¢skim the plane of the sky. The
feature also crossed théinodgEIS slit. We compared the spectral features of a X-ray
emitting plasmoid ejection (A) with that of an X-ray wave (B) in Figures 6(f) &l
respectively. The spectral features are veryedent to each other. The blueshifted
component of the X-ray wave shows the very wide spectra, and is stgindotter
lines (Fexv and and Cavn) used for the observation, while the blueshifted component
for the plasmoid ejection (panel f) is not so wide and is seen all the linesfosed
the observation. This means that there is a strong velocity field of hot plastima w
the temperature of 2 MK and more along the line of sight for the X-ray wave. A
expanding shell associated with a shock front, for example, can expéamaperties of
the spectra. From the XRT and EIS observations, the&dfViach number is expected
to be about 1.4 for these wave phenomena (N. Narukage, in private augations).

EIT waves (Thompson et al. 2000) are another interesting topic fomabubs-
turbances. After the launch of the SOHO satellite, EIT have observedtbaa dis-
turbances much more frequently. They are expected to be the coramdkguart of
Moreton waves. On the other hand, their physical properties are mtfehnedit from
those of Moreton waveéX-ray waves. The traveling speed is typically about 30Q%m
and is about one-third of that for Moreton waves. They are travelirigoigizally, that
is with very wide opening angle, from flare sites. Therefore, EIT waresnot the
direct counterpart of Moreton waves. Chen et al. (2002) suggéstisir numerical
simulation that Moreton wavgs-ray waves are the legs of piston-driven shock formed
in the corona and EIT waves are associated with plasma enhancemenattgetehind
the shock.

On the other hand, EUV images taken by recent instruments of STERE(dnd S
have given us new aspects of EIT waves (we should rename as EUdswadrigure 7
shows an example of coronal disturbances associated with the 201iaReBrflare.
The EUV images (195 A) taken by STEREEMVI show both the Moreton wave-
like and the EIT wave-like features simultaneouslyr &hd soft X-ray images of this
flare are obtained by ground-based observations (NAOJ-Mitaka ated®bservatory,
Kyoto University) and byHinode¢XRT, respectively. The H images clearly shows
Moreton wave traveling with the velocity of about 800 & the south-east direction.
The XRT images also shows a faint wave-like feature. We compared thtepiositions
of the sharp and fast traveling disturbances (pointed by the red amokig. 7) and
confirmed that they are well correlated with the fronts of theMoreton wavéX-ray
wave. The EUV images by SOHBIT did not show these front but typical EIT wave
traveling with the velocity of about 250 kisiin much wider direction than that for the
Moreton wave. The positions of the EIT wave fronts are consistent witetbdfaint
disturbance observed by STEREDVI (shown with the green arrows in Fig. 7).

We, moreover, confirmed that the Moreton wave and the X-ray wave exse v
transient and are observed only for 5 minutes just after the start of tiee Tlaen, the
front quickly gets fuzzy and is merged with that of the EIT wave. These sipport
that the MoretofK-ray waves are the legs of the piston-driven shock formed in the front
of the ejecta, and the EIT wave is from another origin.
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Figure 7. Time evolution of EUV images (195 A) by STEREZEBVI (left)
and STEREO-AEUVI (right). All are the running-dierence images. The yellow
arrows point the ejection. The red and green arrows showrtgsf of the sharp
and fast (Moreton wave-like) disturbance and those of the \izwve-like feature,

respectively.
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Figure 8. Spectral features of the 2006 December 17 flareatkfrom Hin-
0dgEIS. (a) Caxvu (192 A) intensity map from which the Fe xi contribution is
subtracted. (b) FWHM map of Gevu line. (Hara et al. 2008).

5. Flare Loops, RibbongKernels

As the final topic of the dynamic features of solar flares, we discusddiaps and flare
ribbons here. Explosive upflow at footpoints of flare loops occuestduthe energy
input by thermal conduction ayat bombardment of nonthermal plasma. The upflow
is called “chromospheric evaporation” (Hirayama 1974; Antonucci €i%84, see also
Fig. 1).

The evaporated plasma quickly fills the flaring loops, and the loops are illuminated
such as in X-raysHinodegEIS successfully observed post-flare loops of a long-duration
event in many EUV emission lines, in the 2006 December 17 flare (Fig. 8 étal.
(2008) found the nonthermal broadening of the emission line at the loopfisp he
used emission line was Gamu (192 A), and the fiective temperature is quite high of
about 5 MK. These cusp regions are located just beneath the X-paintharefore, are
expected to contain reconnection outflows /andnteractions with closed loops. The
observed broadening of the hot line at the cusp region could be candedsuch very
turbulent conditions. As | already showed, generations and ejectiditg/qgflasmoids
could also cause such broadenings, although more detailed informatidhisfieegion
are required.

Hara et al. (2008) also reported that post-flare loop structure is sedhahthe
emission lines used for the observation. However, the size and the pditipe of the
illuminated loops are slightly élierent to each other. The cooler loops are located more
inner part than the hotter line loops. This supports the magnetic reconneatidel,
since it expects that the newly reconnected loops are located the outeidesand
therefore, the hottest loops should be located at the outermost part)Fig.

At footpoints of flaring loops, on the other hand, strong upflows of texdpa as-
sociated with the chromospheric evaporation and downward motion of clsgirenc
plasma as the counter-reaction (so-called, “red-asymmetry” of chrdredspines(e.qg.
Ichimoto & Kurokawa 1984)). There have been many studies on the esagoflows
with spectroscopic observations with SOMIDS orHinod€gEIS (e.g. Milligan & Den-
nis 2009, Fig. 9). Milligan & Dennis (2009) especially compared the chromesc
evaporation with HXR emissions by the RHESSI hard X-ray data. Theylglsaowed
temperature-depending upflows at the HXR-emitting footpoints.
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Figure 9. Top Velocity maps in each line used for the observation randjiom
0.05 to 16 MK associated with the 2007 December 14 flare. /bReel pixels de-
note donwargipward motions, respectively. The RHESSI 20-25 keV corstaue
overlaid. All velocity maps are scaled #150 knys. Bottom Plasma velocity from
a flare footpoint as a function of temperature for each of tinéssion lines. The
dashed lines represent a weighted least-squares fit to thgdiats from 0.5 to 1.5
MK and 2.0 to 16 MK (Milligan & Dennis 2009). Copyright held AAS.
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During large flares, however, line profiles at footpoints become much owone
plicated. Associated we the 2006 December 13 flare, Imada et al. (20084 that
the no-gaussian profiles derived frddinodgEIS observation are varying with time
during the flare. The line profiles are distorted very much. This meanséhmhatem-
plicated velocity field is formed inside flare loops.

6. Summary

We have quickly (and roughly) reviewed the dynamic phenomena olisetvitares.
It goes without saying that solar flares are very dynamic and areiatsgvith many
spectacular phenomena. Although the solar activity has been extremelytbvesy
few large flares have been observed for these yetmedehas undoubtedly shown the
ability for the dynamic features of flares. There have been great gevelat by recent
observations, and we have some new findings from recent obses:atlowever, there
are still many unsolved questions, and they will be studied more. We nowrhang
instrument both from ground-based and space-boned, including SOEfRd SDO.
We are now awaiting new large flares.
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