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Outline

• Flare ribbons map the topological boundaries in the 
chromosphere that are dynamically evolving due to 
reconnection in the corona.

• Temporal and spatial evolution of flare ribbons can be 
used to infer reconnection properties, such as the 
reconnection rate, and the dynamics and structure of 
reconnection in the corona.

• Flare ribbon observations provide diagnostics of flare 
energetics, which may be governed by reconnection 
properties, global or local or the interplay between the 
two.



Chromosphere ribbons outline the feet of magnetic field lines being 
closed, or opened, by magnetic reconnection in the corona.
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ribbons

dark 
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reconnection & dimming map
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Left: temporal evolution of bright ribbons 
and dark ribbons (dimming). 

Bottom: Q map superimposed on the 
radial magnetogram (Downs+15, Dudik+14).

Topology analysis shows both flare and 
dimming ribbons mapping the photospheric
interception of the separatrices or QSLs, 
where magnetic reconnection tends to 
occur (Demoulin+96, Longcope05).

chromosphere ribbons map magnetic reconnection
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(1017-19 Mx/s)

reconnection flux 
(1020-22 Mx)

Poletto+86, Fletcher+01, Isobe+02, Asai+02, Qiu+02, Saba+06, Jing+05, Temmer+07, …. Kazachenko+17 ...

dimming flux
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reconnection rate measured from flare ribbons
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Figure 6 X1.6/3B confined flare on 22 October 2014. (a) LOS magnetic field scaled to ±1000 G with the
PIL indicated by the white line. (b) – (d) Three Hα images of different times. The white line shows the PIL,
the red line represents a linear fit of the local PIL, and the yellow rectangle is perpendicular to the locally
fitted PIL, indicating the direction in which the ribbons are tracked. In panel d the tracking direction of the
western ribbon is indicated by the blue rectangle.

4.1. Distributions of the Flare-Ribbon Parameters

Figure 9a shows the distribution of the ribbon separation, indicating how far the ribbons
move apart from each other during the flare. All of the eruptive flares reveal ribbon sep-
arations > 10 Mm. Approximately 40% of eruptive flares even show a ribbon separation
> 30 Mm. In contrast to eruptive flares, about 70% of the confined flares reveal a ribbon
separation < 10 Mm; no confined flare shows a ribbon separation > 30 Mm.

Figure 9b presents the distribution of the maximum ribbon-separation speeds. Eruptive
flares show a broad range, from 3 km s−1 up to 63 km s−1. Twenty percent of the eruptive
flares have maximum ribbon-separation velocities > 40 km s−1, while the separation speeds
of the flare ribbons in confined events never seem to exceed ≈ 40 km s−1.

For 38 out of 50 flares, the strength of the photospheric magnetic field swept by the flare
ribbons is < 1000 G (Figure 9c). The distribution for confined and eruptive flares is similar,
indicating that both can appear in either weak or strong magnetic fields. BE can reach values
of up to almost 2500 G (M1.2/2F confined flare on 15 January 2005).
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E ~ 40 V/m
vin ~ 40 km/s, 
Bin ~ 10 G, 
Ma ~ 0.03
(Wang+17)
consistent with 
most corona 
observations 
(e.g. Yokoyama+01, 
Chen+20). 

Ribbon motion and corona inflow both observed in a microflare (Li+17, Wang+17)



numerical simulations, and (3) measurement of the volume V.
As for (1), the statistical error due to the photon noise is neg-
ligible. As for (2),! may depend on the details of the simulation
model such as the initial conditions, location of the flare heat-
ing, etc. We performed simulations with different parameters
and found that the details of the initial conditions do not have
significant consequences in the results when the total energy of
the flare is much larger than the initial thermal energy contents
of the loop. On the other hand, simulations with different heat-
ing locations indicate that if most of the flare energy is deposited
deep in the chromosphere, the ! -parameter may be significantly
smaller. However, within the range of reasonable parameters
the uncertainty in the ratio ! is about!20%. The result of sim-
ulations with different heating locations is presented in the
Appendix.

Probably the largest uncertainty in H comes from (3), the
uncertainty of the volume. We made assumptions that the line-
of-sight length of an arcade is equal to its footpoint distance Lx
and a volume filling factor of 0.1. We cannot tell precisely how
good these assumptions are, but we empirically know that the
assumption of the geometry (i.e., Lz ¼ Lx) is not a bad assump-
tion, and probably the uncertainty is a factor of 2 at most. An
alternative way to estimate the line-of-sight length may be to use
the scaling law that relates the loop length (from apex to foot-
point) to the rise time, decay time, and temperature of the flare
(Metcalf & Fisher 1996). We applied this scaling law by Metcalf

& Fisher (1996) to the flares analyzed in this paper and obtained
the loop length of 1:3 ;109, 1:3 ; 109, and 2:6 ;109 cm for the
X2.3,M3.7, and C8.9 flares, respectively. These values are 1.5–
2.2 times smaller than our assumption that the loop length is
equal to 1.3Lx. This also supports that the uncertainty of the line-
of-sight length is about a factor of 2.
The uncertainty of the volume filling factor is more difficult

to address, but it seems that an uncertainty of a factor of 5 is rea-
sonable. The upper limit comes again from our empirical knowl-
edge of the geometry of flare loops/arcades, and the lower limit
comes from that if the filling factor is as small as 0.01, the number
density of the plasma in the loops must be unreasonably large
(#1013 cm$3).
Combining the uncertainties of the line-of-sight length and

the filling factor, we conclude that the uncertainty of the vol-
ume is a factor of 10. From equation (18) we see that the thermal
energy is proportional to V1/2, hence the uncertainty in Eth is
about a factor of

ffiffiffiffiffi
10

p
. Combining (1)–(3), we estimate that the

uncertainty in H is about a factor of 4.
Regarding the measurement of Bfoot and vfoot, there must be

errors that come from the alignment of the TRACE 1600 8 rib-
bons and the MDI magnetogram. The alignment of the TRACE
images and MDI magnetograms has been done by taking the
cross-correlation of the white-light images of TRACE and the
continuum images of MDI. We found that the correlation be-
tween the two images was good in all the flares and estimated

Fig. 10.—Same as Fig. 6, but for the C8.9 flare on 2000 November 16 (dEth/dt ¼ 1:2 ; 1027 ergs s$1).

Fig. 11.—Same as Fig. 7, but for the C8.9 flare on 2000 November 16.
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use the above values of Lx and Ly as the representative values to
calculate the reconnection rate. In order to study the spatial and
temporal variation of the reconnection rate, the size and other
parameters must be measured more carefully considering the
complicated and asymmetric structure.

The middle panel of Figure 6 shows the temporal variation
of the intensity integrated over the flare arcade. The solid and
dotted lines are for the Al12 and Be filter images, respectively.
Since the SXT instrument cannot obtain two images with dif-
ferent filters simultaneously, we calculate the intensity of the
Al12 filter images at the same time of the Be filter images by
linear interpolation and then calculate the temperature T and the
volume emission measure !V ¼ n2V by the filter ratio method.
We assume that the line-of-light length of the arcade ("height
of the arcade) equals Lx, the distance between the footpoints.
This assumption is justified because we empirically know from
the observations of limb flares that the height of a flare ar-
cade approximately equals the distance between its footpoints.
We also assume that the volume filling factor f ¼ 0:1 and that
V ¼ L2xLy f . This is also from our empirical knowledge that the
inner part of a flare arcade usually looks like a void.

With these assumptions the thermal energy of the flare arcade
is given by

Eth ¼ 3nkBTV ¼ 3kBT
ffiffiffiffiffiffiffiffiffi
!VV

p
: ð18Þ

The right panel of Figure 6 shows the temporal variation of Eth.
The solid line is the least-squares fitting in the impulsive phase.
From the gradient of the solid line we obtain dEth/dt ¼ 1:6 ;
1028 ergs s%1.

We use the results of numerical simulations to calculate the
real energy release rateH from dEth/dt. In order to compare with
the one-dimensional numerical simulation, we need to know the

energy release rate per unit area deth/dt. To obtain this, we sim-
ply divide the total energy release rate dEth/dt by the apparent
area of the flare arcade LxLy; deth/dt ¼ (dEth/dt)/(LxLy) ¼ 2:0 ;
109 ergs s%1 cm%2. From the assumed geometry we estimate that
the loop length (distance from footpoint to loop top) is about
1:3Lx & 3 ; 109 cm. Then from Figure 5 we see that " ¼ 0:6 for
this flare. Thus, we obtainH ¼ (dEth/dt)/" ¼ 2:7 ;1028 ergs s%1.
These parameters are summarized in Table 1.
The next step is to measure the separation velocity vfoot and

the field strength Bfoot of the flare ribbons. Although the three
flares analyzed in this paper have relatively symmetric and sim-
ple ribbons, vfoot and Bfoot are different at the different position
on the ribbons. Since we are interested in the average values,
vfoot and Bfoot are measured by the following procedure. (1) Two
TRACE 1600 8 images, one near the beginning of the impul-
sive phase and one just before the end of the impulsive phase,
are selected. (2) The MDI magnetogram at the nearest time is
selected and co-aligned with the TRACE 1600 8 images. The
co-alignment is done by taking cross-correlation of the TRACE
white-light image and the MDI continuum image. (3) The outer
edges of the ribbons in the TRACE 1600 8 images are defined
by visual inspection of the images (see Fig. 7). (4) The magnetic
flux # ¼

R
BdA, where A is the area swept by the outer edge

of the flare ribbons, is calculated from the co-aligned magne-
togram.We assume that the magnetic field is vertical at the pho-
tosphere and correct for the effect of projection. The average
field strength Bfoot is given by Bfoot ¼ #/A. (5) The (average)
separation velocity vfoot is calculated by

vfoot ¼
A

Lribbon(t2 % t1)
; ð19Þ

where Lribbon is the length of the ribbon and t2 and t1 are the
times of the TRACE images (t2 > t1). This procedure is ap-
plied to each ribbon separately. We use the average Bfoot and
vfoot of the two ribbons to calculate the reconnection rate.
Figure 7 shows the TRACE 1600 8 images near the begin-

ning (t1 ¼ 15 : 07 : 34 UT) and end (t2 ¼ 15 : 14 : 21 UT) of
the impulsive phase, as well as the co-aligned MDI magneto-
gram. The dashed lines indicate the outer edges of the ribbons.
The magnetic flux # is calculated by summing up the flux of all
the pixels between the ribbon edges at t ¼ t1 and t ¼ t2. The
solid lines beside the locations of the ribbons (dashed lines)
indicate Lribbon for the east (left on the image) ribbon and the
west (right on the image) ribbon.

TABLE 2

Magnetic Flux #, Ribbon Length Lribbons, Magnetic Field Strength Bfoot

and Separation Velocity vfoot of the 2000 November 24 Flare

Parameter East Ribbon West Ribbon Average

# (Mx) ....................... 1.0E21 7.6E20 8.8E20

Lribbon (cm) ................. 3.1E9 5.8E9 4.5E9

Bfoot (G)...................... 574 324 449

vfoot (cm s%1) .............. 1.4E6 1.0E6 1.2E6

Note.—Corrected for projection effects.

Fig. 8.—Same as Fig. 6, but for the M3.7 flare on 2000 July 14 (dEth /dt ¼ 3:5 ; 1027 ergs s%1).
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(Isobe+05)

reconnection releases energy



 

a. b.

SADs (McKenzie+99) 
loops (Aschwanden+01)
kernels (Graham+15) 

Klimchuk96

reconnection and energy release are not monolithic

Savage+11



350 400 450 500 550 600 650
E-W (arcsec)

-350

-300

-250

-200

-150

-100

S-
N 

ar
cs

ec

Flare ribbons map 
energy release 
events at fine 
scales ~150–300 km 
(Graham+15, Jing+16) 
and dynamics 
(Brannon+15, Brosius+15) Longcope

Flare reconnection 
is highly structured 
(Naus+21, French+21).
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Spectroscopy and 
photometry observations 
at the kernels can be 
used to determine 
heating rates, where, 
when, for how long, by 
how much, and in what 
form (RubioDaCosta+15, 
Kowalski+17, Kerr+16-, Reep+16, 
Graham+20, Ashfield+21).

Graham+15

Log10 (E/1026 erg)

Energetics in 
flare ribbons 
reflect 
reconnection 
energetics in the
corona.

(Qiu+21)



What we know and what we don’t .. 

1. Observations of SADs, loops, kernels, illustrate reconnection energy release in 
temporal/spatial fragments: how do we use & advance these measurements to 
characterize the structure, dynamics, and nature of reconnection? Scales? 
Distribution? Evolution?
2. Reconnection energy release is globally organized.
- flare ribbons outline (some) topological boundaries;
- (perpendicular) spreading à fast reconnection w/ !" = 0.01 – 0.1;
- (parallel) spreading (Vorpahl76,Kawaguchi+82..) and shear-to-potential evolution 

(eg., Aulanier+06, Su+07): can we probe the current sheet properties, such as 
the reconnection guide field, and their implication in reconnection dynamics 
& energetics (Isobe+02, Shepherd+12, Qiu+10,17, Dahlin+21)?

3. Do properties of reconnection govern energy partition? How?
- where are non-thermal electrons (Fletcher+04, Krucker+05, Lee+06, … Glesner+20, 

Hudson+21)?
- what is the nature of the slow “cooling” (Qiu+16, Zhu+18, Kerr+20)?


