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Abstract

Apparent slipping motions of flare ribbon kernels and the formation of hard X-ray (HXR) footpoints are important
signatures of magnetic reconnection in solar flares. Ultraviolet (UV) and HXR ribbon emission can show
quasiperiodic pulsations (QPPs), but the link between HXR QPP sources and slipping reconnection remains
poorly understood. In this work, we analyze high-cadence IRIS and STIX observations of the 2022 March 31
M9.6 flare. STIX detected nonthermal QPPs with periods of ~35 s from two relatively stationary footpoints The
majority of the HXR QPPs were correlated with UV pulsations observed by the IRIS Slit Jaw Imager in ribbon
regions encompassmg these footpoints. In one such region observed under the IRIS slit, the Si1v 1402.77 A line
exhibited pulsations in intensity, Doppler shift, and width, some of which were coincident with HXR QPPs.
Apparent slipping motions of the UV kernels were also observed, but their locations, timing, and UV intensity
variability showed lower correlation with the HXR QPPs. The ribbons along which the slipping kernels were
found correspond well to footprints of quasi-separatrix layers, regions of high magnetic connectivity gradients,
identified using a nonlinear force-free field extrapolation. Our multi-instrument analysis suggests that strong
deposition of energy by nonthermal electrons was concentrated in a specific loop system within a large-scale 3D
reconnection structure. Slipping kernels were subjected to weaker, if any, energization by nonthermal electrons,
offering new constraints on 3D reconnection and flare energy release.

Unified Astronomy Thesaurus concepts: Solar flares (1496); Solar magnetic reconnection (1504); Solar ultraviolet
emission (1533); Solar x-ray emission (1536); Solar flare spectra (1982); Solar transition region (1532); Solar
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chromosphere (1479)

Materials only available in the online version of record: animations

1. Introduction

Solar flares are powerful explosions in the solar atmosphere.
The energy release during flares is governed by magnetic
reconnection, converting magnetic energy accumulated in the
corona into particle acceleration, in situ heating, magnetohy-
drodynamics waves (MHD) and bulk motions. Accelerated
electrons and ions, waves, and conduction fronts then
propagate along newly reconnected field lines and deposit
their energy in the lower solar atmosphere (H. Carmichael
1964; P. A. Sturrock 1966; T. Hirayama 1974; R. A. Kopp &
G. W. Pneuman 1976). There, this energy deposition promptly
induces enhanced emission along flare ribbons, elongated
bright structures typically observed in Ha and ultraviolet (UV)
emission (see, e.g., the review by L. Fletcher et al. 2011).
Ribbons often exhibit complicated morphology and dynamics
governed by three-dimensional (3D) magnetic reconnection
(see, e.g., the reviews by P. Démoulin 2006; M. Janvier 2017;
J. Dudik et al. 2025).

Original content from this work may be used under the terms
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In complex 3D configurations, magnetic reconnection
occurs in quasi-separatrix layers (QSLs; E. R. Priest &
P. Démoulin 1995; P. Démoulin et al. 1996; V. S. Titov et al.
2002), geometrical structures with high gradients of magnetic
connectivity. Magnetic field lines reconnecting in QSLs
exchange their connectivity in a sequence, driving apparent
slipping motions of their footpoints along QSL footprints
(G. Aulanier et al. 2006; M. Janvier et al. 2013). Observa-
tionally, slipping reconnection manifests as apparent slipping
motions of flare loops and their footpoints (“kernels”) along
polarity inversion lines (PILs). With characteristic sizes down
to ~100km, kernels are fundamental constituents of flare
ribbon structure. The observed slipping speeds v, range
between tens (e.g., J. Dudik et al. 2014, 2016; T. Li et al. 2016)
to thousands (J. Lorincik et al. 2025a; Y. Zhang et al. 2025) of
kilometers per second. Those velocities were discovered using
high-cadence observations from the Interface Region Imaging
Spectrograph (IRIS; B. De Pontieu et al. 2014, 2021).

Slipping reconnection can be quasiperiodic, exhibiting
intermittent appearance and motions of slipping loops or
kernels at timescales between 3 and 6 minutes (T. Li &
J. Zhang 2015) and down to ~8s (J. Lorin¢ik et al. 2025b;
Y. Zhang et al. 2025). Recent observations also provided
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compelling evidence that flare energy release associated with
slipping reconnection can be bursty, or intermittent (see also
L. K. Kashapova et al. 2020; J. Huang et al. 2024). While
slipping reconnection primarily reflects the spatial progression
of energy release and deposition, its bursty nature leaves clear
temporal signatures in flare emission. One of the most
prominent temporal manifestations of bursty flare energy
release is the detection of quasiperiodic signal variations
collectively termed quasiperiodic pulsations (QPPs; see,

e.g., V. M. Nakariakov & V. F. Melnikov 2009; T. Van
Doorsselaere et al. 2016; L. A. Hayes et al. 2020, and
references therein). QPPs are commonly observed in micro-
wave radio, soft X-ray (SXR), hard X-ray (HXR), and UV
wavelengths, with periods ranging between fractions of a
second to tens of minutes. They are related to a variety of flare-
driven processes, including MHD waves, bursty reconnection,
or the combination of the two (see, e.g., reviews by
J. A. McLaughlin et al. 2018; I. V. Zimovets et al. 2021).

QPPs often occur concurrently in different parts of the
electromagnetic spectrum, reflecting the coupling between the
energy release and the response of the lower atmosphere. For
example, HXR bursts can correlate with spikes in the UV
emission from the chromosphere or the transition region (TR;
e.g., A. 1. Poland et al. 1982; E. Tandberg-Hanssen et al. 1983;
J. Qiu et al. 2012). Combining multiwavelength observations
provide a comprehensive view of the flare energization (e.g., in
HXR and radio wavelengths) and the corresponding response
of the lower atmosphere (UV ribbon emission and spectra).
This approach has proven to be particularly valuable in the
identification of QPP drivers. Notably, W. Ashfield et al.
(2026) recently studied QPPs in chromospheric condensation
(e.g., D. R. Graham & G. Cauzzi 2015; H. P. Warren et al.
2016; D. R. Graham et al. 2020) observed at high cadence by
IRIS and the Swedish Solar Telescope. The condensation
QPPs were well-correlated with HXR QPPs at timescales of
about 32 s, providing strong evidence that bursty reconnection
acted as their physical driver (see also J. Lorincik et al. 2022).

HXR QPPs are of particular importance because they
directly trace the acceleration of nonthermal electrons and their
subsequent energy deposition in the lower atmosphere. The
strongest nonthermal HXR emission is usually localized in
compact HXR footpoints found along flare ribbons (see, e.g.,
the reviews S. Krucker et al. 2008; A. O. Benz 2017). The
dense chromosphere acts as a thick target, in which impacting
particles decelerate and emit bremsstrahlung radiation. The
HXR source reconstruction relies on indirect imaging
techniques, more recently provided by the Spectrometer
Telescope for Imaging X-rays (STIX; S. Krucker et al.
2020) on board Solar Orbiter (D. Miiller et al. 2020). For
recent studies of HXR QPPs with STIX, see, e.g., H. Collier
et al. (2023, 2024), R. J. French et al. (2024), Z. Szaforz et al.
(2025), and S. Purkhart et al. (2025).

HXR footpoints can exhibit complex motions. When
analyzed in tandem with ribbon dynamics, these motions offer
valuable insights into the spatial and temporal progression of
reconnection during flares (see Section 3.4. in L. Fletcher
et al. 2011, and references therein). In observations, HXR
footpoints often occur in pairs and spread away (e.g., A. Asai
et al. 2004; S. Krucker et al. 2005; A. R. Inglis & H. R. Gilbert
2013) or move parallel (see, e.g., L. Fletcher & H. S. Hudson
2002; S. A. Bogachev et al. 2005; A. R. Inglis & B. R. Dennis
2012) to the PIL. The former behavior is commonly associated
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with the ribbon separation, a consequence of the upward
progression of the reconnection site in time. The parallel
motions are consistent with the progression of recon-
nection along the ribbons as described by slipping reconnec-
tion in the framework of more complex 3D reconnection.
Despite this conceptual link, the spatiotemporal correspon-
dence between slipping reconnection and nonthermal HXR
emission remains largely unexplored. Observational evidence
of slipping reconnection traced by HXR footpoints is
exceptionally rare, limiting our understanding of how
energy released during slipping reconnection is distributed
along ribbons.

For instance, slipping reconnection, associated thermody-
namic evolution, and locations of HXR footpoints were
analyzed by J. Jing et al. (2017). This study showed
~10MK plasma propagating along the ribbon concurrently
with a 25-50keV HXR footpoint over roughly 13 minutes.
Recently, S. Purkhart et al. (2025) analyzed the spatiotemporal
evolution of ribbons, kernels, and HXR emission observed by
STIX. They identified long-period (3.4 minutes) QPPs in the
15-25keV STIX energy range that correlated well with the
appearance and subsequent slipping motions of kernels in one
of the ribbons under study. Furthermore, HXR footpoints
reconstructed during two QPPs roughly 4 minutes apart were
cospatial with compact UV kernels. Slipping reconnection is,
however, an inherently dynamic process and can occur
intermittently at much shorter timescales, down to only a
few seconds (J. Lorin¢ik et al. 2025b; Y. Zhang et al. 2025).
How QPPs at such short periods manifest across multiple
diagnostics remains largely unknown. Addressing this ques-
tion requires high-cadence (e.g., <10s) observations of
slipping dynamics and simultaneously HXR measurements
of nonthermal energy deposition. STIX has been involved in
several successful flare observing campaigns (D. F. Ryan et al.
2025), in some cases in coordination with IRIS, offering a
unique opportunity to tackle this observational challenge.

In this study, we analyze observations of a large M-class
flare from 2022 March 31 captured simultaneously by Solar
Orbiter/STIX and IRIS. This dataset is well suited to study
bursty flare energy release, as it combines multi-instrument
coverage of QPPs and slipping reconnection at high cadence.
STIX provides measurements of HXR flux and source
reconstruction powered by indirect imaging, while IRIS
surveys ribbon dynamics and spectra in chromospheric and
TR lines. We mainly perform four complementary diagnostics
that probe reconnection and energy transport: (1) HXR QPPs
and imaging to study the spatiotemporal distribution of
nonthermal electrons, (2) ribbon intensity pulsations to study
the intermittency of UV emission, (3) slipping reconnection to
study the progression of reconnection in QSLs, and finally
(4) Si IV spectra to probe the response of the TR to the episodic
energy deposition. By combining these diagnostics, we
provide a comprehensive view of QPPs and slipping
reconnection on short timescales.

This article is structured as follows. In Section 2 we describe
the data products used in our analysis. Section 3 provides a
brief overview of the event under study and the analysis of
slipping kernels. Section 4 presents the analysis of QPPs
detected by STIX and IRIS. In Section 5 we analyze the
magnetic environment of the flare and its relation to the
ribbons and HXR footpoints. Section 6 delves into IRIS
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spectroscopy. Finally, Sections 7 and 8 present the discussion
and summary of our results.

2. Data

In this manuscript, we primarily focus on UV ribbon
imaging observations from IRIS. IRIS is a UV
spectrograph operating in two_ far-UV (FUV; 1331.6 A-
1358.4 A and 1380.6 A-1406.8 A) and one near-UV (NUV;
2782.6-2833.9 A) bands. These bands contain numerous lines
formed across a broad range of temperatures between log T
[K]=3.7 and 7. The default wavelength resolution of IRIS in
the FUV and NUV bands is 0.013A and 0.026 A,
respectively. IRIS provides imaging context observations via
its Slit-Jaw Imager (SJI) that monitors the light reflected off
the instrument CCD. The native pixel size of IRIS is 0167,
and its spatial resolution of ~0.33 is limited by the Nyquist
criterion. The 2022 March 31 flare under study was observed
in a high-cadence observing program with 0.8 s cadence for
the spectroscopic sit-and-stare observations and 8 s cadence
for the SJI observations. The latter were taken in the
2796 A channel dominated by Mg II emission formed in the
chromosphere. In order to reduce the telemetry, the obser-
ving program employs spectral and spatial binning of 2, the
latter increasing the pixel size to 0.33. Level-2 IRIS data
were loaded and processed using the SolarSoft and
irispy-lmsal libraries.

Context imaging observations of the flare under study were
taken by the Atmospheric Imaging Assembly (AIA;
J. R. Lemen et al. 2012) on board the Solar Dynamics
Observatory (SDO; W. D. Pesnell et al. 2012). AIA provides
continuous full-disk images of the Sun at 1.5 spatial
resolution in three UV and seven extreme-UV (EUV)
passbands sensitive to emission with characteristic tempera-
tures of log(T [K]) =3.7-7.2 (B. O’Dwyer et al. 2010). AIA
observations are carried out by default at a cadence of 12's or
24 s, depending on the channel. AIA coordinate frames were
used for reference to coalign the datasets used in this work.
AIA and IRIS data were first corrected for differential rotation,
with the reference time set to 18:30 UT during the late
impulsive phase. SJI 2796 A snapshots taken close in time to
this instant were then cross-correlated with the AIA
1600 A observations using the auto align images
routine in SolarSoft. Shift of —1.75 in both X- and Y-
directions was applied to the SJI observations in order to reach
a reasonable coalignment between the IRIS and AIA data. In
addition, we found that AIA 304 A channel data were slightly
misaligned with other channels of AIA due to a brief failure of
the limb detection algorithm (AIA team, private communica-
tion). Manual comparison between locations of bright ribbon
emission observed in AIA 1600 and 304 A revealed that a shift
of X = —6” and Y = —1” had to be applied to the
304 A channel observations to correct for this error.

The magnetic environment of the flaring active region was
investigated using observations from the Helioseismic and
Magnetic Imager (HMI; P. H. Scherrer et al. 2012) on board
SDO. Here we used line-of-sight measurements of the
photospheric magnetic field strength (BrLps) and Space-
weather HMI Active Region Patch (SHARP) magnetograms
remapped to a Lambert Cylindrical Equal-Area projection.
AIA and HMI B; g observations were loaded and visualized
using sunpy(SunPy Community et al. 2020).
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The HXR emission of this flare was investigated using data
from Solar Orbiter/STIX (S. Krucker et al. 2020). STIX
detects photons of energies between 4 and 150keV at an
energy resolution of 1keV (at 6keV) at a cadence of up to
0.5 s during flares. The dataset under study was acquired at a
cadence of 0.5 s. STIX employs a Fourier-based technique for
source reconstruction that leads to a spatial resolution of ~7”
when the finest subcollimator is used. The STIX data were
processed and visualized using the stixpy package. Due to
Solar Orbiter’s unique orbit, STIX captured the flare from a
different vantage point compared to AIA and IRIS. To enable
qualitative data analysis, STIX observations were reprojected
to Earth’s view using SunPy. Reconstructed HXR footpoint
sources (Section 4.2) were then manually coaligned with the
locations of bright ribbon emission as observed in the AIA
1600 A channel. All STIX data used in this work were
corrected for the light travel time from the disk center of about
5.5 minutes. The difference between the light time from the
center disk and flare location was minimal.

Finally, in this study, we also used X-ray Sensor (XRS) on
the Geostationary Operational Environmental Satellite
(GOES) data with 1 s cadence to analyze the SXR irradiance
of the flare.

3. 2022 March 31 Flare
3.1. Event Overview

The event under study occurred in the NOAA active region
12,975 on 2022 March 31. Classified as an M9.6-class flare, it
was one of the first major flares captured in the high-cadence
observing programs of IRIS. Context observations of the flare
are presented in Figure 1. The temporal evolution of the SXR
fluxes observed in the 0.5-4 A (red) and 1-8 A (blue) GOES/
XRS channels are plotted in panel (a). The flare began after
18:22 UT. The impulsive phase was characterized by an
initially lower gradient of the SXR flux, lasting until about
18:27:30 UT. The flux gradient then steepened before the flare
reached its peak between 18:32 and 18:37 UT, after which the
flux started to slowly decay. The 4-16keV STIX lightcurve
(blue, panel (b)) resembles those of the GOES SXR fluxes.
Note that the STIX attenuator was inserted during the late
impulsive and peak phases of the flare. This most notably
effects the lower-energy bands of STIX. Signatures of the
20-32keV emission (orange) were first detected at about
18:26 UT and decreased to pre-flare levels roughly 12 minutes
later. Strong 32-50keV (green) and 50-100 keV (red) signal
was detected during the flare impulsive and peak phases,
between 18:27 and 18:38 UT. The lightcurves show clear
signatures of QPPs, further discussed in Section 4.1.

Panels (c)-(¢) and (f)—(h) present AIA observations in the
304 A and 131 A channels, respectively (the time progresses
from top to bottom). Two ribbons formed during the flare, one
in the northeast (R1) and the other in the southwest (R2). R1
was spatially coincident with the negative-polarity concentra-
tions of the photospheric field, indicated using the black
contours in panel (c). R2 corresponds to the positive flux
shown using the white contours. The brightest ribbon portions
were concentrated along the PIL in the central region of the
flare, in the middle of the field of view (FOV) plotted in
Figures 1(d) and (e). The ribbons were highly sheared and
asymmetric, with the brightest portions of R1 being at least
twice as long as those of R2 during most of the flare.
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Figure 1. Context observations of the flare. Panels (a) and (b) present SXR and HXR lightcurves observed by GOES and STIX, respectively, in different wavelength
and energy bands (see the legend for details). Panels (c)—(e) show the AIA 304 A channel observations of the ribbons, while panels (f)—(h) detail hot emission of the
flare in the AIA 131 A (the time progresses from top to bottom). The white and black contours in panel (c) correspond to HMI B o5 = 300 G. The colored contours
in panels (d) and (g) represent STIX HXR footpoints at 25% (black), 50% (gray), and 75% (magenta) of the maximum intensity in the integration period reprojected
to the Earth’s view. The white frame in panels (e) and (h) indicates the position of the SJI FOV, while the dashed line represents the IRIS slit. An animated version of
the 304 A (panels (c)—(e)) and 131 A (panels (f)—(h)) observations is available. The animations cover the time period between 18:15 and 18:45 UT with a real-time

duration of 6.25 s.
(An animation of this figure is available in the online article.)

The brightest flare kernels were coincident with a pair of HXR
footpoint sources (see also Section 4.2) plotted using the
colored contours in panel (d). The colors correspond to 25%

(black), 50% (gray), and 75% of the maximum intensity
integrated between 18:30:30 and 18:31 UT in the 32-50 keV
energy bands (see Section 4 for details). Both ribbons
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developed faint extensions, labeled “ext. R1” and “ext. R2” in
panel (d), visible immediately after the flare onset (panel (c)).
Ext. R1 exhibited a hooked J-shaped extension to the
northeast, indicative of the extent of the flux rope footpoints
rooted therein. The short R2 exhibited a separation motion
directed toward the south. The separation speed of about
v, ~ 20kms~', estimated during the flare impulsive phase
(18:28-18:31 UT), decreased to v, ~ 4 kms™! during the peak
and gradual phases (18:31-18:40 UT). The FOV of IRIS,
indicated in panel (e), captured the central flare region
exhibiting the brightest ribbon emission (panel (e)) and the
spectrograph slit crossed the ribbon R2.

Observations of the hot emission from AIA 131 A reveal a
compact bundle of flare loops (Figure 1(f)) between R1 and R2
visible immediately after flare onset. Most of the flare loop
arcade developed during the impulsive phase (panels (g) and
(h)). Interestingly, while some faint flare loop emission
stretched to ext. R1 in the northeast, a majority of their
footpoints were spatially coincident with the HXR footpoints
(panel (g)). This suggests more efficient chromospheric
evaporation filling the hot loops from the ribbon regions
corresponding to the HXR footpoints (Section 7.3). Since the
Fe XXI 1354.1 A IRIS line was not observed in this flare, we
did not analyze it further. The flare was followed by a faint
coronal mass ejection visible after ~19:00 UT in corona-
graphic observations from the Large Angle Spectroscopic
Coronagraph (G. E. Brueckner et al. 1995) on board the SOHO
mission.

3.2. Flare Kernel Dynamics

The flare ribbons were composed of numerous flare kernels
primarily exhibiting formation and dynamics during the flare’s
impulsive and peak phases. To highlight the dynamic
substructure of the ribbons and suppress the slowly varying
background, in Figure 2 we plot running-difference (RD)
2796 A SJI observations with the time difference of 1 frame
(8 s; see also the animated version of the figure). The earliest
signatures of ribbon emission were detected at ~ 18:23:30 UT,
soon after the flare onset, in the form of faint kernels in R1 and
R2 highlighted using the cyan arrows plotted in panel (a). The
kernel intensities were slightly increasing in the course of the
following 2 minutes (panel (b)), while R1 and R2 started to
elongate after 18:27:30 UT, at which their intensity rapidly
increased (panels (c) and (d)). As Rl elongated, a bright
portion of its extension (ext. R1) briefly reached beyond the
SJI FOV in the northeast (see Figure 2(d) and Figure 1(d)).
The brightest parts of R2, on the other hand, did not elongate
past the extent of the SJI FOV (see Figure 2(e) and
Figure 1(d)).

The adjacent black and white blobs, clearly seen in
Figures 2(d)—(g), are representative of intensity increase and
decrease between the neighboring locations and time frames.
This pattern is indicative of apparent kernel slipping motions
along the ribbons and R1 in particular. To study the kernel
dynamics, we employ time—distance diagrams (stackplots; e.g.,
J. Dudik et al. 2014; T. Li & J. Zhang 2015; J. Lorincik et al.
2019) produced using artificial cuts plotted as the yellow
dashed arrows along R1 and R2 (panel (e)). The cuts were
chosen to match the brightest portions of the ribbons for as
long as possible during the flare impulsive phase. Due to the
difference in ribbon lengths discussed above, the curved cut
along R1 is longer than that for R2, which is straight. The RD
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intensities were averaged across 2” half-width of the cuts. This
average was used in order to account for the slow ribbon
separation and small deviations between the ribbon fine
structure from the central cut location, at the expense of a
slight reduction in spatial resolution and a decreased sensitivity
to the finest resolvable ribbon structures.

The resulting stackplots for R1 and R2 are plotted in
Figures 3(a) and (c). The inclined stripes visible therein
represent the slipping kernels. The motions of the kernels
intensify after about 18:27 UT, at the same time as the rapid
rise of the GOES SXR flux (Section 3) and STIX QPPs
(Section 4.1). The stackplots indicate a higher number of
kernels along R1 (panel (a)) compared to R2 (panel (c)).
Within R1, the kernels were the most numerous between
locations /212 and 27” of the cut, corresponding to the curved
part of R1 (see, Figure 3(a) and Figure 2). Most of the slipping
motions were directed toward the hooked ext. R1 in the
northeast (Section 3). We estimate the kernel slipping
velocities Vg, parallel to the PIL by using linear fits to
selected kernels traces. The fits are plotted using the yellow
dotted lines in panels (b) and (d) for the stackplots plotted in
panels (a) and (c), respectively. The fits are indicative of
relatively low v, between 16 and 75 km s~ ! in both ribbons.
These measurements are similar to those reported in previous
analyses of eruptive flares (e.g., J. Dudik et al. 2014, 2016;
T. Li & J. Zhang 2014), but are lower (by up to 2 orders of
magnitude) than the vg;, values recently measured in confined
flares (J. Lorin¢ik et al. 2025a; Y. Zhang et al. 2025),
interpreted as evidence of slip-running reconnection. Promi-
nent kernels traces disappear after ~18:37 UT. Kernel
formation and motions were no longer discernible after the
flare peak, as can be seen in Figure 2(h) and its animated
version.

It ought to be noted that, while still high, the 8 s cadence of
the SJI observations employed in this dataset might have
hindered the identification of faster kernels (J. Lorincik et al.
2025a), if any. The contrast between ribbon emission and
surrounding structures as observed in the SJI 2796 A channel
can also be lower compared to the 1330A and 1400 A
channels (J. Lorincik et al. 2025a), further decreasing the
probability of detection of faster kernel motions or even finer
ribbon substructure. Nevertheless, this limitation does not
significantly affect our analysis, as we do not focus on fast
kernel dynamics consistent with slip-running reconnection.

4. Quasiperiodic Pulsations
4.1. STIX and GOES Time Series

Figure 4 presents GOES and STIX lightcurves exhibiting
signatures of QPPs. Panel (a) shows the time derivative of the
GOES 1-8 A SXR flux in the time period starting from before
the flare onset until the early gradual phase. The lightcurve was
smoothed using the Savitzky—Golay filter with the window
duration of 10s and a third-order polynomial in order to
suppress the noise, while retaining both short- and long-period
variations in time. The lightcurve shows QPPs starting at about
18:27 UT and lasting throughout the entire period plotted
therein. The stars indicate peaks identified automatically using
the find peaks routine in SciPy (P. Virtanen et al. 2020).
The peak selection satisfies two criteria: (1) their prominence
must be >3¢ estimated in the pre-flare period (17:43-18:20 UT),
and (2) the peak duration must be at least three time bins.
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Figure 2. IRIS/SJI 2796 A running-difference (RD) observations of the ribbons during the flare impulsive (panels (a)—(f)) and peak (panels (g) and (h)) phases. The
images are saturated to =100 DN s ™', and the white color corresponds to intensity increase. The cyan arrows in panel (a) highlight weak, incipient flare ribbon
emission at the flare onset. The yellow dashed arrows in panel (e) indicate artificial cuts used for producing the time—distance diagrams plotted in Figure 3. An
animated version of the SJT 2796 A RD observations is available. For reference, the animation also shows level-2 SJT 2796 A channel observations used to produce
the RD time series. The animations cover the time period between 18:15 and 18:45 UT with a real-time duration of 9.13 s.

(An animation of this figure is available in the online article.)

Inspired by B. P. Clarke et al. (2021), here we estimate the
QPP period using a simple scatterplot showing the peak index
on the horizontal axis and peak time on the vertical axis (panel
(b)). The QPP period P is then inferred from the slope of the
linear fit to the data points. This approach provides dominant
timescales of the pulsations, rather than a statistically robust
periodicity determination. Simple linear fit (brown line) is
indicative of P = 27.8 4+ 0.7s. A second linear fit plotted in
cyan, weighted by the peak prominence (hereafter peak-
weighted, “PW?), is indicative of P = 27.1 4+ 0.8 s. Most of
the data points are well represented by the linear trends, except
for the peaks indexed 1-4 and a few outliers among the peaks
indexed 12-17. Taking both measurements and their uncer-
tainties into account, the resulting period of the GOES
1-8 A flux time derivative QPPs is 26.3 < Pgogs < 28.5s,
aligning with previous measurements (e.g., L. A. Hayes et al.
2020). Note, however, that the nonstationary nature of the
QPPs underlines the fact that these period estimates should be
regarded as an average timescale of recurrence, not a strictly
constant oscillation period.

Figure 4(c) shows the STIX time series in the 32-50 keV
energy bands, summed across all detector pixels and smoothed
using the same technique as the GOES lightcurve in panel (a).
The lower energy limit of 32keV was chosen to exclude
contributions from the flare’s thermal emission, which we
verified by HXR spectral fitting (not shown). STIX time series
at energies > 50 keV exhibited the same pulsations but were

noisier, which motivated the choice of the higher-energy limit.
The STIX QPPs in these well-representative time series were
again identified automatically, but we increased the peak
prominence criterion to only flag the strongest QPPs during
which the HXR source reconstruction was performed (see
Section 4.2). The slope of the linear fit to the peak times,
plotted using the brown line in panel (d), is indicative of
P = 495 £ 5.6s. The peak-weighted linear fit (cyan)
corresponds to a lower period P = 40.6 £ 4.7 s. The disparity
between the measurements stems from the fact that the
strongest QPPs were visible between 18:28 and 18:32 UT
(panel (c)) during the impulsive and early peak flare phases at
which the QPPs were more frequent. Combining both period
estimates results in 35.9 < Pgtrx < 55.1 s for the QPPs in the
32-50keV bands in the entire time period of interest. The
increased spacing between the data points corresponding to the
peaks indexed 5-11 suggests an overall increase in the QPP
period over time. This is either due to decay in QPP
recurrence, or reduced detectability. In particular, the last
two pulsations in the time series occurred after a period of ~2
minutes between 18:34 and 18:36 UT when no QPPs were
detected. Limiting the linear fits to the peaks observed between
18:27 and 18:34 UT (dotted fits) leads to the decrease of the
QPP period to 30.7 < Pstix < 38.8's, closer to the periods of
the GOES (see above) and IRIS QPPs (Section 4.3). This
result means that the frequency of the strongest nonthermal
QPPs was the highest during the flare impulsive phase.


https://doi.org/10.3847/1538-4357/ae61ad

THE ASTROPHYSICAL JOURNAL, 1003:95 (21pp), 2026 May 20

N N
o (62}

(6}

Pos. along cut [arc sec]

18:30
Time [UT]

18:26 18:28 18:32 18:34 18:36

Pos. along cut [arc sec]

18:24 18:26 18:28 18:30

Time [UT]

18:32 18:34 18:36

dy00) YxXH

*djo0) YXH

Lorincik et al.

18:26 18:28 18:30

Time [UT]

i
i
* i l
754”‘5‘ 33.5km s~
39&'; K s~
fz]s 1 ] A

Rk s™ 394kmsl

18:32 18:34 18:36

18:24 18:26 18:28 18:30

Time [UT]

18:32 18:34 18:36
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4.2. HXR Footpoint Sources

Next, we performed the HXR source reconstruction during
the time STIX detected QPPs in the 32-50keV bands, as
discussed in the previous section. For this task, we employed
the MEM_GE algorithm (P. Massa et al. 2020) implemented in
stixpy. We considered 10s short integration windows
during the QPPs indicated using the star symbols in
Figure 4(c). For the purposes of the source reconstruction,
we chose appropriate background observations taken the day
after the flare, during a period with no signs of increased
activity.

Figure 5 presents the STIX 32-50 keV sources as contours,
plotted on top of AIA 1600 A snapshots, which detail the
structure of the ribbons during the impulsive phase. The
contours correspond to 50% of the maximal intensity (/,x) in
each frame and were colored to distinguish between the
integration times (see the legend for details). Since the
emission above 32 keV was nonthermal, the contours represent
HXR footpoints as sites of nonthermal energy deposition from
the reconnection site (Section 5). HXR footpoint sources were
reconstructed for eight out of 12 QPPs under consideration,
yielding 7 x 10°-2.3 x 10* counts in each STIX map where
the source reconstruction was successful. The reconstruction
was not reliable in four integration windows, corresponding to
the QPP at &~18:29:45 UT as well as the last three QPPs in the
STIX time series (Figure 4(c)), due to low counting statistics.
Because of the limited dynamic range of the indirect imaging
(see Section 7.3) and the short 10 s integration windows, image
reconstruction artifacts appear in the images at intensity
fractions below 50% of the I,,x. To inspect the appearance of
the signal sources at relatively lower fractions of the I,,x, we
also increased the integration time to 20 s. This increased the
signal-to-noise ratio in the reconstructed images, yielding

reliable reconstruction down to 30% of the I, (not shown).
Since the contours appeared qualitatively similar to those
corresponding to 50% of the I,,x assuming 10s integration
windows, we opted to focus on the original reconstruction.

The reconstructed sources are compact, spatially coincident
with bright sections of R1 in the north and R2 in the south as
well as flare loop footpoints (Section 3). Except for a slow
motion of the source in R2, corresponding to the ribbon’s
separation (Section 3), the sources did not exhibit any
organized or continuous motions. Interestingly, we found
two secondary footpoint sources in the northeast (green
contours in Figure 5) during two integration windows starting
at 18:28:39 UT and 18:28:58 UT. This is roughly 30 s after R1
started to elongate and form ext. R1 just to the northeast of the
contours, visible in Figure 1(d) and the animated version of
Figure 2. These secondary sources disappear when plotting
contours corresponding to >50% of the In,yx.

We also studied how the locations of the HXR footpoints
relate to the signatures of kernel slipping motions
(Section 3.2). The green bars in Figure 3 indicate the relative
position of the HXR footpoints, as indicated by the 50% STIX
contours, to the cuts used for producing the stackplots. The
HXR footpoints’ locations overlap with the sites of the
strongest UV intensity change: roughly at 4’-8" of the cut in
R1 and 212”7 in R2. Because the inclination of the kernel
traces (fitted lines) in these regions was low, the RD variation
must have stemmed from slow (or even stationary) but
pulsating kernels. Because the footpoint in R2 spans most of
the ribbon extent as observed by SJI, it also overlaps with
traces of the few slipping kernels therein (Figures 3(c)
and (d)).

A more peculiar result concerns the relative position of the
kernels and the source extent in R1. Figures 3(a) and (b) shows
a majority of kernel traces between the primary and secondary
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HXR footpoints (the latter observed only around 18:29 UT).
Several faint kernels emerged at locations cospatial with the
stationary primary source, but they slipped away toward the
northeast, where HXR footpoints were not identified. In those
portions of R1, we did not find signatures of significant
(I > 50% of I,,x; see Figure 6(a)) or even weaker (I > 30% of
Inax) HXR emission, in the latter case using the longer 20 s

integration (Section 4.2). This absence of the reconstructed
sources might reflect that the HXR emission was weaker or
absent. While we cannot exclude the possibility that some
HXR signal was still present, albeit below the dynamic range
of STIX, the result that the nonthermal electron energy
deposition into the primary footpoint dominated the deposition
elsewhere along R1 still holds. This lack of strong nonthermal
electron energy deposition into slipping kernels is another
important result of our study. Further discussion regarding its
significance as well the as limitations of indirect imaging is left
for Section 7.3.

4.3. Pulsations of Flare Ribbon Intensities

Having located the sources of strong HXR signals, we now
proceed to study the intensity evolution in regions of interest
along flare ribbons, as observed in the SJI 2796 A channel.
Although the IRIS FOV did not contain the entirg: flare, its 8 s
cadence is higher than that of the AIA 304 A (12s) and
1600 A (24 s) channel data. AIA 304 A observations are also
contaminated by the emission of the overlying flare loop
arcade (Section 3), which complicates the analysis of ribbon
intensities. In analogy with Section 3.2, we use the RD data
with the time difference of 1 snapshot in order to suppress
contributions from the background emission while high-
lighting the intensity change along the ribbons. Unlike the
STIX & GOES lightcurves, the RD SJI lightcurves were
neither further smoothed nor detrended.

Figure 6(a) presents an SJI 2796 A RD snapshot of the
ribbons overplotted with the HXR footpoints (Section 4.2).
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Figure 6. Panel (a) presents SJI 2796 A RD observations of the flare overplotted with 32-50 keV footpoint sources reconstructed during the QPPs (the same as
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legend for details). The IRIS/SJI lightcurves were obtained in the boxes of same colors plotted in panel (a).

The yellow arrows represent the artificial cuts used to produce
the stackplots for studying the kernel dynamics (Section 3.2).
The RD intensity change was summed in four subregions
designated using the colored boxes S1, S2, R1s1, and R1s2 in
the same figure. S1 (purple) and S2 (red) were chosen to study
the intensity variation within the extent of the stationary HXR
footpoints in R1 and R2, respectively. The orange boxes R1s1
(dotted) and R1s2 (dashed) were used to study the intensity

variation due to the kernel dynamics in R1, where the slippage
was the most prominent (Section 3.2). The Rl1s2 box
represents a subregion within R1sl, which, however, does
not overlap with the HXR footpoints (Figure 6(a)). Light-
curves summed across the entire ribbons R1 and R2, as
observed by IRIS/SJI, are discussed in Appendix A.
Normalized lightcurves obtained in these four boxes are
plotted using the same colors in Figure 6(b). The lightcurves
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are composed of numerous nonstationary pulsations, which are
either positive, representing an overall intensity increase, or
negative due to an intensity decrease. Because the ribbon
substructure was dynamic, the RD time evolution is a net
effect of (1) the intensity change due to slipping kernels, (2)
the intensity change in stationary kernels, and, to a small
extent, (3) the slow ribbon separation in the case of R2. The
SJI lightcurves are plotted with respective error bars. Since the
propagated photon noise was negligible for these SIJI
observations, the error bars correspond to o, where o is the
standard deviation calculated in the pre-flare phase between
the start of the IRIS dataset (=~17:43 UT) and 18:05 UT. These
noise estimates are further used in Section 4.4.2. Note that
because no further processing was applied to the RD time
series, these lightcurves are equivalent to the forward time
differentiation of SJI lightcurves obtained by summing level-
2 data.

The purple (S1) and red (S2) lightcurves exhibited strong
variation roughly between 18:27 and 18:34 UT during the flare
impulsive phase. The intensity evolution is very similar, as
both lightcurves exhibited similar simultaneous or near-
simultaneous pulsations. This similarity is indicative of a
coherent UV emission response in the stationary HXR
footpoints. The intensity oscillation in the orange R1s1 (solid)
and R1s2 (dashed) lightcurves started soon after the flare onset
and continued beyond the flare peak. The amplitude of the
variation before ~18:27 UT is relatively low, but we verified
that even the lowest SJI peaks can still be associated with weak
kernel emission (see Figure 2(a) and its animated version).

The analysis of SJI QPP periods using the same method as
employed in Section 4.1 is presented in Appendix Figure Bl
and discussed in Appendix B. We found that peaks stronger
than 30 appeared at timescales ranging roughly between
25 < Pgy; < 34 s, depending on the box and the fit used to infer
the quasiperiod. The longest-period oscillation of
31 < Pgy < 34s was found in the box S1. Pulsations in S2
and R1s2 exhibited 25 < Pgj; < 26s. The latter implies that
the peaks induced by the slipping kernels away from the HXR
footpoints occurred at relatively higher frequency.

4.4. Correspondence between the SJI and STIX Lightcurves
4.4.1. General Considerations

In Figure 6(b), we also plot the time evolution in the
32-50keV (green) and 4-16keV (black) energy bands of
STIX as well as the time derivative of the 1-8 A SXR flux
detected by GOES (blue). The black lightcurve was padded
roughly after 18:28 UT, when the lower-energy STIX bands
started to be attenuated (Figure 1(b)). For plotting purposes,
the smoothed (Section 4.1) GOES and STIX lightcurves were
additionally detrended using a moving average window with a
duration of 30s. By visual inspection of the lightcurves, we
verified that the detrending did not produce any artificial peaks
(or troughs) along the lightcurves. We did not estimate the
QPP period in the 4-16keV STIX lightcurve, as it was
attenuated during most of the flare impulsive phase. Never-
theless, it is worth noting that the black lightcurve shows a
discernible modulation after ~18:24 UT, roughly 3 minutes
before the QPPs were detected in the higher-energy 32-50 keV
bands (green). While the amplitude of the initial modulation is
much lower compared to the pulsations visible after ~18:26:30

10

Lorinc¢ik et al.

UT, it is still statistically significant, as we found o of these
data to be negligible.

Comparison of the UV SJI and HXR STIX lightcurves in
Figure 6(b) merits several remarks. The early 4-16keV
modulation was cotemporal with the signal variation along
the R1sl, R1s2 lightcurves (orange) in the same period of
time, suggestive of a physical link between the time series.
However, we verified that the majority of the 4-16keV
emission at those times originated in the southern ribbon R2
and not R1 in the north, where these kernel-driven UV signals
were measured. The oscillatory patterns along R1sl, R1s2
were also observed beyond the strongest 32-50keV QPPs,
cotemporal with discernible, albeit noisy variation captured by
GOES (see the orange and blue lightcurves). These obser-
vables show evidence that the UV intensity signature of kernel
formation and slippage persisted for a longer period of time
than the 32-50keV HXR QPPs, as well as the UV pulsations
captured in the HXR footpoints. This result is further discussed
in Section 7.2. Finally, some of the higher-energy STIX QPPs
seem to be synchronous (within the 8 s SJI cadence) with the
pulsations in the SJI lightcurves. This likeness is particularly
the case for the S1 and S2 lightcurves that are, between 18:27
and 18:34 UT, very similar to the 32-50 keV time evolution
plotted in green.

4.4.2. SJI and STIX Peak Heatmaps

The correspondence between the SJI and STIX 32-50 keV
pulsations (Section 4.4.1) was studied using simple peak
heatmaps. The heatmaps (Figure 7) compare the detrended
STIX 32-50keV lightcurve (black) with the SJI RD light-
curves (gray) in the four boxes S1 (panel (a)), S2 (b), R1sl1 (c),
and R1s2 (d). Because the data of the two instruments have
different time resolution, 8 s for SJI and 0.5 s for STIX, the
lightcurves were interpolated to a fixed time binning of 8s.
Colored bars plotted therein indicate instances containing
peaks in the pair of lightcurves. A 3¢ peak detection criterion
was employed for the SJI lightcurves (see Appendix B for
details). For the STIX lightcurve, we focused on the strongest
QPPs discussed in Section 4.1. The yellow vertical bars mark
peaks with no corresponding pair in the second lightcurve. The
orange bars flag peaks with a pair in a neighboring time bin.
Finally, the magenta bars indicate times containing perfectly
overlapping peaks in the lightcurve pair. In the top-right of
each panel, “overlap” values are listed. These are defined as
the ratio between the number of close and perfectly over-
lapping peaks to the total number of peaks in both lightcurves.
The two overlap values correspond to either the entire time
range plotted in Figure 7, or the overlap between 300 and 700 s
after the start of the plotted time range, when most of the HXR
QPPs occurred. Note that the overlap simply quantifies
temporal co-occurrence within the 8 s heatmap time resolution
and should not be interpreted as a statistical confidence level.

The overlap between the pulsations in the STIX and SJI S1
and S2 lightcurves is up to ~70% when the shorter time range
is considered. Strikingly, as indicated by the numerous red
bars between ¢t = 360-530 s in panel (b), the STIX and SJI S2
pulsations (panel (b)) were coherent over a period of more than
2 minutes. The overlap is 67% in the box R1s1 (panel (c)) and
decreases to 56% in R1s2 (panel (d)) in the same time frame.
The similarity between overlaps in S1 and R1sl stems from
the fact that R1sl still extends to the HXR footpoints in the
ribbon R1 (Figure 6). When the entire time period is
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considered, the overlaps decrease to only 35% in the boxes
R1sl and R1s2. This decrease is caused by the lack of the
32-50keV HXR QPPs during the first ~300s of the time
series.

The heatmap analysis indicates that most of the HXR QPPs
can be associated with an RD intensity pulsation in UV
captured by IRIS/SJI in source regions of said QPPs. This
spatiotemporal correspondence between the HXR and UV
pulsations implies that both HXR bremsstrahlung and UV
emission, originating in the lower atmosphere, respond to the
flare energy release close in time and space (Section 7). The
correlation between the intensity variations induced by the
slipping kernels and the HXR QPPs is lower. The UV intensity
variation set on minutes before the HXR QPPs, and the
slippage was the most prominent outside of the strongest HXR
footpoints (Section 4.2). It is worth noting that the thermal
4-16keV STIX lightcurve does show variations in the first
~300 s of the time series, which are absent in the high-energy
STIX bands (Section 4.4.1). We also investigated peak
heatmaps comparing the lower-energy lightcurve to the SJI
R1sl and R1s2 lightcurves, but we did not find overlap
exceeding 33% (not shown). Therefore, even though the
lower-energy HXR emission exhibited variation during the
period of early kernel formation and slippage, it was only
weakly correlated with the intensity variation induced by these
early kernels. This weak correlation reflects the fact that R1s1
and RI1s2 trace intensity changes induced by the slipping
kernels, not a direct energization into the HXR footpoint.
Furthermore, the source reconstruction identified dominant
sources of this emission in R2, rather than R1, which was
distinguished by prominent kernel slippage.

5. Three-dimensional Magnetic Reconnection and
Topology

The indirect imaging of STIX (Section 4.2) showed that
32-50 keV QPPs received dominant signal contribution from a
pair of stationary HXR footpoints corresponding to portions of
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R1 and R2 in the central flare region. Here, we investigate the
footpoint locations and ribbon morphology in the context of
the magnetic environment in which the flare occurred. In
particular, we analyze the spatiotemporal distribution of the
squashing factor Q, whose high values (Q > > 1) indicate the
presence of QSLs as preferred locations for 3D reconnection
(Section 1).

In order to calculate Q, we first performed nonlinear force-
free field extrapolations of four SHARP magnetograms
acquired by HMI between 18:12 and 18:48 UT at a cadence
of 12 minutes. The NF2 package (R. Jarolim et al. 2023) was
employed for this task, while enforcing the divergence-free
condition. The credibility of the model was verified by
integrating field lines in the AR12975, which were found to
closely resemble coronal loops observed in the AIA
171 A channel. In addition, the quality evaluation metrics of
the extrapolation were comparable to those discussed in
R. Jarolim et al. (2024, see Appendix A therein). A 3D
distribution of Q was calculated using the FastQSL code
(P. Zhang et al. 2022), implemented as an optional output
metric in NF2. To validate our results, we also obtained Q
using QSLSquasher (S. Tassev & A. Savcheva 2017). This
was performed in one of the extrapolated magnetograms only,
as photospheric magnetograms showed little evolution during
the flare. The distribution of Q was found to qualitatively agree
with that resulting from FastQSL, in agreement with the
analysis presented in P. Zhang et al. (2022).

The spatial distribution of Q at z = 1Mm above the
photosphere during the flare impulsive and peak phases is
plotted in Figures 8(a) and (b), respectively. QSL footprints
associated with the flare are located in the center of the FOV
plotted therein. We observed little evolution of Q,_; between
the two snapshots, with the key features visible already at
18:12 UT (not shown), roughly 20 minutes before the flare
peak (see Figure 5 of J. Zhao et al. 2016). The QSL footprints
at 18:24 UT, delineated using the cyan log;o (Q) = 3 contours,
qualitatively correspond to the location and shape of the
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Figure 8. Panels (a) and (b) show the O maps at z ~ 1 Mm above the photosphere at 18:24 and 18:36 UT, respectively, during the impulsive and peak flare phases.
Panel (c) presents the distribution of the photospheric B og saturated to 1000 G. Ribbon observations from the AIA 304 A channel at 18:30 UT are presented in
panel (d). Cyan contours in panels (c) and (d) correspond to log;o (Q) = 3 and delineate QSL footprints. The colored contours in panel (c) delineate HXR footpoints
(see Section 4.2 for details). Panels (e) and (f) show a 3D rendering of Q at 18:24 UT from two different vantage points of the flare central region. The blue arrows

indicate a possible reconnection site at the intersection of QSL volumes.

ribbons observed 6 minutes later in the AIA 304 A channel
(panel (c)), in agreement with previous literature (see Section
3.3. in review J. Dudik et al. 2025). They follow the complex
PIL separating the positive- and negative-polarity flux
distributions observed by the HMI (panel (d)). Comparison
of panels (c) and (d) reveals that the short ribbon R2 was
spatially coincident with a strong and compact positive-
polarity flux concentration with Byog up to ~1200G. The
longer R1 formed in spatially inhomogeneous negative-
polarity flux regions with strengths typically |Byos| < 500G,
but increasing to |Bros| > 1000G above Y =309". The
hooked extension of R1, located in the northeast, follows a
high-Q (log,( (Q) > 7, black) footprint in the same region (see,
panels (a) and (c)). Q — oo values are indicative of true
separatrices. It is, however, likely that the precision of the Q
calculations at the peripheries of the FOV was limited here by
the size of the domain. The bottom row of Figure 8 presents a
3D rendering of Q at 18:24 UT from two different vantage
points zoomed into the central flare region. The blue arrow in
panels (e) and (f) points to the intersection of QSLs volumes.
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Located at an altitude of about 8 Mm between R1 and R2, this
intersection of high-Q volumes is a likely candidate location
for connectivity changes associated with reconnection. It
projects to an elongated ellipse-shaped QSL footprint at
X = 690", Y ~ 285" visible in Figure 8(a).

The colored contours in Figure 8 delineate the HXR
footpoint sources during the QPPs detected by STIX in the
32-50keV bands, the same as those plotted in Figure 5 and
discussed in Section 4.2. The two sources were rooted in
regions where the line-of-sight field strength differed by up to
2 orders of magnitude. The southern footpoint was located in
the strong-field region with By g of around and exceeding
1000 G (analogous to R2). The northern source was observed
in comparatively moderate fields, with By og typically below
500 G. Consistent with the morphology of R1 and R2, the
HXR footpoints’ locations correspond to QSL footprints.
Nonthermal electrons released by reconnection thus precipi-
tated into locations with high connectivity gradients, i.e.,
hosting field lines likely to partake in reconnection, in
agreement with the standard flare model and its 3D extensions.
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Figure 9. Maps of the intensity (panel (a)), Doppler velocity (panel (b)), and broadening of the Si IV 1402.77 A line inferred using the moment analysis as a function
of time during the flare impulsive and peak phases. The black arrows denote cuts used to track the moments in the ribbon’s emission under slit in time. Panel (d)
compared the HXR 32 — 50 keV (green) and the SJI S2 (red) lightcurves with those of the moments averaged across the four cuts in time. The black, magenta, and
brown lightcurves correspond to the Si IV intensity, Doppler speed, and broadening, respectively. The dots along the green lightcurve indicate major HXR QPPs. The
colored dots along the remaining lightcurves mark pulsations associated with HXR QPPs.

The comparison between the spatial extent of the HXR
footpoints and the QSL footprints suggests that recurrent
nonthermal energy injection from the reconnection site was
dominant within a relatively compact loop system anchored
roughly 20 Mm on either side of the reconnection site in both
R1 and R2. As evidenced by the spatial distribution of Q as
well as that of the ribbons, this loop system was embedded in a
large-scale QSL where energy deposition was weaker. The
spatial inhomogeneity in the distribution of the reconnected
energy is discussed in Section 7.3.

6. IRIS Spectroscopy

The IRIS slit crossed the compact ribbon R2 in a region
coincident with the HXR footpoint therein (see, Figures 1(d)
and (e)). Here, we briefly discuss the temporal evolution of the
SiIv 1402.77 A spectra captured at a very high cadence of
~0.8 s. For analyses of high-cadence observations of different
events, see, e.g., J. Lorin¢ik et al. (2022, 2025b) and W. Ash-
field et al (2026). In the flare under study, the SilV
1402.77 A line exhibited complex multlcomponent profiles,
similar to those recently reported in another M-class flare
(W. Ashfield et al. 2026). The proﬁles often consisted of at
least three components in emission, correspondmg to the rest
wavelength, a weakly redshifted (vp <70 kms™ 1) but strong
component, and another highly redshifted (vp $200kms™ D)
weaker component. In certain locations, we also observed weak
traces of absorption features due to Fell lines as well as weak
self-absorption at the rest wavelength. Unlike W. Ashfield
et al. (2026), who employed six-Gaussian fits to assess the
components’ behavior in great detail, here we, for simplicity,
study the spectra using moments. Because the profiles were
broad, redshifted, and the respective spectral window can

contain several weak intercombination lines (V. Polito et al.
2016a; P. R. Young et al. 2018), the moments were calculated
over the wavelength range of —09A to +1.5A from the
laboratory rest wavelength (1402.77 A) Prior to the moment
calculation, we performed subtraction of the FUV continuum
averaged between 1405.01 and 1405.71 A. The first moment
(centroid) was used to obtain the Doppler velocity, calculated
using the reference wavelength of 1402. 77 A (G. D. Sandlin
et al. 1986). The line broadening is here expressed in terms of
the standard deviation (o) calculated as the square root of the
second moment (variance).

Figure 9 presents the spatiotemporal distribution of the Si IV
intensity (panel (a)), Doppler velocity (panel (b)),
broadening (panel (c)) along the IRIS slit in time. The SiIv
intensity increase set on after about 18:28 UT, at which the
kernels composing R2 appeared in the location scanned by the
slit. The total line intensity exhibited a strong maximum at
about 18:30 UT. Interestingly, the intensity exhibited oscilla-
tory patterns visible as adjacent blobs around 18:33 UT and
18:35 UT, highlighted using the cyan frames in panel (a). The
line was consistently redshifted due to chromospheric
condensation, exhibiting downflows at speeds up to
vp100kms™ ! as indicated by the moments (panel (b)). As
seen in panel (c), the line broadening peaked roughly 30 s after
the intensity maximum at ~18:30:35 UT.

The slanted arrows in panels (a)—(c) track the evolution of
the moments in different pixels within the separating ribbon
(Section 3). The line intensity, Doppler speed, and broadening,
averaged across the four arrows as a function of time, are
plotted in Figure 9(d) (see also Appendix Figure C1). To
maintain consistency with the analysis of the STIX and GOES
signals, the lightcurves were first detrended to remove the
slowly varying components and subsequently smoothed using
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the same procedure and detrending windows as discussed in
Section 4.4.1. For comparison, this panel also shows two
lightcurves from Figure 6: the detrended 32-50 keV lightcurve
observed by STIX (green) as well as the SJI RD intensity
variation in the box S2 (red).

These spectral properties exhibited clear temporal variation.
The line intensity evolution (black) aligns with that inferred
from the inspection of the intensity map in Figure 9(a),
indicative of the strong pulsation at 18:30 UT and the two
series of lower-amplitude pulsations at 18:33 UT and 18:35
UT. The pulsation period (Appendix C) estimated over the
entire time interval is Ps;rv; &~ 30 s, similar to the roughly 27 s
period estimated using the SJI data in the same region
(Appendix B). The intensity oscillation period, however,
lowers to about Pg;jy; &~ 19 s for the pulsations detected after
a brief period of weak signal around 18:32 UT. The
oscillations were most prominent in the Doppler velocity
lightcurve plotted in violet, with the estimated period Ps;ryy,, of
about 22s. Note that the Doppler velocity also exhibited
pulsations at about 18:31:30 UT and 18:34 UT, at which no
corresponding intensity pulsations were detected. The broad-
ening lightcurve (brown), although encumbered by higher
uncertainties, exhibited several pulsations coincident with
those of the Doppler velocity at Ps;ryv, = 20s. This relation-
ship could be due to the fact that the broadening, inferred from
the moment analysis, is intimately related to the Doppler
velocity, whose variability can be dominated by the secondary
redshifted component (J. Lorin¢ik et al. 2022). At the same
time, a broadening pulsation at 18:28:30 UT appears to be in
antiphase with corresponding Doppler velocity pulsations.
Studying the degree of coherence between the pulsations of
different spectral properties was beyond the scope of this
work, but merits the attention of future studies.

Here, we instead focus on the correlation between the SiIv
spectral pulsations and the QPPs captured by STIX in the
32-50keV bands. In Figure 9(d), prominent HXR QPPs are
marked for clarity using the colored dots along the green
lightcurve. In the remaining lightcurves, we only highlight
pulsations occurring during or close in time to the STIX QPPs.
As we already established in Sections 4.4.1 and 4.4.2, the HXR
lightcurve was well-correlated with RD intensity pulsations
captured by the SJI in ribbon subregions corresponding to the
HXR footpoints. Indeed, the green and red lightcurves exhibit
many peaks occurring within 8 s from each other. The SiIv
intensity (black) and Doppler velocity (violet) exhibit six
pulsations (of low amplitude in the former case), which
occurred within 5s from the corresponding HXR QPPs. Six
HXR QPPs also overlap with the broadening pulsations
(brown), although this number should be interpreted cautiously
due to the presence of the noise. There are also several
noteworthy discrepancies between the HXR and SiIV light-
curves (see also Section 7.2). The strongest SilV intensity
pulsation at 18:30 UT, as well as prominent Doppler velocity
and broadening pulsations with low error bars observed ca.
20 s later, were not associated with any HXR QPP. Similarly,
the strong HXR QPP at 18:32 UT did coincide with a pulsation
in SJI S2, but at the same time, the SiIV line was weak and did
not exhibit any discernible pulsations. After this pulsation, the
HXR lightcurve exhibited only small-amplitude variation,
whereas the SiIV variability continued for at least 4 more
minutes until 18:36 UT. The two series of intensity pulsations
at 18:33 UT and 18:35 UT, as well as the persistent oscillatory
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Figure 10. Cartoon summarizing IRIS and STIX observations of the 2022
March 31 flare.

redshifts, thus cannot be associated with HXR oscillations at
these energies. Some of the small-amplitude peaks observed in
32-50keV in this period appeared more prominently at lower
energies (e.g., 15-22keV), exhibiting a clear nonthermal
component as indicated by the fitting (not shown). Unlike the
strong QPPs in 32-50keV, these were, however, difficult to
match to peaks in visible raw lightcurves, and we did not
analyze them further. It is also worth noting that the shorter
(~18 s) quasiperiods of the SiIV spectral properties are close
to twice the 8s cadence of the SJI observations. Had
oscillations with similar periods manifested themselves in
the imaging observations, they likely wouldn’t be resolved due
to the Nyquist criterion.

7. Discussion
7.1. Overview of Key Observational Results

Prior to discussing our findings and their implications, we
briefly reiterate key results from our observational analysis
summarized in a cartoon sketch shown in Figure 10. The
ribbons R1 and R2, as well as their extensions ext. R1 and ext.
R2, are indicated in orange. The ribbons correspond to QSL
footprints (Section 5) within a large-scale 3D reconnection
geometry. The primary HXR footpoints, drawn in green, are
found in the central flare region at the footpoints of the flare
loop arcade (blue) in the vicinity of the likely reconnection
region. Kernels are indicated using the black ellipses in R1,
and the black curved arrow indicates the dominant direction of
slippage. The magenta labels indicate regions where QPPs
were captured by IRIS, STIX, or both instruments. The short-
period (=30 s) QPPs were found in HXR emission, UV ribbon
intensities, and transition region SiIV spectra during the
impulsive phase. The HXR and UV pulsations were often
cospatial and cotemporal within the time resolution of the IRIS
data (=8s). Slipping reconnection manifested itself in the
appearance and apparent motions of kernels along flare
ribbons, in particular along the curved part R1. The region
distinguished by prominent kernel slippage was not associated
with strong HXR footpoint emission.

7.2. Temporal Coherence and Bursty Reconnection

The strong temporal overlap between UV and HXR
pulsations observed during the impulsive phase provides
compelling evidence that these signals were of a common
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physical origin. The period of the pulsations closely matches
the a32s periods recently reported by W. Ashfield et al.
(2026). In that study, coherent UV and HXR pulsations were
attributed to bursty reconnection driving episodic particle
acceleration and chromospheric condensation. Viewed in this
context, the overlap between the HXR QPPs, UV intensity
patterns in the HXR footpoints, and several SiIV spectroscopic
pulsations in our observations suggests that they were likewise
driven by bursty reconnection. The formation and subsequent
kernel motions observed in the conjugate ribbon R1, governed
by slipping reconnection, also exhibited a bursty character in
agreement with previous results (Y. Zhang et al. 2025).
Despite growing observational evidence (Section 1), the
mechanisms responsible for the bursty character of slipping
reconnection remain unknown. Bursty reconnection is often
associated with the formation of plasmoids in tearing current
sheets. Using a 3D MHD eruption simulation, J. T. Dahlin
et al. (2025) demonstrated that self-consistently forming
plasmoids map to transient corrugations of ribbon fronts, so-
called “spirals” or “breaking waves” (see, e.g., P. F. Wyper &
D. L. Pontin 2021; R. J. French et al. 2025). According to
J. T. Dahlin et al. (2025), these corrugations develop
predominantly in the direction perpendicular to the ribbon,
unlike the field line slippage occurring along ribbons. The
connection between the plasmoid-imprinted corrugations and
apparent slipping motions remains an open question.

While UV imaging and spectroscopic pulsations persisted
into the flare peak, they had no detectable counterpart in STIX
HXR observations during that phase (Section 6). This suggests
that, during the flare peak, the energization of the lower
atmosphere may have been dominated by other heating
mechanisms, such as thermal conduction (e.g., P. MacNeice
1986; D. W. Longcope 2014; V. Polito et al. 2018;
W. H. Ashfield et al. 2022; J. Lorinc¢ik et al. 2025b) or Alfvén
waves (e.g., A. J. B. Russell & L. Fletcher 2013; G. S. Kerr
et al. 2016; J. W. Reep & A. J. B. Russell 2016; J. Lorin¢ik
et al. 2025b). A similar disparity between UV and HXR
signals was also observed immediately after flare onset, when
the UV intensity variations induced by the slipping kernels
preceded the onset of 32-50keV HXR QPPs by several
minutes (Section 4.3). This earlier UV onset suggests that
nonthermal energization into the slipping kernels was initially
weaker, or that alternative heating mechanisms dominated
during the early phase of the flare. We also cannot exclude the
possibility that weak HXR counterparts to the UV pulsations
were present but remained below what can be detected
by STIX.

The degree of temporal coherence between UV and HXR
pulsations warrants a brief discussion. The HXR and UV
ribbon intensity pulsations, observed over a period of more
than 2 minutes in the ribbon R2 (Section 4.4.2), were
synchronous within the 8 s time resolution of the 2796 A SJI
observations. When assessing the overlap between the
pulsations in the peak heatmaps (Figure 7), we considered
peaks occurring in neighboring time bins to be also concurrent.
By doing so, we relaxed the UV and HXR pulsation
synchronicity criterion down to 16 s of each other. Under this
definition, we identified several instances when the UV
pulsation preceded the corresponding HXR QPP (by 1 time
step, 8s). We verified that this behavior cannot be fully
attributed to artifacts introduced by the differentiation of the
SJI observations, or the interpolation of the STIX time series to
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the cadence of the SJI data. While minor timing shifts could
have arisen from the post-processing procedures, they do not
systematically account for the observed offsets. While the time
resolution of SJI data precluded a more precise timing
comparison, these delays could have been of a physical nature
(see, e.g., C. H. Miklenic et al. 2007; N. L. S. Jeffrey
et al. 2018).

7.3. Spatial Distribution of Energy Deposition during Slipping
Reconnection

While the temporal correspondence between UV and HXR
pulsations supports bursty reconnection as their common
driver, the spatial distribution of nonthermal energy deposition
during slipping reconnection appears nonuniform. The major-
ity of HXR QPPs detected by STIX coincided with the SJT UV
intensity pulsations measured in the same footpoint locations.
In contrast, the portion of ribbon R1 where slipping motions
were most prominent did not coincide with strong (>30% of
the In,x) HXR emission sources (Section 4.2). The spatial
separation between the region distinguished by prominent
kernel slippage and HXR footpoint along R1 is apparent from
Figure 10. This behavior contrasts with the results reported by
S. Purkhart et al. (2025), a recent study allowing for a
particularly relevant comparison with ours as they also focused
on HXR emission in an event exhibiting signatures of slipping
reconnection (Section 1). In particular, the authors found the
location of UV kernels to be sometimes consistent with HXR
footpoints. Although the dynamics of kernel slippage reported
therein were comparable to those found in our study, the
correlated UV and HXR pulsations occurred at significantly
longer periods (>3 minutes). The comparison between the two
events suggests that similar reconnection dynamics can be
associated with different QPP periods, but significantly
different patterns of nonthermal energy deposition.

A possible explanation for the absence of strong HXR
sources coincident with slipping kernels in our event is the
limited dynamic range of indirect HXR imaging. Relatively
weak HXR emission associated with slipping kernels could
have simply remained below the detection threshold of STIX.
As indicated by the peak heatmap analysis, ~35% of the
pulsations driven by slipping kernels did coincide with HXR
QPPs, although the UV and HXR intensities were measured in
different (but adjacent) regions. This suggests that at least a
fraction of nonthermal energy was deposited into the slipping
kernels, producing bright UV emission (Appendix A), but the
corresponding HXR signal was too weak for the sources to be
detected. Nevertheless, even when accounting for this limita-
tion, our observations indicate a spatial offset between the
location of strong HXR emission and a majority of the slipping
kernels. This observable suggests that the rate of nonthermal
energy deposition into the slipping kernels was locally reduced
compared to where the HXR footpoint was found. This
hypothesis has already been proposed based on previous
observations of slipping reconnection (J. Dudik et al. 2016;
J. Lorincik et al. 2019).

The local decrease of the energy deposition rate could have
been related to the asymmetric magnetic structure of the event.
Only some of the QSL footprints exhibited a visible ribbon
counterpart, and only certain ribbon sections brightened
significantly during the flare (Figure 8(c)). As described in
Section 3, the brightest portions of R1 were at least twice as
long as R2. Nonthermal electrons traveling along field lines
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slipping along R1, exciting kernel emission, would likely
deposit their energy over a longer ribbon portion compared to
those rooted in compact R2. Our examination of the photo-
spheric magnetic field strength (Section 5) supports this
notion. Compared to R2, R1 formed in spatially more
inhomogeneous and extended concentrations of surface
magnetic field. Prominent kernel slippage along R1 occurred
in regions of comparatively weaker field strengths, suggesting
a more spatially distributed energization. A clear correspon-
dence between strong-field regions and localized HXR
emission was observed in R2, where the southern footpoint
overlapped with the majority of this compact ribbon. In
contrast, the primary northern source mapped to a region of
comparatively weaker fields. R1, however, briefly hosted a
secondary source separated from the primary one by >20",
further supporting the scenario of the nonthermal energy
deposition being more spread-out along this ribbon.

In agreement with previous literature (see, e.g., L. Fletcher
et al. 2004, and references therein), the HXR observations
indicate that strong nonthermal energy input was highly
localized. The energy of a majority of 32-50keV electrons
was injected into a loop subsystem (see Section 5 and, e.g.,
M. Temmer et al. 2007) close to the reconnection site within
the large-scale QSL. The relative position of the flare loop and
HXR footpoints suggests that the energy deposition therein has
driven efficient chromospheric evaporation (Figure 1(g) and
Figure 10), unlike elsewhere in the ribbons. Although based on
several assumptions and simplifications, this reasoning pro-
vides a plausible explanation for the strong spatial confinement
of the nonthermal energy deposition into R2, the stronger
intensity of 131A loops anchored in R2 (e.g., due to possibly
stronger evaporation), and the comparatively weaker HXR
signatures associated with slipping kernels along R1.

To conclude, these results indicate that while slipping
reconnection can proceed in a bursty manner and drive
coherent temporal variability across multiple diagnostics,
strong nonthermal energy deposition can remain highly
localized in space. The contrast between our results and those
of S. Purkhart et al. (2025) highlights the need for a larger
statistical sample of flares observed simultaneously in UV and
HXR in order to address which factors, such as magnetic
topology, flare magnitude, size, duration, or eruptivity, control
the energy deposition during slipping reconnection.

8. Summary

In this manuscript, we investigated the 2022 March 31
M9.6-class flare observed at high cadence by IRIS and Solar
Orbiter/STIX. The flare exhibited QPPs at a broad range of
periods, roughly between 26 and 55 s, detected in X-rays by
GOES and STIX, as well as UV imaging and spectroscopy by
IRIS. We primarily focused on the correlation between HXR
QPPs and UV pulsations captured in different ribbon
subregions, including regions exhibiting signatures of magn-
etic slipping reconnection. Our results can be summarized as
follows:

1. The flare produced a pair of flare ribbons R1 and R2
composed of flare kernels, well resolved in the IRIS/SJI
2796 A channel data. The kernels were exhibiting
apparent slipping motions at speeds vg, up to

16

. Roughly 70%

Lorinc¢ik et al.

76 kms ™!, best seen along the longer R1. Only a few
slipping kernels were detected in the compact R2.

. The time derivative of the GOES 1-8 A SXR flux and

the nonthermal 32-50keV STIX lightcurve exhibited
QPPs with periods of 26 < Pgogs < 29s and
36 < Pstix < 55 s during the flare impulsive and peak
phases. The STIX QPP period estimated during the flare
impulsive phase, when the pulsations were more
frequent, lowers to 31 < Pgrix < 39s. Thermal
4-16 keV STIX emission also exhibited signal variability
starting ~3 minutes before the nonthermal bands.

. The nonthermal STIX QPPs originated mostly from a

pair of HXR footpoints located in the central flare region
and nearly stationary in time. The sources were spatially
coincident with bright and stationary portions of R1 and
R2 as well as bright high-temperature flare loop
emission, as seen in AIA 131 A, presumably due to
stronger chromospheric evaporation .

. IRIS/SJI 2796 A (dominated by chromospheric emis-

sion) captured intensity pulsations in several ribbon
subregions at quasiperiods of 25 < Pgjy < 34s. The
regions of interest included the portions of R1 and R2
corresponding to the HXR footpoints, as well as the
portion of R1 distinguished by prominent kernel slipping
motions. This result provides further evidence that
slipping reconnection can be of a bursty nature.

of the pulsations detected in the
32-50keV bands of STIX and SJI, in ribbon portions
corresponding to the HXR footpoints, were either
synchronous or occurred close in time. Most of the
high-energy STIX QPPs were thus associated with a UV
intensity response captured by SJI.

. This correlation was lower (~35%) for UV intensity

pulsations in the region distinguished by prominent
slipping motions. The kernel formation and slippage set
on nearly 5 minutes before STIX detected QPPs in the
32-50 keV band. While some of the kernels formed close
to the footpoint in R1 from where they slipped, we did
not find dominant sources of HXR emission along the
trajectory of the slipping kernels. This is indicative of a
relatively lower rate of nonthermal energy deposition
into the slipping kernels compared to the pair of bright
HXR sources.

. The ribbons were found to correspond to QSL footprints

calculated using extrapolated HMI magnetograms. Pro-
minent nonthermal energy deposition, manifested in the
formation of the HXR footpoints, was highly localized,
likely restricted to a compact system of flare loops in the
vicinity of the reconnection region within an extensive
3D reconnection structure.

. IRIS also provided useful spectroscopic diagnostics of

the transition region SiIV emission observed in the
ribbon R2 at high subsecond cadence. The line exhibited
pulsations in the intensity, Doppler speed, and broad-
ening at periods roughly between Pgjry =~ 19-30s.

. Several peaks of the line intensity and Doppler speed

occurred concurrently with 32-50keV HXR QPPs,
suggesting they were driven by bursty reconnection, in
line with the results of W. Ashfield et al. (2026). The
variability of spectral characteristics, however, lasted for
longer than the HXR QPPs, suggestive of a change in the
energy transport agent as the flare progressed.
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These results support a scenario in which two distinct
behaviors can be identified within the flare ribbons. In the part
of the ribbon with the strongest HXR emission, coqnected to
the core of the hot loops seen in AIA 131 A, bursty
reconnection produces the multiwavelength QPPs observed
in different atmospheric layers and domains of the electro-
magnetic spectrum, aligning with the recent study of
W. Ashfield et al. (2026). This suggests that a more sustained
energy release occurs therein, driving evaporation, strong
HXR footpoint emission, and QPPs. In the part of the ribbon
farther away from the primary HXR footpoint, we observe
prominent signatures of slipping reconnection, but insignif-
icant or weaker HXR emission compared to the previous
region, possibly due to STIX’s dynamic range. This different
behavior might be due to the fact that, because of the slipping
motions, the nonthermal energy is not consistently deposited in
an individual area of the ribbon for a long enough time to drive
strong evaporation and HXR emission.

The detection of short (=~30s) oscillation periods keeps
emphasizing the need for flare observations at high cadence.
This capability in HXR is now offered by STIX on board Solar
Orbiter (D. Miiller et al. 2020) and the Hard X-ray Imager
(HXI) on board ASO-S (W.-Q. Gan et al. 2019). In UV and
EUV, these diagnostics are made possible thanks to IRIS
(uniquely for UV spectroscopy), the Extreme Ultraviolet
Imager (P. Rochus et al. 2020) on board Solar Orbiter, and
will be made available by the upcoming Multi-Slit Solar
Explorer (MUSE; M. C. M. Cheung et al. 2022; B. De Pontieu
et al. 2022) mission.

Because the dynamic range of indirect HXR imaging poses
limitations in terms of the identification of weak HXR
footpoints in slipping kernels, it remains to be determined
whether apparently slipping flare kernels can be associated to
HXR footpoints exhibiting similar dynamics, and what are the
properties of nonthermal electrons deposited therein. Further
comparison between IRIS spectroscopic observations, radia-
tive hydrodynamic models, and HXR emission will be needed
to investigate those properties in more detail (V. Polito et al.
2016b, 2023; J. Lorinc¢ik et al. 2025b) and, thus, advance the
understanding of flare energetics during 3D slipping reconnec-
tion. Future direct HXR imaging missions, such as FIERCE
(A. Y. Shih et al. 2020) or the Focusing Optics X-ray Solar
Imager (S. Christe et al. 2016) sounding rocket reflights, will
offer promising diagnostics of where and how much energy is
deposited in complex 3D magnetic topologies.
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Appendix A
Ribbon UV Intensities

Appendix Figure Al(a) presents a SJI 2796 A snapshot of
the ribbons, with boxes used to study the evolution of the
intensity in different regions. In addition to the RIsl, R1s2,
S1, and S2 boxes discussed in Section 4.3, here we also study
the boxes R1 (blue) and R2 (black) capturing the two ribbons
in their entirety as observed in the SJI FOV. Panels (b1)—(b6)
present the lightcurves corresponding to the mean intensity,
inferred from normalizing the total intensity by the area of
each box (gray) and the total intensity change (same as
Figure 6(b), colored), the latter inferred from the RD data.
Note that the lightcurves are plotted without normalization,
and the plotting ranges on the vertical axes are fixed to
facilitate their comparison.

Comparison between panels (bl) and (b2) reveals that the
mean intensity in the box R2 was roughly 50% higher than that
in R1. Similarly, the maximum mean intensity in the HXR
footpoint source box S2 (panel (b4)) exceeded that measured
in S1 (b3) by up to 40%. The mean intensity of the compact
ribbon R2, located in a strong-field region, was consistently
higher than that of its longer counterpart R1 located in a more
fragmented flux (Section 5). Interestingly, the mean intensity
in the segment of R1 where the slippage was prominent (R1s1)
pars with that in the ribbon portion corresponding to the
primary HXR footprint (S1; see panels (b3) and (b5)). The
peak mean intensity in the smallest box R1s2 focused on the
slipping kernels, exceeding that measured in the HXR
footpoint by ~35% (see, panels (b3) and (b6)). The portion
of the ribbon distinguished by prominent kernel slippage
therefore was not, on average, fainter than that corresponding
to the HXR footprints.

As for the total intensity change, the strongest pulsation in
R1, peaking at 18:27:35 UT (panel (bl)), received <30%
intensity change contribution from the S1 (panel (b3)) but
nearly 60% contribution from a pulsation occurring in R1sl.
This means that there was a strong kernel in the region
contained within both boxes R1s1 and S1 (panel (a)). Kernels
appearing within S1 were dominating the contributions into the
pulsations between 18:27 and 18:34 UT (see, panels (bl) and
(b3)). Of particular interest are several low-amplitude
(<17 x 10*DNs™ 1 peaks visible in panel (bl) around
18:26 UT highlighted using the black frame. Because only
negligible variation occurred at the same time in S1 (panel
(b3)), these pulsations stemmed from the slipping kernels
whose intensity change is well captured in panels (b5) and
(b6). Ribbon emission and dynamics within the R1s2 (b6) had
little (<30%) contribution into the total intensity change of R1.
This is because the box captures the smallest segment of the
ribbon, chosen to be outside of the strongest HXR footpoint
therein (Section 4.3). The time evolution in the R2 (black;
panel (b2)) and S2 (red; panel (b4)) boxes is nearly identical,
with the exception of a single QPP at =18:34:30 UT only
present in the black lightcurve. This demonstrates that
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Figure A1l. Boxes focused on different ribbons and ribbon subregions (panel (a)) for studying the intensity variation as observed in SJI 2796 A (panels (b1)—(b6)).
The thick lines delineate the total intensity change inferred from the RD SJI observations in different boxes. The thin gray lines represent the mean intensity in each

of the boxes.

increasing the box size (R2), beyond the ribbon subregion with
the strongest HXR emission (S2), has little overall effect on
the lightcurves. And finally, comparing the blue and black
lightcurves in panels (b1) and (b2), respectively, indicates that
R1 intensities showed more variability before 18:27 UT
compared to R2. This is a slight limitation of the relatively
smaller SJI FOV, which did not capture the ribbons in their
entirety (Section 3). Ext. R2 exhibited brightening and
signatures of kernel motions at about [720”, 260”] in the same
time frame, Visibleo, e.g., in Figure 1(c) and the animated
version of the 304 A observations.
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Appendix B
Analysis of SJI Pulsation Periods

Appendix Figure Bl presents the analysis of pulsation
periods in the four SJI 2796 A RD lightcurves investigated in
Section 4.3. Below each normalized lightcurve, the peak index
versus time plot for inferring pulsation periods is presented
(see Section 4.1 for the method). The stars above the
lightcurves indicate automatically detected peaks whose
amplitude is >3 obtained in the pre-flare period. The period
estimated using the linear fits (see Section 4.1 for the method)
is the lowest for S2, 24.5 < Pg; < 25.7s, and Rl1s2,
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Figure B1. Analysis of SJI QPP periods using linear fits to peak index vs. peak time data for the RD intensities in the four boxes: S1 (purple, top left), S2 (red, top
right), R1s1 (orange solid, bottom left), and R1s2 (orange dashed, bottom right). The stars mark automatically identified peaks along the lightcurves indicated above

the respective period analysis panel (see Section 4.1) for the method.

249 < Pgy < 258s. A slightly longer period
28.5 < Pgy; < 29.65 is found in R1sl, and the longest, of
314 < Pgy < 33.85s, in S1.

Appendix C
Analysis of SiIV Pulsation Periods

The analysis of approximate periods of pulsations exhibited
by the SiIv 1402.77 A line in the ribbon R2 is presented in
Appendix Figure C1. The time evolution of the total intensity,
Doppler speed, and broadening (o), averaged along the four
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cuts indicated in Figures 9(a)—(c), is presented in the top row.
The stars plotted therein mark peaks detected in the light-
curves. For the line intensity (black, left) we focused on the
peaks whose prominence exceeded 30DNs ', roughly
equivalent 3 X 4., where o4 = 3.1 DN is the dark current
subtraction uncertainty. In the case of the Doppler velocity
(violet, middle) and o (brown, right), we lowered the
prominence to flag the peaks higher than the local noise level.
Due to the presence of the noise in the broadening lightcurve,
only four peaks were selected therein.
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Figure C1. The same as Appendix Figure B1, but for the Si IV intensity (black, left), Doppler speed (violet, middle), and broadening (brown, right) averaged across

the four cuts in Figures 9(a)—(c).

In analogy with the analysis of the STIX, GOES, and SJI
quasiperiodic signals, we estimate pulsation periods using the
linear fits to the peak index versus time data plotted below
respective lightcurves. The total intensity exhibited a period of
27.1 < Pgirvy < 32.5 s for all peaks detected in the time range
indicated in the top row. Note that several data points, in
particular those corresponding to the peaks indexed 1-3 and
6-8, diverge significantly from the fits. This is due to the fact
that the pulsations were occurring in bursts separated by
intervals when no peaks were detected. Limiting the linear fit
to the peaks indexed 617 detected after 18:32 UT (dotted fits),
results in the period decrease down to 17.1 < Pgjry; < 19.9s
and a better fit. The period of the Doppler velocity pulsations,
occurring throughout the time interval plotted in the top panel,
is 20.7 < Psiryy, < 22.2 s. The linear fits do not approximate
well the peaks indexed 11-13, which is caused by the lack of
pulsations around 18:32 UT. The pulsations identified in the
broadening lightcurve appeared at a period of roughly
18.8 < Psirve < 20.1s, although note that this estimation is
only based on four data points.

Based on the quality of the fits discussed above, we
conclude that the estimation of the periods of the pulsations in
the spectral characteristics of the SiIV line was less precise
compared to the rest of the lightcurves analyzed in this study.
This fact, however, does not limit the main conclusions of this
work focused primarily on HXR and UV imaging pulsations
rather than flare ribbon spectroscopy.
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