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Solar eruptions: the CME-flare relationship
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Coronal mass ejections (CMEs), caused by large-scale eruptions of the coronal magnetic field, often are accompanied by
a more localized energy release in the form of flares, as a result of dissipative magnetic-field reconfiguration. Morphology
and evolution of such flares, also denoted as dynamical flares are often explained as a consequence of reconnection of the
arcade magnetic field, taking place below the erupting magnetic flux rope. A close relationship of the CME acceleration
and the flare energy release is evidenced by various statistical correlations between parameters describing CMEs and
flares, as well as by the synchronization of the CME acceleration phase with the impulsive phase of the associated flare.
Such behavior implies that there must be a feedback relation between the dynamics of the CME and the flare-associated
reconnection process. From the theoretical standpoint, magnetic reconnection affects the CME dynamics in several ways.
First, it reduces the tension of the overlying arcade magnetic field and increases the magnetic pressure below the flux rope,
and in this way enhances the CME acceleration. Furthermore, it supplies the poloidal magnetic flux to the flux rope, which
helps sustaining the electric current in the rope and prolonging the action of the driving Lorentz force to large distances.
The role of these processes, directly relating solar flares and CMEs, is illustrated by employing a simple model, where
the erupting structure is represented by a curved flux rope anchored at both sides in the dense/inert photosphere, being
subject to the kink and torus instability. It is shown that in most strongly accelerated ejections, where values on the order
of 10km s~ are attained, the poloidal flux supplied to the erupting rope has to be several times larger than was the initial

flux.

1 Introduction

Solar flares are frequently accompanied by explosive erup-
tions of the coronal magnetic structures that take a form of
the so-called coronal mass ejections (CMEs). In such erup-
tive events these two phenomena are tightly related, indicat-
ing that they are a consequence of a common underlaying
process (for a discussion see, e.g., Svestka 2001, and refer-
ences therein). Bearing in mind that non-thermal and ther-
mal energy release in flares is obviously governed by dissi-
pative/resistive processes, whereas the eruptions themselves
are apparently caused by ideal MHD processes, the tight re-
lationship of flare and CME processes indicates that there
is a feedback relationship (Temmer et al. 2010) between the
processes that occur at plasma micro-scales and MHD pro-
cesses that develop on the active-region scales and expand
up to global scales.

The flare-CME relationship is most clearly seen in the
so called two-ribbon flares, sometimes also called dynam-
ical flares or solar storms (for terminology and historical
aspects see, e.g., Priest 1982; Svestka 1976, 2001). This
type of flare/ejection relationship is known already from
the times when only Ha observations were available for
studies of eruptive events. Two-ribbon flares are called so
due to the occurrence of two flare ribbons laterally expand-
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ing away from the polarity inversion line (PIL). Usually
such events start by a slow rise and swelling of the PIL
filament. At a certain moment, the filament erupts and the
flare ribbons occur. After the flare impulsive phase, usu-
ally marked by occurrence of radio type III bursts, fast
rise of soft X-ray (SXR) flux, microwave and hard X-ray
(HXR) burst, a growing system of hot flare loops appears,
gradually shrinking and cooling to chromospheric tempera-
tures (e.g., Svestka 1987; Veronig et al. 2006; Vr¥nak et al.
2006, and reference therein). Such a behavior led to a two-
dimensional (2D) phenomenological concept of two-ribbon
flares, frequently called a CSHKP model (Carmichael 1964;
Hirayama 1974; Kopp & Pneuman 1976; Sturrock 1966),
which explains most of the morphological characteristics of
such events, as well as synchronization of the eruption and
flare energy release by introducing a concept of magnetic
reconnection below the erupting flux rope.

The aim of this paper is to review observational and the-
oretical aspects of the flare-CME relationship, paying spe-
cial attention to basic physical concepts that govern this re-
lationship (for other recent reviews see, e.g., Aulanier 2014;
Schmieder et al. 2015, and references therein). In particular,
we illustrate how, and to a what degree magnetic reconnec-
tion (i.e., the resistive process) affects the ideal processes
(e.g., kink or torus instability) that drive the eruption, as
well as how it influences the acceleration and propagation
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of the flare-associated CME. In Section 2 we present the
empirical aspect of the relationship. In Section 3 a simple
flux-rope model is employed to explain the observations.
The outcome is summarized and discussed in Section 4.

2 Observational aspects

Although flares and CMEs are characterized by a broad va-
riety of morphological, evolutionary, and kinematical char-
acteristics, there are some common properties observed in
most events. Eruptions most often show accelerations on the
order of 100 m s~2 (e.g.,Beinetal. 2011; Vr$nak et al. 2007;
Zhang & Dere 2006), but the most powerful events can at-
tain accelerations on the order of 10 kms~2 (e.g., Bein et al.
2011; Vrsnak et al. 2007; Williams et al. 2005). Maximum
velocities range from several tens kms™!, up to more than
2000 kms~! (Yashiro et al. 2004). Statistically speaking,
more powerful CMEs are accompanied by more powerful
flares (e.g., Bein et al. 2012; Burkepile et al. 2004; Moon
et al. 2003, 2002; Vrsnak et al. 2005), representing one of
the most basic statistical evidences of the common physical
background of these two types of events.

As a matter of fact, it was shown by Vr$nak et al. (2005)
and more recently by Bein et al. (2012) that, generally, there
is a hierarchy of events related to their flare association:
Eruptions launched from spotless regions that are not as-
sociated with any significant flare signature are character-
ized by the weakest accelerations, but the accelerations are
still comparable to those found in active-region CMEs as-
sociated with weak flares of SXR-class A, B and C. On the
other hand, eruptions associated with flares of SXR-class
M and X show significantly stronger accelerations. How-
ever, this cannot be taken as an evidence for two distinct
classes of CMEs (flare/non-flare), as proposed by Gosling
etal. (1976) and MacQueen & Fisher (1983), which became
a widely accepted concept that was frequently used to inter-
pret various aspects of CMEs (see, e.g., Andrews & Howard
2001; Low & Zhang 2002; Moon et al. 2002; Sheeley et al.
1999). On the contrary, it is an evidence that there is a “con-
tinuum” of events from weak to strong ones, the ejection
acceleration increasing with the increasing importance of
the associated flares. It should be also stressed that although
the eruptions accompanied by filament ejections on aver-
age have significantly lower accelerations, their maximum
speeds are on average only marginally lower than that of
flare-associated CMEs (Vr$nak et al. 2005). This evidences
that a filament (i.e., a dense/heavy prominence) increases
the inertia of the structure, causing a more gradual ejection
in the initial phase, but does not prohibit it to reach high ve-
locities if the acceleration lasts long enough, i.e., the physi-
cal background is more or less the same as in eruptions not
including a filament.

Another essential observational aspect is synchroniza-
tion of the rising phase of the SXR burst and the acceleration
phase of the ejection, reported by, e.g., Kahler et al. (1988);
Marici¢ et al. (2004); Neupert et al. (2001); Shanmugaraju

et al. (2003); VrSnak et al. (2004); Zhang & Dere (2006);
Zhang et al. (2001, 2004)). Following these case-studies,
Marici¢ et al. (2007) and Bein et al. (2012) applied a statis-
tical approach, undoubtedly confirming that such a synchro-
nization exists in the majority of studied dynamical flares.
The main outcome of these two studies was that the ejection
acceleration peaks very close to the peak of the derivative of
the flare-associated SXR flux. However, it should be empha-
sized that MariCi¢ et al. (2007) recognized that about one
quarter of analyzed events does not show such a behavior,
and furthermore, even in “synchronized events”, in majority
of cases the CME acceleration starts before the SXR burst,
and ends after it reaches maximum. This outcome was con-
firmed later on by Bein et al. (2012).

The described overall synchronization indicates that the
ejection acceleration phase is related to the flare impulsive
phase, since the SXR burst rise is usually considered to be a
cumulative consequence of the flare non-thermal energy re-
lease that is revealed by the associated HXR and microwave
burst (so-called “Neupert effect”; Neupert (1968); see also
Dennis & Zarro (1993); Veronig et al. (2002) and references
therein). Indeed, recent studies presented by Temmer et al.
(2008) and Temmer et al. (2010) have demonstrated clearly
that the ejection acceleration phase is very closely related
to the flare-associated HXR burst, representing the most di-
rect evidence of the synchronization of the ejection accel-
eration phase and the flare impulsive phase. In this respect
it should be stressed that detailed inspection of graphs pre-
sented in these two studies again discloses that the accel-
eration starts before the flare impulsive phase, represented
now directly by the HXR burst, and ends after it. Finally,
Berkebile-Stoiser et al. (2012) showed that the hardness of
the flare HXR spectra is distinctly correlated with the CME
acceleration. In most of the events, the CME acceleration
started before the flare. In addition, from the time difference
between flare and CME start, it was inferred that the current
sheet length at the onset of magnetic reconnection is of the
order of 20 Mm.

Bearing in mind that the flare energy release rate is
related to the magnetic reconnection rate (see, e.g., Mik-
lenic et al. 2009, 2007), the presented arguments indicate
that in most events there is a feedback relationship connect-
ing the ejection dynamics and the flare-related reconnection
process below the erupting flux rope — enhanced reconnec-
tion rate increases the ejection acceleration and on the other
hand, enhanced acceleration provides more powerful recon-
nection (for details see Temmer et al. 2010; VrSnak 2008).
Such a hypothesis is strongly supported by the outcome of
the studies presented by Qiu & Yurchyshyn (2005) and Mik-
lenic et al. (2009), where it was demonstrated that the ejec-
tion velocity and the SXR flare importance are closely cor-
related with the reconnected flux. However, the strongest
evidence is provided by the case studies by Qiu et al. (2004)
and Wang et al. (2003), where it was revealed that the erup-
tive prominence acceleration was tightly synchronized with
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the reconnection rate (so-called “flux change rate”) in the
associated two-ribbon flare.

An important aspect of the timing analyzes is that the
eruption in the majority of events starts earlier than the
two-ribbon flare energy release (Bein et al. 2012; Maricié
et al. 2007), evidencing that most often flares occur as a
consequence of the eruption. Since signatures of dissipa-
tive processes (particle acceleration and Joule heating) are
usually absent or are very weak in early phases of the erup-
tion, it can be presumed that ejections are generally initi-
ated by some ideal MHD process. The resistive processes,
i.e., magnetic reconnection, start only after the rising flux
rope achieves a certain height, giving enough space for the
current sheet formation and an efficient reconnection pro-
cess (see, e.g., Vrsnak et al. 2003). Yet, in some events the
flare energy release precedes the eruption (Bein et al. 2012;
Marici¢ et al. 2007). This could be explained by occurrence
of various forms of pre-eruptive magnetic field restructur-
ing, leading to loss of equilibrium and the onset of eruptive
instability. For instance, a confined flare can form a kink-
or torus-unstable structure, which erupts immediately af-
ter being formed (e.g., Aurass et al. 1999). Analogously,
a tether-cutting type of reconnection (Moore et al. 2001),
or break-out reconnection (Antiochos 1998), might lead to
the stage when the structure becomes unstable and erupts,
resulting in a CME and the two-ribbon flare. Finally, it is
possible that in some events the reconnection below the flux
rope start before the eruption onset, increasing the electric
current flowing along the flux rope and driving gradual evo-
lution of the system to the loss of equilibrium and eruption
(Vrsnak 1990, 2008).

3 Theoretical aspects

3.1 Basic physical concepts and constraints

As already mentioned, a dynamical-flare eruption is typi-
cally preceded by gradual evolution of the coronal magnetic
structure through a series of quasi-equilibrium states, which
can be driven by, e.g., converging motions and flux cance-
lation, shearing or twisting motions, emerging flux, grad-
ual “tether-cutting” reconnection, etc. (e.g., Schmieder et al.
2015, and references therein). The pre-eruptive metastable
structure evolves slowly until it loses equilibrium, when pre-
sumably an ideal MHD instability (e.g., kink or torus in-
stability) sets-in and triggers the eruption. Such a scenario
was studied by a number of authors, most often consider-
ing a flux-rope embedded in a coronal arcade, with foot-
points anchored in the dense photosphere (see, e.g., Anzer
1978; Anzer & Pneuman 1982; Chen 1989; Gold & Hoyle
1960; Mouschovias & Poland 1978; Pneuman 1980; Saku-
rai 1976; Titov & Démoulin 1999; Torok & Kliem 2003;
van Tend 1979; Vr$nak 1990).

Stability of such a system is determined by a number of
parameters, most notably by the twist of the magnetic field
lines, i.e., electric current / that flows along the flux rope

(see, e.g., Torok & Kliem 2003; Vr$nak 1990). Note that
the stronger the current, the larger the amount of magnetic
free energy stored in the system — in the simplest terms,
the free energy can be expressed as W = LI2, where L is
the self-inductance of the system (for details see, e.g., Chen
1989; Garren & Chen 1994; Vr$nak 2008; Zic et al. 2007).
Thus, flux ropes carrying stronger currents are expected to
erupt more violently.

This was clearly demonstrated by, e.g., Vrs$nak (1990),
who studied stability and dynamics of a semi-toroidal flux
rope anchored at both footpoints in the dense photosphere.
In this analytical model a diamagnetic effect of the conduc-
tive photospheric surface (Kuperus & Raadu 1974) was in-
cluded, which provided physical comprehension of a num-
ber of observational phenomena. For instance, the model
is able to explain gradual transition of the system from
a completely stable state to metastable state by, e.g., an
increase of twist or longitudinal current (see Figure 5a
of VrSnak 2008). The structure is in a metastable equi-
librium at a given height that gradually increases as the
current increases, which corresponds to the usually ob-
served slow rise of the pre-eruptive structure. Furthermore,
an unstable-equilibrium point at larger heights occurs, as
shown in Figure 5a of Vr$nak (2008). In such a situa-
tion, a small displacement from the metastable equilib-
rium results in oscillations, which explains, e.g., transver-
sal prominence/filament oscillations (e.g., Ramsey & Smith
1966; Vrsnak 1984). On the other hand, if the perturba-
tion is strong enough, and the structure is moved from the
metastable-equilibrium height to the unstable-equilibrium
position, the structure erupts. This explains eruptions ini-
tiated by disturbance coming from a distant source (e.g., a
large amplitude wave from another eruption).

Furthermore, for a certain domain in the parameter
space, there is another stable-equilibrium point above both
the metastable and the unstable equilibrium position (see
Figure 5b of Vrs$nak 2008). This explains oscillations some-
times observed after failed eruptions (e.g., VrSnak et al.
1990). Finally, a persistent gradual change of model pa-
rameters (e.g., increasing twist and/or current, or decreas-
ing mass, etc.) eventually leads to a loss of equilibrium, ap-
proximately at a height comparable to flux-rope footpoint
half-distance. In other words, the structure evolves through
a series of quasi-equilibrium states until it comes to a posi-
tion where there is no neighboring static equilibrium avail-
able, so the structure has to respond dynamically, i.e., it
erupts. One of direct successes of such a model is that it pre-
dicts that the eruption achieves the highest acceleration at a
height comparable with the footpoint half-distance (Chen
& Krall 2003; Vr$nak 1990), which is fully consistent with
observations (Chen et al. 2006; Vr$nak et al. 1991).

However, in such a model, where the unstable struc-
ture is treated as an isolated system and no effects of resis-
tive processes are considered, the accelerations are limited
to values on the order of 100 ms~2. Thus, such a model
cannot explain the observed accelerations that can be as
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high as several kms=2. This is a direct consequence of the
poloidal magnetic flux conservation, and the fact that the
self-inductance increases with the size of the structure, i.e.,
the acceleration is limited due to the inductive weakening of
the electric current (for details see VrSnak 2008).

The energy released in the flare/CME process is con-
verted from the free energy stored in the non-potential coro-
nal magnetic field, whereas the eruption itself is driven by
the Lorentz force. This implies that there is electric current
flowing through the eruptive structure. Most roughly, the in-
tricate coronal current system might be approximated by a
line-current loop anchored at both ends in the photosphere.
In the absence of reconnection the magnetic flux encircled
by the line-current and the photosphere is conserved. This
flux can be expressed as ® = LI, where [ is the electric
current and L is the self-inductance of the system (Baty-
gin & Toptygin 1962). Since the self-inductance is propor-
tional to the circumference of the line-current (see, e.g.,
Jackson 1998, p. 218), the electric current must decrease as
the size of the erupting structure increases, i.e., I o« A7,
where A is the circumference of the current loop. Thus,
the free energy, W = L1I?, decreases as approximately as
W oc A1, being converted into the kinetic and potential en-
ergy, and to the work done against the “aerodynamic” drag
(Cargill 2004; Vrsnak 2001). The Lorentz force decreases
even more rapidly, since besides the electric current, the
magnetic field decreases with height too. Thus, the accel-
eration decreases rapidly, meaning that the maximum CME
speed is strongly limited. A similar behavior is found con-
sidering more realistic MHD representations based on flux-
rope paradigm (Chen 1989; Démoulin & Aulanier 2010;
Forbes 1990; Forbes & Priest 1995; Kliem & Torok 2006,
van Tend & Kuperus 1978; Vrsnak 1990; Zic et al. 2007).

Thus, strong accelerations can be achieved only by re-
moving the requirement of the poloidal flux conservation,
i.e., by including the reconnection process that supplies the
flux rope with additional poloidal flux (see, e.g., Anzer &
Pneuman 1982; Steele & Priest 1989). In this respect it
should be noted that in the series of papers (see references
in, e.g., Chen et al. 2006), following the original idea from
Chen (1989), it was proposed that the required flux supply
of the order of d®/dz ~ 10'® Mxs™! (adding up to ® ~ 10>
Mx in total) is provided by the emerging flux. However, so
strong flux emergence is not observed. On the other hand,
the values of d®/dr and ® measured in flares can be even
considerably higher than required by the model (Forbes
et al. 2006; Miklenic et al. 2009, 2007), i.e., reconnection
is ample enough to be considered as the main source of the
required poloidal flux. This led Chen & Kunkel (2010) to
eventually adopt reconnection as the source of the poloidal
flux in their model. Hereafter, we illustrate how magnetic
reconnection affects the flux-rope eruption process.

3.2 The role of reconnection

When the effect of reconnection is included, the electric cur-
rent does not decrease as I o< A~L, since it is affected by the
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Fig.1 Effects of reconnection below the erupting flux rope, ris-
ing at a speed v.me. The unit-length magnetic flux reconnects at
the rate d®/dt = v.B., which roughly corresponds to the proxy
ven By as well as to the rate d®,/df = vy By at which the flux-rope
poloidal flux increases.

increase of the poloidal flux of the rope. Bearing in mind
the relationship @ = IL, the current is now determined by
I = (©g + AD)/L, where @ is the initial flux, and AD is the
flux added by reconnection A®Q = f (d®/dr) dz. In Figure 1
we present a 2D sketch of the erupting system that includes
the reconnection below the rising flux rope (for a 3D ana-
log of Figure 1 see Figure 8 of Schmieder et al. 2015). The
rate at which the magnetic flux inflows into the diffusion
region is determined by the convective electric field v B,
i.e., the reconnected flux per unit length can be expressed as
d®/df = v.B.. Bearing in mind the flux conservation, this
also corresponds to the rate at which the unit-length flux is
added to the flux rope (denoted as vg By in Figure 1), i.e.,
d®/dr = d®,/dt = vg By, which forms a poloidal-flux shell
around the rope and partly contributes to its expansion (for
details see, e.g., Lin et al. 2005). Note that the reconnected
flux also corresponds to the rate at which the magnetic flux
accumulates in the flare-loop system below the diffusion re-
gion, as well as to the electric field induced in the current
sheet. Furthermore, it should be approximately equal to the
product of the velocity v., by which the chromospheric flare
ribbons sweep over the photospheric magnetic field By, i.e.,
veBe = venBph, as proposed by Poletto & Kopp (1986), pro-
viding an estimate of how much of the magnetic flux is re-
connected (see, e.g., Miklenic et al. 2009, 2007).

In the following, we consider a simple model presented
in Sections 4.2. and 4.3 of Vrs$nak (2008), which is based on
the model proposed by Vrsnak (1990). Note that the model
represents a kind of modified kink instability since the erup-
tion is driven by the poloidal-field magnetic pressure gradi-
ent, enhanced by the already mentioned diamagnetic effect.
In Figure 5b of Vrs$nak (2008) the flux-rope acceleration is
presented as a function of the normalized height for dif-
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Fig.2 Dependence of the ejection acceleration on reconnection.
a) The instantaneous acceleration, a, presented as a function of
the normalized height, Z. Values of the total reconnected flux, AD,
expressed in the percentage of the initial flux @y, are written in the
inset. Full-line curves represent events where reconnection lasts
during the period over which the eruption rises from Z = 1 to
Z = 2, whereas for the dashed-curve this range is 1 < Z < 12. b)
Dependence of the peak acceleration, a,,,x on the total reconnected
flux, A®. c¢) Dependence of the peak acceleration, a,, on the peak
reconnection rate, d®/d{ (expressed in units of @y).

ferent combinations of the flux-rope parameters in the ab-
sence of reconnection. The graph demonstrates that without
reconnection the acceleration stays at values on the order
of 100ms~2. Hereafter we illustrate the role of reconnec-
tion, i.e. we include the effect of increasing poloidal flux,
to show that it provides accelerations up to 10kms=2. Let
us note that a very similar outcome is obtained if the model
is modified into a form where the torus instability initiates
the eruption, i.e., where the gradient of the ambient field
provides the driving force (see, e.g., Kliem & Torok 2006;
Torok et al. 2010).

In Figure 2a we present the instantaneous acceleration a
as a function of the normalized height Z, representing the ra-
tio of the height and the half-distance between the flux-rope
footpoints. In the absence of reconnection (A® = 0; shown
by red curve), the acceleration reaches only ~ 90 m s2. In
all other presented curves we let the poloidal flux inflow to
start at Z = 1, i.e., soon after the eruption starts. To ease the
numerical evaluation, the poloidal-flux increase rate is de-
fined as a function of the geometrical parameter ¢, related to

the normalized height as Z = (1+sin {)/ cos {. More specifi-
cally, d®/d{ = k (1 —cos(2n/y), where k regulates the am-
plitude of the reconnection rate and ¢; defines the flux-rope
height up to which reconnection occurs (as already men-
tioned, it is taken that reconnection starts at Z = 1, i.e., at
£=0).

The graphs presented in Figure 2a illustrate two types of
events; impulsive events (full-line curves) and more grad-
ual ones (dashed-line curves). In the former class of events
reconnection occurs during the flux-rope rise from Z = 1
to Z = 2. In the latter class, the same amount of flux
(AD = 100, 200, 300, and 400 % of the initial flux @) is
reconnected over the period corresponding to 1 < Z < 12.
The graph clearly shows that the acceleration is stronger for
a larger total reconnected flux, and at the same value of AD
it is stronger in more impulsive events. Furthermore, the ac-
celeration peaks at larger heights in more gradual events.
Note that at A® = 400 %, gained over the height range
1 < Z < 2, the acceleration achieves a value of ~ 12 kms~2,
which is sufficient to explain the most impulsively accel-
erated eruptions (e.g., Vrs$nak et al. 2007; Williams et al.
2005).

In Figure 2b the above noted dependence of the peak
acceleration ap,x on the total reconnected flux A® is quan-
tified. In the graph, an example of impulsive type of events
(1 < Z < 2; full line) is compared with a more gradual one
(1 < Z < 12; dashed line). Both curves show a quadratic-
type of dependence, where the peak accelerations of the
impulsive-reconnection events are considerably higher.

The dependence of @y, on the maximum rate at which
the poloidal flux increases, (d®/d{)max, iS shown in Fig-
ure 2c. The presented two type of events are the same
as those used in Figure 2b. The graph covers the range
AD =0-400 % for both types, clearly demonstrating that
the impulsiveness of an event is a decisive factor that de-
termines the peak acceleration. Namely, at the same value
of (d®/d{)max, both the impulsive and gradual events show
practically the same value of ama.x. Note that the graphs
again show a quadratic-type of dependence.

On the other hand, the eruption peak velocity vy, pri-
marily depends on the total reconnected flux A®. Figure 3a,
where the peak velocity vmax 1S presented as a function of
A, reveals that at a given value of A® the impulsive ejec-
tions (1 < Z < 2, full line) and gradual ones (1 < Z < 12,
dashed) achieve comparable peak velocities — although the
impulsive events accelerate more rapidly, the acceleration
time is shorter, so the two effects compensate each other
and eventually, the final speed is similar to that of gradual
events where weaker acceleration is compensated by longer
acceleration time. On the other hand, Figure 3b shows that
at a given value of (d®/d{)max, the peak velocity vy.x be-
comes significantly higher in gradual events, due to a con-
siderably longer acceleration time, since the peak accelera-
tions are comparable, as demonstrated by Figure 2¢c. Note
that the dependence of vy, on AD as well as on (dD/d{)max
show a linear relationship. The outcome displayed in Fig-
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reconnected flux, A®; b) the peak reconnection rate, (d®/d{)max-
The case where reconnection lasts during the period over which the
eruption rises from Z = 1 to Z = 2 is shown by full line, whereas
for the dashed-curve this rangeis 1 < Z < 12.

ure 3 explains the empirical results presented by VrS$nak
et al. (2005), Zhang & Dere (2006), Vr$nak et al. (2007),
and Bein et al. (2011).

To conclude, the peak acceleration is determined by the
maximum reconnection rate, whereas the maximum speed
is determined by the total reconnected flux. In other words,
the eruption acceleration should be correlated with the flare
impulsiveness, whereas the maximum speed of the eruption
should be related to the total energy released by the asso-
ciated flare. Both outcomes are consistent with the obser-
vational findings by Vr$nak et al. (2005), Burkepile et al.
(2004), Maricié et al. (2007), and Bein et al. (2012).

In Figure 4 the time evolution of the erupting system
is illustrated by employing two examples characterized by
AD = 400 %. The first one (shown by full-line curves) is
an impulsive event, where reconnection takes place dur-
ing the flux-rope rise from Z = 1 to Z = 2, resulting in
(d®/d)max = 1.33 @g. The second one is a more gradual
event where the corresponding height range is 1 < Z < 12,
and is characterized by (d®/d{)max = 0.57 @.

In Figure 4a the instantaneous acceleration a (black)
is shown together with the instantaneous reconnection rate
d®/d (gray) as a function of time. The graph clearly
demonstrates synchronization of the acceleration and the
reconnection rate. There is a small delay of the peak ac-
celeration after the maximum reconnection rate. However,
one should bear in mind that the effect of the aerodynamic
drag is not taken into account. If it would be included in
the calculation, it would result in a reduction of the accel-
eration with increasing speed, and would shift the accel-
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Fig.4 Synchronization of the ejection kinematics and the recon-
nection rate, i.e., the flare energy-release rate. a) Instantaneous ac-
celeration, a (black; values are reduced by a factor of ten) and the
instantaneous reconnection rate, d®/d{ (gray; values are increased
by a factor of ten), shown as a function of the ejection height,
Z. b) Instantaneous ejection velocity, v (black) and the instanta-
neous reconnection rate, d®/d{ (gray). In both graphs, the case
A® = 400 % is presented, where reconnection starts at Z = 1 and
lasts until Z = 2 (full lines) and until Z = 12 (dashed).

eration curve to the left, i.e., the acceleration would peak
earlier, which would reduce its delay with respect to the re-
connection maximum. To conclude, the eruption accelera-
tion should be closely synchronized with the flare impul-
sive phase (e.g., HXR and microwave burst, or derivative of
the SXR flux), as found empirically by, e.g., Zhang et al.
(2001), Vrsnak et al. (2004), Zhang et al. (2004), Marici¢
et al. (2007), Temmer et al. (2010, 2008), and Bein et al.
(2012).

In Figure 4b the instantaneous ejection velocity v (black)
is shown together with the cumulative flux 6@ reconnected
until time 7 (gray), as a function of time. The graph clearly
demonstrates synchronization of the velocity and the recon-
nected flux. To conclude, the rise of the eruption velocity
should be closely synchronized with the flare SXR flux rise,
as found empirically by, e.g., Zhang et al. (2001), VrS$nak
et al. (2004), and Zhang et al. (2004).

4 Discussion and Conclusions

In dynamical flares, causing the most powerful eruptive
events originating in the solar atmosphere, there is a strong
coupling between ideal MHD processes that initiate the
eruption and the resistive processes responsible for the en-
ergy release in flares. A feedback relationship between the
flare and the ejection is established through fast magnetic
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reconnection that occurs in the current sheet formed below
the erupting flux rope. Reconnection enhances significantly
the acceleration of the ejection and on the other hand, pro-
vides a powerful energy release in the associated two-ribbon
flare (see, e.g., Forbes 2000; Lin & Forbes 2000; Lin et al.
2004).

The energy released in the reconnection process is trans-
ported downwards to the chromosphere by electron beams
and thermal conduction, forming there two bright ribbons
aligned with the PIL. As reconnection proceeds, the flare
ribbons, including HXR kernels (e.g., Temmer et al. 2007),
expand away from the PIL, while the reconnected field lines
form a growing X-ray flare loop system (e.g. Liu et al. 2004;
Veronig et al. 2006; Vr$nak et al. 2004).

The reconnection process below the erupting flux rope
has also two important effects on the ejection itself. Firstly,
the reconnection reduces the tension of the arcade field
overlying the flux rope, which activates after the eruption
onset (note that the overlying field is generally considered
to be potential prior to the eruption, i.e., there is no tension
until the field lines are being dragged by the eruption). Fur-
thermore, reconnection increases the magnetic pressure be-
low the flux-rope, which might play a significant role in the
ejection dynamics (Anzer & Pneuman 1982; Forbes 1990;
Lin 2004; van Tend & Kuperus 1978). Finally, the upward-
directed reconnection jet brings the reconnected magnetic
field to the flux-rope, providing it with additional poloidal
flux. This strengthens the hoop force (Chen 1989) and pro-
longs and reinforces the flux-rope acceleration by reduc-
ing the effect of the inductive decay of the electric current
(Vrsnak 2008).

On the other hand, the expansion of the ejection deter-
mines the overall geometry of the system and the flows be-
hind the flux-rope, which strongly affects the reconnection
process (Vrsnak & Skender 2005). The vortices behind the
accelerating flux rope and evacuation of the space in the
rear of the ejection are expected to enhance the reconnec-
tion process, which on the other hand, enhances the rope ac-
celeration. In this way, the feedback between the flux-rope
acceleration and the reconnection rate is established (Tem-
mer et al. 2010; VrS$nak 2008). The observed synchroniza-
tion of the ejection acceleration and the flare energy release
is a consequence of such a feedback, since the reconnection
rate determines also the energy release in the flare (e.g., Asai
et al. 2004; Miklenic et al. 2009; Temmer et al. 2007).

The described scenario is based on numerous empiri-
cal studies revealing various signatures of the flare/CME re-
lationship. Certainly, the most important ones are various
statistical studies of correlations between parameters of the
flare energy release and the CME characteristics, the stud-
ies concerning the timing analysis that reveals synchroniza-
tion of the flare energy release and the acceleration of the
ejection, as well as various case studies showing tight mor-
phological and evolutionary relationships between the two
phenomena.

In this paper, it is shown by applying basic physical
concepts that after some ideal instability initiates the erup-
tion (e.g., kink or torus instability), intense magnetic recon-
nection below the erupting flux rope is needed to achieve
the highest observed ejection accelerations and speeds. This
means that a powerful ejection should inevitably cause also
a powerful flare. In addition, more impulsively accelerated
ejections should be accompanied by more impulsive flares.
It is also shown that in the case of the most strongly ac-
celerated ejections, where the observed accelerations attain
values on the order of 10 km s~2, the poloidal flux supplied
to the flux rope during the eruption has to be several times
larger than was the initial flux. Thus, in such events, a sig-
nificant part of the flux rope has to be built during eruption
itself. This also implies that it should be easier to achieve
strong accelerations if the pre-eruptive structure contains a
flux rope of a relatively small flux and is embedded in a
large and strongly sheared magnetic arcade that will pro-
vide enough field for reconnection, i.e., to be able to sup-
ply the required poloidal flux to the rope. That would re-
sult in a strongly accelerated ejection and a powerful flare.
The main physical reason is the fact that at large AD/®D,
the inductive decay of the current is strongly reduced, as
shown at the beginning of Section 3.2. On the other hand,
if the pre-eruptive rope contains a large flux @, the cur-
rent will decay relatively fast due to small A®/®,, which
will prevent strong acceleration. However, the flare might
still be powerful, since the total energy released depends di-
rectly on AQ, i.e., by the time integral of the reconnecting
flux. This straightforwardly explains the scatter in correla-
tion between the flare intensity and CME speeds. Finally, it
is shown that the reconnection impulsiveness (determining
the impulsiveness of the flare energy release) regulates the
peak acceleration, whereas the total reconnected flux (deter-
mining the total energy released in the flare) regulates the
ejection speed.
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