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1 Supplementary information
1.1 Magnetic topology of the event
The NOAA active region (AR) 13107, where the flare occurred, was located in a close vicinity to the NOAA AR13105.
Extended Data Fig. 2 consists of a BLOS map observed by HMI overlaid by snapshots from the AIA 131 Å (cyan) and AIA
171 Å (yellow) and, as such, presents context observations of these active regions (see also Supplementary Video 2). The
AR13107 is located to the south-east (left), while the AR13105 to the north-west (right). Both ARs are bipolar, with the
negative (N1, N2) leading and positive (P1, P2) trailing polarities. The overall quadrupolar configuration is closely reminiscent
of the original 3D MHD model of the slipping reconnection12, 28 (Methods).

AIA 171 Å observations reveal four dominant sets of coronal loops with distinct magnetic connectivities in these ARs. The
first two sets connect the positive and negative polarity flux concentrations (P1 & N1, P2 & N2) within the two respective
ARs. Another set of field lines can be found between the N1 and P2 polarities of the AR13107 and AR13105, respectively,
composing an inner bipole in the middle of the FOV. The last set of field lines is represented by the large, overarching coronal
loops connecting the outer polarities of the two ARs, P1 in the AR13107 and N2 in the AR13105. These four sets of loops are
separated by a seemingly vacant, low-emission AIA 171 Å region with an X-like morphology visible in the upper part of the
field-of-view (FOV). This feature is reminiscent of the HFT, the reconnection site in quadrupolar topologies also present in the
3D MHD model investigated in Methods. AIA 94 Å observations of roughly 7 MK emission (Supplementary Video 4) provide
evidence that the two active regions exhibited correlated activity in the time period leading to the flare, as well as during the
subsequent flare which set on in the same region after 07:00 UT. The observed evolution ascertains this feature as the HFT, the
primary site of reconnection in this topology.

1.2 Alfvén speed in the observed environment
Flare kernels slipping along the ribbon are interpreted (Introduction) to be footpoints of magnetic field lines undergoing
slipping reconnection and the associated energy release. While the bulk of kernel emission originates in the solar transition
region and the chromosphere, the field line slippage occurs throughout the associated QSLs in the corona. Whether the slippage
is sub- or super-Alfvénic therefore depends on the magnitude of the Alfvén speed cA in the corona. The cA is equal to B/

√
µρ ,

where B is the magnetic field strength, ρ is the plasma density, and µ is the magnetic permeability. The determination of
cA is at present limited by the lack of ability to accurately measure coronal magnetic fields. Nevertheless, several studies
inferred average fields B in the corona of the order of 101 G54–57. For |B|< 100 G and density ρ = 5.108−109 cm−3, typical
for active region conditions, we obtain cA ranging between a few hundred up to ≈ 1200 km s−1, in agreement with previous
measurements31. Note that larger |B| values of several 102 G can occur in larger flares58, 59; while smaller |B|< 10 G are typical
for very long coronal loops54. Both situations are not relevant to our small flare occurring in active regions 13107 and 13105
with dispersed magnetic polarities (Extended Data Fig. 2, Extended Data Fig. 4).

1.3 Ribbon separation
As mentioned in Results, the eastern (‘E’) and western (‘W’) ribbons exhibited slow separation (Introduction), motion of the
entire ribbon structures in the direction away from the inversion line. The separation motion is demonstrated in Extended Data
Fig. 4a, where we plotted 500 DN intensity contours observed in the AIA 304 Å passband in snapshots from ≈06:15, 06:25,
and 06:40 UT (yellow, cyan, red). The contours detail the evolving ribbons during the initiation of the flare as well as during its
impulsive and gradual phases, respectively. They are overlaid on the SDO/HMI BLOS magnetograms saturated to ±1000 G and
observed at ≈06:25 UT. A comparison between the AIA and HMI observations reveals that the E ribbon, which elongated
roughly in the north-south direction, was spatially coincident with the positive polarity flux concentrations P1 of the AR13107.
The W ribbon, that elongated in the east-west direction, formed in the negative polarity flux concentrations N1 of the same
active region.

The directions of the separation motions of the two ribbons were not parallel, contrary to the ribbon dynamics often
reported in the literature. While the E ribbon exhibited the separation motion towards the east direction, the W ribbon moved
southward. These directions are indicated by the green arrows in Extended Data Fig. 4a, which we also utilized to construct
the time-distance diagrams (Extended Data Fig. 4b, c) employed to measure the separation speeds. The separation of the W
ribbon commenced after ≈06:14 UT and lasted till ≈06:28. The linear fit to the ribbon motion, showed using the blue dotted
line in Extended Data Fig. 4b, corresponds to v⊥ = 2.1± 0.5 km s−1. The E ribbon exhibited a faster separation roughly
between 06:18 – 06:25 UT at v⊥ of 4.6±1.0 km s−1 (Extended Data Fig. 4c).

1.4 Field line slippage in 3D MHD model
Extended Data Fig. 6 presents the apparent slipping motion of magnetic field lines in the 3D MHD simulation (Methods) at
four instants (t = 0,3,10,30 tA) after the driving of the boundary motions had been switched off. Extended Data Fig. 6a – d
provides a detailed view of the field line slippage along concentrations of the vertical electric current Jz=0, associated to flare
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ribbons60. These concentrations are encompassed by pink and cyan contours corresponding to Jz=0 = ±0.3 (in code units). The
viewing geometry in Extended Data Fig. 6e – h mimics that of the observed event.

The positive (P1, P2) and the negative (N1, N2) polarity magnetic flux concentrations of the two bipoles included in the
simulation are shown in white and black, respectively, and are saturated to Bz=0 = ±25 (in code units). Their distribution
(P1, N1, P2, N2, from left to right in Extended Data Fig. 6e – h) is similar to the magnetic topology in which the flare
analyzed here was observed (Extended Data Fig. 2, Supplementary Information Section 1.1). The flux concentrations are
interconnected by four ensembles of field lines colored using the orange, green, and magenta colors. The low-lying orange field
lines connect the positive and the negative polarities of the two seemingly independent bipoles (P1 & N1, P2 & N2) on the left-
and right-hand side (Extended Data Fig. 6a). These field lines are overlaid by orange field lines connecting the outer polarities
(P1 & N2) and separated by magenta field lines connecting the polarities of the inner bipole (P2 & N1). The magenta and green
field lines, a subset of the field lines connecting the outer bipole, are located in the vicinity of a QSL (and current layers therein)
and therefore slip-reconnect. The footpoints of these two sets of field lines, located in the positive polarity flux concentrations
P1 and P2, have been fixed to demonstrate their slippage between the two negative polarity flux concentrations N1 and N2.

The negative polarity footpoints of the magenta and green field lines are initially (tA = 0) rooted in the N1 and N2 flux
concentrations, respectively, in the far ends of the QSL. Subsequently, as demonstrated in Extended Data Fig. 6f, g (tA = 3,10),
the footpoints of the green field lines slip towards the negative polarity N1, as they exchange their connectivities with the
magenta field lines slipping towards the negative polarity N2. In the final snapshot (tA = 30), the field line slippage ended and
the connectivities of the magenta and the green field lines have been completely exchanged. The negative polarity footpoints
of the magenta and green field lines can be found in the N2 and N1, respectively, as opposed to their initial locations (c.f.
Extended Data Fig. 6e, Extended Data Fig. 6h).

Even though the revisited vintage 3D MHD simulation12, 28 does not emulate the detailed magnetic environment where the
flare occurred, the principal characteristics of the modeled slippage are consistent with our observations. The observed analogy
to the slippage of the green field lines described above is the apparent slipping motion of the kernels detailed in Results. Both
the observed and simulated motions occurred in the same negative polarity N1 of the left bipole (AR13107) of the overall
quadrupolar topology. While the majority of the kernel motions were observed in the west-east direction, the simulated slippage
within N1 was primarily directed between the top and the bottom of the domain (from the viewpoint of Extended Data Fig. 6e
– h). This difference can be attributed to the east-west elongation of the N1 flux concentrations of the AR13107, likely affecting
the morphology of QSL footprints and thus the reconnection along them.

Our data are also indicative of kernel slippage in the opposite direction (from the east to the west), consistent with the
motion of the magenta field lines within N1. The most notable counter-propagating kernel is visible between ≈06:19 – 06:20
UT in Supplementary Video 3, slipping at velocity of about 40 km s−1. Although some counter-propagating kernels can be
identified in the SJI 1330 Å observations, their velocities are low, for which they do not appear in the LRR-processed images
(Fig. 2). Our results are in agreement with previous observational studies8, 9, 61 reporting on slipping motions in a preferential
direction. This may be attributed to the asymmetric distribution of the magnetic flux within the two active regions, or to the
change in lengths of the reconnecting loops. Extended Data Fig. 6 indicates that as result of the slippage, the green field lines
were shrinking, while the magenta ones were increasing their length. This prolongation could in turn lead to the decrease of
loop density and hence emission measure, making the loops less visible.

1.5 Slipping velocities and their variations
The separation of the field line footpoints in Extended Data Fig. 6 is indicative of variations of vslip along the footprints of
current concentrations (Jz=0). In the simulation, the footpoints of the field lines are close one to another in the N1 and N2
polarities where the magnetic field is stronger and the Jz=0 contours are larger (Extended Data Fig. 6e, h). The slippage therein
occurs in the slow, sub-Alfvénic regime. The footpoint separation (and hence vslip) increases along narrow Jz=0 concentrations
between the N1 and N2 polarities where the field is weak (Extended Data Fig. 6f, g).

Motivated by this prediction, we produced a time-distance diagram detailing the distribution of negative-polarity flux
concentrations observed by HMI along the ribbon via the same cut used to study vslip (Supplementary Fig. 1a). The white and
black colors correspond to BLOS = 0, and−1000 G, respectively, and the cyan, purple, and blue contours delineate BLOS =−10,
−100, and −300 G. The same contours are plotted in Supplementary Fig. 1b over a section of the original SJI 1330 Å time-
distance diagram (Fig. 2a). According to this figure, the observed kernel traces tend to be more vertical (relatively-higher
vslip) in weak-field regions where |BLOS| < 100 G. The emission coincident with strong-field regions (|BLOS| > 300 G, e.g.
at > 27" of the cut) appears more horizontal (stationary). The green arrows in panel b indicate two traces imprinted by fast
kernels emanating from weak-field regions. These traces become near-horizontal (arrow Nr. 1) or disappear (arrow Nr. 2) as the
kernels enter the strong-field regions, in agreement with previous studies10, 61. On the other hand, the kernel traces highlighted
using the red arrows appear unrelated to the underlying field. The arrow Nr. 3 points toward the slow (vslip ≈ 40 km s−1)
counter-propagating kernel (Supplementary Information Section 1.4) in a weak-field region. The arrow Nr. 4 highlights
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Supplementary Fig. 1. Comparison between the spatio-temporal distribution of BLOS and signatures of kernel
motions. Panel a presents time-distance diagram produced via HMI BLOS observations along the ribbon saturated between
BLOS = 0 G (white) and BLOS =−1000 G (black). The cyan, purple, and blue contours correspond to
BLOS =−10,−100,−100 G. The same contorus are plotted in panel b, which depicts a portion of the original SJI
1330 Å time-distance diagram plotted in Fig. 2a. The numbered green and red arrows refer to signatures of kernel motions
discussed in Supplementary Information Section 1.5.

a trace of a fast kernel within a strong-field region. This brief analysis suggests that the anti-correlation between the two
quantities likely isn’t absolute, and vslip as well as its variations are also guided by different parameters.

Beyond the relation to the magnitude of the surface magnetic field, 3D MHD extensions to the standard flare model30

shown that vslip strongly correlates with the norm N, measure of distortion of field line connectivity. The analysis of variations
of vslip of a selected field line presented in Fig. 7 therein shows that the super-Alfvénic slippage occurs through a region
where N = 102−103. Our upper estimate of N = 24−577 obtained via the measured vslip (Results) and v⊥ (Supplementary
Information Section 1.3) falls within this range, indicating that the fastest kernel motions were consistent with high gradients
of connectivity and vice versa.

1.6 Signatures in observations of different instruments
1.6.1 Statistical analysis
Perhaps the most important outcome of the statistical analysis of kernel signatures in time-distance diagrams via the computer
vision method concerns the slipping velocities. As briefly mentioned in Results, we found a good correspondence between vslip

obtained from the orientation of the features in the SJI 1330 Å time-distance diagram processed via the Sobel operator and the
manual fitting of kernel traces in the LRR-processed image. The range of vslip deduced via the computer vision technique is
broad, similar to that obtained via the fitting procedure (Fig. 2c, e). The majority of the detected kernels exhibited slippage in
one direction, along the ribbon from west to east (see also Supplementary Information Section 1.4). About 20−40% of
the kernel traces are found to be signatures of counter-propagating motions, though this fraction is dependent on the image
saturation and thus carries a relatively high uncertainty. From now on we thus focus on the absolute values of vslip.

The histogram of |vslip| plotted in Supplementary Fig. 2c demonstrates that the distribution of |vslip| is far from Gaussian,
resulting in high σ|vslip| (see Table 1). Table 1 next shows that the number of features nf is the highest in time-distance diagrams
saturated to I = 10% of Imax, containing kernel traces with a broad range of intensities. For example, nf detected in SJI
1330 Å data considering the 10% image saturation is by a factor of ≈ 4 larger than nf identified in the same diagram saturated
to 90% of Imax. Only a fraction of kernels thus reach high intensities, while most of them are faint. Our analysis indicates that
the brightest kernels are more likely to be detected in both high- and low- resolution data. We found a factor of ≈ 2.6 difference
between nf resolved at relatively higher (SJI 1330 Å) and relatively lower (AIA 304 Å) cadence in diagrams saturated to 90%
of Imax, compared to a factor ≈ 4.5 difference in the same images saturated to 10% of Imax. The brightest kernels resolved
by IRIS are however still considerably faster, with

〈
|vslip|

〉
= 1,122 km s−1, than those resolved in the AIA 304 Å image

(
〈
|vslip|

〉
= 96 km s−1). This result holds in general, as

〈
|vslip|

〉
detected in the SJI time-distance diagram are by at least one and

two orders of magnitude higher than those resolved in the AIA 304 Å and 1600 Å time-distance diagrams, respectively. The
detection of kernels with |vslip| exceeding 103 km s−1 would also be possible in data of the hypothetical instrument HI1 with a
≈ 4 s cadence, when σ|vslip| is taken into the account. Further twofold decrease of the time resolution, implemented for HI2,
would impede such measurements.
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1.6.2 Why were fast kernels elusive in previous observations?
The kernel slipping velocities surpassing 103 km s−1 are the key observable of this study, made possible by the high resolution
of IRIS (Supplementary Information Section 1.6.1). One might wonder why slipping velocities of this order of magnitude
have not been reported in the past, with previous observatories such as TRACE and GREGOR capable of observing at a cadence
comparable to IRIS. For instance, slipping kernels studied in the GREGOR telescope Ca II line observations of a small C-class
flare from 2014 November 7, acquired at a 1 s cadence62, were found to be very slow with vslip < 12 km s−1. The GREGOR
observations were however limited by a small FOV of only a few arc seconds. A super-Alfvénic kernels would traverse this
FOV very rapidly, and would be difficult to detect. The kernel brightenings observed at a 2 s cadence in the 1600 Å passband
of TRACE during a large M8.5-class flare from 2002 July 177 were also relatively slow, not exhibiting dynamics surpassing
120 km s−1. We revisited this dataset to rule out possible differences of vslip due to different measurement methods but did
not find evidence for faster kernels at all, in agreement with authors’ findings. It ought to be noted that numerous TRACE
snapshots were affected by image saturation, a consequence of lower dynamic range of the instrument’s CCD camera. Apart
from the issues with the image saturation and the size of the FOV, there are several additional factors that might explain the
absence of evidence for fast kernel motions.

Supplementary Fig. 2. Distribution of feature orientations and slipping velocities. Histograms in panels a, b detail the
distribution of orientations of features detected by the computer vision algorithm for the SJI 1330 Å data (panel a) and the SJI
data degraded to the resolution of TRACE (panel b). Panels b, c show the distribution of the slipping velocities |vslip| calculated
using these orientations. The mean values

〈
|vslip|

〉
as well the standard deviations (σ|vslip|) of these quantities are displayed in

each plot. nf is the number of samples considered in each histogram. Values of |vslip|, surpassing the maximal detectable
velocity of 6,000 km s−1 (Methods, grey dotted line in panels c, d), have been excluded from the statistics.

First, these observations were carried-out in a different spectral range than the IRIS observations analyzed here. The
C II lines, dominating the narrow-band SJI 1330 Å passband, (Methods) are partially formed in the transition region63, 64

characterized by a very rapid response to flare heating65. The wavelength response of the 1600 Å passband of TRACE was
much broader, spanning hundreds of Ångstroms. A major contributor to this channel was the UV continuum48 forming at much
lower temperatures in the low-lying regions of solar photosphere and chromosphere66 whose response to heating might not be
as prompt as that of the transition region. The 1600 Å passband of TRACE was also sensitive to the emission of C I and Fe II48
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lines forming in the chromosphere67, just like the Ca II line observed by GREGOR. By inspecting the SJI 2796 Å dataset we
found that only the brightest kernels are visible in chromospheric (Mg II k) imagery, missing a wealth of information contained
in the SJI 1330 Å data.

In addition to the time resolution, dynamic range, and spectral content of the observations, the detection of kernels as well
as precise determination of their dynamics relies upon the spatial resolution. High spatial resolution is essential not only for
the detection of small-scale kernel brightenings, but also for the correct determination of their dynamics. Table 1 summarizes
results of our simple experiment consisting of the degradation of the original SJI 1330 Å data to the spatial resolution of TRACE
observing in a flare mode (2 s cadence). The degradation of the spatial resolution alone does not lead to a significant decrease
of nf between the two images (nf = 112 vs. 95 for 10% of Imax). However, considering the same image saturation,

〈
|vslip|

〉
calculated using the orientation of features detected in the TRACE time-distance diagram increased to 2,291 km s−1, compared
to 1,198 km s−1 in the original SJI 1330 Å image. This increase is a data artifact introduced by the image degradation. Due to
the relatively-lower resolution of the degraded data, the motion of these structures can no longer be distinguished from their
instantaneous appearance, leading to an apparent increase of their mean velocity.

Supplementary Fig. 2 presents histograms detailing the distributions of the absolute value of feature orientation (Sup-
plementary Fig. 2a, b) and corresponding |vslip| (Supplementary Fig. 2c, d) in the original SJI 1330 Å (left column) and the
degraded (right column) time-distance diagrams saturated to 10% of Imax. The number of features nf in the sample, as well as
the

〈
|vslip|

〉
and the standard deviations σ(|vslip|) are indicated in each histogram. From the statistics of |vslip| we excluded

those exceeding the maximal velocity detection limit of 6,000 km s−1 (grey dotted line, Methods), most of which correspond
to feature orientations i→ 90◦ (instantaneous appearance). Supplementary Fig. 2a, b show that the data degradation led to
an overall increase of the orientation of the detected features. The increase of feature orientations is translated into a lower
sample of |vslip|< 103 km s−1 (c.f. Supplementary Fig. 2c, d) while the entire distribution shifts toward higher velocities, from
|vslip|= 144−4,575 km s−1 to |vslip|= 572−5,914 km s−1 in the degraded image.

In conclusion, the discovery of the super-Alvénic field line slippage presented in this study is a result of a complex interplay
of observational and physical factors. Of equal importance is the availability of newly-designed high-cadence IRIS observations,
as a result of prioritizing these observations in flare-prone active regions whenever possible by the IRIS team. Future analyses
focused on flares of different magnitudes, triggered within diverse magnetic environments, and observed at a very high time
resolution should provide further insights into physics of super-Alfvénic slipping motions, as well as the frequency of their
occurrence.
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