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Abstract

On 2012 October 23, a strong white-light emission, associated with an X1.8-class flare, was observed by the Solar
Optical Telescope on board the Hinode satellite. White-light kernels were clearly observed along the Ca II H
ribbons. RHESSI also observed hard X-ray emissions that were almost located on the white-light kernels. The total
energy of the white-light emission was ~102"~28 erg s~! and the total energy of the accelerated electrons was
almost of the same order when we used 40 keV as the lower energy cutoff. The white-light emission appears to
have originated from nonthermal electrons in these energies. Moreover, the EUV imaging spectrometer on board
the Hinode satellite performed a raster scan over this flaring active region and the flare occurred during the scan.
Over the white-light kernels, we observed redshifts of a few tens of km s~' in Fe XII. It appears that these EUV
responses originated from some accelerated electrons due to the solar flare and they are considered to be the source
of the white-light emission. In fact, the electron density of the white-light kernels was less than 10'> cm 3, which is
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sufficiently low for nonthermal electrons to penetrate into the photosphere.

Unified Astronomy Thesaurus concepts: Solar chromosphere (1479); Solar white-light flares (1983); Solar

ultraviolet emission (1533)

1. Introduction

The origin of energetic particles is a long-standing unresolved
problem in the area of astrophysics. Frequent observations
indicate that high-energy particles are generated in explosive
energy release events such as solar flares and terrestrial substorms.
Many theoretical and observational studies have attempted to
understand the origin of high-energy particles and various
mechanisms have been proposed, such as shock acceleration
(e.g., Blandford & Ostriker 1978). Magnetic reconnection is also
considered to be a source of energetic particles. For example, in
the Earth’s magnetosphere, energetic particles are often observed
in the vicinity of magnetic reconnection regions (e.g., Sarris et al.
1976; Gieroset et al. 2002; Imada et al. 2007, 2011). Solar flares
(e.g., Tsuneta et al. 1992; Imada et al. 2013) are also considered to
be associated with magnetic reconnection and they are another
important source of particle acceleration. The solar atmosphere is
an excellent space laboratory for studying particle acceleration,
and many studies have investigated high-energy particles during
solar flares in recent decades. Substantial progress has been made
in our understanding of particle acceleration in the last three
decades, mainly because of modern satellite observations in the
hard X-ray region (e.g., Masuda et al. 1994). Furthermore,
enhancements have sometimes been observed in the hard X-ray
region but also in terms of visible continuum radiation, which is
known as a “white-light flare,” where this is associated with
strong solar flares. Many of these observed events were
characterized by strong correlations between the time profiles
and locations of white-light emissions, as well as hard X-rays
and/or radio emissions (e.g., Hudson et al. 2006; Watanabe et al.
2010a; Krucker et al. 2011; Kuhar et al. 2016), so it seems that the
source of white-light emissions is nonthermal electrons. In
addition, white-light emission (especially core emission) is
generally emitted from near the photosphere (e.g., Watanabe
et al. 2012), but nonthermal electrons are almost thermalized by

the time they reach the lower chromosphere (Neidig 1989) if we
assume a uniform solar atmosphere similar to that in the VAL-C
model (Vernazza et al. 1981). Theoretically, only the most highly
energetic electrons with energies of more than 900 keV can reach
the photosphere (Neidig 1989). Therefore, there is a problem in
terms of the emission height difference between white-light and
hard X-ray emissions, and how the energy of nonthermal electrons
propagates to the photosphere and produces white-light emissions.

Recently, Martinez Oliveros et al. (2012) found that a
white-light emission was located at almost the same height as
the hard X-ray emission based on observations using the
Helioseismic and Magnetic Imager (HMI; Scherrer et al.
2012; Schou et al. 2012) on board the Solar Dynamics
Observatory (SDO; Pesnell et al. 2012) and RHESSI (Lin
et al. 2002). Thus, observations of this event indicate that
accelerated electrons can reach the photosphere. However,
they cannot explain how nonthermal electrons might reach the
photosphere through the solar atmosphere. Battaglia & Kontar
(2012) also estimated the white-light emission height from the
same event and obtained the different result of white-light
emission originating from the lower chromosphere. This
result was explained by the radiative back-warming model of
white-light emission.

In general, the plasma condition is totally different during a
flare from a quiet Sun in the solar corona but also in the
transition region and/or upper chromosphere. Thus, it is
possible that the different plasma conditions in the chromo-
sphere /transition region might affect the transport of energetic
electrons from the corona to the photosphere. In this study, we
aimed to determine the physical plasma condition from the
corona to the lower chromosphere above the white-light
kernels. Furthermore, we attempted to predict how white-light
emissions can be produced by the transportation of nonthermal
electrons in a white-light flare.
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Figure 1. (a) Light curves obtained for soft X-rays observed by GOES, (b) 193 A UV emission by SDO/AIA, (c) Ca 1l H, and (d) white-light (red continuum)
emission by Hinode/SOT, and (e) hard X-ray corrected count rate by RHESSI. Gray regions have pile-up issues. We did not use saturated images for the 193 A light
curve. The Ca II H emission was estimated from Ca II H images by collecting pixel data numbers over 1500 from the flare mode data. Ca II H emissions were
saturated in the image after 03:15 UT, as shown in Figure 2, and the Ca light curve was not correct after that time (dotted line). White-light emission was estimated
from difference images, and the subtracted reference image for the difference was taken at 03:20:06 UT, which was immediately after the end of the white-light
enhancements. No hard X-ray data were available before 03:14:34 UT because the RHESSI was in the South Atlantic Anomaly (SAA).

2. Emission Timings of an X1.8-class Flare

On 2012 October 23, an X1.8-class flare occurred in the active
region of NOAA 11598, which was located at S 13° E 58°. This
flare started at 03:13 UT, where the soft X-ray flux peaked at
03:17 UT and ended at 03:21 UT, and thus this was a highly
compact event with a duration of less than 10 minutes.
Figure 1(a) shows the Geostationary Operational Environmental
Satellite (GOES) soft X-ray profile. Almost the same behavior
was observed in the light curve of the 193 A UV emission
detected by the Atmospheric Imaging Assembly (AIA; Lemen
et al. 2012) on board the SDO, as shown in Figure 1(b). The AIA
captures an image every 12 s but we did not use saturated images
for this light curve because of their exposure time.

All three Hinode instruments also successfully observed this
flare. The X-Ray Telescope (XRT; Golub et al. 2007) automatically
detected this flare at 03:15 UT due to a sudden increase in the
X-ray flux in its field of view (FOV) and it shifted to the flare

observation mode (Kano et al. 2008). The Solar Optical Telescope
(SOT) (Ichimoto et al. 2008; Shimizu et al. 2008; Suematsu et al.
2008; Tsuneta et al. 2008) also shifted to the flare observation
mode due to the XRT flare trigger. In the flare observation mode,
the SOT uses a FOV of at least 108”5 x 108”5 with an effective
spatial resolution (2 x 2 summing) of 07108 pixel”!, and it
captures images in at least the Ca I H (3968.5 A, width 3 A), red
(6684.0 A, width 4 A), green (5550.5 A, width 4 A), and blue
(4504.5 A, width 4 A) filters every 20 s, where the exposure times
for each wavelength are 123 ms, 51 ms, 77 ms, and 61 ms,
respectively.

One Call H image was observed before starting the flare
observation mode, as shown in the top left panel in Figure 2. This
image was captured during the beginning of the impulsive phase.
The Ca 11 H ribbons started to form at this time and any Ca I H
emissions were not saturated yet. In addition, although clear
Ca I H ribbons were seen in the flare observation mode, most of
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Figure 2. Left: Ca Il H images observed by Hinode/SOT. The top image was captured at the time of flare onset and immediately before the start of flare mode
observations (at an effective spatial resolution of 0”218 pixel~! and an exposure time of 150 ms). The images at the center and bottom were obtained from flare mode
observations (at an effective spatial resolution of 07108 pixel™!, with image capture every 20 s, and an exposure time of 123 ms). All of the Ca Il H images
were saturated during the flare mode observations. Top and bottom right: running difference images of the continuum band observed by the SDO/HMI (at an effective
spatial resolution of 0”6 pixel~! and with image capture every 45 s). White-light enhancements were observed from 03:14:15 UT. Center right: difference image of
the Hinode/SOT red continuum band at 03:15:22 UT (at an effective spatial resolution of 07108 pixel™! and image capture every 20 s). The image captured at

03:20:06 UT was subtracted.

the Ca II H emissions were saturated, as shown in the center left
and bottom left panels in Figure 2, even with their shorter exposure
time. In Figure 1(c), we show the light curve for the Call H
emission, although this is not correct for the flux after 03:15 UT
because we generated this profile from observed images.

After the start of the flare mode observation, clear enhance-
ments of the white-light emission were also observed by all three
continuum filters in the SOT. For example, we show the first red
difference image in the center right panel in Figure 2. We show
the light curve for the red continuum emission in Figure 1(d),

where the data started from 03:15:22 UT and the peak red
emission was ~ 1 minute earlier than the peak times of the soft
X-ray, UV, and Ca II H emissions.

RHESSI also observed hard X-rays and gamma-rays at more
than 1 MeV. The light curve for the hard X-ray emissions at
50-100 keV is shown in Figure 1(e). The RHESSI was in the
SAA before 03:14:34 UT, so no hard X-ray data were available.
The hard X-ray and white-light light curves are usually highly
correlated (e.g., Hudson et al. 2006). However, the peak time for
the hard X-ray curve appeared to be slightly earlier than that for
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Figure 3. Top: observed Ca Il H emission with white-light emission from Hinode/SOT and X-ray emission from RHESSI. The overlaying red, green, and blue filled
contours indicate the deviations in intensity >3 above the background for each white-light wavelength channel. White-light emission was mainly observed in the
Ca I H ribbons. The overlaying red and blue contours indicate the RHESSI X-ray emissions with energies of 12—15 keV and 35-100 keV, respectively. Bottom. hard
X-ray spectra observed by RHESSI at 03:15:30—03:15:50 UT (left) and 03:15:50—03:16:10 UT (right). The histograms for the observed spectra and straight lines are
the fitting results obtained by using a power law for the data at 40—100 keV. The equations for these results are also shown in each figure.

the white-light curve, but the time resolution was totally
different, so we cannot state this definitively.

It was difficult to determine the emission that was enhanced
first due to the restricted observations and time resolution of the
data. However, it is clear that the Ca II H ribbon was already
formed and the hard X-ray was also emitted before the
impulsive phase of the flare (~03:15 UT). At this time, no
white-light data were available from the Hinode/SOT because
this was before the flare mode observation. However, the SDO/
HMI observed the white-light enhancement at 03:14:45 UT, as
shown in the top right panel in Figure 2. Thus, the white-light
emission also occurred at the beginning of the impulsive phase.

The peak time for each emission occurred slightly earlier for
the hard X-ray curve than the white-light curve, as mentioned
above, but this could not be differentiated clearly because of
the difference in the time resolution. The peak time for the
Ca 11 H and soft X-ray emission occurred ~1 minute later than
the peak time for the red continuum emission, and the 193 A
emission peaked more than 2 minutes later than the white-
light peak.

3. Observed Plasma Conditions During the Flare

The white-light emissions detected by Hinode/SOT were
located almost exactly on the location on the strong (saturated)
Ca II H ribbons and they followed their expansion, as shown in
the top panels in Figure 3. The white-light emissions started
to enhance from the northern part of the ribbons, before
propagating to the southern part. Based on these SOT continuum
data, we determined the temperature and total power of the
white-light emissions by using the same methods employed by
Watanabe et al. (2010a; 2013). We fitted the three color data
points using the Planck formula and estimated the temperatures
of the observed white-light emissions. The average temperatures
in the red enhanced (>30) region around 03:15:44 UT (top left
panel in Figure 3) and 03:16:03 UT (top right panel in Figure 3)
were estimated as 5168 K and 5170 K, respectively. Consider-
ing that the error in these temperatures is about 35 K, the same
as in Watanabe et al. (2013), the temperature did not change
during this period. The total power of these white-light emissions
were then estimated using the Stefan—Boltzmann law as the
order of 10?8 erg s~
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Figure 4. Intensity (top) and Doppler (bottom) maps obtained for Fe XII, Fe XV, and Fe XXIV by Hinode/EIS. The EIS performed a coarse raster scan (2 slit and 5"
step) with a cadence of about 6 minutes over this active flaring region from before the flare and it appears that the flare occurred during the scan at 03:14:36 UT when
the diffraction pattern in the Fe XXIV image started. The color scales for the EIS velocity maps of Fe XII and Fe XV are +-30 km s~!, and 150 km s~! for Fe XXIV.
These velocity maps show the strong blueshifts from the position east of the white-light ribbon, and the Fe XII and Fe XV maps show the redshifts west of the white-

light ribbon.

Similar morphological features were also identified in the hard
X-ray emission. In order to conduct comparisons with the white-
light emission detected by Hinode/SOT, which was a highly
compact event where the ribbons were separated by less than 5”,
we prepared RHESSI hard X-ray images using collimators 1-3 to
obtain high-resolution images. The observed hard X-ray emissions
were located almost on the white-light kernels, as shown in the top
panels in Figure 3, and they followed the main emission of the
white-light kernels, especially at high energies. These observations
indicate that nonthermal electrons existed on the white-light
kernels and they might have been a source of the white-light
emission.

According to these RHESSI data, we estimated the total power
of the accelerated electrons using the method employed by
Watanabe et al. (2010a). We obtained hard X-ray spectra at
03:15:30-03:15:50 UT and 03:15:50-03:16:10 UT, as shown in
the bottom panels in Figure 3. We only used healthy detectors
(except detectors 2 and 4) for these spectra. We fitted the
40-100 keV data with a power law and obtained equations of
F = (4354 0.19)e + 6 x E~3314001 photons cm 2 s~ keV~! and
F=(1.27£007)e + 6 x E29+001 photons cm 25~ ! keV~!
for the two sets of spectra, respectively. When we used 40 keV as
the lower energy cutoff same as Watanabe et al. (2010a), the total
power of the accelerated electrons were (1.60 £ 0.13) x
108 ergs™' and (1.40 £ 0.13) x 102 ergs™! for the two
sets of spectra, respectively. These results demonstrate that the

accelerated particles with energies over 40 keV can be covered the
total power of the white-light emission.

The Hinode/Extreme Ultraviolet Imaging Spectrometer
(EIS) also successfully observed this X-class flare. The EIS is
a high spectral resolution spectrometer for studying dynamical
phenomena in the corona at high spatial resolution and
sensitivity (Culhane et al. 2007). The flare observations were
obtained by flare analysis (HH_Flare+AR_180 x 152). The
EIS performed a coarse raster scan (2” slit and 5” step: sparse
raster) with a cadence of about 6 minutes over this flaring
active region from before the flare. The flare occurred during
the scan. The EIS data obtained from the raster scan were
processed using the EIS team software (eis_prep), which
corrected for the flat field, dark current, cosmic rays, and hot
pixels. The slit tilt was corrected by (eis_tilt) correction. For
thermal reasons, an orbital variation in the line position causes
an artificial Doppler shift of 420 km s~!, which follows a
sinusoidal behavior. This orbital variation of the line position
was corrected using housekeeping data (Kamio et al. 2010).

Figure 4 show the intensity and Doppler maps for Fe XII
(log T = 6.1), Fe XV (log T = 6.3), and Fe XX1V (logT = 7.2).
The raster scan started from 03:11:15 UT and it required almost
6 minutes. The flare occurred during the scan at almost the center
of the EIS’s FOV. There were blueshifts of a few tens of km s~
in the center of the Doppler map for Fe XII and Fe XV. These
blueshifts were associated with the ejection during the flare,
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Figure 6. Samples of spectra from Fe X1, Fe XIV (264 and 274 A), Fe XV, and Fe XXIv. The vertical axes show the intensity and the horizontal axes show the wavelength
(A). The vertical lines show the line centers of the emission lines, which were emitted from stationary ions. The upper panels show the spectra for the strong blueshift region
(east ribbon; shown by the white asterisk in the right panel in Figure 5), and the lower panels show the spectra with a strong redshift region (west ribbon; shown by the white
cross in the right panel in Figure 5). The middle panels show the spectra between the blueshift and redshift regions (white circle in the right panel in Figure 5).

which was clearly observed in the AIA movies. The diffraction
pattern was observed in the Fe XXIV image, where the start of
this pattern might have been the initial time of the impulsive
phase of the flare at 03:14:36 UT. By chance, this slit position
was located on one of the Ca II H ribbons that was beginning to
form. According to the Fe XII data, redshifts of a few tens of km
s~ were observed at this time and location.

The right panel in Figure 5 is the zoomed Doppler image for
Fe X1I in Figure 4, and it is compared with the AIA 193 and
1600 A images in the left and center panels, respectively. These

AIA images were captured immediately after the start of the
flare but ribbon-shaped enhancements were already visible, and
it appears that these ribbons were located in the same position
as the Ca I H ribbons and white-light enhancements, but we
could not resolve two ribbons due to their resolutions. When
we compared these images with SOT white-light ribbons, we
can determine the redshifts were located on the west ribbon and
the blueshifts started from the east ribbon.

Figure 6 shows samples of the spectra from Fe XII, Fe X1V
(264 and 274 A), Fe XV, and Fe XXIV for three positions. The
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Table 1
Electron Density Variations at Three Positions

Observation Time

@ East Kernel (cm™)

Between (cm™—3) @ West Kernel (cm~3)

03:10 UT (Before the flare started) 1098
03:15 UT (Start of flaring) 10104
03:20 UT (Flaring) 10102

1098 1098
1010.3 1010.2
> 1012 101 1.2

upper panels show the spectra for the strong blueshift region
(east ribbon; shown by the white asterisk in the right panel in
Figure 5), the lower panels show spectra with a strong redshift
region (west ribbon; shown by the white cross in the right panel
in Figure 5), and the middle panels show the spectra between
two ribbons (white circle in the right panel in Figure 5). In the
upper panels, tails due to strong blueshifts were seen for all of
the Fe lines. In the lower panels, all of the Fe lines exhibited a
low number of 10 km s~' downflows. These low numbers of
10 km s~! downflows were also reported in previous studies
(Watanabe et al. 2010b; Imada et al. 2015).

To determine the physical condition of the solar atmosphere
during the white-light flare, we attempted to calculate the coronal
density above the white-light kernel based on the line ratio
between Fe XIV 264.79 and 274.20 A (Young et al. 2007). We
applied this method to the line spectrum shown in Figure 6 and
found that the densities above the east, center, and west of the
white-light kernel were 10'%4, 1003, and 10'°2 cm~3, respec-
tively, where the observed times for each exposure are 03:15:02,
03:14:51, and 03:14:41 UT from top to bottom in Figure 6.
Furthermore, we investigated the temporal variations in the
densities. For the EIS scan data starting from 03:06:05 UT,
which was before the start of the flare, the profiles were fitted by
single Gaussians and the density was about 108 cm=3 in all
three positions. The next scan period starting from 03:16:35 UT,
which was almost the flare peak time and the profiles obtained
comprised single Gaussians, was where the densities increased
to 1092, >10'%, and 10"'?cm™3 in the three positions,
respectively. These results are compiled in Table 1. It seems
that the white-light enhancement was only observed where the
densities were less than 10'2cm™=3, Thus, it is possible that
the white-light enhancement could only be observed where the
plasma densities were kept lower than 10'2 cm—3,

4. Discussion and Summary

White-light emission was clearly observed by Hinode/SOT
in association with an X1.8-class flare on 2012 October 23, and
Ca 11 H ribbons and hard X-ray emission were also observed
by RHESSI at almost the same location and time. Hinode/EIS
also observed this flaring region during the flare, and redshifts
of a few tens of km s ' were observed for the white-light
emission from before the main phase of the flare, which appear
to have been related to some injection of accelerated electrons
—this was the source of the white-light emission.

During this event, white-light enhancements were seen from
the first image captured at 03:15:22 UT by the flare observation
mode of the SOT and they were located on the saturated
Ca1l H ribbons. The SDO/HMI also observed white-light
enhancements from 03:14:45 UT. It appears that chromo-
spheric evaporation had already occurred at this time, even
though the light curve had not yet peaked. Thus, most of the
plasmas in the chromosphere may have already moved to the

corona and the density of the chromosphere was reduced
during the white-light emission.

Nonthermal electrons with energies of around 30-100 keV
stop at the upper chromosphere where the electron density is
10135 cm ™ (Neidig 1989). However, if the electron density is
less than 10'35 cm >, it is possible that nonthermal electrons
could reach the photosphere.

To confirm this possibility, we checked the energy range of
the accelerated electrons that affected the white-light emissions
and the density of the lower atmosphere. The energy range of
the accelerated electrons that comprised the source of the
white-light emissions was estimated as >40 keV, based on
three continuum data sets obtained by the SOT and RHESSI
spectra. In order to assess the density of the lower atmosphere,
we determined the density of the electrons around the Fe X1V
ions by using two lines from Fe XIV (264 and 274 A). Based
on the EIS scan data, we found that the electron densities of the
white-light kernels were less than 10'> cm~3, which was lower
than that of the non-white-light kernel regions.

At the time of the first white-light observation in this event,
electron densities were low enough (10'° cm~3) that accelerated
electrons could penetrate to the lower chromosphere. This low-
density situation may be due to chromospheric evaporation,
since Ca Il H ribbons were already observed before the first
white-light observation. Accelerated electrons must reach the
chromosphere before chromospheric evaporation, however
there may not have been enough that did so to produce
white-light enhancement. Almost the same low densities were
observed at the start time of the flare even in the non-white-
light kernel regions, and it is possible that accelerated electrons
also penetrated to this region. However, since higher electron
densities were observed in this region during the flaring, it is
considered that this region was the one where chromospheric
evaporation plasma was accumulated. To summarize the above,
the white-light kernel region may be a region with a low
enough density to allow the accelerated electrons to penetrate,
and although evaporated plasmas might not be located in the
same flux tube of electron injection, the white-light kernel
region may be a region where the evaporated plasma does not
accumulate.

Not all solar flares exhibit white-light enhancement, even if
they do exhibit evidence of electron acceleration (existence of
hard X-ray emissions). Thus, some flare events exhibit white-
light enhancement whereas others do not. If these are not cases
where the instruments do not have enough sensitivity and time
resolution, or they do not produce a significant signal above the
fluctuation, two possible explanations may account for this
difference: the total amount of the injected high-energy
electrons could be different, or the physical condition of the
chromosphere/transition region may be different.

Many previous observations indicate that there is a strong
correlation between the intensity of white-light emissions and
hard X-rays (e.g., Watanabe et al. 2010a; Kuhar et al. 2016).
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Watanabe et al. (2017) have discussed the existence of white-
light emissions based on differences in the total amount of
injected high-energy electrons. However, high fluctuations can
be seen in the data, which may be explained by other
parameters also affecting the white-light enhancements.

Some observations and models provide insights into the
physical condition of the chromosphere/transition region
during solar flares. The chromospheric evaporation model
(e.g., Liu et al. 2009) suggests that the chromosphere is
tentatively pushed toward the photosphere and it becomes
increasingly thinner and more tenuous during the impulsive
phase. In addition, many observational studies (e.g., Milligan
et al. 2006a, 2006b) have reported a strong correlation between
the flux of incident electrons and chromospheric evaporation.
Recently, redshifts in plasma of a few MK were reported
during the impulsive phase (e.g., Milligan & Dennis 2009;
Watanabe et al. 2010b; Li & Ding 2011; Young et al. 2013).
Moreover, Imada et al. (2015) discussed the physical mech-
anism responsible for the strong downflows in Fe XII and
Fe XV during the impulsive phase of a flare, where they
performed two different numerical simulations to reproduce the
strong downflows in Fe XII and Fe XV during the impulsive
phase. By changing the thermal conduction coefficient, they
conducted numerical calculations of the chromospheric eva-
poration in the thermal conduction dominant regime (con-
ductivity coefficient x, = classical value) and the enthalpy flux
dominant regime (ko = 0.1 x classical value). After comparing
the numerical simulations and observations, they concluded
that the strong redshift could only be reproduced in the case of
the enthalpy dominant regime, which corresponded to the
suppression of thermal conduction and energetic electron
precipitation to the chromosphere.
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