M Made available through Montana State University’s Scholar\Works

MONTANA

STATE UNIVERSITY
LIBRARY

Quantifying Chromosphere Response to Flare
Energy Release Using AlA Observations in
1600 A and 304 A Passbands

Jiong Qiu and Rhiannon Fleming

Accessibility Disclaimer:

For a more accessible version of this document, please submit an accessibility request form through
the Montana State University Library website.



Solar Physics (2025) 300:137
https://doi.org/10.1007/511207-025-02550-9

REVIEW

®

Quantifying Chromosphere Response to Flare Energy Release -
Using AIA Observations in 1600 A and 304 A Passbands

Jiong Qiu' - Rhiannon Fleming'

Received: 9 March 2025 / Accepted: 5 September 2025 / Published online: 30 September 2025
© The Author(s) 2025

Abstract

Imaging observations of the solar lower atmosphere by the Atmospheric Imaging Assembly
(ATA) have been mostly used as the context, and their quantitative information has been
much less explored. The chromosphere responds rapidly to energy release by magnetic
reconnection during flares. Furthermore, a flare is a collection of multiple energy release
events that can be identified in spatially resolved chromosphere observations. In this paper,
we conduct a statistical and semi-quantitative study of the relative photometry in the UV
1600 A and EUV 304 A passbands for 18 flares observed by AIA. In each flare, we have
identified thousands of flare ribbon pixels in the UV 1600 A images, and measured their
brightness (counts per second) and the rise and decay timescales, which are indicative of
heating properties in flare loops. The analysis shows that bright flare pixels, characterized
by peak brightness larger than ten times the quiescent brightness, exhibit sharplight curves
with the half rise time below 2 min, followed by a two-phase decay with a rapid decay on
timescales comparable to the rise time and then a more gradual decay. Flare ribbon pixels
identified in both UV 1600 A and EUV 304 A images exhibit similar time profiles during
the rise, and their peak brightness appear to be related by a power law. Our analysis shows
that ATA observed flare brightness in UV 1600 A relative to the quiescent brightness is a
meaningful measurement of the flare chromosphere photometry. ATA observations for over
a decade thus provide a unique and extensive database for systematic and semi-quantitative
study of flaring chromosphere, either in the context of the Sun as a star, or in spatially re-
solved manner that helps to probe the nature of flare energy release on elementary scales.

Keywords Chromosphere - Corona - Solar flares - Magnetic reconnection - EUV - UV

1. Introduction

The solar and stellar lower atmosphere is the mass reservoir and magnetic boundary of the
corona. During a flare, the chromosphere reacts more rapidly and prominently to energy re-
lease by magnetic reconnection occurring in the corona. Figure 1 shows an example of flare
emission in ultraviolet (UV) 1600 A and extreme ultraviolet (EUV) 304 A by the Atmo-
spheric Imaging Assembly (ATA; Lemen et al. 2012), and hard X-rays (HXRs) by the Fermi
Gamma-ray Burst Monitor (GMB; Meegan et al. 2009), followed by soft X-rays (SXRs) in
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Figure 1 Overview of the SOL2014-04-18 M7.3 flare observed by GOES, AIA, and Fermu. (a) Total light
curves of the flare in GOES 0.5—4 A and 1-8 A and in ATA UV 1600 A passband and 7 EUV passbands.
(b) Flare light curves in photon energies 5—300 keV by Fermi, in comparison with the GOES 1-8 A light
curve, its time derivative, and the UV light curve from AIA 1600 A passband. (c—d) Snapshot of the active
region during the flare in ATA 1600 A and 304 A passbands, respectively.

two channels of the Geostationary Operational Environmental Satellites (GOES), and then
by EUV emissions from the other six channels by ATA. It demonstrates a clear sequence
of the emissions. In particular, UV 1600 A and EUV 304 A emissions often rise and peak
together with HXRs, and every now and then may rise even before HXRs (Cheng 1990;
Warren and Warshall 2001; Alexander and Coyner 2006; Qiu 2021; Naus et al. 2022). The
chromosphere emission therefore can be used to infer the temporal profile of impulsive flare
energy release. Kowalski et al. (2013) have defined an “impulsiveness™ index from the total
light curve of the chromosphere emission in Near Ultraviolet (NUV) wavelength to charac-
terize the rate of energy release in stellar flares. Tamburri, Kazachenko, and Kowalski (2024)
applied the “impulsiveness” analysis to the total chromosphere emission in EUV 304 A in
over 1000 solar flares observed by the Extreme ultraviolet Variability Experiment (EVE;
Woods et al. 2011) onboard the Solar Dynamics Observatory (SDO; Pesnell, Thompson,
and Chamberlin 2012), and verified that the “impulsiveness™ index is correlated with the
flare peak reconnection rate, which is inferred from imaging observations of the morpho-
logical evolution of flare ribbons in the chromosphere (Fletcher and Hudson 2001; Qiu et al.
2002; Asai et al. 2004; Saba, Gaeng, and Tarbell 2006; Temmer et al. 2007; Kazachenko
et al. 2017; Hinterreiter et al. 2018; Zhu et al. 2020).

Spatially resolved solar flare observations have for long demonstrated that a flare is a col-
lection of individual reconnection events, forming a multitude of flare loops and releasing
energy in them on timescales shorter than the duration of the total flare emission (Aschwan-
den and Alexander 2001; Warren 2006; Qiu, Liu, and Longcope 2012). It is, however, less
clear what the spatio-temporal scales of these “elementary” energy release events, the build-
ing blocks of the flare are. The flaring chromosphere has been observed with ever-increasing
resolving capabilities, down to 1 —2" by AIA (Lemen et al. 2012), below 1” by the Inter-
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face Region Imaging Spectrometer (IRIS; De Pontieu et al. 2014), and < 0.1” by the Goode
Solar Telescope (GST; Cao et al. 2010) and the Daniel K. Inouye Solar Telescope (DKIST;
Rimmele et al. 2020). In this regard, the chromosphere observations can be used to help
underpin the spatio-temporal scales of the elementary bursts (Rast et al. 2021).

Furthermore, temporally and spatially resolved photometry and spectroscopy in the chro-
mosphere are directly related to heating rates and heating mechanisms in flare loops and
provide critical observational constraints for modeling flaring atmosphere — both the chro-
mosphere and the corona (Fletcher 2024; Kowalski 2024). Decades of numerical simulation
effort has been focused on studying plasma evolution in the corona and chromosphere, us-
ing one-dimensional hydrodynamic or radiative hydrodynamic models (Allred, Kowalski,
and Carlsson 2015; Reale 2014) to reproduce or interpret observed spectroscopic signatures
at given locations. Some recent studies also model the flare total emission in the corona as
the superposition of emissions from multiple flare loops with their heating rates either pre-
scribed, or inferred from or constrained by the chromosphere emissions at the feet (or flare
ribbons) of the loops (Hori et al. 1997; Warren 2006; Liu et al. 2013; Kerr, Allred, and Polito
2020; Graham et al. 2020; Qiu 2021). Ultimately, flares are powered magnetically, and the
three-dimensional MHD approach such as MURaM (Rempel 2017) incorporated with ap-
propriate treatment of the chromosphere will be able to model fiare energy release and sub-
sequent plasma heating. For such global approaches, flare observations by AIA in both the
chromosphere and the corona, accompanied with simultaneous magnetic field observations
by the Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012), have unique advan-
tages to help constrain and test models (Cheung et al. 2019; Rempel et al. 2023). To date,
ATA observations in the six EUV channels have been widely used to diagnose plasma prop-
erties in the solar corona, for example, to derive the Differential Emission Measure (DEM)
of flare plasmas (Weber et al. 2004; Hannah and Kontar 2012; Plowman, Kankelborg, and
Martens 2013; Cheung et al. 2015; Massa et al. 2023). On the other hand, images of the
chromosphere obtained in the UV passbands and with the EUV 304 A passband have been
mostly used merely as the context. Given the importance and potential of chromosphere
observations in diagnosing energy release in flares, in this study, we attempt to extract the
quantitative information, including the temporal evolution and relative photometry, of spa-
tially resolved flare ribbon emission in the UV 1600 A and EUV 304 A passbands by AIA.

In terms of photometry, the ATA UV observations are obtained with broadband filters;
as such, it is difficult to distinguish contributions to the gross emission in these channels by
various lines and continuum emission. In the following text, we use the term “brightness”
to refer to the CCD counts rate (Data Number per second) at each pixel of the images. In
non-flaring active regions, it is generally recognized that UV 1600 A and 1700 A brightness
is dominated by quasi-blackbody radiation from the temperature minimum region with the
brightness temperature T between 3500—4500 K (Brekke and Kjeldseth-Moe 1994). An
experiment was conducted by Qiu et al. (2013) to find effective Ty in active regions, return-
ing results consistent with published by Brekke and Kjeldseth-Moe (1994). During flares,
situations are complicated, as many chromosphere and transition region lines are excited,
and the continuum is also enhanced. In the UV 1600 A passband, the optically-thin C IV
doublet is significantly enhanced, together with other lines and continuum.

Spectral observations of solar flares in the ultraviolet wavelengths have been sparse, and
the very few flare spectra in the 1000—2000 A range were obtained decades ago. Simdes
et al. (2019) conducted a unique study exploring the legacy high-resolution UV spectral ob-
servations by Skylab NRL SO82B spectrograph (Cook and Brueckner 1979; Doyle and
Cook 1992). They re-calibrated the spectra of an active region plage observed on 1973
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September 11 and of an X1 flare SOL1973-09-07 during its decay phase, and then con-
volved the specific intensity spectra (in units of erg s™! A~! cm™2 Sr!) with the ATA in-
strument response functions. In this way, Simdes et al. (2019) could determine the spectral
content in ATA images in UV 1600 A and 1700 A passbands. The EUV 304 A images are
obtained with a narrowband filter; however, the spectral content is even more complex with
its response function including contributions from a few optically-thick lines formed in the
chromosphere and corona (O’Dwyer et al. 2010; Milligan 2015; Antolin et al. 2024). Lack-
ing spectroscopic information, in this paper, we cannot discuss these details; instead, we
compare the observed brightness (in units of counts per second) in UV 1600 A and EUV
304 A passbands across various solar features, to obtain insight into the chromosphere re-
sponse during the flare, with reference to the unique study by Simdes et al. (2019). For this
purpose, we examine over a dozen solar active regions observed by AIA from 2010 through
2014. An active region in 2021 is also included to demonstrate the change of the instrument
performance in a decade. In the following text, we will describe the data for 18 active re-
gions (Section 2), the statistical and semi-quantitative study of the brightness and timescales
of flare ribbon pixels in UV 1600 A in 18 active regions/flares (Section 3), and the cross-
comparison between the UV 1600 A and EUV 304 A observations in a few flares (Section
4). Conclusions and a discussion are given in Section 5.

2. Overview of Observations

In this paper, we analyze 18 solar active regions that produce flares. These regions and their
information are summarized in Table 1. They were observed by SDO from 2010 through
2014. The sample combines events from three studies by Vievering et al. (2023), Qiu (2021),
and Qiu and Cheng (2022), including both eruptive and confined flares. These events se-
lected in the previous studies were all observed by RHESSI with significant non-thermal
hard X-ray emission during the rise of the flare. They occurred near the disk center, or
roughly +45° from the disk center, to minimize uncertainties in magnetic field measure-
ments. Furthermore, flares were selected with minimal saturation in the ATA UV 1600 A
passband. Therefore, X-class flares were usually not selected. In addition, we have also in-
cluded an eruptive X1.0 flare and its host active region observed by SDO on 2021 October
28 to provide some perspectives on the ATA CCD degradation over the decade. This last
X1.0 flare also satisfies the selection criteria. Due to the selection criteria, this sample of
flares represent a type of flares that exhibit significant non-thermal hard X-ray signatures.

For each event, we have obtained cut-out AIA images observed in the UV 1600 A and
EUV 304 A passbands of size up to ~ 400 Mm, centered around the active region, and
for several hours, starting from about half an hour before the flare onset. These images are
processed with the SDO software pipeline that performs the dark current subtraction, flat-
fielding, plate-scale correction, and image registration. Afterwards, we apply the correction
of differential rotation to align images to a reference time, and normalize the images with
respect to the exposure time. With these level 1.5 data, we define the brightness I(r,t) of the
features in the images in units of data number (DN) per second per pixel, and conduct quan-
titative analysis of the flare ribbon brightening in temporally and spatially resolved manner.
The time cadence of the ATA 1600 A and 304 A images is 24 s and 12 s, respectively. The
pixel scale is 0.6"” with the point spread function (PSF) of typical size ~1-2" (Poduval
et al. 2013; Hofmeister, Savin, and Hahn 2025). In this paper, we do not correct the PSF
of the images, and the temporal and spatial resolutions are constrained by these instrument
specifications.
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Table 1 List of Events® and Properties.

Time? and magnitude  Position (u)° BdgMessd Median rise and decay timescales (min)® # of

Iy (Rm) (cF) (k) () () pxls
1 2010-08-01 08:20 C32 NI0E38(0.77) 575 6. 45 78 15/18/3.8 22/25/78 7,398
2 2010-08-07 18:14 M1.0 NO7E40(0.76) 585 17. 12 18 15/18/25 62/88/138 16,760
3 2011-06-21 02:55 C7.8 N10WO06 (0.98) 725 5. 32 48 12/12/22 12/15/28 15,249
4  2011-08-02 06:15 M1.5 N10WO6 (0.98) 69.5 8. 25 38 18/18/32 35/3.8/62 12,516
5 2011-11-09 13:20 M1.2 N24E34(0.75) 525 12. 12 18 15/18/25 25/32/52 24,992
6 2011-11-26 07:04 C12 N11W46 (0.69) 505 6. 32 52 081225 12/1.8/42 2,585
7 2012-03-09 03:41 M6.4 N27WO00 (0.89) 455 49. 12 18 18R22/28 48/55/15 21,376
8 2013-02-06 00:10 C8.7 E30N23(0.79) 385 12. 12 22 15/15/25 32/42/62 10,410
9 2013-08-06 02:00 B44 E21N23(0.86) 375 4. 42 55 0.8/08722 08/1228 491
10 2013-08-12 10:40 M1.5 S23E18(0.87) 385 22. 12 18 25/32/42 38/48/68 2,541
11 2013-08-30 02:26 C8.4 NOBE47 (0.67) 375 10. 18 35 15/18/28 32/48/92 10,879
12 2014-04-18 12:52 M7.3 S11W33(0.83) 435 14 15 28 222835 62/75125 14,420
13 2014-05-10 06:59 C8.7 NO6E31(0.85) 435 17. 12 15 15/18/25 38/48/68 7,563
14 2014-08-25 15:01 M2.0 N09W36(0.81) 395 14 18 35 25/32/42 95/105/13.8 4,762
15 2014-09-28 02:47 M50 S19W22(0.87) 435 18. 15 28 25/28/38 115/122/152 9,250
16 2014-12-04 18:17 M6.1 S20W30(0.81) 375 24 15 22 28/35/42 68/78/105 13,391
17 2014-12-18 21:57 M69 S14E08 (0.96) 435 15. 12 22 182538 52/65/95 11,548
18 2021-10-28 15:29X1.0 S28W02(0.88) 225 21. 08 18 15/18/22 62/7.8/10.8 10,339

a: Events 1—9 were studied in Vievering et al. (2023); events 10—13, 15, and 16 in Qiu (2021), and event
14 and 17 m Qiu and Cheng (2022), and references m those papers. Event 18 has been reported in numerous
studies (e.g. Chikunova et al. 2023; Guo et al. 2023, and references therein)

b: The time reported here refers to the peak time of the total UV brightness in the ATA 1600 A passband

c: The position refers to the center of the cut-out AIA images analyzed in this study

d: The quiescent brightness [, in units of DN s is the mode of histograms of the active region pixel
brightness (see Figure 2). The median of the peak brightness I, of all flaring pixels is normalized to the
quiescent brightness in the active region (Rm) = (I,,)/I4. Here I' refers to the residual pixel brightness
I'=1 — Ip, with I, being the average brightness of the same pixel in the first five minutes

e: (t/') and (r}) indicate the median half-time in the rise and decay phase of flaring ribbon pixels. () and
(t) are the median threshold-time of the ribbon pixel light curves measured with 1" = (5, 4, 3)I; Tespec-
tively; see text in Section 3.3

In the following analysis, we first derive the distribution of the pixel brightness in each
active region during the evolution from pre-flare to post-flare. From the brightness distribu-
tion, we identify various features, define the average non-flaring quiescent brightness I, (in
units of DN s™') and flaring brightness with respect to ,. and study the variations of the
brightness of the flaring pixels.

3. Semi-Quantitative Photometry in UV 1600 A Images
3.1. Distribution of Pixel Brightness
Figure 2 shows the histogram of the pixel brightness (in units of DN s!) in each of the few

hundred time frames of the UV 1600 A images for three active regions that produced an M-,
C-, and X-class flare, respectively. In each row, the left panel shows the time evolution of the
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Figure2 Statistics of UV 1600 A brightness in three active regions producing the SOL2014-04-18 M7 3 flare
(top), the SOL2011-06-21 C7.8 flare (middle), and the SOI.2021-10-28 X1.0 flare (bottom), respectively.
Left: the time-dependent mode (solid) and median (dashed) of the pixel brightness of the active region,
compared with the arbitrarily normalized total light curve (color) of the region. The color code mdicates
the time evolution from pre-flare (black and purple) through the flare (green to orange) and post-flare (red)
phase. Middle: time-dependent histograms of the pixel brightness 7 (DN s—1) of the active region. Vertical
solid lines denote pixel brightness at 1, 3,4, 5, 6, 10, 15, and 20 times the quiescent brightness Iy, defined
as the pre-flare mode. The two black arrows indicate the populations of sunspot and plage brightness to the
left and right of the mode, respectively. Right: time-dependent histograms of the pixel brightness of the base-
difference images I’ = I — I, or the residual pixel brightness, I, being the mean pixel brightness in the first
five minutes. Vertical solid lines denote residual pixel brightness at 2, 3,4, 5, 9, 14, and 19 times the quiescent
brightness I;. The times of the histograms in the middle and right panels are indicated by the color code same
as 1n the left panels, and the time cadence of the histograms (images) is 24 s. The same three-panel plots are
generated for each of the 18 active regions, provided in the supplementary material.

mode (solid), median (dashed), and arbitrarily normalized total (color) pixel brightness of
the active region, the middle panel shows the time-dependent histogram of the pixel bright-
ness I, and the right panel shows the time-dependent histogram of the residual brightness
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I'=1 — I,. or pixel brightness from the difference image, produced by subtracting the pre-
flare image I,. which is an average over the first five minutes. Various features including
the quiescent region, plage, sunspot, and flare ribbons, can be identified directly from the
histograms. Identification of non-flaring features will be described in detail in the following
paragraphs, and an automated algorithm to identify flare ribbon pixels will be described in
Section 3.2.

Seen from the middle column in Figure 2, the pre-flare brightness distribution (black to
purple) ranges from a few to a few hundred DN s7!, and peaks at a few tens DN s~! —this is
the mode of the histogram. We define the mode of the histogram as the quiescent brightness
I,. As the active region evolves into the flare (blue to orange). the mode of the histograms
does not change, as long as the size of the images is sufficiently large. During the decay
of the flare (orange to red), the distribution changes back toward the pre-flare distribution.
The mode of the active region over time is plotted in solid black in the left panel, and the
three numbers in the legend mark the minimum, maximum, and pre-flare mode. In the same
active region, throughout the flare, the mode does not vary significantly.! In comparison, the
median of the active region may vary during the flare. Therefore, we use the pre-flare mode
I, of the active region as a reference to normalize the pixel brightness throughout the flare.

In the pre-flare and post-flare histograms, we can also identify sunspots and plages,
marked by black arrows in the middle column in Figure 2. The minor peak to the left of the
mode (pixels less bright than the quiescent region) represents sunspot umbra and penumbra,
part of which may become brightened during the flare. We also observe a hump at 7 ~ 31,.
which represents plage brightening. Similarly, Qiu et al. (2010) found the plage popula-
tion at / ~ 3.5, in UV 1600 A broadband images by the Transition Region And Coronal
Explorer (TRACE; Handy et al. 1999).

It is noted that, although I, does not change over time in the same active region, it varies
significantly in different active regions — as seen in the figure, I, =72.5,43.5,22.5 DN s™!
in the three active regions observed in 2011, 2014, and then 2021. On the other hand, the
relative brightness of the plage is rather stable at ~3I,, independent of the position of active
region and the time of observation. To understand the nature of the change in I, we use
the legacy spectral observation of an active region plage, provided in Simdes et al. (2019),
to synthesize the plage brightness observed by AIA in UV 1600 A passband. The results
demonstrate that the variation of the quiescent brightness I, (found to be one third of the
plage brightness) across different active regions is largely due to the degradation of the
CCD quantum efficiency over a decade, and partly due to the center-to-limb variation of the
chromosphere brightness. The details of the analysis and results are given in Section 3.5.

During the flare, the distribution at I > 41, starts to flatten with increased number of
bright pixels of up to 107, at the peak of the flare (cyan to green). At the threshold 41, . the
ribbon-identification algorithm (see Section 3.2) still picks up a significant number of non-
flaring pixels at the tail of the plage. Therefore, we also examine the residual brightness from
the base difference image I’ = I — I,. where I, is the mean brightness of the same pixel
during the first five minutes. The right panels show the histograms of the residual brightness.
During the flare the distribution at I” > 31, starts to flatten, and better distinguishes flaring
pixels from the non-flaring plage. The evolution of the pixel brightness distribution in the
active region therefore guides us how to identify flaring pixels.

1The difference between the maximum and minimum values of the mode is roughly comparable with sta-
tistical fluctuations of the data counts with a Poisson distribution, 8C ~ +/C, C being the counts without
exposure normalization.
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Figure 3 Left: the cumulative area of newly brightened flare ribbon pixels (top), the cumulative magnetic
flux ¥+ i flaring ribbons (middle), and the reconnection flux rate ¥4 (bottom) in positive (red) and negative
(blue) magnetic fields with I’ = 3, 4, 51, In the bottom panel, \IH: ranges from the minimum to the maximum
of the three measurements, and the total UV light curve in comparison with 1 is arbitrarily scaled. Top right:
reconnection rate 1!/ from all six measurements, ranging from the mimimum to the maximum of the six  at
each time. Bottom right: evolution of the flare ribbon mask in UV 1600 A (color), identified with I’ > 3l
for 1. =240 s, superimposed on a pre-flare line-of-sight magnetogram by HML For clarity of display, the
magnetogram 1s saturated at £300 G. The color code in the right panels denote the onset time of the ribbon
brightening.

3.2. Identification of Flare Ribbon Brightening

We identify flaring pixels whose residual brightness reaches I’ > N I, and stays bright con-
tinuously for an extended time period t.. The first instant the pixel brightness satisfies these
criteria is taken as the onset time of the flare at the pixel. Based on the histograms, we ex-
periment on the range of N = 3,4, 5, which effectively separates flaring pixels from the
plage while minimizing the loss of mildly brightened pixels. The requirement for enhanced
brightness over an extended time period 7. helps exclude pixels that are sporadically or ran-
domly brightened for only one or two time frames, such as due to hot pixels, cosmic rays,
saturation, or ejecta, which are not features of flare ribbons. In practice, we use the empirical
value 7, = 4 min, or ten AIA 1600 A frames, and the reason for this choice will be discussed
in the following section.

Applying such thresholding to the SOL2014-04-18 M7.3 flare, we have identified more
than 10,000 flaring pixels in the field of view of 800 x 500 pixels. The maximal area of the
flare ribbons occupies < 5% of the total area of the active region included in the image.
In general, the size of the image is chosen so that the total area of the flare ribbons makes
a similarly small fraction (less than 10%) of the image, and therefore does not skew the
computation of the mode of the pixel brightness distribution during the flare.

With N = 3,4, 5 applied to the base difference image I', the number of flaring pixels
varies. The top left panel in Figure 3 shows the time evolution of the cumulative area (in units
of 10 cm?) of newly brightened flaring pixels in positive (red) and negative (blue) magnetic
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fields for N = 3, 4, 5.2 The middle panel shows the cumulative magnetic flux v integrated
in flaring pixels, again, in positive and negative magnetic fields separately. Note that ¢ is
measured with a line-of-sight magnetogram obtained before the flare onset to avoid artifact
in magnetic field measurement due to flare impact (e.g. Qiu and Gary 2003). ¥y measures the
amount of magnetic flux participating in magnetic reconnection in the corona (e.g. Forbes
and Priest 1984; Poletto and Kopp 1986; Fletcher and Hudson 2001; Isobe, Shibata, and
Machida 2002; Qiu et al. 2002, 2004, 2007, 2010; Miklenic et al. 2007; Kazachenko et al.
2017; Hinterreiter et al. 2018; Zhu et al. 2020; Naus et al. 2022), which forms flare loops
and deposits energy in them, leading to enhanced brightening at the feet (ribbons) of the
loops. The bottom left panel shows the global reconnection rate ¥ = dyr/dt in units of Mx
s~! measured in positive and negative magnetic fields separately.

Figure 3 shows the range of 1. measured with different N applied to I'. In principle,
¥+ = ¥_ — equal amount of the positive flux and negative flux are reconnected; in reality,
due to a variety of uncertainties in the measurements (see discussion in Naus et al. 2022), the
two fluxes are not equal. Seen from Figure 3, ¥ (and consequently ) measured in different
ways may vary by a factor of two (also see Zhu et al. 2020); however, the time evolution of
the measurements is usually consistent. We usually quote the average of these measurements
as the reconnection flux or reconnection rate in a flare, and the variation will be taken as a
conservative estimate of the uncertainty in ¥ or . It is noted that ¢ measured this way is
larger than in previous studies that used a larger threshold I > 61, to identify flaring pixels
(Qiu et al. 2010; Kazachenko et al. 2017); a lower threshold used here picks up more pixels
of weak brightenings.

We also note that, despite different /; values in different active regions observed over a
decade, the relative threshold brightness for flaring pixels does not vary significantly, I’ >
31, (see Figure 2). Therefore, we adopt the same set of relative thresholds 1" > (3, 4, 5)I, to
identify flare ribbon pixels, using them to infer reconnection rates and reconnection energy
release rates. Again, we note that using residual brightness I better distinguishes flaring
pixels from non-flaring plage pixels.

3.3. Time Evolution of Flare Ribbon Brightness

Flare ribbons are brightened due to impulsive energy deposition at the feet of flare loops
formed by reconnection in the corona. It has been considered that energy flux is transported
to the lower atmosphere by either non-thermal particles (Fisher, Canfield, and McClymont
1985c¢.b,a; Kowalski et al. 2017), or thermal conduction (Gan, Zhang, and Fang 1991; Long-
cope 2014), or Alfvén waves (Fletcher and Hudson 2008; Kerr et al. 2016; Reep and Russell
2016). With the typical length-scale of flare loops in the order of 10! Mm, the timescale
of the transport by all these mechanisms is comparable, of order 10°~! seconds. There-
fore, the chromosphere brightening observed by AIA at the cadence 10—20 s almost “in-
stantaneously” maps the locations of the energy release in the corona, forming impulsively
brightened flare ribbons. Subsequently, the ribbon brightness starts to decay, reflecting the
“cooling” of the overlying flare loops. It is difficult to reconstruct the absolute photometry
from the broadband ATA UV images, which has mixed contributions from multiple emission
lines and the enhanced continuum (Simdes et al. 2019). Nevertheless, it is possible, and it is
an useful practice, to infer the spatio-temporal sequence of reconnection energy release from
the time evolution of pixel brightness. In particular, the continuous observations of a large

2Note that it is not the instantaneous area of flare ribbons.
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number of flares by ATA for more than a decade provide an opportunity to systematically
examine the chromosphere brightness during the flare.

In the following analysis, we examine the time evolution of flaring pixel brightness. We
use I’ > 31, continuously for > 7. = 4 min to select flaring pixels, and derive the rise time 7,
and decay time 1, of each of the flaring pixels. Figure 4 shows the statistics of flaring pixels
for the SOL2014-04-18 M7.3 flare. Altogether ~ 14,000 flaring pixels are identified at this
threshold throughout the flare, making less than 4% of the total number of pixels in a cutout
image of size 800 by 500 pixels. As illustrated in the bottom right panel in Figure 3 (also see
Figure 1c), these pixels outline the two ribbons along the major magnetic polarity inversion
line (PIL) at the center of the active region, and also mark out parts of a rectangle-shaped
remote ribbon in the diffused positive magnetic fields to the north of the active region. Note
that in this study, we use the line-of-sight (LOS) magnetogram from HMI, rather than the
magnetogram of the radial component B, from the Spaceweather HMI Active Region Patch
(SHARP; Bobra et al. 2014), because of the requirement for a large field of view (FOV) of
the images. The maps of B, from the SHARP database are often smaller than the ATA cut-
out images in this analysis, and sometimes do not cover features such as the remote ribbon
in Figure lc.

The time evolution of each flaring pixel illustrates the history of flare energy release, and
heating and cooling of flaring plasmas in discrete reconnection energy release events — here
the spatial scale of these events is restricted by the spatial resolution of the ATA imaging
observation. Figure 4a shows a few randomly selected pixel light curves of the residual
brightness I', which typically exhibit an impulsive rise followed by a gradual decay. The
two horizontal dotted lines indicate /' = 31, and I’ = 51, the thresholds to identify flaring
pixels. It is seen that during the rise, the pixel brightness rapidly evolves between these two
thresholds, and the pixel brightness decays much slower.

The global behavior of the flaring pixels can be illustrated by the epoch plot in Figure 4b,
made by time-shifting the I'(¢) profiles for all flaring pixels so that their peak times are
aligned. For clarity, we only display the top 50% brightest pixels, which contributes to more
than 85% of the total flare brightness (Figure 4c). In the epoch plot, each of the time-shifted
I'(t) is also normalized to its peak brightness I, and the color of the plot indicates the time
of I . with earlier brightened pixels in cold color, and later brightened pixels in warm color.

The average of these epoch profiles is plotted in the solid black curve, which illustrates
the average behavior of pixel light curves characterized by an impulsive rise followed by a
gradual decay. In close inspection, the decay of the pixel brightness appears to exhibit two
phases: the brightness initially decays rapidly on a timescale comparable to the rise time,
and then switches to a much slower decay on a timescale of more than 10 minutes. The exact
nature of the decay timescale is not fully understood; it may be correlated with the coronal
evolution, that the chromosphere is continuously heated by thermal conduction from the
corona which cools over timescales of tens of minutes (see discussion in Qiu and Longcope
2016; Reep and Knizhnik 2019).

To demonstrate the statistical properties, we estimate the rise and decay times of the pixel
brightness. There is not a single best way to measure these timescales, and we experiment
on three different measurements. First, we may directly determine the time interval between
I"= NI (N = 3,4, 5) and the peak brightness I, on the two sides of I, . The histograms of
the rise and decay times determined with N = 5 are displayed in solid lines, and the median
rise and decay times are 2.2 min and 6.2 min respectively. Varying N from 5 to 3 does not
change significantly the rise time, but can significantly raise the decay time in a significant
number of pixels.

Next, we may define the half-time during the rise or decay, which is the duration between
the peak brightness and one half of the peak on either side of the peak. The distributions of
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Figure 4 Statistics of pixel light curves. (a) Sample pixel light curves of the residual brightness ', in log-
arithmic scale. The two horizontal dotted lines mark the residual brightness at I’ = 31, and I' = 5I,. (b)
Epoch plots of the pixel light curves of the top 50% brightest flaring pixels. Each light curve I’ is normalized
to 1ts own peak, and 1s shifted in the time domain so that the peak times of all light curves are aligned. Color
indicates the time of the peak brightness: earlier brightened pixels are marked in cold colors, and later bright-
ened pixels in warm colors. The solid black curve 1s the average of all the displayed Light curves. (c) Total
light curves of all flaring pixels (black) and of the top 50% brightest flaring pixels (red). (d) Histograms of the
rise time 7, (black) and decay time 1, (red) of all pixel light curves. The rise and decay times are estimated in
three different ways. Histograms in solid lines show the rise and decay times (or threshold time) determined
as the time interval between the peak brightness I, and 51; on either side of the peak. Histograms in dashed
lines show the time interval between the peak brightness I, and one-half of I, on either side of the peak, or
the half-times. Histograms in dash-dotted lines show the Gaussian rise time and the e-slope decay time (see
text). The same plots as in (b—d) for each of the 18 flares are provided in the supplementary material, where
the histograms of the half rise time, half decay time, and of the threshold rise and decay times at I’ = 4], are
shown.

the half times are shown in dashed lines. There is little change in the rise time distribution
(dashed black), and the median half time is 1.5 min. In this flare, the decay half time (dashed
red) is shorter than found with the threshold method, with the median at 2.8 min.

Finally, we also fit the relevant part of the light curve to an analytical function to es-
timate characteristic timescales. We fit the rise phase of I'(¢) to a half-Gaussian I'(t) ~
I e t—m)? /25 (f <t,), and the Gaussian width 7, is approximated as the characteristic
rise time. Figure 4d shows that the distribution of 7, derived this way is quite similar to
the other two methods, and the median 7, is 2.3 minutes. For the decay time, we fit the
decay profile to an exponential function I’ ~ I/ e~¢~™m)/% (¢t > 1, ). Figure 4d shows that the
distribution of the e-slope decay time is generally longer, and has the median at 10.3 min.

In summary, because of the relatively simple profile in the rise phase, all different meth-
ods would return similar rise times which peak at 1 —2 min, with the median at about 2 min
in this flare. The decay profile is more complex, yielding different decay times depending on
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how they are measured, which may characterize the two phases of the decay, a rapid decay
(e.g. 2.8 min half time) followed by a gradual decay (e.g.. 10 min e-slope time).

The extended timescale (including both the rise and decay) of the pixel brightening at
flare ribbons has guided our selection of 7. to be in the order of a few minutes — at present,
we take 7, = 4 min, or 10 time frames of the ATA UV 1600 A images. It is likely that with
this duration constraint, some genuine flaring pixels that evolve very fast, such as pixels at
the footpoints of reconnection-opened field lines, may be missed. We consider that the small
number of those pixels do not make a significant contribution to the estimate of the total
reconnection flux, nor to the estimate of the total heating energy released in flare plasmas,
as the majority of flare energy is within closed loops.

3.4. Analysis of Multiple Flares

The same analysis is applied to 18 flares listed in Table 1. The magnitude of these flares
ranges from B4.4 to X1.0. For each flare, the quiescent brightness /. defined as the mode
of the pixel brightness distribution of the active region, ranges from 20 to 70 DN s~! overa
decade. The histograms of these active regions are provided in the supplementary material.
Despite the variation of I, value in different active regions, the plage population is evident
and consistently found at I A2 31, in all these histograms. Therefore. flare ribbon pixels can
be identified by applying the same relative threshold to the residual brightness I'=1—1, >
31, for r, = 4 min. The number of flaring pixels determined at this threshold is listed in the
table. For each flare, we measure the rise and decay times for all flaring pixels. We generate
the epoch plots of I' and the histograms of the rise and decay timescales, like shown in
Figure 4b—d, which are also provided in the supplementary material.

Table 1 lists the median rise time (z,) and median decay time (t;) of all flaring pixels
for each flare. Learning from Figure 4d, we measure the rise and decay timescales in two
ways, the half-time measurement (z/* and t%), and the threshold measurement (z/ and t}).
The threshold measurements use three thresholds to derive the interval between the peak
time and the time the brightness is reduced to I’ = (3,4, 5)I; on either side of the peak,
so three pairs of 7} and 1 are reported. It is noted that the rise time derived from the half-
Gaussian fit is generally comparable with the other two methods, whereas the decay of the
pixel brightness often exhibits two phases, and does not fit very well to an exponential profile
(see Figure 4a). Therefore, we do not conduct the function fitting any more.

Figure 5 shows the median rise and decay times for each of the 18 flares. Shown in panel
(a), in all events, however they are measured, (t,) < (t;) — pixel brightness decays slower
than its rise. Comparing different flares, (t;) and () appear to grow together — the longer
the rise, the longer the decay. In most flares, the half-time is shorter than the threshold-
time. The half-time is a relative measurement with respect to the peak brightness, and tends
to characterize the rapid rise or decay of a single impulsive burst at a ribbon pixel. The
threshold measurement, on the other hand, tends to characterize the gradual part of the rise
or decay, and is therefore longer than the half-time. However, we note that in a few flares
of weak brightening, the half-time becomes longer than the threshold time. Figure 5b and
c show the timescales with respect to the median peak pixel brightness (I, ) normalized to
I, in each flare. Clearly the timescale measurements are dependent on the peak brightness,
or how sharp the brightness light curve is. The median half-time (t") appears to be nearly
inversely proportional to the peak brightness, whereas the median threshold-time (') grows
with the peak brightness. In particular. (t”) < (t*) for events with (I, /1,) > 10. Therefore,
we call these flares with (I /I,) > 10 bright flares. Seen from Table 1. flares with greater
magnitude (high C or above) are usually bright flares. On the other hand, events #4 and #10
are both M1.5 flares, yet #4 is not a bright flare by this definition.
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Figure 6 Same as Figure 5, but for each of the ribbon pixels for each flare, and only half times are presented.
The dashed line in (a) denotes the x = y unity line.

The temporal properties of individual flaring pixels for each flare can be further illustrated
in Figure 6, which shows the relationships among the half rise time, half decay time, and
peak residual brightness I; normalized to I, for each active region. At individual pixel
level, the t; ~ 7,, T, ~ I, /I,. and 1, ~ I, /I, patterns shown in Figure 6 are similar to
the patterns with median values in Figure 5, and does not really distinguish one flare from
another. Again, t; and 7, tend to grow together, 7, and t; decrease with I, /1, for weak
brightening, yet for bright pixels with I, /I, > 10, 7, and 7, distribution flattens at < 2 min.

The timing analysis is conducted on the rise and decay of the pixel profile with respect
to the maximum brightness I; . We note that flare ribbon pixels do not always exhibit a
single peak. Depending on the flare, about 30% of flaring pixels may exhibit multiple peaks
separated by = 3 minutes (e.g. Qiu, Liu, and Longcope 2012; Zhu et al. 2025). It is very
likely that each of these AIA pixels consists of multiple energy release (and deposition)
events either co-spatial (i.e. in the same flare loop), or not co-spatial yet unresolved at the
ATA pixel scale (i.e., each ATA-scale flare loop consists of multiple unresolved threads).
Measurements of the rise and decay timescales, especially the threshold-time measurements,
can be complicated by the presence of multiple bursts or fluctuations during the rise or decay
of the strongest burst. In the example of the SOL2014-04-18 M?7.3 flare, the distribution of
the threshold decay time exhibits an increased population (of about one third of the total
number of pixels) with long decay times > 10 min (Figure 4d). By visual inspection, we
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recognize that a fraction of this population demonstrates another peak or more during the
decay of the first (and often the strongest) peak leading to a longer decay time.

Identification of multiple peaks, such as quasi-periodic pulsations (QPPs), in the pixel
light curve is itself an interesting and important topic; however, it is beyond the scope of
this study, and therefore will not be pursued in this paper. It is though worth noting that,
as shown in Figure 4b, the mean light curve of the normalized epoch light curves is singly
peaked and does not exhibit any structure in the rise and decay, suggesting that, although
QPPs are present in this event (Brannon, Longcope, and Qiu 2015; Brosius, Daw, and Inglis
2016), they are not global, or not in phase. This observation holds for other flares as well
(see epoch plots and histograms for 18 flares in the supplementary material).

In summary, the survey of the 18 flares shows that the pixel brightness usually exhibits
an impulsive rise, and the decay often consists of two phases with a rapid decay followed
by a gradual decay. However measured, the rise time is usually shorter than the decay time.
Histograms of the rise time typically peak at 1 —2 min, and the median half-time of the rise
is within 2 min for bright flares characterized by (I, /1) > 10.

3.5. Discussion on Non-flaring Pixel Brightness

The brightness of flare ribbons is a proxy of energy deposition. Therefore, the time profile
and the photometry of the pixel brightness can be used to infer the heating rate of the flare
loop. or to help constrain numerical models. The survey of the 18 flares observed over a
decade has established that the plage and flare pixels can be identified with a stable threshold
brightness normalized to the quiescent brightness I,. although I, varies significantly from
2010 to 2021.

The large variation of I, is primarily due to the varying AIA instrument response over a
decade. The center-to-limb variation also plays a role in the observed emission of the quies-
cent Sun in this wavelength range (Brekke and Kjeldseth-Moe 1994). To examine the effect
of the ATA response over a decade, we repeat the study by Simédes et al. (2019), who have
processed and provided a specific intensity spectrum (in units of erg s™! A~! em™ Sr~1) in
the 1200—2000 A range of a plage region observed on 1973 September 11 (the Skylab NRL
S082B Observation; Cook and Brueckner 1979; Doyle and Cook 1992). Following Simdes
et al. (2019), we convolve the plage spectrum with the time dependent response function of
the ATA 1600 A filter to obtain the synthetic plage brightness (in units of DN s™! per pixel)
as would be observed by AIA in this passband. Figure 7a shows the plage spectrum, and
also a flare spectrum from the same database, both provided by Sim&es et al. (2019). The
dashed curves show the response function of the AIA 1600 A broadband (in units of cm?
DN photons™!) at three times, on 2011-06-21 (top). 2014-04-18 (middle), and 2021-10-28
(bottom), respectively, showing the CCD degradation over time. The plage and quiescent
emission in UV 1600 A spectral range is dominated by the continuum formed in the tem-
perature minimum region (Vernazza, Avrett, and Loeser 1981; Brekke and Kjeldseth-Moe
1994; Simdes et al. 2019). As a reference, we compute the blackbody radiation spectrum at
effective temperatures Tp = 4300, 4350, 4400 K, respectively, plotted in blue curves. Fig-
ure 7b shows the synthetic brightness of the plage (black curve), blackbody radiation (blue),
and flare (red) that would be observed in the ATA 1600 A passband from 2010 through 2021.
Due to the reduced CCD quantum efficiency, the synthetic ATA observed brightness of the
(same) plage shown in Figure 7a varies by a factor of three over a decade. Superimposed in
black asterisk symbols are the actually observed plage brightness, taken as three times the
quiescent brightness I, determined from the pixel brightness histograms (Figure 2 middle
columns, also listed in Table 1), for the 18 active regions analyzed in this paper. It is seen
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Figure 7 (a) The observed specific intensity spectrum of a plage (black; observed at o = 0.74) and a
flare (red) in the UV 1200—2000 A range, processed and provided by Simdes et al. (2019). The black
dashed curves show the response function of the ATA 1600 A passband obtained at three times, on 2011
June 21 (top), 2014 Aprl 18 (muddle), and 2021 October 28 (bottom), respectively, indicating the reduced
CCD quantum efficiency over a decade. The blue curves show the blackbody radiation at the temperature
Tp = 4300, 4350, 4400 K. (b) The synthetic ATA observed brightness of the plage (black curve), flare (red),
and blackbody radiation (blue) by convolving the spectra in (a) with the time-dependent ATA response func-
tion from 2010 August through 2021 December. Superimposed in black asterisks are actually observed plage
brightness, taken as three times the quiescent brightness /; derived from the pixel brightness histograms, for
the 18 active regions analyzed in this study. The black square symbols show the observed plage brightness
with the center-to-limb variation corrected with respect to pq (see text). (c) Quiescent brightness I; observed
at various locations (denoted by the position cosine 1) on the solar disk on different days between 2010 and
2021, normalized to the maximum ATA response. The center to limb variation of the quiescent brightness can
be fitted to a linear function ; =~ (25.7 £ 0.8) + (53.7 £ 5.2) (DN s_l), indicated by the solid black line.

that the observed plage brightness nearly falls on the synthetic plage brightness, confirm-
ing that the variations of [, are primarily the effect of CCD degradation. It is also noted
that the blackbody radiation at the temperature Tp ~ 4350 K matches one third of the syn-
thetic plage brightness, suggesting that the quiescent radiation can be characterized by the
blackbody continuum at an effective temperature between 4300 and 4400 K, in agreement
with reported from spectral observations in the past decades (e.g. Brekke and Kjeldseth-Moe
1994).

Furthermore, the 18 active regions analyzed in this study are at different disk locations
with the position cosine () varying between ~ 0.67 and 0.98 (see Table 1), and the plage in
panel (a) was obtained in an active region with po = 0.74 (Simdes et al. 2019). The quiescent
and plage emission from the lower solar atmosphere is subject to the center-to-limb variation
(Brekke and Kjeldseth-Moe 1994). We evaluate this effect in AIA observations. Figure 7c
shows I, values from several tens square boxes of size 100 x 100 Mm? centered at different
locations (u) on the solar disk. The I, — u plots are produced on different days, marked
by different colors, from 2010 through 2021, with I, normalized to the maximum AJA
response over the decade. The plots show that, with the CCD response corrected, the center-
to-limb variation of 7, (in DN s™!) versus p can be described by a linear function. We
apply the center-to-limb variation determined in Figure 7c, and correct the ATA observed
plage brightness in 18 active regions to po = 0.74, shown by square symbols in Figure 7b.
The correction, of up to 10%, produces a better agreement between the actual observations
and the synthetic observation of active region plages, suggesting that the calibrated ATA
observations of the quiescent Sun and plage in the 1600 A broadband have been stable.
Therefore the ATA observed flare brightness relative to I, is a meaningful measurement of
the flare chromosphere photometry.

For reference, Figure 7b also shows the synthetic flare brightness by convolving the ATA
response function with the observed spectrum of an X1.0 flare during its decay phase (Cook
and Brueckner 1979), also processed and provided by Simdes et al. (2019). For this event,
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Figure 8 (a) 2D density histogram of normalized non-flaring pixel brightness 7/1; and the line-of-sight
magnetic field | By, | (in units of gauss) for the active region hosting the SOL2014-04-18 M7.3 flare. /1,
and |Bj,| can be fitted to a power-law. (b) The power-law scaling of 1/I; ~ 10P|By,,|* for the 18 active
regions analyzed in this study, with @ = 0.31 + 0.03 (ranging from 0.27 to 0.36), and 8 = —0.30 &+ 0.05
(ranging from -0.39 to -0.23) derived from the least-square fit of the data pair in each active region.

the synthetic flare brightness is about seven times the plage brightness, or 21 times the
quiescent brightness, comparable to the brightest flares listed in Table 1.

The non-flaring chromosphere emission in the active region is known to be associated
with the network magnetic field. Figure 8 explores the empirical relation between the ob-
served non-flaring pixel brightness normalized to I, and the line-of-sight magnetic field
By,s in the range 10 < |By,| < 300, which characterize the quiescent and plage features.
Again, we use the line-of-sight magnetic field measurements, since they are obtained in a
larger field of view than the SHARP map and have less calibration uncertainties associ-
ated with the transverse magnetic field measurements. Figure 8a shows an example of the
active region hosting the SOL2014-04-18 M7.3 flare. The observed non-flaring brightness
1,/1, is scaled with the magnetic field roughly by a power-law. Figure 8b plots the power-
law scaling between the brightness and line-of-sight magnetic field for all the 18 active
regions analyzed in this study, and from the least-square fit, the scaling law is found to be
1,/1, ~ 107030003 g,  |03120.03 We regard that the difference in the power-law parame-
ters between different active regions is largely due to the limitation of using Bj,;. A more
rigorous study should be pursued using physical quantities, like the specific intensity (and
spectrum) and well calibrated vector magnetic field measurements. It is also noted that a
scaling law between flaring pixel brightness and the magnetic field at the pixel level can-
not be established (see discussion in Qiu 2021), confirming that the chromosphere heating
during the flare is fundamentally different from heating of plage and quiescent regions.

4. Semi-Quantitative Photometry of EUV 304 A Images

The EUV 304 A images by AIA also have mixed contributions from multiple lines, including
the optically thick He II line, and the continuum (O Dwyer et al. 2010). Whereas flare ribbon
signatures, or enhanced emission from the upper chromosphere, can be well detected in both
bandpasses, the UV 1600 A has a large contribution from the lower chromosphere down to
the temperature minimum region, and the EUV 304 A images capture emissions from the
corona at the temperature around 1 -2 MK (Antolin et al. 2024). Such difference is clearly
visible in the snapshots of the active region in Figure 1c and 1d.
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Figure 9 Statistics of pixel brightness in EUV 304 A in the active region producing the SOL2014-04-18
M7 .3 flare, same as in Figure 2.

4.1. Distribution of Pixel Brightness

Figure 9 shows the histograms of the EUV 304 A pixel brightness in the active region pro-
ducing the SOL2014-04-18 M?7.3 flare. The non-flare pixel brightness ranges from a few
to a few hundred DN s~!, with a relatively stable mode at 11.5 DN s~! for this active re-
gion. Again, we quote this number as the quiescent brightness /;,. Compared with I, in
the UV 1600 A passband, the “quiescent brightness” exhibits a bit more variations in the
EUV 304 A passband. Furthermore, the EUV 304 A histograms do not exhibit the plage
population evident in the UV 1600 A histograms.

During the flare, the dynamic range of the image photometry is larger compared with the
UV 1600 A images, with the flare brightness reaching 10* DN s~ — this is partly due to
the adjustable exposure time in this bandpass; during the flare, the exposure time changes
from 3 s to a fraction of a second, hence very bright flaring pixels are not saturated. The
distribution at / > 101, starts to depart from the non-flare histograms; and again, using
residual brightness better distinguishes flaring pixels from non-flaring pixels. Therefore, we
use I’ > 91, as the lowest threshold to identify flaring pixels. Similar to the experiments with
the 1600 A images, we also use a range of thresholds I’ > (9, 14, 19) I, with 7, = 4 min to
probe the sensitivity of the measurement to the relative thresholds.

4.2. ldentification of Flaring Pixels

Figure 10 shows the flaring pixels identified for the SOL2014-04-18 M?7.3 flare from the
304 A images. The left panels show the cumulative area of the flare, the cumulative magnetic
flux ¥, and the global reconnection rate ¥ measured in positive and negative magnetic fields
separately. The identified flaring pixels. using threshold I’ > 91, and 7. = 4 min, are also
mapped on a line-of-sight magnetogram, shown in the bottom right panel. Compared with
the measurements using the UV 1600 A images (Figure 3), many more flaring pixels are
identified in the EUV 304 A images. As a result, the reconnection flux and reconnection rate
are greater than measured using the UV 1600 A images.

The increased number of flaring pixels identified in the 304 A images are from two
populations. On the one hand, the EUV 304 A passband is more sensitive to emission from
the upper chromosphere and the low corona, and has much less background emission from
the lower atmosphere; therefore the residual brightness of flaring pixels is more pronounced,
and weaker 77bbon emission signatures can be picked up in the images. As a prominent
example, the entire rectangle-shaped remote ribbon is identified in this passband, whereas
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Figure 10 Same as Figure 3, but using EUV 304 A images, with I’ > 914, T, = 4 min, for the SOL2014-04-
18 M7 .3 flare.

only parts of the remote ribbon are identified in the 1600 A images. On the other hand.
flaring pixels in flare /oops connecting the two ribbons are also identified in the EUV 304 A
images, and it is hard to separate the flare loop pixels from flare ribbon pixels with the 304 A
images alone. These effects explain the greater reconnection flux measured with the 304 A
images, which should be considered as an over-estimate of . Figure 10 further shows that
inclusion of the loop pixels also generates a larger imbalance between the positive (red) and
negative (blue) fluxes in comparison with Figure 3.

The total light curve in the 304 A passband evolves along with the UV 1600 A light curve
during the rise of the flare till the peak of the UV 1600 A light curve, and then continues to
grow and peak after the soft X-ray peak (Figure 1a). The additional (and later) emission is
produced in flare loops that have cooled down to 1 -2 MK.

4.3. Comparison of Ribbon Brightness in 1600 A and 304 A

Flaring pixels identified in the 304 A images can come from flaring 7ibbons or loops. On
the other hand. nearly all ribbon pixels identified in 1600 A images are also identified in
the 304 A images. To understand the chromosphere response to flare energy release in these
two passbands, we compare the brightness of the pixels identified in both passbands, or
ribbon pixels. Figure 11a shows the 304 A residual brightness Iy, in a few ribbon pixels
also identified in the 1600 A images. It is seen that, given the cadence and image scale,
the ribbon brightness often rises and peaks simultaneously in the two passbands, but the
decay of the 304 A brightness is slower, and exhibits multiple peaks due to emission from
overlying coronal loops that brighten subsequently. Sometimes the overlying loops become
brighter than the underlying ribbon, as shown in the rightmost panel of Figure 11a.

For a meaningful comparison of the ribbon properties in the two passbands, we then
down-select a subset of pixels whose brightness in 1600 A passband and in 304 A passband
reach maxima within £2 min. The peak times of the 1600 A and 304 A brightness of flaring
pixels identified in both passbands are compared in Figure 11b. The histogram of the time
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Figure 11 Statistics of pixel brightness in 304 A passband. (a) Sample pixel light curves of the residual
brightness I’ in 304 A (black) in comparison with the brightness 7’ in 1600 A (blue) in the same pixels. The
two horizontal dotted lines mark the residual brightness at I’ = 91, and I’ = 191, in 304 A, respectively.
(b) Histogram of the peak time difference between 304 A and 1600 A brightness, Afy = fy 304 — tm,1600
i flaring pixels identified in both passbands (or ribbon pixels). (c) 2D histogram of the normalized peak
brightness R, 304 and Ry, 1600 in the two passbands from a subset of ribbon pixels whose |Afy| < 2 min.
The dashed line shows the fit of the brightness pair in the two passbands to a power-law function. (d) Total
light curves of all flaring pixels found in 304 A images (black), of flaring pixels (or ribbon pixels) identified in
both passbands (orange), and of the subset of ribbon pixels that satisfy |Afy,| < 2 min (red). (e) Epoch plots
of the pixel light curves of the subset of the ribbon pixels. Each light curve I’ is normalized to its own peak,
and 1s shifted in the time domain so that the peak times of all light curves are aligned. Color indicates the
time of the peak brightness of the original unshifted light curve: earlier brightened pixels are marked in cold
colors, and later brightened pixels in warm colors. The solid black curve is the average of all the displayed
epoch light curves in 304 A and the solid blue curve is the average of the epoch light curves of the same
pixels in 1600 A_ (f) Histograms of the rise time 7, of the 304 A light curves of the subset of the ribbon pixels.
The rise times are estimated in two different ways. Histograms in solid lines show the rise times determined
as the time interval during which the pixel brightness rises from 191; to the peak. Histograms in dashed lines
show the half rise time, same as i Figure 4d.
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difference Aft, =t 304 — fm 1600 peaks at 0 £ 0.5 min, and in about one half of the pixels.
|At| < 2 min. We consider that in this subset of pixels, peak brightness in 304 A passband
is from the ribbons, rather than from loops. The normalized peak brightnesses R, 304 =
I;;l‘smffq,gm and R, 1600 = ;,IGODfIq,IﬁuD in the two passbands of this subset of ribbon pixels
are compared in Figure 11c, suggesting that R,, 304 and Ry, 1600 can be scaled by a power-law
Rm,304 — ]_01.42:!:0.01 Rgx.,ﬁl‘iﬁd‘;g,ol

Next, we examine the timescales of the 304 A light curves in this subset of ribbon pixels.
Figure 11d shows the total light curve of this subset of ribbon pixels (red), in comparison
with the total light curve from all flaring pixels identified in 304 A images (black), and
the total light curve of all ribbon pixels identified in both passbands (orange). Figure 1le
presents the epoch plots of the 304 A brightness of this subset of ribbon pixels, which exhibit
a similar rise and generally longer decay compared with the 1600 A light curves, from the
same pixels. due to the complicated contributions to the 304 A passband from overlying
flare loops particularly during the decay phase. Therefore, we only analyze the rise of the
I, in this subset, shown in Figure 11f Again, the rise time is measured in three different
ways, the half-time, the threshold-time, and the Gaussian time. The histograms of the half-
time (dashed line) and of the Gaussian time (dash-dotted line) are comparable, with the
median at 1.5 min and 2.3 min respectively. The histogram of the rise time, derived as
the interval from I = 19, to the peak brightness, shows a larger number of pixels with
a longer rise time, due to the more structured time profile of the 304 A brightness. Still,
in all histograms, the peak population of the rise time is at 1 —2 min. Given the cadences
of the two passbands (24 s in 1600 A and 12 s in 304 A), we consider that the rise times,
however measured, are comparable in the two passbands, and timescales below 1 min cannot
be properly determined.

To understand whether the pixel brightness comparison is consistent for different flares,
we repeat the analysis for the other two flares, the SOL2011-06-21 C7.8 flare and the
SOL2021-10-28 X1.0 flare. Figure 12 shows the pixel brightness distribution for these two
flares. Comparing the three events. the quiescent brightness. I, = 13.5,11.5,2.5 DN s™!
for the three flares occurred in 2011, 2014, and 2021, varies significantly from flare to flare
over a decade. In this passband, the center-to-limb variation of the brightness is not evi-
dent: therefore, the change of I, reflects CCD degradation over a decade. Regardless of the
large change of I,,. during the flare, the brightness distribution flattens at the similar relative
brightness I > 101, for all three flares of different magnitudes that occurred over a decade.
And again, using residual brightness better distinguishes flaring pixels from non-flaring pix-
els. Therefore, we use the same relative thresholding I’ > 91, and 7. = 4 min to identify
flaring pixels in 304 A.

Again, we repeat the comparison of pixel brightness in the two passbands, I,, and I],,.
for these two flares. Figure 13 shows the comparison of the peak time (left) and peak bright-
ness (right) between two passbands, for the two flares respectively. The results are similar to
the SOL2014-04-18 M7.3 flare. Again, for flaring pixels (or ribbon pixels) identified in both
passbands, At, peaks at 0 + 0.5 min; and in a subset of about half of these ribbon pixels,
|Aty| < 2 min. For these two flares, the scaling law of the normalized ribbon peak brightness
for the subset is found to be R, 304 = 101462001 Rﬂ‘izﬁiug'm .and R,, 304 = 10186002 Rﬂ‘isﬁiug'm
respectively.

In summary., the comparison between the EUV 304 A and UV 1600 A brightness suggests
that, despite the significant variations in the absolute brightness (in units of DN s7!) from
flare to flare over a decade, the relative thresholding brightness from the flare ribbons is
much less variant. Flaring ribbon brightness in these two passbands rise and peak on similar
timescales, and their peak brightness is scaled by power laws with very similar power index.
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Figure 12 Statistics of EUV 304 A photometry in the active regions producing the SOL2011-06-21 C7.8
flare (top) and the SOL2021-10-28 X1.0 flare (bottom), respectively, same as in Figure 9.

The EUV 304 A brightness decays more slowly, however, largely due to emission from
overlying coronal loops.

5. Discussion and Conclusions

Flare ribbon brightening is the proxy of energy release by magnetic reconnection in the
corona. A flare is a collection of multiple reconnection energy release events, i.e., elemen-
tary bursts, that may be distinguished in spatially resolved chromosphere observations. In
the past decade, ATA/SDO has observed tens of thousands of flares, and have provided
a unique database for large-sample statistical studies of solar flares. In this paper, we re-
examine the practice of using flare ribbon signatures observed in the AIA UV 1600 A im-
ages to infer global magnetic reconnection rates (e.g. Kazachenko et al. 2017), and further
investigate the tempo-spatial properties of flare ribbon brightness to explore the potential
for more quantitative studies of flare energetics using ATA imaging observations of the flare
chromosphere, such as with the UV Foot-point Calorimetry (UFC) method (Qiu 2021, and
references therein).

5.1. Summary of Findings

We have conducted a statistical study of the pixel brightness (in units of DN s!) of the
UV 1600 A broadband images for each of 18 active regions observed by AIA from 2010
through 2021. To understand the nature of the observed brightness variation, we repeat the
experiment by Simdes et al. (2019) that synthesizes the ATA observed brightness using the
high-resolution UV spectra of an active region from the legacy Skylab database. We find
that the synthetic non-flaring brightness agrees with ATA observations of the active regions
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Figure 13 The distribution of the peak time difference Aty = 1, 304 — fim, 1600 of ribbon pixels identified
m both passbands (left), and the 2D histogram of the normalized peak brightness R, 304 and Ry, 1600 of a
subset of pixels with | At,,| < 2 min (right), for the SOL2011-06-21 C7.8 flare (top), and the SOL2021-10-28
X1.0 flare (bottom). The dashed lines in the right panels show the fit of the pair brightness to a power-law
relation.

studied in this paper. Therefore, after correcting the time-dependent instrument response
and the center-to-limb variation, the brightness of the quiescent region is rather stable in
ATA observations for over a decade.

The active regions studied in this paper have produced flares with their magnitude rang-
ing from B4 to X1 class.? Our study finds that the observed plage brightness is established
at about three times the quiescent brightness I,. so that flaring pixels can be identified with
a stable relative threshold I’ > 31,. where I’ is the residual brightness with the pre-flare
brightness subtracted. These results confirm that the AIA observed flare brightness rela-
tive to I, is a meaningful measurement of the flare chromosphere photometry, and AIA
observations for over a decade thus provide an extensive database for systematic and semi-
quantitative study of UV emission from the flaring chromosphere, either in the context of
the Sun as a star or in spatially resolved manner down to the ATA scale.

We have then identified thousands of flaring ribbon pixels in the UV 1600 A images for
each flare, measured their peak brightness I’ . and the rise and decay timescales in several
different ways characterizing the rapid and gradual parts of the pixel light curves respec-
tively. However measured, the decay time is longer than the rise time, and flaring pixels

3Note that these fiares exhibit non-thermal hard X-ray emission, but investigation of non-thermal signatures
has been conducted in Vievering et al. (2023), Qiu and Cheng (2022), Qmu (2021), and 1s beyond the scope of
this paper, so it 1s not discussed 1n this study.
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with a longer rise time usually also have a longer decay time. Our analysis indicates that
flares with the peak pixel brightness (I, ) larger than ten times I, are bright flares that ex-
hibit sharp pixel light curves with an impulsive rise, and the median rise time (z,) is within
2 min. The decay of pixel light curves of bright flares (I,, > 101,) often exhibits two phases
with a rapid decay on timescales comparable with the rise time followed by a more gradual
decay on longer timescales. These properties of the pixel brightness light curves give insight
into the tempo-spatial structure of flare energy release and help constrain numerical models
of flare heating.

We have also examined the pixel brightness of the EUV 304 A images in three active re-
gions, in comparison with the UV 1600 A observations. Flare ribbon pixels identified in both
UV and EUV images exhibit similar time profiles in the two passbands during the rise, and
the peak brightness in the EUV 304 A and UV 1600 A appear to be related following a very
similar scaling law, despite the large differences in the magnitude of the three flares, which
were observed in 2011, 2014, and 2021, respectively. The result from the cross-comparison
of flare ribbon brightness in two spectral ranges, though limited in scope, provides further
observational constraint on modeling flare heating of the lower solar atmosphere, the bound-
ary of the solar corona.

5.2. Discussion

This study exploits the large database of the ATA imaging observations, and examines the
temporal properties of spatially resolved (down to the AIA pixel scale) UV emission at
flare ribbons. A flare is considered to be comprised of many discrete energy release events,
or “elementary bursts”, perhaps through the so-called “patchy” reconnection, or reflecting
magnetic islands associated with the tearing mode in the reconnection current sheet (Furth,
Killeen, and Rosenbluth 1963; Shibata and Tanuma 2001; Wyper and Pontin 2021; Huang
and Bhattacharjee 2016; Dahlin et al. 2025). It has not been clear what the tempo-spatial
scales are of these discrete energy release events. In this study, we have estimated the char-
acteristic timescales of ribbon pixel (of 0.6”) light curves to be of order 1 -2 min. We note
that, limited by the spatial resolution and the cadence of the ATA observations (12—24 s),
the timescale below 30 s cannot be properly revealed in this analysis. For example, Graham
and Cauzzi (2015), Graham et al. (2020) have analyzed an X1.6 flare observed by IRIS with
a time cadence < 10 s and pixel scale 0.3"”. They suggested that IRIS’s capability may be
close to resolving the spatial scale of “elementary bursts” (also see Brannon, Longcope, and
Qiu 2015), with the rise time of the pixel light curve 7, &~ 10 — 20 s, about an order of mag-
nitude smaller than 7, found in this study. A recent study by Thoen Faber et al. (2025) using
diffraction-limited imaging observations by Swedish 1-m Solar Telescope (SST; Scharmer
et al. 2003) of pixel scale 0.04"” and time cadence 7 s has found bright “blobs™ of radius
140—200 km (0.2—-0.3") resolved in the Hg red-wing (+0.8A) images, with the brighten-
ing in the Hp red-wing lasting for < 15 s. The spatial scale of these Hg blobs is similar to
the cross-section of post-reconnection flare loops in Hx images obtained by GST (Jing et al.
2016). These observations with very high resolution, however, do not have a high cadence
to refine the temporal scales of flare energy release at those fine spatial scales. The advent of
DKIST imaging and spectral observations with still higher cadence (around 1 s) and spatial
resolution (below 0.1”), will help further explore the fundamental spatio-temporal scales of
chromosphere heating, and understand the nature of these scales (Rast et al. 2021).

In the time domain, the total flare emission consists of multiple bursts, loosely referred
to as quasi-periodic pulsations (QPPs; see review by Zimovets et al. 2021). QPPs have been
identified in flare emissions at nearly all wavelengths, in SXRs, HXRs, and optical and UV
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emissions, and their “periods” range from seconds to minutes. To date, it has been unclear
what the nature of these bursts is, or whether QPPs are global or local. Globally, QPPs
may be associated with modulations by flare excited MHD waves of various kinds (e.g.
Ofiman and Thompson 2011; Takasao and Shibata 2016; Li et al. 2024) or the global MHD
process governing the entire flare—CME system (e.g. Takahashi, Qiu, and Shibata 2017). If
governed by the global mode, QPPs should be observed nearly coherently at all or most
locations. QPPs may also be excited locally, such as by unsteady tearing mode reconnection
in a current sheet (Brannon, Longcope, and Qiu 2015; Parker and Longcope 2017), and each
burst in the total emission light curve may be characteristic of a single energy release event
at a different location. Vievering et al. (2023) have analyzed QPPs in nine solar eruptive
events, and have found that QPPs identified in the total hard X-ray light curve are correlated
with multiple peaks in flare reconnection rate yr(¢) derived by tracking newly brightened
flare ribbon pixels. Their findings imply that HXR bursts occurring at different times may
be produced at different locations, namely the locations of newly brightened flare ribbons
which map new reconnection events in the corona. In this study, we analyze the UV light
curve from each ribbon pixel and recognize that a fraction of the ribbon pixels (but not all
pixels) exhibit multiple significant peaks. These multiple peaks may be co-spatial due to
recurring energy release (and deposition) at the same location (e.g. Zhu et al. 2025), or,
may be characteristic of different energy release events in different structures within one
pixel which are not resolved by AIA. Observations with much enhanced spatial resolution
can help clarify the picture. On the other hand, we note that the average of the normalized
epoch plots of thousands of flaring ribbon pixels does not exhibit evident structures beyond
the single burst, indicating that the multiple peaks are either not global (i.e., not present in
the majority of the pixels), or more likely not in phase so that all but the strongest peak
are smoothed out in the superposed epoch plot. More dedicated study on this topic will be
conducted to probe the nature of multiple peaks in spatially resolved flare ribbon pixel light
curves.

Finally, the comparison between UV 1600 A and EUV 304 A observations show the
advantage of using the UV images to monitor the chromosphere and transition region pho-
tometry consistently. The EUV 304 A images exhibit a mixture of mostly optically-thick
emissions from the upper chromosphere to the corona by plasmas of temperatures from a
few tens kK to 1-2 MK (O’Dwyer et al. 2010; Antolin et al. 2024; Sahin and Antolin
2024). As such, the 304 A images show both flare ribbons and overlying loops. which are
often difficult to separate. On the other hand, the 304 A passband is more sensitive to subtle
brightening as well as dimming signatures, some of which may occur prior to flare eruption.
Whereas brightening in the UV and EUV passbands is often the proxy for reconnection
energy release and plasma heating, dimming signatures are produced by reduced density
(and oftentimes temperature) of plasmas along magnetic field lines that become longer due
to expansion or reconnection (Qiu 2024). Therefore, the pre-eruption signatures identified
in EUV 304 A images can help diagnose evolution, either ideal or non-ideal, of magnetic
structures, which leads to catastrophic energy release in flares and CMEs. To take advantage
of the diagnostic potential of the EUV 304 A images. much effort is needed to develop ap-
proaches to systematically and quantitatively analyze signatures in these images, and infer
physical properties from them.
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10.1007/s11207-025-02550-9.
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