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Abstract. Freo enorgy stored in the magnetic fiokd is the sourco that powers solar and stellar
activity at all temporal and spatial seales. The energy released during transient atmospheric
events is contained in current-carrying magnetic filds that have omerged twisted and may be
further stressed via motions i the lowor atmesphoric layers (.e. loop-footpoint motions). Mag-
hetic reconnection s thought to be the mechanism through which the stored magnetic encrgy
s transformed into kinetie encrgy of aceelerated particles and mass fows, and radiative energy
along the whole electromagnetic spectrum. This mechanism works efficiently at seale lengths
‘much below tho spatial resolution of even tho highest resolution solar instruments; howevr, it
‘may imply a large-seale restructuring of the magnetic field inforred indirectly from the combined
analysis of observations and models of the magnetic field topology. Tho aftermath of magnetic
energy relcase includes events ranging from nanofares, which are belaw our detection limit, to
‘powerful flarcs, which may bo accompanted by tho ejection of largo amounts of plastna and mag-
netic field (50 called coronal mass elections, CMES), depending on the amount of total avallable
froo magnetic onorgy, the magnetic fux density distribution, tho maguotic field configuration,
ote. W doseribo key observational signatures of Hares and CMES on the Sun, their magnetic
fiold topology, and diseuss how tho combined analysis of solar and interplanctary obeervations
ean be used t0 constrain the fiare/CME ejection mechanism.
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1. Introduction

Solar flares and CMEs are the most violent and encrgetic events in the solar system.
They represent the mest dynamic aspect of the Sun's corona and involve fast and large-
seale destabilization of its magnetic field. As o result, large amounts of magnetic free
energy contained in the coronal field is relensed and transformed into thermal eneray,
radiation, accelerated particles, and large scale flows of plasma (see Forbes 2000 for
quantitative eneray estimations), all of which can dircetly affect the Earth's environment.

Though, in general, the words “flare” or “CME” are msed to refer to the radiative
‘manifestation of energy release and the coronagraph-recorded cjection of plasma, respec-
tively; flares and CMEs can oceur separately or together in any order (Aschwanden et al.
2001), and they may, in fact, be manifestations of the same underlying physical process.
In this sense, we will frequently use the term flare/CME to stress this fact. Figure 1 (top
and bottom left panels) illustrates three stages of  large-scale eruptive event, observed
by the Transition Region and Coronal Explorer (TRACE), during which a flare/CME
oceurs in close association with a flament eruption. The bottom right panel shows the
chromospheric impact of energy release, but for a different event,

In this paper we will address key aspeets common to flares and CMEs, such as: the
origin of the energy released, the observational signatures of the energy release mechanism
and the magnetic fild topoloay where it oceurs. Finally, we will comment on how we can
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Figure 1. Top and bottom left panls show the temporal evolution of a fiare/CME (TRACE,
171 A) on 50 July 2005, The top let image (04:30 UT) shaws . cooldark curved flament
(indicated by white o) xtending along the in of sight magnie inversion lne (IL) before
eruption. Tho top right panl (05:35 UT) depiets the flament undergoing eruption (white artow)
whil flare brightenings develop at lower coronal heights. The bottom left image (06:17 UT)
shows a cooling arcade of lare loops with footpoints at both sides of the IL. The bottom right
panel s an Ha:image taken by the Ho Solar Telescope for Argentina (HASTA) on 25 Octobor
2003; this image. though for a difforent even, shows the chromospheric reaction to coronal
onergy reloase during an event. similar o the one n previous panels. All together, theee pancls
illstrato the avolution of a typieal two-tibbon flare.

profit from the combined study of observations from different physical regimes (i.c., the
solar corona and the interplanetary (IP) space) to constrain our ideas on the flare/CME
ejection mechanism. More extended reviews on flare observations and models are those
by Benz (2008) and Schrijver (2009); while for CME, those by Schwenn (2006), Forbes
(2000, Klimehuk (2001), and Forbes et al. (2006).

2. Solar flares and coronal mass ejections: observations and models
21 General characteristics

Energy released during large flares/CMESs can reach values in excess of 10% erg. Many
minor events (microflares, nanoflares) oceur at energies in the range of 10 - 10% erg,
Historically, flares have been identified and, therefore, defined as localized brightenings
observed in Ha images (c.g. Svestka 1976). These brightenings or ribbons typically ap-
pear in pairs, at both sides of the IL, and the event is called a two-ribbon flare. The
standard empirical model that was buil to explain the sequence of observed flare/CME
‘manifestations i the so-called CSHKP model (Carmichael 1964, Sturrock 1966, Hirayama.
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Figure 2. On the loft, a cartoon representing a two-ribbon flare (adapted from Shibata 1005)
On the top right, typieal light-curves corresponding to emissions from the chromosphere to
the corona. The image to the loft s  cusp-shaped loop observed at tho limb by SXT after a
flare/CME on 18 March 1990 (Yokoyama et al. 2001). The bottom images show . system of
loops obsarved at, the wost solar limb on 17 Decombor 2006 by EIS. Tho images were taken
simultancously and show an increase with hoight of the loops’ temperature as expected after a
we-ribbon flare (figure by P. Young, see also Hara et al. 2005)

1974, Kopp & Pneuman 1976). A cartoon of the model, typical flare light-curves, and
other plasma responses to encrgy release are shown in Figure 2. These events oceur in
a dominantly bipolar magnetic configuration in which a filament, contained in a. twisted
fhux tube, is embedded. As the configuration evolves, e.g. the shear increases close to the
IL, the lament goes through a series of equilibria reaching higher coronal heights. The
overlaying arcade is stretched, oppositely dirccted field lines are brought together, and
a current sheet is formed. Magnetic reconnection (see 2.3) sets in below the flament.
This process implics a change of connectivity during which more flu is added to the
rising filament increasing its magnetic pressure, while a lower arcade is formed below the
reconnection region. As the filament continues rising, it reaches a point where no equi-
librium is possible and reconnection, which is slow at first, becomes fast. The flament
accelerates and erupts. Subsequent in-flowing plasma brings the surrounding field into
the dissipation region and the stored energy (sce 2.2) s transformed into heat and kinctic
energy of accelerated particles. Large electric fields, as well ns shock waves, are created in
the reconnection region. Heat conduction fronts and particle beams are chaneled along
the newly reconnected field lines. Aceelerated electrons emit gyrosynchrotron radiation
as they spiral along the field lines and, as particles reach the chromosphere, hard X-rays
(HXR, = 20 keV) are emitted by bremssirahlung, The impulsively heated chromosphere
s seen i emission in the UV and optical ranges (i.c. Ha). The heated plasma expands
upward increasing the density and temperature of the newly reconnected loops, which
are observed in EUV and soft X-rays (SXR). These loops cool down and are scen later
in Ha. Reconnection contines between field lines which are anchored farther from the
IL; newer reconnected loops are higher and the flare ribbons at their footpoints separate.
Several tenths of the total flare/ CME enerey are released in the first few minutes during
the impulsive phase. The emission in HXR, EUV, and several radio wavelengths is very
structures] during this phase, indicating that the energy release is intermittent. The §
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Figure 3. An example of the emergence of a twisted (kinkee) flux tube. The right panel shows
the photospheric evolution of AR 7912 along four rotations (Iine of sight magnetograms close to
central meridian passage) positive/white (negative,black) values of the field are saturated above
(below) 50G (50G). O the lef, we depict. a sketch of the fux tube, a5 deduced from obeervas-
tions. The cuts by four horizontal planes show the apprasimate locations of the photosphere at
the times of the magnetograms (adapted from Lépez Fuentes ot al. 2000)

and Ha emission may rise sharply, but their maximum oceurs later. During the decay
phase reconnection still continues but at a decreasing rate.

Since the CSHKP model is basically empirical, innumerable observations support. the
scenario; a few of the highlights are: 1) Masuda et al. (1994) observed a HXR source
above a. SXR loop suggesting that reconnection occurs at coronal heights. 2) Yokoyama.
et al. (2001) observes clear evidence of the existence of reconnection inflows in Soft X-ray
Telescope (SXT) data on board Yohkoh. 3) Forbes & Acton (1996) showed that newly
formed cusped loops shrink and relax due to magnetic tension. 4) McKenzie & Hudson
(1999) observed Xeray voids in SXT and interpreted them as fast, downflows due to
intermittent reconnection. 5) Asai et al. (2004) showed that the start of these downflows
s associated with HXR emission and microwave bursts. 5) Czaykowska et al. (1999) and
Harra et al. (2005) found upflowing plasma along the outer edges of flare ribbons, while
downflows were seen in the inner ribbon edges.

The events just deseribed are associated with CMEs with cores formed by the cjected
flaments. The ejected mass ranges from some 101% g to 101° g, this plasma is embedded
in o magnetic flux of 10 - 10% Mx (Schwenn 2006). Becanse the coronal pressure de-
creases with height, the eruptive configuration expands and, as suggested by Attrill et
al. (2007) (see Mandrini et al. 2007), it may find favourably oriented surrounding fields
with which reconnection takes place; then, large coronal arcas may provide mass to and
become part of the CME (van Driel-Gesatelyi et al. 2005).

2.2 The origin of the energy released

There is strong evidence showing that magnetic fux emerges twisted from the solar
interior, i.e. carrying free magnetic energy to be releascrl (Leka et al. 1996, Lites 2009).
It is very difficult for a flux tube to traverse the dense photosphere, since in the concave-
up parts under the flux tube axis plasma accumulates leading to its fragmentation (e.g
Manchester et al. 2004); therefore, flux tubes can only emerge through many small-seale
reconnections (Pariat et al. 2004). Nevertheless, magnetic patterns, due to the contribu-
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tion of the field azimuthal component, are obscrved as the flux tube crosses the photo-
sphere (Lépez-Fuentes et al. 2000); this indicates that there is an overall organization
in the emerging flux which is compatible with a global twist. Furthermore, a rotation of
the main active region (AR) polaritics can be also a signature of the emergence of highly
twisted flux tubes (Lépez-Fuentes et al. 2000, 200, Brown et al. 2003). Besides, com-
putations of the magnetic helicity balance in ARs show that helicity has to be bronght
up mainly by fux emergence to explain the helicity shed via CMiEs (Démoulin et al.
2002, Creen et al. 2002). From a. theoretical and mumerical point of view, carly 2D and
2.5D MHD simulations showed that untwisted flux tubes could not survive their transit
across the convective zone since they are eroded by the vortices formed in their wake
(Schiissler 1979); however, a. certain amount, of twist could prevent the tube fragmen-
tation (Moreno-Insertis & Emonet. 1996). Recent, 3D simulations indicate that cmerging
fhux is less twisted than previously thought. Fan (2008) found that to comply with Joy's
Iaw, the twist-induced tilt in rising fux ropes should be less than half of that needed
for a cohesive rise. These simulations and observations imply that all the large-seale flux
that has crosees] the conveetive zone must be twisted

Before the finding that fux emerges twisted, the generally accepted idea was that free
‘magnetic energy is built up by shearing motions. Computations were done to estimate
the time these motions should be imposed to store enough energy to power a flare (see
.5 McClymont & Fisher 1959). Large-seale flows are present in the solar photosphere
(eg. differential rotation) and local deviations from the mean differential rotation rate
are seen in How-maps of the solar surface (e.q. Meunier 2005). Leka et al. (1996) clearly
showed, however, that shearing footpoint motions were insufficient to create all the elec-
tric currents observed in an emerging AR. Furthermore, apparent surface shearing flows
can result from the emergence of a flux tube (Démoulin & Berger 2003). In addition to
organized patterns, random footpoint motions are also present,

2.3 The energy release mechanism and the field topology
Magnetic field reconnection, that can be defined as a topological restructuring of the
field which leads to a change of its connectivity, has been the encrgy release mechanism
proposed at the origin of flare and some CME models. From a theoretical point of view,
‘magnetic configurations with a complex topology, i.e. having separatrices (places where
the field connectivity is discontinuous), are the locations where current sheets can form in
2D. When going to 3D, and if the photospheric magnetic field is described by a series of
isolated polarities (surrounded by field-free regions). a complete topological description
of the magnetic configuration is given by the skeleton formed by mll points, spines, fans,
separators, and associated separatrices (Longeope 2005 and examples therein).

However, if the photosphere is fully magnetized, most of the above topological struc-
tures disappear; only separatrioes associated to coronal magnetic nulls remain. Separatri-
ces of a different origin are linked to concave-up field lines tangential to the photosphere
(defining bald-patch locations) (Titov et al. 1993). For some observed configurations,
those structures are sufficient. to explain the location of flare kernels resulting from re-
connection. Examples have been found where coronal mul points, computed using either
subphotospheric sources or extrapolations to represent the coronal field, were associated
with coronal activity (Mandrini t al. 1991, Gaizanskas et al. 1995, Aulanier ct al. 2000,
Fletcher et al. 2001, Mandrini et al. 2006, Luoni et al. 2007). Concerning bald patches,
they have been only found in connection with low energy relense events: small flares
(Aulanier et al. 1998), EUV brightenings (Fletcher et al. 2001b), surges (Mandrin et al.
2002), and Ellerman bombs (Pariat et al. 2004)

The analysis of the topological structure of mumerous AR has shown that flares ocenr
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Figure 4. Top panels: TRACE images of AR 10456 on 27 October, 2003, (1600 A(left) and
195 A (right)) showing the locations of flare Kernels (rd, 15, 17 and r3). The bottom left pancl
depicts the location of a 3D coronal null point. (three lines) with field lines computed starting
integration at finite distances from the null A set of thin contimuous lines have footpoints in
‘polarities 4 and 5. These lines conld reconnct. at the null with lines liking 7 to 8, represented
by only one short and thin continuous line. Reconnection forms the st o thick continnos field
lings with footpoinis at 8 and 5, and those that connect 4 and 7 (the latier are represented by
only one thick line). The two bottom-right panels show the coronal feld model in the vicinity
of the mull point. Field lines are the same as in the left panel but as seen from the observer's
‘point of view. The upper of these panels shows twvo sets of lines representing the pre-teconnected
loops. The lower one corresponds to feld lines afte reconnection (otice the similarity between
their shape and loops in 195 A). Several short field lines have been adde as compared to the lef
panel. Negative (pesitive) field isocontonrs are shown in contimous (dashed) thin lincs, their
Values are = 100 and + 1000 G. The axes are labeled in M (adapted from Luoni et al. 2007).

in a variety of configurations larger than just diseussed (see e.5. Démoulin et al. 1994 and
the reviews by Démoulin 2006, 2007). Quasi-separatri layers (QSLs) (Priest & Démoulin
1995, Démoulin et al. 1996, Titov et al. 2002), which are regions where there is a dras-
tic change in field-line linkage, generalize the concept of separatrices to configurations
without mull points and/or bald patches. Using coronal field models, QSLs have been
found to exist in the broadest variety of observed magnetic configurations (Démonlin et
al. 1997, Fletcher et al. 2001b, Bagal et al. 2000). QSLs have been shown to coincide
with flare kernels in the chromosphere and coronal loop brightenings of various intensity.
These brightenings were connected by field lines as expected from the magnetic reconnec-
tion theory. Moreover, in cases where veetor magnetograms were available, photospheric
current concentrations were also located at the photospheric trace of QSLs. Recently,
to relate QSLs with the formation of strong current concentrations and study the char-
acteristics of the reconnection process, 3D MHD simulations of typical observed field
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Figure 5. Top left panek: Loeation of QSL in a simple magnetic configuration formed by two
‘maguetic bipoks. Two sets of field line are added to illustrate the drastic change in connectivity,
botlh sets have footpoints starting along a segment crossing a QSL at the lower boundary!
Continnous (dashed) contours show posiive (negativo) values of the vertical fild component.
“Top right panel: Formation of strong elciric currents at QSLs after the configuration on the lfi
has evolved in & MHD simulation (wisting motions of the smallest positive polarity). The figure
5 a vertieal eut of the 3D configuration along a horizontal line at =007 in the top left panel.
“The curren scales linearly with the grey-scale intensity (white is the highest value). Extended
and narrow currents layers coexist. Bottom panel: Magnetic reconnection after the sare twisting
motions are applied. The evolution of two slip-running fiekl lines with fixed footpoints i the
nogativo polariios s shown with a ixed timo step: as reconnection proceeds, cach lino changos
its connectivity, shifting along the QSL. Figures are adaptec! from Aulanier ot al. (2005, 2006).

distributions and photospheric motions have been developed by Aulanier et al. (2005,
2006). The results of these simulations imply that electric currents at QSLs may amplify
in time only if the QSLs are broader than the dissipative scale length, as it was sngzested
in previous observational studies. Related to maguetic reconnection, the simulations show
that it oceurs only due to the self-pinching and dissipation of narrow current layers previ-
ously formed at QSLs. A property of reconnection is the continuous slippage of feld lines
along cach other as they pass throngh the current layers. Observational evidence of this
slip-running reconnection has been found in flares seen by the X-ray Telescope on board
Hinode (Aulanier et al. 2007) and by TRACE (Masson et al. 2009). The events analyzed
in the papers mentioned previously are confined flares, the connectivity change oceurs
between two closed field configurations, since this s linked to the intrinsic definition of
QSLs. However, encray release by reconnection may oceur in more general topologies (see
21). QSLs have been recently found associated with intense outflows observed by the
Extreme-ultravielet Imaging Spectrometer (EIS) on board Hinode at the border of ARs
(between closed and large-scale open-like field lines) by Baker et al. (2009), indicating
that signatures of the eneray release along QSLs is even broader. Figures 4 and 5 show
the topology of an observed AR and a MHD simulation.

2.4 CMES initiation models and the link to interplanetary events
CME initiation models can be divided in different ways, i.c. taking into account the
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presence of resistive or ideal instabilities s the drivers (Forbes 2000), or in a tutorial
way emphasizing their basic physical differences (Klimehuk 2001). We wil follow a dif-
ferent approach and will separate models taking into account characteristics that can be
distinguished when comparing solar to [P associated events; that is, models in which the
ejected flux tube i formed during the eruption from models in which it is already present.
in the pre-eruptive configuration. Furthermore, i is not our intention to make a detailed
description of any of these models. In the first group, we put two sets of models: a) the
classical tether cutting and flux cancelation models (Moore & Rumeolitis 1992, Moore
et al. 2001, Mikie & Linker 1994), and bjthe breakont model (Antiochos et al. 1999,
Lynch et al, 2004, 2008). This group of models recquires the presence of sheared arcades
and reconnetion to start the eruption. The fundamental difference betsveen both sets is
that recomnection oceurs below the core eruptive flux tube in the former (the sheared
arcade field lines reconnect) and above it in the breakout model (the field overlaying the
eruptive flux tube first reconnects). Then, the latter requires the presence of a mll point
and associated separatrices or, in a more general way, QSLs in the corona; the basic
‘magnetic field configuration is quadrupolar. In the first set the flux tube forms from the
iitial arcade reconnection process; in the second set, the flux tube forms when recon-
nection below the overlaying field sets in. For the second group of models, the eruption
s driven by an ideal MHD process: a) a catastrophe (Forbes & Isenberg 1991, Tnsenberg
et al. 1993, Lin et al. 1995), or b) an instability (kink andor torus instabiltics) (Fan
& Gibson 2003, 2004, 2007, Térdk & Kliem 2003, 2005, Kliem et al. 2004, Torok et al.
2004). Reconnection is not. required initially but may help to trigzer the eruption.

Following . flare/CME, plasma. and magnetic field expand into the IP space. The
resulting structures are called interplanetary CMEs (ICMEs). The term magnetic cloud
(MC), where more restricted characteristics are present, is used for a subset of CMEs.
We can relate MC physical parameters to those of the solar eruptive region; a relevant
one s the magnetic flux, since the magnetic flux involved in the cruption should equate
the flux in the MC. In the Sun, surface phenomena, such as coronal dimmings, can be
identified and associated with the footpoints of the erupting structure. Since the usual
interpretation of dimmings s that they are the sites of material outflow (c.g. Harra &
Sterling 2001) and two dimmings are often locatesd on both sides of the eruption site over
opposite magnetic polarities, it has frequently been assumed (Webb et al. 2000) that the
dimmings form at the cjected fux tube footpoints. Magnetic flux in the dimmings may be
measured from mognetograms and compared with the flux in the related MC. Axial and
azimuthal fluxes are computed from in situ magnetic data by fitting a model (Dasso ct
al. 2005). Comparisons often show rongh agreements between fux in dimmings and cloud
axial fluses (Lepping et al. 1997, Webb et al. 2000). However, structures observed in the
IP space are highly twisted and many clouds have substantial azimuthal fux. Mandrini
et al. (2005) and Attrill et al. (2006) have found an excellent agreement between flux in
dimmings and the azimuthal MC flux. Since twist (in the overlaying arcade) may be added
via reconnection to an expanding tube, such that the flux from dimmings can contribute
to the cloud azimuthal flux component, the results indicate that CME initiation models
in which the flux tube is built during the eruption are the most plausible ones.

3. Di

From this concise overview of flare/CME characteristics, we can conclude that the
‘magnetic free eneray, which is relensed during these events, is mostly brought up from
the solar interior by twisted flux emergence. Though all observational evidence is indirect.
there is a consensus that the energy release mechanism at work is magnetic reconnection.

on and conclusions
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This is at the origin of flares and CMESs, and it even contributes to the acecleration of
the eruption in some cases. The observational examples showing various levels of activity
originating from different topologies, teach us that reconnection can oceur in configu-
rations with much wider topological characteristics than was traditionally considered.
QSLs, a generalization of separatrices to configurations in which the magnetic connec-
tivity is not. discontinuous (but changes drastically), are the most common locations
where reconnection takes place. Three-dimensional MHD simulations have shown that
‘magnetic reconnection procecds in such way that field lines slip-run along QSLs as they
reconneet. Combined quantitative studies of solar events and their IP counterparts can
areatly contribute to our understanding of the flare/CME eruption mechanism. The few
examples analyzed so far indicate that the fux tube observed in the IP space is mainly
formed during the eruption.

To further understand the details of solar activity events (flares/CME) from the build-
up of magnetic encrgy to its effective release and evolution in the IP space, we need both
high-resolution measurements of all three components of the magnetic field vector at
different solar atmospheric heights, improved 3D views (mensurements) of the events
from the Sun through the IP space (as the STEREO spacecraft are providing), as well as
the development of more realistic 3D models of the coronal and IP magnetic field. Obvious
though these assertions may sound, we all know that they are not easy to achieve.
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