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Abstract

Solar white-light flares (WLFs) are those accompanied by brightenings in the optical con-
tinuum or integrated light. The White-light Solar Telescope (WST), as an instrument of
the Lyman-alpha Solar Telescope (LST) on the Advanced Space-based Solar Observatory
(ASO-S), provides continuous solar full-disk images at 360 nm, which can be used to study
WLFs. We analyze 205 major flares above M1.0 from October 2022 to May 2023 and iden-
tify 49 WLFs at 360 nm from WST observations, i.e. with an occurrence rate of 23.9%.
The percentages of WLFs for M1 —-M4 (31 out of 180), M5-M09 (11 out of 18), and above
X1 (7 for all) flares are 17.2%, 61.1%, and 100%, respectively, namely the larger the flares,
the more likely they are WLFs at 360 nm. We further analyze 39 WLFs among the identi-
fied WLFs and investigate their properties such as white-light enhancement, duration, and
brightening area. It is found that the relative enhancement of the white-light emission at
360 nm is mostly (>90%) less than 30% and the mean enhancement is 19.4%. The WLFs’
duration at 360 nm is mostly (>80%) less than 20 minutes and its mean is 10.3 minutes. The
brightening area at 360 nm is mostly (>75%) less than 500 arcsecond? and the median value
is 225. We find that there exist good correlations between the white-light enhancement/du-
ration/area and the peak soft X-ray (SXR) flux of the flare, with correlation coefficients of
0.68, 0.58, and 0.80, respectively. In addition, the white-light emission in most WLFs peaks
around the same time as the temporal derivative of SXR flux as well as the hard X-ray emis-
sion at 20— 50 keV, indicative of the Neupert effect. It is also found that the limb WLFs are
more likely to have a greater enhancement, which is consistent with numerical simulations.
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1. Introduction

Solar flares are a kind of energetic activity with sudden brightening in the solar atmosphere
(e.g. Fletcher et al., 2011; Shibata and Magara, 2011). White-light flares (WLFs) are the
flares with an enhancement in the optical continuum or integrated light (Svestka, 1970; Nei-
dig, 1989; Hudson, 2011). Although the first flare observed in 1859 was a WLF (Carrington,
1859; Hodgson, 1859), the number of WLFs is very small. Only about 100 WLFs were re-
ported before 2010 (Cheng, Ding, and Carlsson, 2010). From 2011 to 2016, about 50 WLFs
were observed by the Solar Optical Telescope (SOT) on Hinode (Watanabe, Kitagawa, and
Masuda, 2017) and no more than 150 WLFs were reported using the data of Helioseismic
and Magnetic Imager (HMI) on the Solar Dynamics Observatory (SDO) (e.g. Kuhar et al.,
2016; Song and Tian, 2018; Castellanos Duran and Kleint, 2020).

Many WLFs are found to have a very strong correlation with the hard X-ray (HXR) and
radio emissions in time and space (e.g. Hudson, Wolfson, and Metcalf, 2006; Krucker et al.,
2011). This implies that nonthermal electrons are the source of WLFs’ energy. However,
only the most energetic electrons with more than 900 keV can reach the photosphere (Nei-
dig, 1989), where the white-light (WL) emission is usually emitted (e.g. Watanabe, Masuda,
and Segawa, 2012), so it is hard for the nonthermal electrons to heat the photosphere di-
rectly. To resolve this problem, much effort has been made to explore the energy transfer
and radiative-heating process in the low atmosphere (e.g. Aboudarham and Henoux, 1986a;
Tian et al., 2022) and many heating sources or mechanisms for WLFs have been proposed,
including electron beams (Hudson, 1972; Aboudarham and Henoux, 1986b; Watanabe and
Imada, 2020), proton beams (Machado, Emslie, and Brown, 1978; Prochdzka, 2019), chro-
mospheric backwarming (Machado, Emslie, and Avrett, 1989; Ding et al., 2003), soft X-
ray (SXR) irradiation (Machado, 1978), EUV irradiation (Somov and Syrovatskii, 1976),
chromospheric condensations (Gan and Mauas, 1994; Gan, Hénoux, and Fang, 2000), and
Alfvén waves (Fletcher and Hudson, 2008). In fact, the enhancement of the WL continuum
during a flare is likely caused by the joint action of several heating mechanisms (Xu et al.,
2010; Song et al., 2023).

WLFs are observed not only with ground-based telescopes, but also by spacecraft, which
can provide detailed information. Compared with ground-based telescopes, space telescopes
have better and more stable observation conditions. The Soft X-ray Telescope (SXT) on
Yohkoh can provide solar images in the waveband at 430.8 nm with a bandwidth of ~3 nm
(Tsuneta et al., 1991). With the SXT data, WLFs were observed from space for the first time
(Hudson et al., 1992). The Transition Region and Coronal Explorer (TRACE) has a very
broad WL channel from 170 nm to ~1000 nm (Metcalf et al., 2003). Hinode/SOT can pro-
vide observations at 430.5 nm with a bandwidth of 0.8 nm (Kosugi et al., 2007). SDO/HMI
gives solar full-disk images at Fe 1 617.3 nm (Scherrer et al., 2012). It should be mentioned
that there have been no prior systematic imaging observations in the Balmer continuum (i.e.
below the Balmer limit at 364.6 nm) for WLFs, at least not for the wavelength range above
300 nm.

The Advanced Space-based Solar Observatory (ASO-S: Gan et al., 2023) is the first
comprehensive solar mission in China, which was launched on 9 October 2022, having
a Sun-synchronous orbit with an altitude of ~720 km. The primary aim of ASO-S is to
study the magnetic field, solar flares, coronal mass ejections, and their relationships (Gan
et al., 2019). ASO-S has three payloads: the Full-disk vector MagnetoGraph (FMG: Su
et al., 2019), the Hard X-ray Imager (HXI: Zhang et al., 2019), and the Lyman-alpha Solar
Telescope (LST: Li et al., 2019). LST consists of three scientific instruments (Chen et al.,
2019): a Solar Disk Imager (SDI), a Solar Corona Imager (SCI), and a White-light Solar
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Telescope (WST). WST can provide continuous full-disk images in the 360£2 nm waveband
(Feng et al., 2019), which helps study WLFs at 360 nm, i.e. in the Balmer continuum. Here
we still call the flares with 360 nm brightenings WLFs, the same as in Neidig and Cliver
(1983).

To investigate the physical properties of the WL emission at 360 nm for large flares, we
study all the M- and X-class flares (i.e. major flares) from 12 October 2022 (when the first M-
class flare was observed by WST) to 31 May 2023. 205 M- and X-class flares were collected
and 49 of them (23.9%) were identified as WLFs at 360 nm. We further analyze 39 WLFs
among them in detail to investigate the relative enhancement, duration, and brightening area
of the WL emission at 360 nm. In the following, we first introduce the observational data and
flare data set in Section 2. Then we introduce the methods in Section 3. Our observational
results are presented in Section 4. The summary and discussions are given in Section 5.

2. Observational Data and Flare Data Set

ASO-S/LST/WST provides the main data in this study. WST works in the 360+2 nm wave-
band and has a field of view of 1.2 Rg. The images taken by WST have a size of 4608
x 4608 pixels and the pixel size is ~0.5”. Note that the spatial resolution of the images
(defined as full width at half maximum) is estimated to be about 4” and the point spread
function is still under investigation. The cadence of the images is two minutes in routine
mode, while it can be as high as one or two seconds in a burst mode. Since the burst mode of
WST was under test during the period of our flare data set, the cadence of most flare events
is two minutes. The level 2.5 data of WST are used here, which have been corrected for dark
current and flat field, as well as made North up and radiometric calibration applied. We fur-
ther use drot_map.pro in the SolarSoftWare (SSW) to remove the influence of solar rotation.
It should be pointed out that the WST observations were partially affected by Earth eclipses
starting around May 2023 and some flares lack available observations unfortunately.

Considering a strong relationship between the WL and HXR emissions in WLFs, we
also use the HXR data from ASO-S/HXI to obtain the peak time of the HXR emission at
20-50keV for the WLFs under study. HXT has an energy range of ~10-300 keV. Its spatial
resolution is 3.1” and the temporal resolution can be as high as 0.125 seconds. Note that due
to the influence of the South Atlantic Anomaly (SAA) or the radiation belt and so on, not all
the WLFs at 360 nm have HXR data from HXI.

The SXR 1-8 A data from the Geostationary Operational Environmental Satellite
(GOES) are used in this study as well. The GOES series spacecraft (from GOES-1 to GOES-
18) have provided continuous data on solar flares since 1975. The solar X-ray irradiances
in0.5-4 A and 1-8 A are observed by the X-ray Sensor (XRS: Hanser and Sellers, 1996),
and the latter one is widely used to define the flare magnitude from A- to X-class.

In this work, we collect 205 major flares occurring from 12 October 2022 to 31 May 2023
that have WST observations at 360 nm. There contain 198 M-class and 7 X-class flares with
the class from M1.0 to X2.3. Note that there are additional 39 M-class flares observed by
GOES but not well observed by WST, mainly due to Earth eclipses, which are not analyzed
here. From these 205 flares, we identify 49 (23.9%) WLFs at 360 nm. In our analysis, all
the 205 flares collected are used to study the occurrence rate of WLFs at 360 nm as well as
compare the SXR duration and spatial distribution of the WLFs flares without WL emission
(non-WLFs) (in Sections 4.1 and 4.2, respectively). Furthermore, for 39 out of the identi-
fied 49 WLFs, the physical properties including relative enhancement, duration, brightening
area, and total flux of the WL emission at 360 nm are studied (in Sections 4.3 —4.5). In the
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Figure 1 An example of a WLF with a GOES class of X1.1 on 11 February 2023. (a) WST 360 nm image
around the flare peak time. The red box indicates the flaring region in Panel b. The black box denotes a quiet-
Sun region that is used to calculate Ipyckground- (b) WST image for the flaring region. (¢) AIA 170 nm image
for the flaring region. The gray contour marks the sunspot feature. (d) and (e) Maps of the intensity ratio
and relative enhancement of the WL emission at 360 nm. The yellow curve (same in Panels a—e) denotes the
brightening area of WL emission at this time, while the orange curve (same in Panel d) shows the total WL
brightening area of this flare. (f) and (g) Temporal profiles of the SXR 1—8 A flux, its temporal derivative, the
HXR 20-50 keV flux from HXI, AIA 170 nm emission (normalized), WST 360 nm emission (normalized),
and the brightening area at 360 nm. The gray curve in Panel g shows the intensity fluctuation from the quiet-
Sun region marked by the black box in Panel a. The three vertical dotted lines in Panel f denote the GOES
start, peak, and end times of the flare. While the three vertical lines in Panel g indicate the start, peak, and
end times of the WL emission at 360 nm.

latter, 10 WLFs near the limb are excluded because their brightenings extend to or overlap
the solar limb, which leads to an underestimation of the WL area. It should be mentioned
that 9 of these excluded 10 WLFs have a longitude of larger than 85°.

3. Methods
3.1. Identification of WLFs at 360 nm

We use the intensity ratio defined as (I — Iy)/ Ipackground t0 identify a WLF (see Figure 1d
for an example WLF), where 1, Iy and Ipackground are the intensity at 360 nm for a certain
pixel in the flare time (i.e. the period between the GOES start and end times of the flare,
as indicated in Figure 1f), the mean intensity from the same pixel before the flare onset (30
minutes before the GOES start time, i.e. an interval comparable to the typical duration of
a flare), and the mean intensity from a quiet-Sun region before the flare onset (same as the
former one), respectively. Note that this ratio is unaffected by the WL brightening region
in or outside the sunspot with distinct intensities. It is only affected by a selection of the
quiet-Sun region. When selecting the quiet-Sun region, we give preference to those near the
flaring active region (see the black box in Figure 1a) to avoid or reduce the limb-darkening
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effect at 360 nm. Note that the selected quiet-Sun region has a size of 20”x20”, namely
~25 times the spatial resolution of WST. The intensity fluctuation of the quiet-Sun region is
checked to be within £2% (i.e. the gray line in Figure 1g) for each WLF. For all the analyzed
39 WLFs, the average level of background fluctuations is &1.5%, which is actually similar
to the background level of HMI (1.3%) for the 20 WLFs studied by Song et al. (2018).

Different thresholds of the intensity ratio are used in previous studies for WLFs. For
example, a threshold of 5% was adopted for HMI WLFs at 617.3 nm (Song et al., 2018). In
the present study, we firstly consider the background fluctuations from a quiet-Sun region,
i.e. within 2%. We also consider the fluctuations in the facular region around the flaring
active region. In order to make sure that the 360 nm enhancement is caused by the flare itself,
we finally adopt 8% (larger than three times the background fluctuation) as the threshold
after some tests to determine a WLF at 360 nm. Note that this threshold is somewhat strict
and may have some influence on the WL emission properties, which will be discussed in
Section 5.

3.2. Calculation of the Brightening Area of WLFs at 360 nm

When the intensity ratio defined above at a flaring pixel is greater than the threshold of
8%, the pixel is taken into account when calculating the brightening area for the WLF (see
the region marked by a yellow curve in Figures 1a—e). We further use the morphological-
opening operation for the WL brightening region to remove the noise points (Maurya and
Ambastha, 2010). Note that the brightening area is a function of time and can be written
as Sy, S2...., S,, where n represents the time frame of observations. The final brightening
area for a WLF at 360 nm is defined as S = S; | S. U ---|J S, (see the region marked by
an orange curve in Figures 1d and e). Note that for a better understanding the WL area and
its relationship with some other WL parameters, here S [in units of arcsec?] is corrected
for projection effect by using the heliocentric angle [6], i.e. S = Sy/ cos(6), where S is the
originally measured brightening area and 6 is derived from the flare location, as listed in
Table 2.

3.3. Definition of the Duration of WLFs at 360 nm

Firstly, we use the temporal profile of WL brightening area (i.e. the black curve in Figure 1g)
to determine the start and end times of a WLF at 360 nm. The start time is defined as the
first time when the WL brightening area is > 10 pixels after the flare onset (see the left red
vertical line in Figure 1g), while the end time is defined as the time when the brightening
area becomes zero or shows no obvious trend of decline (see the right red vertical line
in Figure 1g). Note that the end time of WL emission can be later than that of the SXR
emission. Then, the interval between the start and end times of WL emission is the duration
[t] of WLFs at 360 nm. Considering that the temporal resolution of most WLFs is two
minutes, T has an uncertainty of four minutes. In addition, the peak time of a WLF at 360 nm
is defined as the time when the WL emission reaches its maximum (as marked by the middle
red vertical line in Figure 1g).

3.4. Definition of the Relative Enhancement of the WL Emission at 360 nm
The relative enhancement » of the WL emission at 360 nm at a certain pixel is defined as

r=( —1y)/I (e.g. Hao et al., 2017; Castellanos Duran and Kleint, 2020), as shown in Fig-
ure le, where [ and I, have the same meanings as mentioned above. Note that r usually has
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Table 1 Occurrence rate of WLFs at 360 nm.

Flare class WLF non-WLF Total Occurrence rate
M1.0-M4.9 31 149 180 17.2%
M5.0-M9.9 11 7 18 61.1%

Above X1.0 7 0 7 100%

Total 49 156 205 23.9%

a larger value for the penumbra/umbra pixels compared with the pixels outside the sunspot,
as the former pixels have a relatively lower intensity. In the following analysis, we adopt
two maximum enhancements for each WLF. One is called “maximum pixel enhancement”
[rp], representing the maximum enhancement for the brightening pixels during the flare. The
other is called “maximum mean enhancement” [r, ], representing the maximum of the mean
enhancement for the WL brightening region during the flare.

3.5. An Example WLF

Figure 1 shows an example WLF with a GOES class of X1.1 on 11 February 2023. From
Figures la and b, we can see that the identified brightening region at 360 nm (marked by
a yellow curve) is near a sunspot, which well matches the brightening kernel at 170 nm
(Figure 1c) observed by the Atmospheric Imaging Assembly (AIA) on SDO. The selected
quiet-Sun region (denoted by the black box in Figure 1a) has an intensity fluctuation of less
than 1%, as seen from Figure 1g. For this flare, the intensity-ratio map used to identify
the WL brightening (Figure 1d) looks similar to the enhancement map (Figure 1e), although
the value in the latter one is mostly larger than that from the former one. From Figures 1f
and g, it is seen that the WL emission at 360 nm (integrated over the brightening area, i.e.
S, as denoted by the orange curve in Figures 1d and e) is synchronous with the emission at
170 nm roughly, both of which peak around the same time as the HXR 20— 50 keV emission
and the temporal derivative of SXR 1 -8 A, i.e. the Neupert effect (Neupert, 1968). It is also
seen that the temporal profile of WL brightening area peaks at a later time than the WL
emission.

4, Results
4.1. Occurrence Rate of WLFs at 360 nm

Based on the above method, we identify 49 WLFs at 360 nm from the collected 205 M- and
X-class flares, i.e. with an occurrence rate of 23.9%. We further check the dependence of
the occurrence rate on flare magnitude. As shown in Table 1, the percentage of WLFs for
M1.0-M4.9 (31 out of 180), M5.0-M9.9 (11 out of 18), and above X1 (7 for all) flares
are 17.2%, 61.1%, and 100%, respectively. In other words, the larger the flares are, the more
likely they are to be WLFs at 360 nm. In particular, all the X-class flares are WLFs at 360 nm
in our data set.

4.2. SXR Duration and Spatial Distribution of the WLFs at 360 nm Compared with
Flares without WL Emission (Non-WLFs)

Figures 2a and b show the histogram of the SXR duration (i.e. the temporal interval between
the GOES start and end times) and its scatter plot versus peak SXR flux for all the collected
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Figure 2 Comparisons of WLFs at 360 nm and non-WLFs. (a) Histogram of the SXR duration for all 205
collected major flares. (b) Scatter plot of the SXR duration versus peak SXR flux. (¢) Spatial distribution of
the WLFs and non-WLFs on the solar disk. (d) Distribution of WLFs and non-WLFs versus solar longitude.
The red curve plots the ratio of the WLFs. In each panel, the red and blue colors represent the WLFs and
non-WLFs, respectively.

major flares, in which WLFs and non-WLFs are indicated by red and blue colors, respec-
tively. One can see that the SXR durations for all the flares are a few to tens of minutes.
Compared with non-WLFs that have a mean SXR duration of 29.6 minutes, the WLFs tend
to have a shorter SXR duration, with a mean value of 22.5 minutes. In addition, the WLFs
tend to have a larger peak SXR flux (with a mean value of 5.26 x 10~> W m~2) compared
with non-WLFs (with a mean value of 1.80 x 107> W m~2).

Figure 2c shows the spatial distribution on solar disk for all the collected major flares,
with the WLFs and non-WLFs plotted in red and blue plus symbols, respectively. There are
120 flares on the northern hemisphere and 32 out of them are WLFs at 360 nm, i.e. with
a percentage of 26.7%. For the remaining 85 major flares that are located at the southern
hemisphere, there are 17 WLFs at 360 nm among them, i.e. 20%. Therefore, the spatial
distribution of WLFs seems to have no dependence on solar northern or southern hemi-
sphere compared with non-WLFs, at least for our flare data set. However, we note that there
are many WLFs located near the solar limb. We further investigate the dependence of the
WLF’s distribution on solar longitude, as shown in Figure 2d. It is seen that the number of
WLFs exhibits an increasing tendency, say from several to more than ten, from disk center
to limb. Although there are more major flares occurring near the limb in our data set, the
percentage of WLFs (i.e. the red curve) still increases from 2217% to ~33% over longitude.
This indicates that more WLFs take place or can be detected near the solar limb.
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Figure3 WL parameters at 360 nm, including WL duration (a), corrected area (b), rm (¢), and rp (d) for the
selected 39 WLFs.

4.3. WL Duration, Brightening Area, and Relative Enhancement of WLFs at 360 nm

In the following, we focus on 39 WLFs (including 6 X- and 33 M-class flares, as listed in
Table 2) among the identified 49 WLFs to further study their physical properties. Note that
the other 10 WLFs are excluded here due to their brightenings extending to the solar limb,
which could lead to an underestimation of the WL area, as mentioned above.

Figure 3 shows the histogram of WLFs’ parameters, including WL duration [7 ], brighten-
ing area [S], corrected for projection effect), maximum mean enhancement [r,], and max-
imum pixel enhancement [rp]. The values of these parameters are also given in Table 2.
From Figure 3a we can see that most WLFs (*85%) have a duration of less than 20 min-
utes. The longest duration is 44 minutes coming from the X2.3 WLF on 17 February 2023,
i.e. the largest flare in our data set. The mean and median durations for all the 39 WLFs
are 10.3 and 7.8 minutes, respectively. From Figure 3b it is seen that most WLFs (x75%)
have a brightening area of smaller than 500 arcsec? and the mean/median area of all WLFs
is 479/225 arcsec?. For ry, and rp, shown in Figures 3c and d, one can see that most WLFs
have a r, of less than 40% and a r,, of less than 75%. The mean r, and r, of all WLFs are
19.4% and 41.7%, respectively, and the medians are 17.4% and 32.3%, respectively. Note
that the X2.1 WLF on 3 March 2023 (the second largest flare in our data set) near the limb
has the largest enhancement, with a r;, of 203% and a r, of 62.1%.

The relationships among the above WL parameters are further studied by calculating
their correlation coefficients (cc), as shown in Figure 4. We can see that 7, and r,, of all the
39 WLFs have a strong positive correlation with cc = 0.95 (see the scatter plot in Figure 4a).
rm also has a good relationship with the corrected area (cc = 0.62, Figure 4b). While ry, has
no obvious relationship with the WL duration (cc = 0.25, Figure 4c). In addition, the WL
duration has a poor correlation with the corrected area (cc = 0.33, Figure 4d).

Figure 5a shows the center-to-limb distribution (in terms of the heliocentric angle [0]
from O to 90°) of r,, for all the 39 WLFs. It can be seen that as 6 increases, ry, reaches a
higher value, although a small ry, can also show up near the limb. The cc between ry, and
0 for all the 39 WLFs is 0.24, i.e. showing a weak relevance. However, if we only choose

@ Springer



A Statistical Study of WLFs Observed by WST Page110f19 11

250 80 T T T T 80 T T T T 50 T T T T
(a) cc: 0.95 (b) cc: 0.62 (¢) cc: 0.25 (d) cc: 0.33
k: 3.48 +
200 40
s _ 60 + < 60 +
£ & <
k< z k=
1] 5 1] = I+
§ 150 3 5 £ 30
2 2 g <
g 5 5 §
2 £ 40 £ 40 2
i} w w g
$ 100 § < -+ ]
[ = 2 + + =
g g 5, 0HE 4 F +
= 20 = 20F +
50 4+
o+
o
0 0 0 1 1 " "
0 10 20 30 40 50 60 70 0 500 1000 150020002500 3000 0 10 20 30 40 50 0 500 1000 1500 2000 2500 3000
Max Mean Enhancement (%) Corrected Area (arcsec’) WL Duration (min) Corrected Area (arcsec”)

Figure4 WL parameters and the linear fit for their relationships.
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Figure 5 (a) rm versus heliocentric angle. The red symbols denote the WLFs above M6 and the red line is
their linear fit. (b) WL duration versus SXR rise time with a linear fit.

WLFs above M6.0 (see the red star symbols), there exists a much stronger correlation (cc =
0.60) between ry, and 0. This suggests that r, has a center-to-limb variation, especially for
large WLFs, which will be discussed in Section 5.

In addition, we check the relationship between WL duration and SXR rise time (i.e. the
time period from flare onset to peak) for the 39 WLFs, as shown in Figure 5b. There shows a
good positive correlation (with cc = 0.57) between these two parameters. Note that the WL
duration has a comparable value with the SXR rise time. This implies that the WL emission
is mainly caused by the heating process, as indicated by the SXR rise time of a flare.

The dependencies of WL parameters at 360 nm on flare magnitude or peak SXR flux
are shown in Figure 6. We can see that all the parameters, rp, ry, 7, and S, have a good
relationship with the peak SXR flux, with cc of 0.74, 0.68, 0.58 and 0.80, respectively. This
is reasonable, since a larger flare tends to have a more energy, which can lead to a stronger
WL brightening.

4.4, Relationships of the WL Peak Time with SXR and HXR Peak Times
Comparing the WL peak time to the SXR or HXR peak time can help us understand the
physical origin of WL emission in flares. Figure 7a plots the histogram of the time differ-

ence between WL and SXR peak times for all the 39 WLFs. Note that the pink and red
colors refer to the WLFs with and without available HXR 20-50 keV observations from
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Figure 7 Differences between WL and SXR peak times (a), between WL peak time and peak time of SXR
temporal derivative (b), and between WL and HXR peak times (c). In each panel, the pink and red colors
represent the WLFs with and without HXI data available, respectively.

ASO-S/HXI, respectively. It can be seen that two thirds (26) of the WLFs have an earlier
WL peak time compared to the SXR peak time. Considering an uncertainty of 2 minutes
for the WL peak time, there are still 12 WLFs (about one-third) having a time difference of
less than —2 minutes, while only two WLFs have that of more than two minutes. Therefore,
the WL emission tends to reach its peak earlier than the SXR emission. This also implies
that the WL emission is mainly associated with the heating process of the flare, i.e. similar
to the indications of the relationship between the WL duration and SXR rise time, as men-
tioned above. Note that there are two WLFs (an M4.5 and an M1.6) whose WL emissions
peak much later (~ten minutes) than the SXR emission. These gradual-phase WL emissions
might be more related to the cooling process of the flare.

We further check the difference between the WL peak time and the peak time of SXR
temporal derivative, as shown in Figure 7b. We can see that most of the WLFs (95%) have
a peak time of WL roughly the same as that of the SXR temporal derivative, with the time
difference of +4 minutes, including all the 25 WLFs with the HXR data available (see the
pink color). This indicates that the WL emission at 360 nm exhibits the Neupert effect (Ne-
upert, 1968) in principle. The two exceptional WLFs are those having a later WL peak time,
as mentioned before. They also have a later WL peak time than that of the SXR temporal
derivative.
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Figure 8 Total flux of the WLFs versus peak SXR flux (a), corrected area (b), WL duration (c), and ry (d)
with a linear fit. The fit expressions are given in the panels, where Fp in Panel a represents the peak SXR flux
of WLFs.

For the 25 WLFs with HXR data available, we further plot the histogram of the difference
between WL and HXR peak times in Figure 7c. One can see that all these WLFs have
a similar peak time for the WL and HXR emissions within a range of £+4 minutes and
particularly most (92%) are in the range of 2 minutes. This confirms that the WL emission
at 360 nm basically follows the Neupert effect and thus implies that the 360 nm emission is
closely related to nonthermal electron-beam heating, at least for most WLFs under study.

4.5. Total Flux of WLFs at 360 nm

To describe the absolute enhancement of WLFs at 360 nm, we define the total flux (or to-
tal energy) as: F =) > ¢ (I — Io) (Castellanos Durdn and Kleint, 2020), i.e. integrating
the enhanced WL intensity over corrected area [S;] and time [¢]. Note that here the WL
intensities of I and I, have been calibrated to physical units of erg s™' cm™2 sr~!. In addi-
tion, the limb-darkening effect at 360 nm has been corrected by using an empirical formula
of 1(1:;)1) =u); + 1 —u)u + vypuln /fj:] + w,\u(p,ln"—fl — In2), where u;, v;, and w;
are 0.2887, 2.2194, and —5.6933, respectively (Makarova, Roshchina, and Sarychev, 1991).
This formula can fit the WST data quite well when p > 0.11. It should be mentioned that
all the analyzed 39 WLFs have p > 0.13. The final F is listed in Table 2. It is seen that the
total flux at 360 nm with a bandwidth of 2 nm for all the 39 WLFs is about 10% —10%
erg. The relationships between the total flux and peak SXR flux (or flare magnitude), bright-
ening area, WL duration, and maximum mean relative enhancement are shown in Figure 8.
We can see that the total flux has a good positive correlation with these four parameters in
general, with cc of 0.89, 0.89, 0.45, and 0.73, respectively. This result is reasonable and can
be predicted. Here we also give the expression of F based on the linear fitting (see each of
the panels), which could be used to estimate the radiated energy at 360 & 2 nm via the peak
SXR flux only and further estimate the other WL parameters at 360 nm roughly.

5. Summary and Discussions

In this article, we present a statistical study on the WLFs at 360 nm observed by ASO-
S/WST from October 2022 to May 2023. The occurrence rate of WLFs and comparisons
between WLFs and non-WLFs are provided. The WLFs’ parameters including relative en-
hancement (7, and r,), WL duration, brightening area, and total flux are given together with
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their mutual relationships. The WL peak time is also compared to the SXR and HXR peak
times, which is helpful to understand the physical origin of WL emission. Our results are
summarized below.

i) The occurrence rate of WLFs at 360 nm is 23.9% for major flares above M1.0, which
increases with the flare magnitude. It should be mentioned that all seven X-class flares
in our data set are WLFs at 360 nm.

ii) Compared with non-WLFs, the WLFs at 360 nm tend to have a shorter SXR dura-
tion and a larger peak SXR flux. The spatial distribution of WLFs does not appear to
be dependent on solar northern or southern hemisphere, at least for our flare data set.
However, the number of WLFs increases from disk center to limb, and the relative en-
hancement of WL emission can be larger for the WLFs near the limb.

iii) The mean values of WL duration, brightening area, ry,, and r, of WLFs at 360 nm
are 10.3 minutes, 479 arcsec?, 19.4%, and 41.7%, respectively. r, is found to have a
strong correlation with r, and some positive correlation with the area. However, it has
no obvious correlation with the duration. In addition, there is no obvious correlation
between the duration and area.

iv) All the WL parameters, including the duration, area, r;,, 7y, and total flux, show a good
positive relationship with the peak SXR flux.

v) The WL emission at 360 nm reaches its peak around the same time as the temporal
derivative of SXR flux as well as the HXR 20-50 keV emission for most WLFs. This
indicates that the WL emission basically follows the Neupert effect. It should be noted
that there are two WLFs showing a notable gradual-phase emission at 360 nm.

vi) The total flux at 360 nm for the 39 WLFs under study is about 10%6 — 10 erg. It has
a good positive correlation with the peak SXR flux, WL enhancement, and brightening
area.

Our study presents a continuous observation of major flares at 360 nm for more than half
a year from ASO-S/WST as well as provides the occurrence rate of WLFs at 360 nm for the
first time. Although there are some other telescopes observing the Sun in the 360 nm wave-
band, such as the Optical and Near-infrared Solar Eruption Tracer (ONSET: Fang et al.,
2013), the advantages of WST are the continuity of its observation in a seeing-free condi-
tion from space and its full-disk field of view, which is beneficial for flare studies. Nearly
50 WLFs have been identified in the period of less than one year, which is roughly equiva-
lent to the number of WLFs observed by HMI at 617 nm for about two —three years. Note
that our threshold for identifying a WLFs at 360 nm is relatively high and the burst mode
of WST for a very high cadence was still under test. Therefore, there should be more than
49 WLFs detected by WST during this period. Here we should also mention that WST and
HMI work in different wavebands and the occurrence rate of WLFs in these two wavebands
can be different.

Based on some statistical studies on HMI WLFs at 617 nm in the literature, here we can
roughly compare the properties of WL emissions between WST 360 nm and HMI 617 nm.
For instance, the mean enhancement of the emission at 617 nm is ~15% (e.g. Song et al.,
2018, Castellanos Durdn and Kleint, 2020), and r,,, of the emission at 360 nm is ~19%.
Considering that a higher threshold of intensity ratio for WLFs, i.e. 8% in the present study,
would overestimate a r,,, we may say that the mean enhancement at 360 nm is comparable
to that at 617 nm in WLFs. In addition, the duration and area of WLFs at 617 nm have
median values of &5 minutes and <50 arcsec? (without a correction for the project effect;
Song et al., 2018), respectively, both of which are smaller than those of WLFs at 360 nm.
Note that a higher threshold for WLFs here would underestimate the brightening area and
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duration of the emission at 360 nm. A detailed comparison between the emissions at WST
360 nm (in the Balmer continuum) and HMI 617 nm (in the Paschen continuum) deserves
a further study for WLFs. In fact, the relationship between the 360 nm emission and the
emission at >400 nm, i.e. the true WL, is worthwhile to be explored.

In the present study, the WL emission at 360 nm reaches its peak around the same time
as the temporal derivative of the SXR 1 -8 A flux as well as the HXR 20— 50 keV emission
in most WLFs, i.e. exhibiting the Neupert effect. This suggests that the 360 nm emission
can be closely related to a nonthermal electron beam heating, i.e. it has a nonthermal origin.
It should be noted that there are two exceptional WLFs in our data set, whose emissions at
360 nm have a later peak time than the SXR 1—8 A flux. This kind of emission appearing
in the decay phase of the flare (or gradual-phase emissions) might be produced by a thermal
process (say, thermal conduction or SXR backwarming) rather than a nonthermal electron-
beam heating that usually occurs in the rise phase. These are worthy of a detailed study in
the future.

In our study, the WL emission at 360 nm exhibits a center-to-limb variation, which is
manifested as a larger enhancement plus more WLFs identified near the limb. This is con-
sistent with previous studies on WL emission, both in observations and numerical simula-
tions. A statistical work on 86 WLFs showed that the WLFs prefer to occur at the solar
limb (Neidig, Wiborg, and Gilliam, 1993). Some numerical simulations revealed that the
electron-beam heating leads to a larger enhancement in the continuum near the solar limb
than at the disk center (e.g. Ding, 2007; Cheng, Ding, and Carlsson, 2010). The authors gave
an explanation that the formation height of continuum emission is higher in limb flares and
it is easier to heat. Our study provides an observational evidence for the center-to-limb effect
of the 360 nm emission from a statistical analysis. Furthermore, we find that the center-to-
limb variation is more obvious for larger WLFs.

At the time of writing, WST is beginning to provide WL images with a very rapid cadence
of one or two seconds in a burst mode. This can bring some new sights on WLFs at 360 nm.
Firstly, a high temporal resolution can provide precise start, peak, and end times of WL
emission as well as their relationships with the corresponding times of SXR and HXR emis-
sions, which helps understand the physical origin of the 360 nm emissions. A rapid cadence
of WL images might also make it possible to detect WL waves at 360 nm accompanied by
WLFs (like sunquakes observed from HMI; Wu, Dai, and Ding, 2023). This would be very
helpful to explore the conditions in the WL emission source. As more and more WLFs are
collected from WST observations, it is worthwhile doing a comprehensive statistical work
combining the data from some other instruments such as HMI, ONSET, and the Chinese
Ha Solar Explorer (CHASE: Li et al., 2022). On the other hand, radiative-hydrodynamic
simulations are needed to help explain the observations in terms of formation height and
contribution function of the WL emission. All these should improve our understanding of
WLFs at 360 nm.
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