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In association with strong solar flares, we sometimes observe enhancements of visible contin-
uum radiation, which is known as a "white-light flare". As most white-light (WL) events show
close correlations in time and location with hard X-rays and/or radio emission, there is some con-
sensus that WL emission originates from accelerated particles, especially non-thermal electrons.
One model proposes that WL is emitted near the photosphere; however, non-thermal electrons
are thermalized in the chromosphere and cannot reach the photosphere. Thus, there is a prob-
lem: how can the energy of non-thermal electrons — and/or other accelerated particles such as
high-energy protons — propagate to the photosphere and produce WL emission? In the present
study, we investigate the possibility that accelerated protons may produce the WL emission of
solar flares. We found 51 WL events observed by Hinode/SOT. Among them, gamma-rays with
energies greater than 1 MeV were observed only in the X1.8-class flare on October 23, 2012 and
in the M7.9-class flare on June 25, 2015. Focusing on these flare events, we compare the energet-
ics of WL emission and of accelerated ion fluxes. We find that it is difficult for accelerated ions

to provide sufficient energy to account for WL emission.
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1. Introduction

In association with solar flares, we sometimes observe enhancements of visible continuum
(white-light or WL) radiation. The first white-light flare (WLF) to be discovered — the Carring-
ton flare [M] — was one of the class now known as "super flares". In general, WLFs are mainly
associated with energetic events such as GOES X-class flares, and they are still rarely observed.
However, using recent high-precision observations from spacecraft (Yohkoh, TRACE, Hinode, etc.),
WLFs have been observed in weaker flares such as GOES C-class flares [0, B, B, B].

Although more than 150 years have elapsed since the discovery of WLFs, the mechanism
of WL emission is still not fully understood. One of the most well-known correlations with WL
emission is the emission of hard X-rays originating from accelerated electrons. Observationally,
WL emission is well correlated with hard X-ray and radio emission both in the time profile and
in the emission location [B, @, B, B, [0, [T]. This suggests that WL emission may originate from
non-thermal electrons. By comparing the WL and hard X-ray emissions, one finds that the energy
range of accelerated electrons that can produce WL emission is a few tens of keVs [B, B, 8, []
and that the total energy of the observed WL emission is consistent with the total energy of the
accelerated electrons that produce the hard X-rays.

However, there is a problem concerning the height of WL emission. Theoretically, one ex-
pects WL to be emitted near the photosphere, but non-thermal electrons with energies around
50 — 100 keV are almost completely thermalized by the time they reach the lower chromosphere.
Hard X-rays are also emitted around the lower chromosphere. To reach down to the photosphere,
accelerated electrons would need to have energies greater than 900 keV [H]. Even if such high-
energy electrons exist, there are not enough of them to explain the total energy of WL emission.

Observationally, the relationship between the emission heights of WL and of hard X-rays has
been measured from limb flares [[2, 3, 4, I3, Td]. Among these events, some show WL emission
at the photosphere [[3, [3], whereas in others it occurs in the chromosphere [[4, [d]. Independent
of WL emission height, position differences between the WL and hard X-ray emissions have been
observed in some events [[[4]. Conversely, other analytical methods show good height correlations
[3, Id]. Determining the height of WL emission is not straightforward and remains an unsolved
question.

Alternatively, Neidig [B] proposed a number of energy-transport mechanisms for WLFs, one
of which involved high-energy proton beams. If high-energy protons are produced in a solar flare,
they can easily reach the photosphere. Theoretically, protons with energies greater than 20 MeV can
penetrate to the photosphere [[[A], where there is a possibility that they may produce WL emission.

Evidence for ion acceleration that can produce high-energy protons can, in principle, be ob-
tained from solar neutrons and/or line gamma-ray emissions. Solar neutrons are produced by the
direct interaction of accelerated ions with the solar atmosphere. They can travel to the Earth [IR],
but it is not easy to observe them. Usually, solar neutrons are observed by neutron monitors and so-
lar neutron telescopes located on the Earth [[9, 20, IT]. However, the neutron detectors have to be
located on the sunlit side of the Earth, and they have to be able to penetrate through the attenuation
caused by the Earth’s atmosphere to be detected.

Line gamma-rays are also produced by the interaction of accelerated ions with the solar atmo-
sphere, and they can be observed by X-ray and gamma-ray observing satellites. Line gamma-rays,
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which originate from nuclear de-excitation (1-8 MeV) and neutron-capture (2.223 MeV) processes,
are observed, along with a continuous bremsstrahlung component. Although line gamma-rays can-
not be detected clearly in many events because they are buried in the bremsstrahlung component,
we do find some evidence for the existence of a line gamma-ray component.

In this paper, we investigate the ability of accelerated protons to produce the WL emission of
solar flares.

2. Observations and analysis

2.1 Event selection

The event-selection period for this WLF study extended from January 2011 to February 2016.
To select flare events, we used the Hinode flare catalogue [P], which lists 11,387 flare events
in this period. We chose the M- and X-class flares because WLFs are usually associated with
relatively large flares, and 721 of these occurred among the 11,387 events. We selected events
that were observed using the Solar Optical Telescope (SOT) [23, 4, DF, 8] onboard Hinode in
the visible continuum bands (G-band, blue, green, and red) in the flare-observation mode (taking
WL images every 20 s for each band); 101 were detected. Then, we performed statistical analyses
of the hard X-ray data observed by the Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESSI) [22]. Among the 101 events, only one that was observed simultaneously with RHESSI
had emission above 1 MeV: the X1.8-class flare on October 23, 2012. We also checked the data
from the Gamma-Ray Burst Monitor (GBM) [P8] onboard the Fermi spacecraft and found another
event with emission above 1 MeV: the M7.9-class flare on June 25, 2015.

We analyzed these two events having WL enhancements using running-difference images of
the SOT continuum data. Because there is a possibility — even if the event has no WL enhance-
ments from the SOT data — that WL emission may exist out of the SOT field of view, we also
checked the continuum data from the Helioseismic and Magnetic Imager (HMI) [E9, BO] onboard
the Solar Dynamics Observatory (SDO) [B1l]. We found that both events had WL emission ob-
served simultaneously by both instruments.

2.2 X1.8 flare on October 23, 2012

As shown in the left-hand panel of Figure [, large Ca 11 H ribbons were observed in asso-
ciation with an X1.8-class flare on October 23, 2012. WL emission was also clearly observed
by Hinode/SOT and SDO/HMI, as shown in the center and right-hand panels of Figure . WL
enhancements were located just under the strong (saturated) Ca IT H ribbons. Hard X-ray emis-
sion was also observed by RHESSI, with almost the same locations and timings, and gamma-ray
emission above 1 MeV with almost the same timing was observed by RHESSI and Fermi/GBM.

The left- and right-hand panels of Figure O show the gamma-ray spectra observed by RHESSI
and Fermi/GBM, respectively. In neither panel could we find clear evidence for 2.2 MeV line emis-
sion. From these data, we conclude that line gamma-ray emission is buried in the strong electron
bremsstrahlung. From the RHESSI spectra, we found a small enhancement around 2.2 MeV, from
which we estimated the line gamma-ray flux to be 4.4 photons/s/cm?/keV. Using this value, we
estimated the proton flux for the October 23, 2012 event using the magnetic-loop transport and
interaction model of Hua et al. [E2].
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Figure 1: Left: Ca 11 H image observed by Hinode/SOT. This image was taken in the flare-observation mode
(effective spatial resolution of 0.108” pixel !, with images taken every 20 s using exposure times of 123 ms).
Center: Difference image of the Hinode/SOT red continuum band at 3:15:22 UT (effective spatial resolution
of 0.108” pixel !, with images taken every 20 s); the image taken at 3:20:06 UT was subtracted to create
the difference image. Right: Running-difference images of the continuum band observed by SDO/HMI
(effective spatial resolution of 0.6” pixel ~!, with images taken every 45 s). WL enhancements were observed
beginning at 3:14:15 UT.
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Figure 2: RHESSI (left) and Fermi/GBM (right) spectra of the X1.8 flare on October 23, 2012.

To perform this calculation, it is necessary to set several parameter values such as accelerated-
ion composition, atmospheric model, flare location, and so on. We did not specify values for
"acceleration release time history", "power-law spectral index", or "flare loop length" because it
is very difficult to obtain the time profile of the 2.2 MeV line gamma-ray emission. For other
parameters, we used observed data or assumed typical values determined from previous observa-
tions. For the accelerated ions, we assumed an impulsive-flare composition [B3] with o /p = 0.5
and 3He/“He = 1. For the ambient material, we used the coronal composition of Reames [B4],
with He/H = 0.1 and Ne/O = 0.25, together with the atmospheric model of Avrett [B3], with
photospheric *He/H = 3.7 x 107°.

Murphy et al. [BA] estimated the 2.2 MeV line yields per accelerated proton of given energy
in Fig. 18 of their paper. They used the pitch-angle scattering mean free path A = 300 and the
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Figure 3: Left: Ca 11 H image observed by Hinode/SOT (effective spatial resolution of 0.218” pixel™!).
Right: Difference image of the Hinode/SOT blue continuum band at 8:14:42 UT (effective spatial resolution
of 0.218” pixel !, with images taken every 3 s); the image taken 3 s before was subtracted to form the
difference image.

magnetic convergence index 6 = 0.2 for their calculation. They also used the flare heliocentric
angle 6,55 = 75°. The October 23, 2012 flare occurred at S18ESS, and the flare heliocentric angle
for this event was 60°. Although there is a difference between these two flare heliocentric angles,
the effect of this difference is very small — less than a factor of two in the photon yields.

The mean energy of the original accelerated ions that produce the 2.2 MeV line is 100 MeV
[B2]. From Fig. 18 of Murphy et al. [Bd], the 2.2 MeV yield ratio was estimated to be 102
photons/sr for 100 MeV ions. From these data, we obtained a total ion energy-production rate of
1.6 x 10?8 erg/s.

We also estimated the energy flux of WL emission from the three WL bands of Hinode/SOT.
For this calculation, we used the same method as Watanabe et al. [[3]. We fitted the data points for
the three WL bands using the Planck formula and estimated the temperature of the observed WL
emission from this fit. Then, we estimated the energy flux of WL emission from this temperature.
This gave the total flux of WL emission at the time of the emission peak (3:15 UT) as ~ 10?8 erg/s.
As this result is the same order of magnitude as the energy of the accelerated protons, we cannot
reject accelerated protons as the possible origin of the WL emission from this flare.

2.3 M7.9 flare on June 25, 2015

Large Ca 11 H ribbons were observed in association with an M7.9-class flare on June 25, 2015,
as shown in the left-hand panel of Figure B. WL emission was also clearly observed by Hin-
0de/SOT (as shown in the right-hand panel of Figure B) and SDO/HMI (not shown here). These
WL enhancements were also located just under the strong (saturated) Ca I1 H ribbons. Unfortu-
nately, RHESSI was on the night side of the Earth during this flare. On the other hand, Fermi/GBM
did observe gamma-ray emission from this flare at energies above 1 MeV.

Figure @ shows the gamma-ray spectra observed by Fermi/GBM. In this figure, we found weak
evidence for 2.2 MeV line emission. Although we could not estimate the 2.2 MeV line gamma-ray
flux without the RHESSI data, the strength of the gamma-ray emission observed by Fermi/GBM
was two orders of magnitude smaller than that from the October 23, 2012 event.

We roughly estimated the accelerated-proton flux using the same method as for the October
23, 2012 event. This flare occurred at NO9W42, and the flare heliocentric angle for this event was



Capability of the accelerated protons as the origin of white-light emission of solar flare
Kyoko WATANABE

data and folded model

normalized counts s~ keV-!
10+ 10 0.01 0.1

107

(data—model)/error
-2 0 2 4
—=
R —
=
—=_
5=
==
—_
—_—
——
_.___ e —
==
__’:—_$=—
j=_—_
_,_E——.— |
==
—_—
—_— ——
—_——
==
_—='I_E‘ =
==
S
==,
=== _ .,
_._55__;
— =
—h=

Energy (keV)

Figure 4: Fermi/GBM spectrum of the M7.9 flare on June 25, 2015.

42°. Accordingly, the 2.2 MeV line yield per accelerated proton may be as much as twice that of
the October 23, 2012 event. Assuming the 2.2 MeV line gamma-ray flux for the June 25, 2015
event to be two orders of magnitude smaller than that for the October 23, 2012 event, we estimated
the total accelerated-ion energy rate to be ~ 10%° erg/s.

As the June 25, 2015 event was observed only in the blue band of Hinode/SOT, we could not
estimate the temperature distribution for this event. We therefore assumed the peak intensity of the
blue band to be correlated with the WL flux and estimated the WL emission flux from this. We
estimated the peak intensities of the October 23, 2012 and June 25, 2015 events to be 6.7 x 10° and
1.5 x 10° DN/s, respectively. The peak intensity of the October 23, 2012 event is thus more than
four times larger than that of the June 25, 2015 event. Using this factor of four, we estimate the WL
emission flux for the June 25, 2015 event to be 2 x 10?7 erg/s. For this case, the accelerated-ion
energy is not sufficient to explain the WL emission flux. We can thus reject accelerated protons as
the origin of the WL emission associated with this flare.

3. Discussion and summary

WL emission was clearly observed by Hinode/SOT and SDO/HMI in association with an X1.8-
class flare on October 23, 2012 and with an M7.9 class flare on June 25, 2015. In both events,
gamma-ray emission above 1 MeV was also observed by Fermi/GBM and/or RHESSI. Although
we could not find evidence for the 2.2 MeV neutron-capture line emission in the October 23, 2012
event, the June 25, 2015 event has a small enhancement around 2.2 MeV. The strength of the
gamma-ray emission around 2.2 MeV for the June 25, 2015 event is two orders of magnitude
smaller than that for the October 23, 2012 event. We estimated the total energy of accelerated
protons and the intensity ratio for each event using the Hua et al. (2002) magnetic-loop transport
and interaction model [B2]. The total accelerated-ion energy rates for the October 23, 2012 event
and the June 25, 2015 event are estimated to be 1.6 x 10?® and ~ 10?° erg/s, respectively.
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The total energy of WL emission can also be estimated by fitting the three color bands of
Hinode/SOT and the intensity ratio of peak emission. The total flux of WL emission for the October
23, 2012 event is estimated to be ~ 1028 erg/s and that for the June 25, 2015 event is estimated
to be 2 x 10?7 erg/s. Although the total accelerated-ion energy for the October 23, 2012 event is
sufficient to produce the observed WL emission, we cannot explain the WL emission flux for the
June 25, 2015 event from the accelerated-proton energy.

Figures @ and B show the time-integrated gamma-ray energy spectra, and we used the time-
integrated WL emission strength to make the energy comparison. WL emission for the October 23,
2012 event continued for 4 min, and that for the June 25, 2015 event continued for 1.5 min. When
we estimated the time-integrated WL (blue) intensity for the October 23, 2012 event and for the
June 25, 2015 event, we obtained 8.0 x 107 and 6.8 x 10® DN, respectively. The difference is just
one order of magnitude, but the WL emission energy for the June 25, 2015 event still cannot be
explained by the accelerated-ion energy.

We performed statistical analyses of WLFs using Hinode/SOT and found that more than 50
events have WL enhancements. However, only two events were accompanied by gamma-ray emis-
sion above 1 MeV and did not depend on the strength of the WL emission. This fact also indicates
that WL emission does not originate mainly from accelerated ions.
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