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Outline

• During flares, magnetic reconnection takes place in the 
corona, and the reconnection energy release events can 
be mapped and therefore measured at flare ribbons.

• Flare energetics can be probed with temporal, spatial, 
and spectral properties of flare ribbons, in connection 
with coronal observations.

• Joint disk observations of flares and limb observations of 
the solar corona from multiple vantage points can be 
used to measure reconnection and CME kinematics.



Formation/heating of flare 
loops observed in extreme 
ultraviolet light by the 
Solar Dynamics Observatory
(Sun+2015)

10 MK plasma

1 MK plasma

reconnection in corona forms flare arcade

from Terry Forbes



Disk observations also reveal discrete flare loops and their feet as plasmas are 
heated in post-reconnection flux tubes in the corona and chromosphere.
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(Forbes & Priest 1984)



measured total, or global, reconnection rate
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(Fletcher+2001, Isobe+2002, Qiu+2002.. see Kazachenko+2017 for measurements of 400 flares)



dF/dt

pattern of reconnection, the zipper effect

dF/dt

dFperp /dt

Can we probe the guide field? (Qiu+2010, 2017)

HXR

UV



Earliest measurement of reconnection 
rate by Poletto & Kopp (1986)

MA ~ 0.1

(Qiu+2009)

reconnection vs. energetics



reconnection vs. energetics

REHSSI Te
RHESSI EM

HXR 12-25 keV

GOES Te/EM

Rex. rate

Spectral index
HXR 25-50 keV

Qiu+2020



energetics inferred from flare ribbons– 20 –

Table 1. Event Information

Event# Date Region Time (start/peak/end) Mag CME speed km/s

1 2011 Dec 26 AR 11384 N17W02 11:23 11:50 12:18 C5.7 736
2 2011 Sep 13 AR 11289 N23W21 23:23 23:34 00:17 C2.9 408
3 2011 Feb 15 AR 11158 S20W11 01:46 01:54 03:37 X2.2 669

Note. — Table 1 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion
is shown here for guidance regarding its form and content.

aSample footnote for table 1 that was generated with the deluxetable environment

bAnother sample footnote for table 1

Fig. 1.— AIA images taken at each peak time for the 2011 December 26 event with very

regular two flare ribbons. The flare is just located at the solar disk center and the eruption
spreads along the flare ribbon from southwest to northeast. Post flare loops are clearly seen
from EUV hot channels.

Reconnection forms flare 
loops, or packets of energy 
release, which are mapped at 
their feet, the flare ribbons. 
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Impulsive emission at the foot-
points can be used to infer heating 
rates  (when, for how long, by how 
much) of instrument resolved flare 
loops – the UV Neupert effect 
(Qiu+2012-).
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heating of flare loops: the Neupert effect
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Flare total emission from 1000 
heating events, compared with 
RHESSI, EVE, and AIA (not shown 
here) observations (Liu+2013; 
Zeng+2014).

A C-7 flare observed/modeled 
(Klimchuk+2008) with UV Neupert
effect: F = 2e19 Mx; E = 8e29 erg.

RHESSI SXR

10 MK 6 MK 3 MK 2 MK

observation
model



GOES, AIA

EVE

XRT
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(Zhu+2018) 

> 10MK

< 1MK

A C3 flare modeled with 6000 heating events 



distribution of 
various properties, 
in units of AIA 
pixels (0.6”) and 
timescales (24s).

heating energy heating ~ magnetic energy

heating ~ reconnection flux current
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2014-4-18 M7.3 flare observed by 
imagers on SDO/AIA (0.6”, 12-24 s), and 
spectrographs  on IRIS (0.17”-0.33”, 9 -
30s), exhibiting QPPSs. Oscillations found 
in conjugate foot-points, implying the 
corona origin (Brannon+2015, 
Brosius+2015).

(Courtesy: Dana Longcope)

fundamental scales (?) of energy release events



“Fundamental 
scales” of energy 
release events 
probed with IRIS 
imaging/spectral 
observations of 
flare ribbons
(Graham+2015, 
2020). 

energy injection 
timescale ~20s



reconnection vs. CME kinematics: models

Martens & Kuin 1989

Reeves (2006) (and Forbes-
Isenberg-Lin-Reeves)

ExB

CME acc.



382 K. Shibata and S. Takasao

From the Soft and Hard X-ray observations of impulsive flares, Ohyama and
Shibata (1997) found that (1) a plasmoid was ejected long before the impulsive
phase, (2) the plasmoid acceleration occurred during the impulsive phase (see
Fig. 10.4a). As a result of the magnetic reconnection, plasmoid formation takes
place (usually about 10min) before the impulsive phase. When the fast reconnection
ensues (i.e., in the impulsive phase), particle acceleration and huge amount of energy
release occurs for ! 10tA. During this process the plasmoid acceleration is closely
coupled to the reconnection inflow.

A similar relation between the energy release (and fast reconnection) and
plasmoid acceleration has also been found in the case of CMEs (e.g., Zhang et al.
2001; Qiu et al. 2004; see Fig. 10.4d) as well as in laboratory experiment (Ono
et al. 2011). What is the physical understanding that can be drawn from the relation
between the plasmoid ejection and the fast reconnection?

It was Shibata and Tanuma (2001) who suggested that plasmoid ejection induces
a strong inflow into the reconnection region as a result of mass conservation, and
drive fast reconnection. Since the inflow (that determines the reconnection rate) is
induced by the plasmoid motion, the reconnection process was termed as plasmoid-
induced reconnection (Shibata et al. 1995; Shibata 1999).
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Fig. 10.4 (a) Time variations of the height of an observed plasmoid as well as hard X-ray
intensity. From Ohyama and Shibata (1997). (b) Height-time relation of a magnetic island in a
two-dimensional numerical simulation, which is supposed to be the two-dimensional counterpart
of a plasmoid. Time variation of the electric field (i.e., the reconnection rate / Vinflow is also
plotted. From Magara et al. (1997). (c) Analytical model of plasmoid acceleration in the plasmoid-
induced-reconnection model. From Shibata and Tanuma (2001). (d) Observations of a CME and
associated filament eruption (Qiu et al. 2004). It is seen that the filament acceleration (+) show the
time variation similar to that of electric field (reconnection rate; thick solid curve)

reconnection vs. CME kinematics: models

Numerical models 
indicating timing of 
reconnection and CME 
acceleration.
Magara et al. (1997), Shibata et 
al (2001), Karpen et al. (2012) 
….

The Astrophysical Journal, 760:81 (15pp), 2012 November 20 Karpen, Antiochos, & DeVore

stretches the core field lines to the point that a vertical current
sheet forms and fast reconnection sets in. The first truly ex-
plosive energy release begins with the fast flare reconnection,
which simultaneously creates the flare loops, the reconnection
jets, and the CME flux rope. All fully eruptive breakout calcula-
tions to date (e.g., MacNeice et al. 2004; Lynch et al. 2008; van
der Holst et al. 2009) agree on this point and find that fast CME
acceleration and flare reconnection onsets are close in time, but
the precise relationship between flare and CME is not clear
from these papers. The current study was deliberately designed
to settle this issue.

The key point is that the impulsive flare and the energized
CME flux rope are formed by a single reconnection process,
and hence are physically simultaneous. This is a critical ob-
servational distinction between the breakout model and ideal
models based on kink or torus instability (e.g., Török & Kliem
2005). For at least some ideal models, we expect the CME to
accelerate to Alfvénic speeds appreciably before flare onset. In
contrast, a recent analysis of EUV images and hard X-ray emis-
sion from 37 fast eruptive events confirms the tight coupling
predicted by our model (Berkebile-Stoiser et al. 2012).

The partitioning of energy in eruptive events—that is, the
amount of energy directed downward into the flare versus the
amount directed upward into the CME—also offers critical
insight into the physical processes governing the CME–flare
relationship, and thus provides an important basis for evaluating
closure between theory and observations. Our model-based
estimates are not fully definitive because the simulation does not
include kinetic effects and particle acceleration. Nevertheless,
we can get an indication of the balance between flare and
CME by examining the kinetic energies of the upward and
downward flare-reconnection jets. At the very beginning of the
jets’ existence, the downflows are twice as fast as the upflows
(vr ≈ −120 versus 60 km s−1), but thereafter the maximum
upflows are stronger than the downflows by as much as a factor
of two, implying that approximately twice as much energy goes
into the CME as into the flare. This result is consistent with
studies of the energetics of fast CMEs/eruptive flares (e.g.,
Webb et al. 1980; Emslie et al. 2004).

As in an actual event, the speed and acceleration of the CME
in our simulation depends on exactly where one measures the
evolution. In broad terms, one can consider the eruption to
be driven by two main forces: the direct impulse imparted by
the upward reconnection jet and the magnetic buoyancy of the
disconnected CME plasmoid. The velocity of the upward jet sets
the initial speed of the flux rope for roughly 1 hr after flaring
begins. We find that the flux-rope axis rises at ∼460 km s−1 until
∼95,000 s, then slows down to ∼150 km s−1 when the axis rises
beyond the direct influence of the jet, and the flux rope becomes
sufficiently large to be identifiable as a CME (see Figure 15).
We can now explain why the sharp rise in integrated kinetic
energy (Figure 4) is not simultaneous with the CME front take-
off. The integrated kinetic energy is dominated first by the jet
flows caused by the retraction of the newly reconnected field
upward, which do not immediately affect the plasma closer to
the breakout sheet. When the jet has transported the first-formed
island to the CME core, where the flow stagnates and develops
complex structure, the CME gains sufficient momentum and
energy, and the restraining tension becomes sufficiently low, to
enable fast acceleration of the CME.

The magnetic buoyancy of the CME is responsible for the bulk
of the mass acceleration, but it does not become dominant until
the plasmoid has grown to global size. As shown in Figure 15,

Figure 15. Height of the cavity front and flux-rope axis vs. time. Here the front
is defined as the location where the mass density increases sharply behind the
breakout current sheet, and the flux-rope axis is an O-type null. A thicker track
is shown in certain intervals before ∼102,000 s because two O-type nulls exist
in the flux rope at those times.
(A color version of this figure is available in the online journal.)

CME front “take-off” occurs at t ≈ 95,000 s, well after the
onset of reconnection in the flare current sheet. Thereafter, the
CME front accelerates to ∼360 km s−1, comparable to the local
Alfvén speed, and remains at that speed until the end of the run.
The flux-rope axis, however, lags behind the CME: it accelerates
again around 105,000 s from ∼150 to ∼260 km s−1, remaining at
that speed thereafter. This expected disparity in speed between
the cavity front and the flux-rope axis follows directly from
the expansion that is inherent to the evolution of a global
structure such as a CME. However, the key point remains
that the flare impulsive phase and the CME strong-acceleration
phase have the same physical origin: the onset of fast flare
reconnection.

4. DISCUSSION

4.1. The Eruption Mechanism

The results described above demonstrate that the trigger
for the explosive energy release and ejection is the onset
of fast reconnection in the flare current sheet, essentially
a resistive instability. This conclusion requires verification,
however, because the buildup of the CME plasmoid may trigger
instead an ideal instability or a loss of equilibrium, which could
produce the observed late-stage acceleration. We can distinguish
between ideal and resistive mechanisms by calculating the
energy required for an ideal eruption and comparing it to
the actual system energy. Note that for an ideal ejection, the
system’s magnetic energy must exceed the magnetic energy
of the appropriate partially open configuration as described in
DeVore & Antiochos (2005). If the energy of this partially open
state is less than or equal to the simulation magnetic energy
at take-off, then the physical mechanism is likely a loss of
equilibrium or ideal instability; if the partially open energy is
higher, then additional reconnection is needed for eruption, so
the mechanism is inherently a resistive instability.

We have determined the energy of the relevant partially open
magnetic field, Eopen, at 2500 s intervals throughout the cal-
culation (solid line in Figure 16), using the same procedures

11



ß CME velocity

flare
SXR à

closely related CME motion and flare 
emission (Zhang et al.  2001; 
Gallagher et al. 2003 ….
Patsourakos et al., 2010 ….)

CME kinematics and flare emissions



CME kinematics and magnetic reconnection

Measure CME and reconnection 
multiple ways (Li+2017, Wang+2017)

– 16 –

Fig. 5.— Evolution of flare loops and the footpoints. (a) AIA 171 Å images at four times in the

main phase of the flare with the same field of view as the magenta box marked in Figure 1(c). (b)

Ribbon brightening pixels (plus symbols) superimposed on the HMI magnetogram. The purple,

cyan, green, and yellow dashed lines (also shown in panel (a)) connect a pair of conjugate footpoints

brightened at four successive times. The magenta line represents the mean PIL of the flaring region,

perpendicular to which is used to measure the shear angle for flare loops. (c) Time-distance map

at AIA 171 Å along the slice S2 marked in Figure 1(b). The dashed line traces the apparent rising

motion of flare loops during the main phase. (d) Apparent motion pattern of the flare ribbons in

the AIA 304 Å images with the same field of view of panel (b). The orange and violet contours

mark the magnetic polarities at +300 and −300 G, respectively. The two magenta arrows are used

to measure the average speeds of the ribbon separation.

MA~0.01-0.03



observe flare and CME at the same time



reconnection vs. CME kinematics

(Hu+2014)



height, velocity, and acceleration of CMEs

Fast CMEs are accelerated within minutes in the low corona (Zhu+2020).

gsun

height velocity acceleration

cadence of
STA-EUVI: 
75s - 5min



reconnection vs. CME kinematics

Time lagged correlation analysis suggests three 
populations, and CME-lead events tend to have 
lower reconnection rate on average (Zhu+2020).GOES SXR

reconnection
rate

CME



Summary

Magnetic reconnection allows eruptive energy release in
flares and CMEs.
State-of-the-art observations and models provide
unprecedented opportunities to conduct large-scale and
detailed studies of reconnection and energetics in the
solar atmosphere, to help answer some outstanding
questions in a quantitative manner.


