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Abstract
Continuous vector magnetic-field measurements by the Helioseismic and Magnetic Imager
(HMI) onboard the Solar Dynamics Observatory (SDO) allow us to study magnetic-field
properties of many flares. Here, we review new observational aspects of flare magnetism
described using SDO data, including statistical properties of magnetic-reconnection fluxes
and their rates, magnetic fluxes of flare dimmings, and magnetic-field changes during flares.
We summarize how these results, along with statistical studies of coronal mass ejections
(CMEs), have improved our understanding of flares and the flare/CME feedback relation-
ship. Finally, we highlight future directions to improve the current state of understanding of
solar-flare magnetism using observations.

Keywords Sun: flares · Sun: magnetic fields · Sun: active regions

1. Introduction

The Standard CSHKP Flare Model, arcade–arcade reconnection (Figure 1): The traditional,
two-dimensional (2D) model of the solar flare, called CSHKP (Carmichael, 1964; Sturrock,
1968; Hirayama, 1974; Kopp and Pneuman, 1976), and its extension to three dimensions
(3D, Longcope et al., 2007; Aulanier, Janvier, and Schmieder, 2012; Aulanier et al., 2013;
Janvier, Démoulin, and Dasso, 2014; Savcheva et al., 2015, 2016) describe the following
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Figure 1 The 3D CSHKP flare model and beyond. Green and dark blue arcade field lines reconnect in an
arcade–arcade reconnection below the gray expanding flux rope forming a yellow cusped field line below
and a red twisted line around the flux rope. The footpoints of the newly reconnected field lines form flare
ribbons. The footpoints of the expanding flux rope and the stretched overlying arcade correspond to core
and secondary dimmings, respectively. Beyond the standard scenario, when flux-rope and arcade field lines
reconnect in the flux-rope–arcade reconnection, additional flare ribbons form and the flux-rope’s footpoints
drift.

general scenario. Magnetic reconnection occurs under a pre-existing rising flux rope or a
sheared arcade (gray twisted field lines in Figure 1; van Ballegooijen and Martens, 1989;
Longcope et al., 2007; Priest and Longcope, 2017; Li et al., 2020; Patsourakos et al., 2020)
between pairs of arcade field lines. As a result, a set of closed field lines and an expanding
flux rope form below and above the reconnection site, respectively. This “flare reconnection”
both adds flux to the incipient CME and leads to the acceleration of non-thermal flare parti-
cles (e.g. Fletcher and Hudson, 2008). When these particles interact with the denser plasma
of the upper chromosphere they emit X-rays via bremsstrahlung, first heating and then evap-
orating that plasma (Fisher, Canfield, and McClymont, 1985). Both this bremsstrahlung and
chromospheric heating are observable, the former in hard X-rays and the latter in chro-
mospheric brightenings (in Hα and other wavelengths) referred to as flare ribbons (Cheng
et al., 1983; Doschek et al., 1983). Chromospheric plasma evaporated by the high-energy
flare particles supplies the emission measure that makes post-flare loops visible in coronal
EUV and soft X-ray images. Figure 1 shows a cartoon of the 3D CSHKP model with the
main large-scale observational properties that it explains: an expanding flux rope that forms
the core of the coronal mass ejection (CME), cusp-shaped post-reconnection field lines, core
and secondary coronal dimmings, flare ribbons, and post-reconnection field lines that form
the flare arcade. Note that the magnetic field in the reconnection region typically contains
a significant guide field (e.g. Qiu et al., 2017), associated with a component of the field (its
shear component) along the polarity-inversion line (PIL). As the flux rope above the recon-
nection site rises, the reconnection site proceeds to higher altitudes, and the ribbons move
away from the PIL. As the flux rope expands, it stretches the overlying magnetic-field lines,
causing the coronal volume around the flux-rope and overlying-field footpoints to become
depleted in density. This density depletion leads to formation of transient darkenings or
coronal dimmings (Hudson, Acton, and Freeland, 1996; Thompson et al., 2000). Dimmings
at flux-rope footpoints and footpoints of overlying field lines are called core and secondary
dimmings, respectively. In this model, the footpoints of the flux rope remain fixed.
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Extended CSHKP model, flux-rope–arcade reconnection (Figure 1): In addition to the
above CSHKP model, where reconnection occurs between fields that wrap around the rising
flux rope (the so-called “arcade–arcade” reconnection in Figure 1), reconnection can occur
between the flux rope and surrounding fields (the “flux-rope–arcade” reconnection in Fig-
ure 1) or within the flux rope (Dudík et al., 2019; Aulanier and Dudík, 2019). Dudík et al.
(2019), Zemanová et al. (2019), and Aulanier and Dudík (2019) presented several Solar Dy-
namics Observatory (SDO: Pesnell, Thompson, and Chamberlin, 2012) flare observations
where these scenarios create a new flux-rope field line and a flare loop, causing the flux-rope
erosion (see schematic representation of this case on the right side of Figure 1). Aulanier
and Dudík (2019) performed an idealized MHD simulation to explain these observations
via reconnection between the flux rope and arcade fields that surround it. A systematic, ob-
servational survey of ribbon evolution would be useful to understand how frequently this
scenario occurs on the Sun.

Standard Flare Model Observables: Flare reconnection vs. CME properties: The
CSKHP scenario shown in Figure 1 provides not only a general qualitative concept of how a
two-ribbon eruptive flare occurs but also a quantitative framework to relate flares to CMEs.

First, the CSHKP model implies a quantitative relationship between the reconnection
flux in the corona and the magnetic flux swept by the flare ribbons (the ribbon flux, e.g.,
Forbes and Priest, 1984; Poletto and Kopp, 1986):

∂�cor

∂t
= ∂

∂t

∫
Bcor dScor = ∂�ph

∂t
= 1

2

∂
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∫
|Bn|dSrbn . (1)

The left-hand side [∂�cor/∂t], denotes the coronal magnetic reconnection rate as reconnec-
tion flux per unit time defined by the integration of the (ideally) inflowing coronal magnetic
field’s reconnecting component [Bcor] over the reconnection area [dScor] that is bounded by
the curve C, outside of which the evolution is ideal (i.e. E = −(v ×B)/c). On the right-hand
side, Bn is the normal component of the magnetic field within the ribbons in the photo-
sphere. While direct measurements of Bcor and dScor in the corona are not currently feasible,
Bn and dSrbn are relatively straightforward to obtain from photospheric magnetogram and
lower-atmosphere flare-ribbon observations. Summing the total photospheric normal flux
[�ph] swept by the flare ribbons,

�rbn ≡
∫ ∣∣∣∣∂�ph

∂t

∣∣∣∣dt = 1

2

∫
|Bn|dSrbn , (2)

gives an indirect, but well-defined, measure of the amount of magnetic flux processed by re-
connection in the corona during the flare. According to the CSHKP model in the nomencla-
ture adopted by Qiu et al. (2007), this reconnected flux should correspond to the eruption’s
poloidal flux.

Secondly, the 3D CSHKP model implies a quantitative relationship between coronal dim-
mings and the axial flux in the flux rope, which has been referred to as the rope’s toroidal
flux (Qiu et al., 2007):

�dim ≡ 1

2

∫
|Bn|dSdim . (3)

Here, the integral sums the photospheric / chromospheric magnetic fields underlying vol-
umes whose EUV dimmed as a result of the eruption.

Some statistical studies before SDO: Since the 1990s, observational efforts have been
made to link interplanetary CME (ICMEs) and magnetic-cloud (MC) properties to various
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solar progenitors, including flare ribbons, coronal dimmings, SXR fluxes, etc. To list a few
results, reports have associated UV and HXR emission with the acceleration of filament
eruptions (Jing et al., 2005; Qiu et al., 2004); CME acceleration with flare-energy release
(Zhang and Low, 2001; Zhang and Dere, 2006); GOES flare class and flare-reconnection flux
with CME speed and flux content of the interplanetary CMEs (e.g. Qiu and Yurchyshyn,
2005; Qiu et al., 2007; Miklenic, Veronig, and Vršnak, 2009). In most of these analyses,
the underlying data for the flare ribbon/dimming properties were of limited accuracy and
involved different sets of instruments observing in different wavelengths, which required
time-consuming co-alignment and inter-calibration, making systematic comparison of flare-
ribbon properties difficult for large numbers of events.

Launch of SDO with the Helioseismic and Magnetic Imager (HMI: Scherrer et al., 2012;
Hoeksema et al., 2014) and the Atmospheric Imaging Assembly (AIA: Lemen et al., 2012)
instruments, represented the first time that both a vector magnetograph and ribbon-imaging
capabilities became available on the same observing platform, making co-registration of
AIA and HMI full-disk data relatively easy. This new capability, along with over a decade of
continuous observations of the whole solar disk, led to a rise of statistical studies comparing
various flare and CME properties.

The goal of this review is to summarize recent observations of the short-term transient
variability of active-region magnetic fields before flares as well as their changes during the
flare, primarily using the observations from HMI and other instruments. Most recent reviews
on flare–CME magnetism, such as that by Schmieder, Aulanier, and Vršnak, 2015, came out
before we had large statistical studies of flare magnetic properties. Our aim is to fill this gap.
For other flare-related topics, see a review of pre-flare magnetic-field properties, including
the 3D coronal field structure, by Patsourakos et al. (2020); a review of the origins, early evo-
lution, and predictability of solar eruptions by Green et al. (2018); overviews of numerical
simulations, including data-driven simulations, by Janvier, Aulanier, and Démoulin (2015),
Hayashi et al. (2018), Toriumi and Wang (2019); and overviews of the current understanding
of CMEs, by Zhang et al. (2021) and Temmer (2021).

The article is organized as follows: In Section 2, we describe flare-ribbon-reconnection
fluxes. In Section 3 we discuss near-Sun flux-rope properties, as determined from flare dim-
mings. In Section 4 we discuss flare-associated magnetic-field changes, and in Section 5 we
discuss flare versus CME properties, including comparisons of eruptive and confined events.
Finally, in Section 6 we draw conclusions and highlight future prospects.

2. Flare Ribbons: Footpoints of Reconnected Fields

Although magnetic reconnection originating in a thin current sheet (or multiple sheets) in
the corona is believed to be crucial in flare-energy partition, its nature and the processes
leading to its onset are not yet fully understood. Apart from a few observations on the limb
(Warren et al., 2018; French et al., 2019; Chen et al., 2020), current sheets are difficult to
observe directly. Flare ribbons below erupting coronal structures are understood to be the
chromospheric footpoints of reconnecting coronal fields. Hence, their spatial and temporal
properties could be used to probe reconnection in the current sheet. In this section, we review
recent progress on flare magnetic properties learnt from flare ribbons.

Two stages of ribbon motion (Figure 2): Flare ribbons’ motion commonly exhibits two
stages: parallel and perpendicular to PIL (Su, Golub, and Van Ballegooijen, 2007; Qiu, 2009;
Qiu et al., 2010; Cheng et al., 2012).
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Figure 2 Two stages of ribbon motion (Qiu, 2009). Left: Michelson Doppler Imager (MDI) / Solar and He-
liospheric Observatory (SOHO) photospheric magnetogram with the contours of MDI magnetic cells (dotted
lines) and the cumulative TRACE flare-ribbon area (solid olive color). “P” and “N” denote positive and
negative magnetic cells, respectively. Middle: Temporal and spatial evolution of the flare-ribbon area with
contours of the MDI magnetic cells. Color corresponds to ribbon position at a certain time: the first parallel
stage (dark blue) is followed by the second perpendicular or “main” stage (green–red). At 15:54 UT, the
flare ribbons are in the light-blue areas, which roughly divide two stages. Right: temporal profiles of the
total reconnection flux (thin solid line) and the reconnection rate (thick solid line) in the positive and negative
polarities, respectively. Thin dashed and dotted lines show normalized GOES soft X-ray flux and its temporal
derivative, respectively. The thick dashed vertical bar at 54 minutes indicates the division between two ribbon
stages. See Section 2 for details. Reproduced with the author’s permission.

Parallel stage of ribbon motion: During the first stage, the flare-ribbon brightening starts
and primarily spreads along the PIL, with brightenings in the two polarities proceeding ei-
ther in opposite directions (“bidirectional”, Li and Zhang 2009) or the same direction, from
one end of the PIL to the other in zipper reconnection (Qiu et al., 2017). In many flares
with bidirectional motions, brightenings proceed from high to low shear angles (e.g. Su,
Golub, and Van Ballegooijen, 2007), i.e. from separations that are more parallel to PIL
to separations that are more perpendicular to PIL. Using MHD simulations, Dahlin et al.
(2021) showed that this high-to-low shear transition seen at the footpoints is co-temporal
with a decrease in the coronal guide field. High-to-low shear evolution also leads to tran-
sition of the reconnecting fields from initially more toroidal to more poloidal. However,
ribbon evolution in many events is more complex (e.g. Yang et al., 2009), meaning it can be
difficult to determine any systematic change in shear, or to discern parallel-type progression
of brightenings. The maximum apparent speeds of parallel brightenings’ propagation are
up to vparallel ≈ 150 km s−1, on the order of expected active-region chromospheric Alfvén
speeds, but below the expected coronal active-region Alfvén speed (see Qiu et al., 2017 and
references therein).

Perpendicular or “main” stage of ribbon motion: During the second perpendicular or
“main phase”, ribbons primarily move away from the PIL more slowly, at up to vperp ≈
60 km s−1 (Hinterreiter et al., 2018). Recently, however, Dudík et al. (2019), Zemanová
et al. (2019), and Aulanier and Dudík (2019) noted that ribbons’ main-stage evolution can
be more complex: they found that some ribbons move toward the PIL instead of away from
it. They argue that this motion corresponds to reconnection between the expanding flux-
rope field lines and surrounding, closed field lines (see flux-rope–arcade reconnection in
Figure 1). In general, ribbon speeds and magnetic fields in conjugate footpoints provide an
estimate of the ratio between the guide field and the reconnection field in the coronal current
sheet (Qiu et al., 2010), therefore statistical analysis of a larger number of ribbons would be
helpful to provide a general description of the flare guide field.

Ribbons as signatures of flux-rope formation: Priest and Longcope (2017) investigated
parallel to PIL motion (zipper) reconnection in two scenarios, starting from either a sheared
arcade or a pre-existing flux rope, which should yield different amounts of twist in the result-
ing ejection. Starting from a sheared arcade, they proposed that first the zipper reconnection
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Figure 3 Ribbon fine structure
(Wyper and Pontin, 2021) as
observed by IRIS: observations
of the 2014 September X-class
flare ribbons with spiral and
wave-like patterns. See Section 2
for details. Reproduced with the
author’s permission.

creates a twisted flux rope of roughly one turn, then the main-phase perpendicular reconnec-
tion builds up the bulk of the erupting flux rope with a relatively uniform twist of a few turns.
Starting from a pre-existing flux rope, they proposed that zipper reconnection could create
a core with many turns, then the main-phase reconnection adds a layer of roughly uniform
twist to the more highly twisted central core. This scenario could explain the observations
of Hu et al. (2014), who found that some ropes had a moderate twist that was uniformly
distributed from their cores to their edges, while others had highly twisted cores surrounded
by more weakly twisted fields.

Ribbon Fine Structure (Figure 3): Observations of flare ribbons show significant fine
structure in the form of knots, wave-like perturbations, and spirals that evolve as the flare
progresses (e.g. Dudík et al., 2016; Brannon, Longcope, and Qiu, 2015; Parker and Long-
cope, 2017). Figure 3 shows an example of ribbons’ fine structure as observed by the Inter-
face Region Imaging Spectrograph (IRIS: De Pontieu et al., 2014). The origin of these struc-
tures is not well understood. One possibility is that they are related to the tearing instability
in the flare current sheet. Wyper and Pontin (2021) used an analytical 3D magnetic field to
show that there is a direct link between flare-ribbon fine structure and flare current-sheet
tearing, with the majority of the ribbon fine structure related to oblique tearing modes. An-
other possibility is the Kelvin–Helmholtz (KH) instability, which occurs at a fluid interface
with a discontinuity in flow speeds (see Brannon, Longcope, and Qiu, 2015 and references
therein). Temporal analysis of the widths of flare ribbons suggests that flare reconnection is
patchy and highly intermittent (Naus et al., 2022), consistent with models based on coronal
observations of post-flare loops (Linton and Longcope, 2006).

Ribbons’ Power Spectrum: In addition to direct spatial analysis of the ribbon structure,
investigating the power spectra in the spatial domain along the ribbon might provide in-
sight into processes across the current sheet, perpendicular to the magnetic field. French
et al. (2021) used high-cadence (1.7 second) IRIS observations of ribbons in a B-class flare
to analyze the evolution of the ribbons’ spatial scales resulting from cross-sheet dynamics.
Combining temporal evolution of the spatial power spectrum of flare ribbons with Si IV

non-thermal velocities, they proposed a scenario for the flare-onset timeline. In this sce-
nario, the flare starts with an exponential growth at a key spatial scale, which is interpreted
as a signature of tearing-mode instability onset. This instability then triggers a cascade and
an inverse cascade to smaller and larger spatial scales simultaneously towards a power spec-
trum consistent with plasma turbulence. Observed combination of cascades is suggested to
originate from the interplay of magnetic-island collapse and coalescence. With higher spa-
tial resolution from new telescopes, such as the Daniel K. Inouye Solar Telescope (DKIST:
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Table 1 Magnetic-reconnection properties from flare ribbons: overview of statistical works summarizing
the range of flare peak X-ray flux [X] and the 20th to 80th percentile range [Xrbn[P20,P80]] for flare-
ribbon magnetic reconnection flux [�rbn], mean magnetic flux density [B̄rbn], ribbon area [Arbn], fraction of
the reconnected magnetic flux [R�], reconnection electric field [Erbn], and correlation coefficients between
different variables [rs], where �̇rbn is the peak reconnection flux rate and Ẋ is the peak value of the temporal
derivative of the GOES X-ray flux in the 1 – 8 Å channel. See Section 2.1 for details.

GOES �rbn B̄rbn R� Arbn Erbn rs(�rbn,X) rs(R�,X) rs(Erbn,X) rs(�̇rbn, Ẋ)

[Class] [1020 Mx] [G] [%] [1017 cm2] [Vcm−1]

C1 − X17 [54,210]abcd [408,675] [1.3,5.1]bc [11,37]b [2,16]d [0.6,0.7,0.9]abc 0.5bc [0.5 – 0.8]d 0.9c

a35 events, SDO (193 Å and B) and post-eruption arcade method (PEA), (Sindhuja and Gopalswamy, 2020).

b3137 (Kazachenko et al., 2017) and 51 events (Toriumi et al., 2017), SDO (1600 Å and B).
c50 events, KSO (Hα), SDO (B), and SOHO (B) (Tschernitz et al., 2018).

d50 events, same dataset as above, confined vs. eruptive events analysis (Hinterreiter et al., 2018).

Figure 4 Ribbons’ statistical properties: Left and Middle: Scatter plots of peak X-ray flux vs. unsigned
AR magnetic flux and flare-reconnection flux (Kazachenko et al., 2017). Right: peak reconnection rate vs.
GOES/SXR flux peak derivative (Tschernitz et al., 2018). See Section 2.1 for details. Reproduced with the
author’s permission.

Rimmele et al., 2020), we would be able to measure the power at smaller spatial scales,
allowing further comparison with tearing-mode theory.

2.1. Flare Ribbons: Statistical Properties (Table 1 and Figure 4)

While individual studies of flare temporal and spatial characteristics are highly valuable, one
of the major strengths of the SDO data is large-number studies. In Table 1 we summarize
recent statistical results analyzing flare-ribbon magnetic-reconnection properties with other
flare properties primarily using SDO data.

What have we learnt about magnetic reconnection from over a decade of ribbon obser-
vations with SDO?

• Typical range of reconnection fluxes: We now know that flare-reconnection fluxes range
within the 20th to 80th percentile of �rbn[P20,P80] = [54,210] × 1020 Mx involving
R�[P20,P80] = [1.3,5.1]% of the overall AR magnetic flux.

• Correlation between the flare peak X-ray flux: We learnt that the reconnection flux and
its rate of change are direct signatures of the energy-release process. A vivid illustra-
tion of that is the strong correlation between the flare-peak X-ray flux with the ribbon-
reconnection flux (see Figure 4, middle panel). Using 1600-Å observations, Kazachenko
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et al. (2017) and Toriumi et al. (2017) found the Spearman correlation coefficient
between actual values (or a Pearson correlation coefficient in the log–log space) of
rs(�rbn,X) = 0.7. Using Hα, Tschernitz et al. (2018) found an even stronger correla-
tion of rs(�rbn,X) = 0.9. Tschernitz et al. (2018) also found a strong correlation be-
tween the peak reconnection rate and GOES/SXR derivative (see Figure 4 right panel):
rs(�̇rbn, Ẋ) = 0.9. These correlations are much larger than the correlation between the
peak X-ray flux and the total AR magnetic flux: rs(�AR,X) = 0.2 (Kazachenko et al.,
2017, Figure 4, left panel). One possibility to explain the differences in the correla-
tion coefficient using 1600 -Å and Hα data is the different physics of 1600 -Å and Hα

spectral-line formation. Sindhuja et al. (2019) compared Kanzelhöhe Solar Observatory
(KSO) ribbon images in Hα and Ca K and found that the Hα signal “follows the trend
of GOES/SXR” while SDO/AIA 1600 Å and Ca K “follow the trend of GOES/SXR
derivative.” Sindhuja et al. (2019) also compared ribbon-reconnection fluxes with the
GOES flare fluence (time integrated SXR light curve: FGOES), finding that the recon-
nection flux has an even stronger correlation with fluence than with the peak X-ray
flux: rs(�rbn,FGOES) = 0.8 vs. rs(�rbn,X) = 0.6 (for their sample). This result is sensi-
ble, since fluence and reconnection flux represent cumulative flare-energy products. The
power-law relationship between the peak X-ray flux and the ribbon-reconnection flux
could be described as X ∝ �1.5

rbn (Kazachenko et al., 2017). This exponent value is con-
sistent with the Warren and Antiochos (2004) scaling law derived from hydrodynamic
simulations of impulsively heated flare loops, thus indicating that the energy released
during the flare as soft X-ray radiation originates from the free magnetic energy stored in
the magnetic field released during reconnection. Similar scaling laws have been explored
by many authors in more recent studies (Reep, Bradshaw, and McAteer, 2013; Warmuth
and Mann, 2016; Reep and Knizhnik, 2019; Aschwanden, 2020; Qiu, 2021).

• Reconnection flux fractions vs. peak X-ray fluxes: Another SDO discovery is a moderate
correlation between the flare-peak X-ray flux and the fraction of the reconnected flux:
rs(R�,X) = 0.5 (Kazachenko et al., 2017; Toriumi et al., 2017). This correlation could
be a consequence of the strong correlation between the flare peak X-ray flux and the
reconnection flux.

• Ribbon-separation distances vs. coronal electric fields: Peak X-ray flux correlates with
ribbon-separation distances [Drbn] and coronal electric-field strengths [Erbn] (Hinterre-
iter et al., 2018): rs(Drbn,X) = 0.3, rs(Erbn,X) = 0.5 for confined and rs(Drbn,X) = 0.6,
rs(Erbn,X) = 0.8 for eruptive events. These results indicate that stronger flares have rib-
bons separating further away and are also associated with larger coronal electric fields.
Weak correlation between the peak ribbon-separation speed and the X-ray flux has been
found: rs(Vrbn,max,X) = [0.2,0.3] (Hinterreiter et al., 2018).

• Flare durations vs. ribbon properties: Toriumi et al. (2017) and Reep and Knizhnik (2019)
have also investigated the relationship between the ribbon properties and flare duration.
Reep and Knizhnik (2019) found that flare duration is independent of peak X-ray flux, but
it is correlated with magnetic reconnection flux and ribbon area for strong X-class flares:
rs(�rbn, tGOES) = [0.5,0.8], for M- and X-class flares, respectively. On the other hand,
weaker flares’ durations are independent of the reconnection flux. The lack of correlation
for weaker flares might be due to large measurement errors or differences in the physical
processes driving the weak and large flares.

Summary (Flare Ribbons): Footpoints of newly reconnected field lines seen as flare rib-
bons tell us about the properties of the magnetic reconnection above in the current sheet that
are otherwise unobservable. Spatial analysis of flare ribbons suggests that ribbons typically
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Figure 5 Coronal dimming example on 7 March 2012 from Veronig et al. (2021). Columns a and b: SDO/AIA
193 Å direct and logarithmic base-ratio images showing the flare and coronal dimming areas (black arrows).
The red box shows the region used to calculate the flare light curve (Panel d). The color bar above Column
b shows intensity changes with respect to the pre-event emission. Column c: CMEs imaged by the Solar
Terrestrial Relations Observatory / Extreme Ultraviolet Imager (STEREO-B/EUVI) and COR2 white-light
coronagraphs. Three rows correspond to three different times. The red contours outline the CME fronts. d,
Top: spatially resolved SDO/AIA 19.3 -nm light curves of the flare (red curve) and dimming region (blue
curve). d, Middle: SDO/EVE 15 – 25 nm broadband Sun-as-a-star light curve. The horizontal dashed line
indicates a 0% relative difference. d, Bottom: pre-event subtracted SDO/EVE irradiance spectra over ten
minutes during the flare peak (red) and over the maximum dimming depth (blue), as indicated by orange and
blue vertical lines and shaded regions in the middle panel. See Section 3 for details. Reproduced with the
author’s permission.

evolve first parallel and then perpendicular to the PIL, providing proxies for the guide-to-
reconnection-field ratios in the overlying field. These two stages contribute differently to the
flux-rope formation process. Simulations suggest that ribbons’ fine structure is related to the
oblique tearing mode of the current sheet above. Analysis of the ribbon power spectrum for
one event also suggests that the flare starts as a result of the tearing-mode instability that
then triggers a cascade towards the plasma turbulence. Analysis of thousands of cumulative
flare-ribbon areas suggests that the amount of flux reconnected during a flare is related to
the flare’s SXR irradiance, and that the flare-ribbon area is related to the flare’s duration, at
least for large X-class events. As of now, most of the many-event studies have focused on
ribbons’ cumulative properties, ignoring the details of the spatial and temporal evolution;
in contrast, studies of ribbons’ fine structure and evolution focused on single events. There-
fore, we suggest that a large advance in the field could be gained by statistical studies of
ribbons’ temporal and spatial properties, to understand the details of the dynamics of the
current sheet above as well as parameter ranges for different events.

3. Coronal Dimmings: Footpoints of Expanding Coronal Structures

Coronal dimmings are regions of decreased emission (Figure 5) in the extreme-ultraviolet
(EUV) and soft X-ray (SXR) regions. They were first observed by Skylab (Rust, 1983) and
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Table 2 Coronal-dimming properties: overview of statistical works summarizing typical range (as defined
by Dissauer et al., 2018) of unsigned dimming magnetic flux [�dim], dimming area [Adim], mean magnetic

flux density within dimming area [B̄dim], mean brightness decrease [ Idim
Ipre

], core unsigned magnetic flux as a

fraction from the total dimming flux [ �core
�dim

], duration of the impulsive dimming phase [tdim], dimming du-
ration until recovery to pre-dimming values [trec], and the correlation coefficients between different variables
[rs]. See Section 3.1 for details.

�dim Adim B̄dim
Idim
Ipre

�core
�dim

tdim trec rs(�dim,X) rs(Adim, tdim) rs(�rbn,�dim)

[1020Mx] [1018cm2] [G] [%] [%] [hr] [hr]

[0.2,108]a [13,933]a [21,278]a [48,70]a [3,43]a [0.2,2.9]a [1,20]b [0.5d, 0.6a] 0.75b 0.6a

a62 events, SDO (7 AIA channels and B), Dissauer et al. (2018).

b154 events, SDO (193 Å AIA and B), Krista and Reinard (2017).
c43 events, off-limb STEREO/EUVI, Chikunova et al. (2020).

d30 events, SDO (211 Å AIA and B), Sindhuja and Gopalswamy (2020).

are now typically observed on the Sun with the Extreme Ultraviolet Variability Experiment
(SDO/EVE) (Mason et al., 2016, 2019), SDO/AIA 211 Å (Dissauer et al., 2018), 193 Å
(Krista and Reinard, 2017), 171 Å, etc. lines, and on other stars (Veronig et al., 2021, see
Figure 5). Cheng and Qiu (2016) presented a nice overview of possible dimming mech-
anisms. Dimmings are caused by a density decrease due to rapid expansion of the CME
structure and overlying fields (Tian et al., 2012; Cheng and Qiu, 2016). More than half of
dimmings occur within ≈ five minutes of the flare onset (Dissauer et al., 2018), with more
than 80% of dimmings occurring within ten minutes. Weaker gradual dimmings sometimes
occur before the flare onset, marking a slow rise of the flux rope (Qiu and Cheng, 2017;
Zhang, Su, and Ji, 2017; Prasad et al., 2020). Differential emission measure (DEM) analysis
of coronal dimmings shows that the impulsive-emission decrease in dimming regions stems
mostly from a drop in density with small temperature variations. Cheng and Qiu (2016)
found a linear relationship between coronal-dimming depth and the radial expansion ratio
of the CME suggesting that the expansion of the CME follows a 1D isothermal expansion.
Spectroscopic studies confirmed the presence of outflowing plasma in the dimming regions
(Harra and Sterling, 2001; Miklenic et al., 2011; Tian et al., 2012; Veronig et al., 2019) with
velocities decreasing with time (Jin et al., 2019).

3.1. Coronal Dimmings: Statistical Properties (Table 2)

Coronal dimmings: main properties: Dissauer et al. (2018), Krista and Reinard (2017), and
Aschwanden et al. (2017) presented the largest-sample morphological studies of dimmings
to date, with 62, 154, and 860 events, respectively, using SDO/AIA and SDO/HMI data.
In Table 2 and below, we summarize the current state of knowledge about dimmings from
these and other studies. Dimmings are best seen in channels sensitive to quiet-Sun coro-
nal temperatures, such as 211, 193, 335, and 171 Å, where they have been extracted for
92% to 100% of the events. They span areas of Adim = [13,933] × 1018 cm2 and con-
tain �dim = [0.2,108] × 1020 Mx of magnetic flux with mean magnetic-flux densities of
B̄dim = [21,278] G. Positive and negative magnetic fluxes swept by dimmings within conju-
gate magnetic polarities are measured independently and tend to be balanced with a cor-
relation coefficient of rs(�dim,+,�dim,−) = 0.8. Dimmings cause depletion in brightness
with a mean of Idim/Ipre ≈ 60%, compared to the pre-eruption level. They are darker in
stronger underlying magnetic fields, frequently dominating the total dimming brightness.
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Figure 6 Ribbon vs. dimming properties: magnetic fluxes and onset times from Dissauer et al. (2018). Left:
flare-ribbon-reconnection flux vs. the unsigned magnetic flux of the secondary dimmings. Colors correspond
to the flare X-ray class above and below M1.0. The gray solid and dashed lines represent the 1 : 1 line and flux
ratios of 0.5 and 2, respectively. The black line shows linear regression. Right: Time-difference distribution
between the flare GOES start time and the onset of the dimming impulsive phase. Reproduced with the
author’s permission. See Section 3.1 for details.

Dimmings start within five to ten minutes of the flare onset with an impulsive dimming
phase lasting on average around one hour, tdim = 59 minutes, with > 90% of the events last-
ing tdim < 100 minutes. Larger dimmings have longer lifetimes, rs(Adim, tdim) = 0.75, with
related dimming ascend and descend times, rs(tasc, tdesc) = 0.5. Within magnetized areas
swept by dimmings above the noise level of 10 G, dimmings’ magnetic flux and bright-
ness (or to be precise, darkening) correlate with the flare SXR fluence and peak X-ray flux,
rs(�dim,FGOES) = 0.7 and rs(�dim,X) = 0.6, respectively.

Coronal dimmings can be differentiated into two types: core and secondary dimmings
(Figure 1): The core dimmings are localized regions that occur in pairs and are rooted on
opposite sides of the polarity-inversion line of the source AR. They are interpreted as a sig-
nature of the footpoints of the erupting flux rope and are observed in ≈ 60% of all dimming
events (Sterling and Hudson, 1997; Temmer et al., 2017; Dissauer et al., 2018; Vanninathan
et al., 2018; Veronig et al., 2019). The secondary dimmings appear more shallow, diffuse,
and widespread and are caused by the expansion of the overall CME structure, correspond-
ing to the spatial extent of the CME observed in coronagraph data (Mandrini et al., 2007).
Secondary dimmings could be footpoints of either i) fields overlying and reconnecting with
the erupting flux rope, which subsequently become entrained into the erupting rope (Man-
drini et al., 2007), or ii) arcade fields adjacent to the rope, which, though they do not erupt,
become deflected or change orientation, producing apparent dimming due to the variation
of projection effects (Downs et al., 2015). Vanninathan et al. (2018) analyzed six dimmings
and found significant differences in the plasma properties of the core and the secondary dim-
ming regions, in terms of their depletion depth, rate, and refill time. In the core dimmings,
the density drops impulsively within < 30 minutes by up to 50 – 70%, and thereafter stays
at such low levels for more than ten hours. In the secondary dimmings the density evolves
more gradually with weaker depletions, and starts to refill one to two hours after the start of
the event.

Dimmings vs. ribbon properties (Figure 6): While core dimmings could tell us about the
properties of the initial erupting flux rope, secondary dimmings tell us about the details of
the eruption process. Dissauer et al., 2018 found that secondary dimmings’ magnetic fluxes
strongly correlate with the reconnected flux, rs(�rbn,�dim,sec) = 0.6. This signature agrees
with the standard model. As the erupting flux rope rises, it stretches the overlying coronal
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arcade causing secondary dimming at the feet. At some point, the arcade reconnects produc-
ing ribbon brightenings later adjacent to the dimmings (Cheng and Qiu, 2016; Dumbović
et al., 2021). In this framework, the dimming flux should be equal to or smaller than the re-
connected ribbon flux. For stronger flares > M 1.0, this is indeed found from observations:
the majority of events show roughly equal or larger flare-reconnection fluxes than coronal
dimming fluxes (see red color in Figure 6 from Dissauer et al. (2018)). For weaker flares
< M 1.0, the magnetic-reconnection flux is on average a factor of ≈ two lower than the flux
involved in secondary dimmings. While this deviation for weaker flares may be related to
underestimation of the ribbon area in weak events using UV (see deviations in the relation
of flare-reconnection flux vs. GOES class in Figure 8 in Kazachenko et al., 2017), a unique
relation over the full range of flares from Hα data (see Figure 6 in Tschernitz et al., 2018)
implies that the deviation for the weaker flares is not due to underestimation, but due to
another physical eruption mechanism (see Section 5.4, below, on “Acceleration mechanism:
reconnection or ideal instability?”).

Uncertainties in dimming detections: Above, we attempted to formulate a general de-
scription of dimmings from different studies. Note, however, that comparison of different
dimming studies is not trivial, since different EUV channels and dimming-detection meth-
ods have different dimming sensitivity.

Summary (Coronal Dimmings): Dimmings correspond to footpoints of flux ropes and
surrounding areas; therefore their spatio–temporal evolution could tell us about the initia-
tion and early evolution of an eruption and the interaction of the footpoints of the flux rope
with their surroundings (Miklenic et al., 2011; Prasad et al., 2020; Lörinčík et al., 2021). Ex-
isting analyses of dimmings suggest that dimmings map footpoints of coronal structures that
isothermally expand within ten minutes of the flare onset. Dimmings could be divided into
two types: “core dimmings” are more impulsive, concentrated, and dark, and are believed to
correspond the pre-existing flux rope; “secondary dimmings” are more gradual, extensive,
and less dark, and are believed to correspond to expanding and partly reconnecting sur-
rounding fields stretched by erupting flux ropes. These stretched fields could subsequently
reconnect, causing flare ribbons and adding more poloidal flux as the flux rope rises, or
not. Detailed spatio–temporal analyses of core/secondary dimmings and their relationship
with ribbons, similar to, e.g., the analyses by Cheng and Qiu (2016), Temmer, Vršnak, and
Veronig (2007) and Dumbović et al. (2021), will advance our understanding of flux-rope
formation and triggering of reconnection.

4. Flare-Associated Magnetic-Field Changes (FAMCs)

Starting in the early 1990s, observers reported persistent changes in photospheric magnetic
fields associated with flares (Wang, 1992; Wang et al., 1994). These “permanent” magnetic
changes differed from “magnetic transients” that had been reported earlier, the latter even-
tually coming to be understood as artifacts arising from non-LTE effects on magnetographs’
spectral lines during flares (see Toriumi and Wang (2019) for a list of several references
regarding such transients). Some subsequent searches for similar flare-associated magnetic-
field changes (FAMCs) were negative (e.g. Hagyard, Stark, and Venkatakrishnan, 1999),
but several additional cases were found (e.g. Cameron and Sammis, 1999; Kosovichev and
Zharkova, 1999, 2001; Wang et al., 2002). The properties of FAMCs were first investigated
statistically by Sudol and Harvey (2005), who exploited the one-minute cadence and high
duty cycle of the Global Oscillation Network Group (GONG) magnetographs to character-
ize such changes in a set of 15 X-class flares. They found that these “abrupt, significant, and
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Figure 7 Flare-Associated Magnetic-Field Changes: Left: Prior to a flare, the presence of sheared, non-
potential structure, within the dashed lines, implies excess magnetic energy density – or, equivalently, ex-
cess magnetic pressure – which inflates the coronal magnetic field relative to a potential (current-free) field
matching the same normal-field boundary condition. Middle: Per the implosion scenario advanced by Hudson
(2000), a flare should decrease the magnetic energy present (whether via current dissipation or ejection of a
non-potential structure or both), reducing magnetic pressure and causing the field to implode. Fields near the
PIL can become more horizontal, while fields far from the PIL can become more vertical. Right: Near the
PIL, horizontal field strengths tend to increase, but vertical fields tend to remain unchanged. This is consistent
with downward compression of horizontal fields (increasing flux density), as opposed to a constant-magnitude
rotation of the magnetic vector. See Section 4.1.

persistent” field changes were closely correlated with ribbon brightenings in both space and
time. Timescales of the changes, estimated by fitting the GONG series, ranged from less
than a minute to several minutes, and the magnitudes of field changes were on the order of
101−2 Mx cm−2 in the 2.5′′ pixels of the GONG instruments. More recent observations with
HMI (e.g. Wang et al., 2012; Castellanos Duran, Kleint, and Calvo-Mozo, 2018) find field
changes of a few hundred Mx cm−2 in the instrument’s 0.5′′ pixels. Castellanos Duran and
Kleint (2020) report that these changes are co-spatial with the white-light emission.

4.1. The Nature of FAMCs

Hudson, Fisher, and Welsch (2008) explained many properties of FAMCs in terms of the
coronal-implosion scenario (Hudson, 2000). In this model, the release of flare free mag-
netic energy, equivalent to enhanced magnetic pressure [ergs cm−3 = dyne cm−2], causes
an implosion or contraction of the coronal magnetic field. This field implosion leads the
field in the flaring region to become “more horizontal” (Hudson, Fisher, and Welsch, 2008).
Figure 7 illustrates the nature of the magnetic-field implosion from pre- to post-flare in the
corona (left and middle panels) and its effect on the photospheric magnetic-field vector in
the vicinity of the PIL (right panel). Prior to the flare or CME, the source region’s magnetic
field, shown in the left panel, is inflated by the free magnetic energy present, which acts as
excess magnetic pressure above that of the potential magnetic field. Here, pre-event field
lines (solid) overlie a volume, shown enclosed by a dashed curve, that contains either a flux-
rope or sheared-arcade field. In either case, the field within the dashed curve has a significant
sheared component that is perpendicular to the plane of the figure. Overlying fields are less
sheared. Fields on the periphery of the active-region tilt away from the PIL. After a flare
(whether eruptive or not), the decreased magnetic energy present in the coronal field near
the PIL implies lower overall magnetic pressure in the region, so the field is less inflated –
i.e. it has imploded, as shown in the middle panel. As a result, the horizontal field strength
at the photosphere near the flaring PIL should tend to be higher (right panel).

Farther from the flaring PIL, the implosion model predicts that fields should tend to be
less tilted away from the PIL, i.e. the field should tend to be more vertical. Consistent with
this, Wang and Liu (2010) reported flare-associated decay of peripheral penumbrae in some
events, which they argue is “due to the peripheral field lines changing to a more vertical
state when the central-region pressure is released after flares. That is to say, the surrounding
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fields might be subsequently pushed inward to fill the void.” They note that peripheral fields
becoming more vertical was not discussed by Hudson, Fisher, and Welsch (2008), but their
reasoning seems to be a natural outgrowth of Hudson’s (2000) implosion framework. More
recently, Sun et al. (2017) studied FAMCs, which they referred to as “magnetic imprints,”
in nine X-class flares, and found that all cases exhibited an overall “more horizontal core,
more vertical periphery” morphology.

The manner in which the near-PIL photospheric field becomes “more horizontal” should
be emphasized. A tilted vector could become more horizontal in three ways: i) the horizontal
component could increase, changing the field’s magnitude; ii) the vertical component could
decrease, with a change in the field’s magnitude; or iii) the vector could rotate, with its
magnitude kept constant. Observers report that the horizontal field strength increases (e.g.
Wang and Liu, 2010; Wang et al., 2012; Sun et al., 2017). The vertical component of near-
PIL fields is typically not observed to change significantly as a result of flares (e.g. Wang
and Liu, 2010; Petrie, 2012). The increase in horizontal field strength and lack of change
in vertical field strength implies mechanisms ii) and iii) are incompatible with observations.
We remark that the version of Figure 7’s right panel in the article by Hudson, Fisher, and
Welsch (2008) is inaccurate, as it implies FAMCs with large changes in the vertical field.
It is notable that, assuming ideal magnetic evolution (cE = −v × B) in the photosphere,
both ii) and iii) would require movement of photospheric plasma perpendicular to the field
– dispersive flows in case ii), or horizontal flows with non-zero vertical derivative in case
iii). As was noted by Aulanier (2016), coronal evolution driving flow in the more massive
photosphere amounts to “the tail wagging the dog,” making these scenarios challenging
to accept. Mechanism i), the scenario favored by observations, can occur with downward
compression of flux from the coronal implosion, and subsequent draining of plasma along
the field to equilibrate total (gas + magnetic) pressure.

While close temporal and spatial coincidence between FAMCs and flare ribbons was
noted when simultaneous ribbon and magnetic-field data were available (e.g. Sudol and
Harvey, 2005), Burtseva et al. (2015) reported that FAMCs can precede HXR ribbon emis-
sion. Sun et al. (2017) also reported that field changes in many pixels preceded the flare start
time, by up to five minutes. These observations suggest that the putative driver of FAMCs,
the coronal implosion, could be underway before the flare. Further, careful study of timing
differences between FAMCs and ribbon emission is therefore warranted to better understand
the mechanics of flares and FAMCs.

4.2. Flare-Associated Changes in Currents

Wang (1992), Wang et al. (1994), and Wang et al. (2002) found that shear – the departure in
the observed field’s direction at the PIL from the direction of a potential field model’s, and
therefore a signature of electric currents – increased after a flare, in conflict with the then-
prevalent expectation that the post-flare field should become more potential, i.e. shear should
decrease. In terms of the implosion scenario, a substantial sheared component typically re-
mains near the PIL after flares/CMEs, and the compression of overlying flux resulting from
the coronal implosion can produce the intensification of the remaining shear component.

Soon after flare-associated field changes were first noted, Melrose (1995) proposed that
the observed increase in shear was consistent with electric currents following a path “lower
in the corona,” corresponding to a lower-energy state. His argument is based on the induc-
tive self-energy [U = LI 2/2] of the combined interior-and-corona magnetic system with
self-inductance [L] and current [I ]. Melrose assumed that the huge inductance of such a
large system precludes changes in current on flare timescales, but noted that energy could
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be released by lowering the height at which current flows above the photosphere, which
decreases L. It should be noted, though, that the coronal currents that can be dissipated in
flares do not necessarily penetrate the photosphere (e.g. Longcope, 1996).

Contrary to the expectation of Melrose (1995) (and the related discussion by Hud-
son, Fisher, and Welsch, 2008), observations of AR 11158 show that FAMCs do not pre-
serve vertical photospheric currents (e.g. Petrie, 2012; Janvier, Démoulin, and Dasso, 2014;
Kazachenko et al., 2015; Petrie, 2019). Burtseva, Gosain, and Pevtsov (2017) analyzed
FAMCs from eruptions in both AR 10930 and AR 11158, and they found reduced large-scale
photospheric twist in source-region sunspots, consistent with removal of twisted flux (and
helicity) from the corona by the ejection. We therefore view Melrose’s (1995) assumption
that current should be constant as incorrect. Consistent with Melrose’s (1995) view, how-
ever, it is true that current flowing in a system can only globally equilibrate on the system’s
inductive timescale. However, it is also true that current in a circuit of any inductance can
be instantaneously disrupted at a point – this is, after all, how a switch interrupts a current’s
flow. It is further true that an inductive voltage will develop in a sense to restore the current.
It is therefore plausible that the solar interior might act as a “current driver”, and induce a
response to rapid restructuring of currents at and above the photosphere. This might take
the form of twisting motions driven to equalize interior and exterior twist, much like the
model that Longcope and Welsch (2000) developed for interior/exterior helicity transport
due to the expansion of a twisted flux tube emerging into the corona. This global inductance
could be manifested as an increase in helicity flux across the photosphere after a flare with
significant FAMCs. We suggest that Melrose’s (1995) idea that energy released in a flare
can still be understood in terms of U = LI 2/2, but with changes in both self-inductance [L]
and current [I ] occurring.

5. Relating CMEs and ICMEs to Their Source Regions

The observed coincidence between the evolution of the CME kinematics, MC structure,
and flare ribbon and dimming properties indicates a feedback relationship between CME
eruption, flare magnetic reconnection (as indicated by ribbons) and flux-rope expansion (as
indicated by dimmings) (Zhang and Dere, 2006; Vršnak, 2008, 2016; Welsch, 2018; Scol-
ini et al., 2019). In Table 3 we summarize recent statistical works analyzing relationship
between flares, magnetic clouds (MCs), ICMEs, and CMEs using primarily ribbons and
dimming observations from the SDO and CME observations from STEREO (Kaiser et al.,
2008). For context, we also add the relationship between the CME speed and AR magnetic
flux, current, and SXR flux.

5.1. CME vs. Ribbon Properties

CME accelerations vs. reconnection flux rates (Table 3, Figures 8 and 9, left panel): If re-
connection is the driver for the CME ejection, then according to Forbes and Priest (1984)
and Poletto and Kopp (1986) a temporal correlation is expected between the magnetic-
reconnection rate and the CME acceleration. Figure 8 right panel shows an example of a
CME–flare event where CME acceleration temporally correlates with the ribbons’ magnetic-
reconnection rate (Hu et al., 2014). Song et al. (2018) also found similar correlations using
higher spatio–temporal-resolution observations. Recently, Zhu et al. (2020) analyzed re-
connection rates and CME acceleration profiles in 42 events, finding a strong correlation
between the two regardless of the CME speed, rs(�̇rbn, aCME) = 0.75 (see Figure 9, left
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Table 3 CME/ICME vs. solar-source properties: overview of statistical works summarizing correlation co-
efficients between different variables [rs]: unsigned flare-ribbon magnetic-reconnection flux and its peak
rate [�rbn and �̇rbn], peak CME speed and acceleration [VCME and aCME], current sheet energy [WCS],
CME energy [ECME], CME mass [MCME], unsigned dimming magnetic flux and its peak rate of change
[�dim and �̇dim], and magnetic-cloud poloidal flux [�p,MC]. For reference, AR area, non-potentiality, to-
tal current, PIL length, soft X-ray peak flux, and fluence are only moderately correlated with CME speeds:
rs([�AR, Itot, lPIL],VCME) = [0.4 − 0.5] (438 events, Pal et al., 2018) and rs([X,F ],VCME) = [0.5,0.6]
(49 events, Salas-Matamoros and Klein, 2015). See Section 5 for details.

rs(�̇rbn, aCME)

0.7ai
rs(�rbn,VCME)

0.8abc

...for V >
600 km s−1

...for V >
200 km s−1

rs(WCS,ECME)

0.6af

[0.4,0.6]adeg

rs(�dim,MCME)

[0.3d, 0.7h]
rs(�̇dim,VCME)

0.6h
rs(Īdim,VCME)

0.7 ± 0.1h
rs(�rbn,�p,MC)

[0.5d, 0.6i]

a42 events, SDO and STEREO, Zhu et al. (2020).

b51 events, KSO, SDO, Tschernitz et al. (2018).
c16 events, SDO, Deng and Welsch (2017).

d35 events, SDO, PEA method for ribbons, core dimmings only, Sindhuja and Gopalswamy (2020), 59 events,
SDO, Gopalswamy et al. (2017).
e50 events, SDO, Toriumi et al. (2017).

f33 events, SDO, Pal et al. (2018).
g40 events, SDO, Kazachenko et al. (2022).

h62 events, KSO & SDO, Dissauer et al. (2019).

i19 events, SDO, Hu et al. (2014).

Figure 8 Comparison of temporal evolution of CME speed and acceleration with ribbon and dimming prop-
erties (Hu et al., 2014). Left: CME core and front heights (blue and violet) measured vs. the flare-reconnection
flux (red) and inverted EUV 171 Å active-region intensity showing the occurrence of dimming followed by
formation of bright post-flare loops (black). Right: CME core velocity (blue), acceleration (black) and the
reconnection rate (red). See Section 5.1 for details. Reproduced with the authors’ permission.

panel). For 42 events they found that the CME acceleration and flare-reconnection rate ex-
hibit very similar temporal profiles from rise to decay and the temporal correlation between
the two is stronger than the correlation between either of them and the time derivative of the
GOES/SXR light curve (Salas-Matamoros and Klein, 2015). This relationship implies that
reconnection is key in the CME acceleration process.

CME speeds vs. reconnection fluxes (Figure 9, middle panel): Since CME evolution
and CME acceleration in the low corona are difficult to measure, many studies com-
pared CME speeds and the reconnected fluxes during the flare. These studies found a
positive correlation between the two ranging from weak rs(�rbn,VCME) = 0.4 (Sindhuja
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and Gopalswamy, 2020) to strong rs(�rbn,VCME) = 0.6 (Pal et al., 2018) and very strong
rs(�rbn,VCME) = 0.9 (Qiu and Yurchyshyn, 2005). Zhu et al. (2020) analyzed 42 events
with CME speeds within VCME = [300,1400] km s−1, finding that while fast CMEs have
strong correlation with the reconnection flux, rs(�rbn,VCME) = 0.75 for VCME > 600 km s−1,
slower CMEs have low correlation with the reconnection flux rs(�rbn,VCME) = −0.15 for
VCME < 600 km s−1(Figure 9, middle panel). Looking at prior analyses we also find that all
works reporting the strongest correlation coefficients, rs > 0.8 (Qiu and Yurchyshyn, 2005;
Deng and Welsch, 2017; Tschernitz et al., 2018) consider fast CMEs with the majority of
the events VCME > 500 km s−1. On the other hand, all analyses reporting the weakest corre-
lation coefficients, rs < 0.5 (Toriumi et al., 2017; Kazachenko et al., 2022; Zhu et al., 2020),
include slow CMEs in the range of VCME=[200,500] km s−1. What physical mechanism is
responsible for two CME populations described by Zhu et al. (2020) and shown in Figure 9
(middle panel)? A strong correlation for fast CMEs indicates that flare reconnection is key
to the acceleration of fast CMEs. This process has been described in an analytical model
by Vršnak (2016) who suggested a linear relationship between peak velocity of the eruption
and the added flux to the erupting flux rope by the reconnection process: VCME ∝ �rbn. Con-
sistent with this, using observations of 16 eruptions and a linear regression model, Deng and
Welsch (2017) found that reconnection flux and the decay rate of the overlying magnetic
fields alone (the decay index) could explain 66% of the variation in CME speeds. Using this
linear relationship between the CME speed and the reconnection flux, one could derive the
CME speed corresponding to the no-ribbon-flux of around 550 km s−1, roughly the speed
of the solar wind. This suggests that reconnection is crucial in accelerating CMEs to speeds
much faster than the slow solar wind. A weaker correlation for slow CMEs may indicate that
other physical processes play a more important role during the acceleration of fast CMEs. To
support this scenario, Zhu et al. (2020) found that for fast CMEs the electrodynamic work
done by the reconnection electric field in the CS [WCS] is larger than or comparable to CME
mechanical energy ECME (kinetic plus potential energies), providing a significant amount of
energy for the CME eruption with rs(WCS,ECME) = 0.6 (also in agreement with Pal et al.,
2018). On the other hand, for events with smaller flares, the CME mechanical energy is one
to two orders of magnitude larger than WCS. This large ratio of ECME/WCS suggests that, in
these events, the work done by the reconnection electric field in the current sheet itself might
not be enough to fuel the eruption. One possibility is that reconnection occurs elsewhere,
e.g. the breakout type of reconnection (Antiochos, Devore, and Klimchuk, 1999; Karpen,
Antiochos, and DeVore, 2012).

5.2. CME vs. Dimming Properties

Since dimmings are thought to be caused by expansions of erupting structures, their mag-
netic flux and kinematics proxies should be related to properties of the ejected CMEs
(Miklenic et al., 2011, left panel of Figure 8). Dissauer et al. (2019) performed a detailed
comparison of both core and secondary coronal dimmings vs. CMEs for 62 events, con-
straining various key dimming/CME properties that we describe below. They found that
the majority of dimmings develop simultaneously with the CME lift-off up to an aver-
age height of 3.3 ± 2.8 R�. The maximum dimming growth rate occurs when the CME
front is below 2 R�. For the CME masses, Dissauer et al. (2019) found that these have
a strong correlation with first-order dimming parameters, such as dimming area, mag-
netic flux and relative dimming darkening with rs([Sdim,�dim,�Idim],MCME) = [0.6,0.7],
in agreement with Mason et al. (2016) using SDO/EVE data. Sindhuja and Gopalswamy
(2020) found a lower correlation of 0.3 between the core dimming flux and the CME mass.
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Figure 9 CME kinematics vs. ribbon and dimming properties: Left: CME peak acceleration vs. the recon-
nection rate and Middle: the CME maximum speed vs. the reconnection flux (Zhu et al., 2020). The dashed
line marks 600 km s−1, roughly separating two types of CMEs based on their maximum speeds. Lines show
linear fits. Right: Absolute mean intensity of the dimming vs. the CME maximum speed (Dissauer et al.,
2019). See Section 5.1 and Section 5.2 for details. Reproduced with the authors’ permission.

López et al. (2019) used this correlation to constrain the CME mass from the dimmings
analysis. Other works found weaker correlations between the CME mass estimated from
Large Angle and Spectrometric Coronagraph Experiment (SOHO/LASCO) data [MCME]
and the mass proxy estimated from the coronal dimmings [Mdim] or mean dimming in-
tensity at the largest-dimming-area time [Idim,max]: rs(Idim,max,MCME) = −0.4 (Krista and
Reinard, 2017) and rs(Mdim,MCME) = 0.3 (Aschwanden et al., 2017). These two correla-
tions reflect the same scenario: darker dimmings correspond to more massive CMEs. The
opposite sign between these two correlations is due to the fact that smaller intensity corre-
sponds to larger dimming-mass proxy. For the CME speeds, Dissauer et al. (2019) found
that these have a moderate correlation with second-order dimming parameters, such as the
growth rate of the dimming area rs(Ṡdim,VCME) = 0.5 ± 0.1, and the magnetic flux-rate
rs(�̇dim,VCME) = 0.6 ± 0.1. The highest correlation with CME speeds is found with the
dimming mean intensity rs(Īdim,VCME) = 0.7 ± 0.1 (see right panel of Figure 9). In con-
trast to reconnection flux, the peak CME acceleration has no strong correlation with any
dimming property. The only CME acceleration–dimming correlation has been found for the
mean dimming magnetic flux density, rs(B̄dim, aCME) = 0.4 ± 0.2, suggesting that a stronger
magnetic field swept by dimming corresponds to a stronger Lorentz force accelerating the
CME with the reconnection.

5.3. ICME/MC vs. Flare Properties

Qiu et al. (2007) found that the poloidal magnetic fluxes derived from the in-situ magnetic-
cloud measurements correlate with the ribbon-reconnection fluxes. Larger statistical works
using SDO data found similar results (Hu et al., 2014; Gopalswamy et al., 2017):
rs(�rbn,�p,MC) = 0.6. Correlation of fluxes within flare ribbons and magnetic clouds im-
plies that the flux overlying the flux rope becomes entrained into this flux rope via magnetic
reconnection beneath it, and this entrained flux forms the poloidal flux in interplanetary flux
ropes. Looking into the future, we could gain more in-depth understanding of flux ropes
participating in the eruptions from observational constraints on the pre-flare geometry, twist
estimates of the pre-existing flux ropes, and magnetic fluxes in the early ribbons and as a
function of time in comparison with the magnetic cloud. Recently, Hu et al. (2014) found
two possible types of magnetic clouds: clouds with smaller twist of 1.5 – 3 turns per AU
that is roughly constant from the core to periphery of the flux rope and clouds with a higher
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twist of up to 5 turns per AU, concentrated in the core of the flux rope. Priest and Longcope
(2017) suggested an explanation of these two MC populations in terms of the contributions
from the parallel and perpendicular phases of ribbon motion (see Section 2).

5.4. Acceleration Mechanism: Reconnection or Ideal Instability?

Comparison of CME, ribbon and dimming time profiles: While CMEs are important for
space weather, the exact physical mechanisms responsible for CME triggering and acceler-
ation remain elusive. Coronal magnetic energy is considered as the main energy source of
CMEs with two major mechanisms responsible for conversion of coronal magnetic energy
into CME energy: magnetic reconnection and the ideal MHD instability. One possibility
is that the ideal instability triggers and accelerates the filament/CME first, and then the
magnetic reconnection is induced, providing further acceleration (Priest and Forbes, 2002;
Vršnak, 2016). Comparison of high-cadence temporal profiles of flare ribbons and dim-
mings along with CME speeds might help us understand which process plays the major role
in CME acceleration. Song et al. (2018) used high-resolution filament observations, associ-
ated with a C1.1 class X-ray flare, finding that it accelerates in two stages: first due to an
ideal flux-rope instability, then due to reconnection below the flux rope, with the two having
similar contributions to filaments’ acceleration. On the other hand, Zhu et al. (2020) com-
pared CME acceleration and ribbon-reconnection flux-rate profiles of 60 flare–CME events
to find that the distribution of the time lag between the two has three peaks, approximately
ten minutes apart. These three peaks indicate that while some events have reconnection
happening first followed by acceleration, other events have acceleration happening first fol-
lowed by reconnection. Zhu et al. (2020) also found that on average acceleration-led events
have smaller reconnection rates. These results suggest that while reconnection may domi-
nate the acceleration of fast CMEs, for slow CMEs, other mechanisms may be important.
Alternatively, instead of the CME observations, one could identify the CME trigger compar-
ing ribbon vs. dimming onset times (see the right panel of Figure 6, originally in Dissauer
et al., 2018). This ribbon-dimming comparison suggests that many events have dimming
and reconnection starting at the same time, while some events have reconnection (i.e. rib-
bon emission) starting first and some events have flux-rope expansion (i.e. dimming) starting
first, confirming the results from time-lag analysis performed by Zhu et al. (2020). Analysis
of acceleration vs. reconnection led groups in terms of their GOES X-ray flux and CME
speed would be beneficial to confirm the Zhu et al. (2020) conclusion, that reconnection
dominates acceleration of fast CMEs.

5.5. Eruptive vs. Confined (Non-eruptive) Events

Two factors are typically suggested to define whether a flare would be eruptive or confined
(non-eruptive). The first factor describes the AR non-potentiality, i.e., magnetic helicity, free
magnetic energy, twist, etc. The second factor describes the constraining effect of the overly-
ing field: its decay rate with height and strength (see Sun et al., 2015 and references therein).
Recent magnetic-field analysis within eruptive and non-eruptive (or confined) events has
allowed us to describe statistical properties of these events. Hinterreiter et al. (2018) and
Tschernitz et al. (2018) analyzed 50 flares: 19 eruptive and 31 confined events, all C-class
and above. Toriumi et al. (2017) surveyed 51 flares: 32 eruptive and 19 confined events,
M5.0-class and above. Finally, Li et al. (2020) analyzed 322 flares: 170 eruptive and 152
confined events, M1.0-class and above, followed by the largest-to-date study by Li et al.
(2021) of 719 flares: 251 eruptive and 468 confined events, C5.0-class and above, and Li
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Figure 10 Ribbon and AR magnetic-flux distributions within confined (red) and eruptive (blue) events (Li
et al., 2020, 2021). Right panel shows the distribution of reconnection to AR flux ratios. See Section 5.5 for
details. Reproduced with the authors’ permission.

et al. (2022) of 43 eruptive and 63 confined flares. We now know that confined and erup-
tive events have a similar range of GOES soft-X-ray, reconnection fluxes, and ribbon areas
(Figure 10 left, Toriumi et al., 2017; Hinterreiter et al., 2018; Tschernitz et al., 2018).

What are the differences in confined and eruptive flare magnetic-field properties?
Confined events (Figures 10 and 11): The main magnetic-field properties that distinguish

confined from eruptive events are the smaller magnetic fluxes of active regions hosting con-
fined flares [�AR] (Li et al., 2021), smaller fractions of the active-region magnetic flux and
area that participate in the flare (�rbn/�AR and Srbn/SAR: Tschernitz et al., 2018; Toriumi
et al., 2017; Li et al., 2020, see Figure 10, right panel) and a smaller ratio of the twist within
the flaring PIL to the AR magnetic flux [α/�AR] (Li et al., 2022). The ratio of AR mag-
netic flux involved in reconnection ranges from 1% to 21% for confined flares and 1 to 41%
for eruptive flares (Li et al., 2020; Toriumi et al., 2017). Among other differences, confined
events tend to have smaller ribbon-separation distances (< 10 Mm, Figure 11, left panel)
and ribbon-peak separation speeds (< 30 km s−1, Figure 11, middle panel, from Hinterre-
iter et al., 2018). A possible explanation for this could be that the reconnecting current sheet
in confined events cannot move upwards due to a strong overlying field. For a given X-ray
flux, confined events tend to have a mean magnetic-flux density that is twice as large, imply-
ing that they tend to occur closer to the center of ARs where fields are stronger (Figure 11
right panel, Tschernitz et al., 2018). From analysis of PFSS global magnetic fields, we also
know that confined events have less access to open flux than eruptive events, although this
difference is not very large. Using a sample of 50 eruptive and 6 confined flares, DeRosa
and Barnes (2018) found that the rate at which X-class flares with access to open flux are
eruptive is 0.97 (30 out of 31 flares) vs. 0.8 (20/25) for X-class flares without access to open
flux. From analysis of photospheric vector magnetic fields, Liu et al. (2017), Avallone and
Sun (2020), and Kazachenko et al. (2022) found that confined ARs tend to be more current
neutralized than eruptive ARs, and as a result they have a smaller amount of magnetic shear
at PIL.

To summarize, the key factor that defines whether a certain flare will be confined or
not is the ratio of the magnetic flux participating in the flare to the AR magnetic flux. In
other words, flares of the same flare class and reconnection flux originating from an AR
with larger magnetic flux are more likely to be confined. The recent analyses by Li et al.
(2020, 2021, 2022) confirm these results, showing that the active-region flux [�AR] along
with the ratio of twist within the flaring PIL to the AR magnetic flux are decisive quantities
describing the eruptive character of a flare (Figure 10, middle panel). Indeed, there is a
positive correlation of 0.86 between the critical decay-index height, at which the decay
index [n = −∂ lnBH /∂ ln z] reaches the critical eruptive value ncr = 1.5, and the unsigned
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Figure 11 Flare-ribbon properties within confined (blue) and eruptive (red) events (two left panels from
Hinterreiter et al., 2018 and right panel from Tschernitz et al., 2018). Left: Peak GOES flux versus ribbon
separation. Middle: Peak GOES flux versus maximum ribbon velocity. Right: Peak GOES flux and mean
magnetic-flux density. See Section 5.5 for details. Reproduced with the authors’ permission.

magnetic flux, suggesting that ARs with large magnetic flux have confined eruptions due to
strong magnetic cages (Amari et al., 2018).

Eruptive events, on the other hand, have larger ribbon-separation distances and ribbon-
separation speeds, smaller mean magnetic-flux densities, and larger reconnection-flux frac-
tions than confined events. Eruptive events tend to occur closer to the edge of ARs (Wang
and Zhang, 2007), with more access to open flux. CME productivity may be determined by
the relative structural relation between the magnetic fields of the flaring region and those of
the entire active region. From the study by Li et al. (2020), 92 percent of M1.0 or higher
events from 2010 – 2019 in ARs with unsigned magnetic flux less than 3.0 × 1022 Mx are
eruptive.

5.6. CMEs/ICMEs vs. Source Regions: Observations Summary

SDO observations allowed us to constrain relationships between flare reconnection and
CME properties in several statistical ways (see Table 3): strong correlations between CME
acceleration and reconnection rate, which is also evident through very strong correlations be-
tween CME speed and their total reconnection flux; moderate to strong correlations between
the CME mass and the dimming magnetic flux, and CME velocity and peak rate change of
dimming magnetic flux; finally, moderate to strong correlation between the ribbon flux and
the magnetic-cloud poloidal flux. Comparison of the time profiles of the CME rise and re-
connection and dimming fluxes yields that a scenario of slow rise of the flux rope before
reconnection is as frequent as the opposite scenario. In other words, observations favor the
view that both ideal instabilities and reconnection play major roles in CME acceleration.
Finally, analysis of solar magnetic properties allowed us to find that the fraction of the AR
reconnected flux, the ratio of the twist within the flaring PIL to the AR magnetic flux, and
the total AR magnetic flux play a major role in determining whether a given flare is confined
or eruptive.

5.7. CMEs/ICMEs vs. Source Regions: Analytical Models

The standard flare model along with recent analytical models of the eruption process by
Vršnak (2016) and Welsch (2018) suggest a scenario to explain the observations described
above. As reconnection below the rising flux rope occurs, it manifests itself through flare
ribbons, supplying poloidal flux to the flux rope (and the CME) and affecting the erup-
tion process in two ways. First, it increases the outward force on an ejection, increasing
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its acceleration and driving additional reconnection (a “reconnective instability”, Welsch,
2018). When an upward-moving outflow jet encounters the rising ejection, plasma in the
jet decelerates, transferring momentum to the ejection. While a net upward Lorentz force
acts on a rising CME, magnetic tension in reconnected, concave-up magnetic fields that ac-
crete onto the rising ejection’s trailing edge cancels the downward magnetic tension from
concave-down magnetic fields on its leading edge, thereby increasing the upward net force.
The downward magnetic tension is thus reduced by ≈ B�φ, with B the strength of the re-
connection field and �φ the amount of reconnected flux. (If generalized from 2D into 2.5D,
the guide field along the invariant direction decreases these magnetic-tension forces, by in-
creasing the radius of curvature of the fields involved, implying that there would be slightly
less reduction in downward forces than this prediction.) Accretion of the post-reconnection
flux underneath the ejection also increases upward the hoop force on it, by an amount that
also scales as B�φ. For the typical value of reconnecting fields strengths and CME mass,
Welsch (2018) estimated that these effects lead to changes in the Lorentz force that in turn
lead to estimates of CME accelerations of nearly 2000 m s−2. To reiterate, in this scenario
a large fraction of the CME is formed by reconnection of the flux rope with a pre-flare
sheared arcade, entraining flux and mass into the CME. Discrepancies between this estimate
and observed CME accelerations may be accounted for by neglected factors in the model,
including i) the decrease in Lorentz forces on a CME with increasing height above the solar
surface and ii) the drag on the ejection. Secondly, it expands the CME, causing dimmings,
and sustains the flux-rope electric current during later stages of the eruption, thus prolong-
ing the action of the Lorentz force and enabling a longer acceleration phase (Vršnak, 2016).
Higher CME acceleration creates stronger flows of plasma from regions ahead of the flux
rope to its rear, which causes vortical motions, pushing the plasma into the rarefied regions
behind the flux rope, reinforcing reconnection, and explaining the correlation between the
CME acceleration and the flare-related energy release (see Vršnak, 2016 for details).

6. Conclusions and Future

The era of the SDO made it possible to perform both detailed and large-sample studies of
solar-flare magnetism. We summarize the major finding areas as follows.

i) Flare ribbons map footpoints of newly reconnected field lines and tell us about the
properties of the magnetic reconnection above in the current sheet that are unobservable
otherwise. Recent works suggest that ribbons’ fine structure could be used to understand
the details of the reconnection process, such as the tearing-mode instability and plasma
turbulence. We now know that the amount of reconnected flux swept by ribbons defines
the flare SXR irradiance and that the flare-ribbon area defines the flare duration, at least
for large X-class events. Ribbons typically evolve first parallel and then perpendicular to
the PIL, providing information on the field in the current sheet and contributing differ-
ently to the flux-rope formation process. For magnetic-reconnection properties derived
from flare ribbons studies, see Table 1.

ii) Coronal Dimmings map footpoints of coronal structures that isothermally expand, typi-
cally within ten minutes before or after the flare onset. There are two types of dimmings:
“core” and “secondary” dimmings that correspond to footpoints of the pre-existing flux
rope and stretched surrounding fields, respectively. These stretched fields sometimes
subsequently reconnect, causing flare ribbons and adding poloidal flux as the flux rope
rises. For flux-rope properties derived from coronal-dimming studies, see Table 2.
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iii) Flare-associated magnetic-field changes map the changes in the photospheric field due
to implosion of the coronal magnetic field as the energy of this coronal field decreases in
the flare (and CME, if eruptive). As a result of this implosion, the horizontal magnetic-
field strength increases in areas close to the flaring PIL, while the vertical field tends to
remain unchanged. Away from the flaring PIL, fields can become more vertical. For an
illustration of the nature of the magnetic-field implosion scenario, see Figure 7.

iv) Statistical correlations between ribbon, dimming, and CME properties indicate that
magnetic reconnection is key in the CME acceleration process, especially for fast CMEs.
Multiple studies found strong correlations between CME accelerations and reconnec-
tion flux rates, as well as CME speeds and the total reconnection flux, that are much
stronger than correlations between, e.g., CME speeds and SXR flux or fluence. Mod-
erate to strong correlations have been found between the CME mass and the dimming
flux, and CME velocity and the peak rate of dimming, as well as the ribbon flux and
the magnetic-cloud poloidal flux. Temporal profiles of the CME liftoff and reconnec-
tion and dimming fluxes suggest that both the ideal MHD instability and reconnection
play major roles in the CME acceleration. Finally, among all solar magnetic properties,
two properties, the reconnected fraction of the AR flux and the total AR magnetic flux,
are the two key parameters defining whether a flare would be confined or eruptive. For
comparison of CME/ICMEs vs. solar source properties, see Table 3.

We see the following future directions to improve the current state of understanding of
solar-flare magnetism using observations:

i) Multi-vantage observations of flare reconnection: The upcoming multi-messenger era
of solar physics with DKIST, NASA Parker Solar Probe (PSP) and the ESA/NASA So-
lar Orbiter missions will form an “unprecedented solar-observing campaign targeted at
understanding how stars create and control their magnetic environment” (Martínez Pillet
et al., 2020). While DKIST will be able to provide high cadence and spatial resolution
observations of magnetic fields in the photosphere and chromosphere on the disk and
in the corona on the limb, PSP can measure magnetic and electric fields in situ close to
the Sun, and Solar Orbiter can measure magnetic fields from a different vantage point
(Rast et al., 2020). Thus, for active-region magnetism we expect to be able to further
constrain the 3D structure of the coronal magnetic field both before and during flares
and eruptions. In particular, while signatures of magnetic reconnection, such as plasma
inflows and outflows, heated plasma, and accelerated particles are best observed on the
solar limb (Su et al., 2013; Gou et al., 2017; French et al., 2019), photospheric and
chromospheric magnetic fields could only be measured close to the disk center. There-
fore, measurements from different vantage points, including unsmoothed time profiles
of CMEs at high temporal resolution (Cheung et al., 2022), and analysis of the low
corona prior to eruptions would be useful to probe eruption triggers and document the
details of the reconnection process in solar flares.

ii) Analysis of spatio–temporal evolution of dimmings and ribbons and their relationship
with FAMCs: Presently, most of the many-events studies have focused on the cumulative
properties of ribbons, dimmings, and FAMCs, ignoring the details of their spatial and
temporal evolution. In addition, the dynamics of ribbons’ fine structure could shed light
on the details of the flux-rope formation and the reconnection process above. Thus, we
foresee a large advance in the field from statistical studies of the spatio–temporal prop-
erties of ribbons, dimmings and FAMCs. In particular, future high-time-cadence, high-
spatial-resolution observations from larger telescopes, such as DKIST and the European
Solar Telescope (EST: Jurčák et al., 2019) should clarify whether ribbons contain finer
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spiral structure. In addition, detailed analyses of pre-flare coronal field structure and how
it changes over the flare, evolution of core/secondary dimmings and their relationship
with ribbons, and further comparison with associated magnetic-cloud cross sections will
each advance our understanding of flux-rope formation and reconnection triggers.

iii) Larger-sample magnetic-field analysis of confined and eruptive flares: We expect that
with larger sample sizes, the specific topologies and distribution of intensive magnetic
properties such as magnetic shear and non-neutralized current (Bobra and Ilonidis,
2016; Kazachenko et al., 2022) of eruptive and confined flares within the entire pop-
ulation of observed ARs may become more clear (DeRosa and Barnes, 2018).
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