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White-light flare 

(Carrington 1859)�

The most famous and the first 
WLF was the Carrington flare. 

 
The frequency of occurrence of 
white-light flares in solar max. 

~15 events/year 
� 

Rare event 

(Hudson et al. 2006)�

Very rare event observed only from 
large solar flares (X-class etc.) 

(Hiei 1982, Neidig 1989) 
� 

White-light emissions from C-class 
flares also observed thanks to 

accurate photometry by Satellites 
 

(Matthews et al. 2003, Hudson et al. 2006)�

2004 July 24  C4.8�



Hudson et al. 2006�

Fletcher et al. 2007�

White-Light emissions are well 
correlated with hard X-ray and 

radio emissions (Location & Profile) 
� Non-thermal electrons 

White-light flare�

White-light flare observations: 
•  TRACE(WL+UV) 
•  Hinode/SOT (G-band, R, G, B) 
•  SDO/HMI (Continuum) 
•  IRIS 
•  Ground telescopes 

Original accelerated electron 
energy of WL emission:   
    >50keV: Neidig (1989) etc. 
    >25keV: Fletcher et al. (2007) 
    >40keV: Watanabe et al. (2010) 
    etc… 



Hinode 
•  Solar Optical Telescope 
  (SOT) 
•  X-ray Telescope (XRT) 
•  EUV Imaging 
  Spectrometer (EIS) 
 
SOT/BFI: 
•  CN (3883 �) 
•  Ca II H (3969 �) 
•  CH (4305 �) 
•  Continuum 
  - Blue:4505 �,  
  - Green:5550 �, 
  - Red:6684 � 

These bands can be used for 
white-light flare observation 

(courtesy of  
 Prof. Mats Carlsson) 

Solar Optical Telescope (SOT)�
X-ray Telescope (XRT)�

EUV Imaging 
Spectrometer 
(EIS)�



Hinode Flare Catalogue (Watanabe et al., 2012) 
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Not all flares are seen by Hinode 
 

Flare occurs when Hinode is observing 
+ Inside Hinode FOV 

� 

-  Hinode (images of SOT, XRT and EIS) 
-  RHESSI (observed largest energy range) 
-  NoRH (link to the event page) 

GOES class� XRT� SOT (FG)� SOT(SP)� EIS Total # 

X� 33 
(67.3%) 

22 
(44.9%) 

16 
(32.7%) 

17 
(34.7%) 49�

M� 394 
(55.9%) 

208 
(29.5%) 

213 
(30.2%) 

132 
(18.7%) 705 



2006 Dec 6 White-light flare 
SOT/G-band + RHESSI�

RHESSI 
>800keV�



2006 Dec 6 White-light flare 
SOT/G-band + RHESSI  (Krucker et al., 2011)�

The hard X-ray and white-light (G-band) data show very similar 
ribbon structures (length ~30”), and this result strongly 

suggests that the flare emission in white light and in hard 
X-rays have physically linked emission mechanisms. 

The Astrophysical Journal, 739:96 (7pp), 2011 October 1 Krucker et al.
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Figure 2. Imaging results in G band, UV, and 25–100 keV hard X-rays. (a) G-band image during hard X-ray peak (18:43:38.5 UT). (b) Same image with the pre-flare
image taken at 18:39:39 UT subtracted. The dark yellow contours show the same image convolved with the RHESSI PSF (3.′′0 FWHM). (c) TRACE 1600 Å image
taken at 18:43:39 UT. ((d)–(f)) RHESSI CLEAN contours (3.′′0 FWHM resolution) in the energy range 25–100 keV at 4, 8, and 16 s time integration, respectively. The
shown image is the same G-band image as shown in panel (b). All contour plots (Figures 2 and 3) use the same contours levels (15%, 30%, 45%, 60%, 75%, 90% of
the peak flux).
(A color version of this figure is available in the online journal.)
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Figure 3. Details of the southern footpoint. Left: the image shows the background-subtracted G-band emission with 25–100 keV hard X-ray contours from the 8 s
integrated data plotted in yellow (same contours as in Figure 2). The thin white contours are the G-band emission (same contours as used for the hard X-ray data).
(center) The same G-band image is shown with TRACE 1600 Å contours using again the same contour levels. Right: spatial profiles perpendicular to the ribbon of
the brightest footpoint (the white dashed arrow in the figure to the left gives the direction of the shown profiles). The black curves show the G-band profile (solid,
∼1.′′8 FWHM), the G-band PSF (dotted, ∼0.′′18 FWHM from Wedemeyer-Böhm 2008), and the G-band profile convolved with the RHESSI PSF (dash-dotted, ∼3.′′8
FWHM). The observed hard X-ray profile is given in red (∼3.′′0 FWHM) and the RHESSI PSF is the blue dashed curve (3.′′0 FWHM). Since the absolute pointing of the
G-band image is not well known, the relative position of the shown G band and hard X-ray profiles are not known accurately enough for a sub-arcsecond comparison.
(A color version of this figure is available in the online journal.)
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Figure 2. Imaging results in G band, UV, and 25–100 keV hard X-rays. (a) G-band image during hard X-ray peak (18:43:38.5 UT). (b) Same image with the pre-flare
image taken at 18:39:39 UT subtracted. The dark yellow contours show the same image convolved with the RHESSI PSF (3.′′0 FWHM). (c) TRACE 1600 Å image
taken at 18:43:39 UT. ((d)–(f)) RHESSI CLEAN contours (3.′′0 FWHM resolution) in the energy range 25–100 keV at 4, 8, and 16 s time integration, respectively. The
shown image is the same G-band image as shown in panel (b). All contour plots (Figures 2 and 3) use the same contours levels (15%, 30%, 45%, 60%, 75%, 90% of
the peak flux).
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Figure 3. Details of the southern footpoint. Left: the image shows the background-subtracted G-band emission with 25–100 keV hard X-ray contours from the 8 s
integrated data plotted in yellow (same contours as in Figure 2). The thin white contours are the G-band emission (same contours as used for the hard X-ray data).
(center) The same G-band image is shown with TRACE 1600 Å contours using again the same contour levels. Right: spatial profiles perpendicular to the ribbon of
the brightest footpoint (the white dashed arrow in the figure to the left gives the direction of the shown profiles). The black curves show the G-band profile (solid,
∼1.′′8 FWHM), the G-band PSF (dotted, ∼0.′′18 FWHM from Wedemeyer-Böhm 2008), and the G-band profile convolved with the RHESSI PSF (dash-dotted, ∼3.′′8
FWHM). The observed hard X-ray profile is given in red (∼3.′′0 FWHM) and the RHESSI PSF is the blue dashed curve (3.′′0 FWHM). Since the absolute pointing of the
G-band image is not well known, the relative position of the shown G band and hard X-ray profiles are not known accurately enough for a sub-arcsecond comparison.
(A color version of this figure is available in the online journal.)
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Figure 2. Imaging results in G band, UV, and 25–100 keV hard X-rays. (a) G-band image during hard X-ray peak (18:43:38.5 UT). (b) Same image with the pre-flare
image taken at 18:39:39 UT subtracted. The dark yellow contours show the same image convolved with the RHESSI PSF (3.′′0 FWHM). (c) TRACE 1600 Å image
taken at 18:43:39 UT. ((d)–(f)) RHESSI CLEAN contours (3.′′0 FWHM resolution) in the energy range 25–100 keV at 4, 8, and 16 s time integration, respectively. The
shown image is the same G-band image as shown in panel (b). All contour plots (Figures 2 and 3) use the same contours levels (15%, 30%, 45%, 60%, 75%, 90% of
the peak flux).
(A color version of this figure is available in the online journal.)
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Figure 3. Details of the southern footpoint. Left: the image shows the background-subtracted G-band emission with 25–100 keV hard X-ray contours from the 8 s
integrated data plotted in yellow (same contours as in Figure 2). The thin white contours are the G-band emission (same contours as used for the hard X-ray data).
(center) The same G-band image is shown with TRACE 1600 Å contours using again the same contour levels. Right: spatial profiles perpendicular to the ribbon of
the brightest footpoint (the white dashed arrow in the figure to the left gives the direction of the shown profiles). The black curves show the G-band profile (solid,
∼1.′′8 FWHM), the G-band PSF (dotted, ∼0.′′18 FWHM from Wedemeyer-Böhm 2008), and the G-band profile convolved with the RHESSI PSF (dash-dotted, ∼3.′′8
FWHM). The observed hard X-ray profile is given in red (∼3.′′0 FWHM) and the RHESSI PSF is the blue dashed curve (3.′′0 FWHM). Since the absolute pointing of the
G-band image is not well known, the relative position of the shown G band and hard X-ray profiles are not known accurately enough for a sub-arcsecond comparison.
(A color version of this figure is available in the online journal.)
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2006 Dec 14 White-light flare 
SOT/G-band + RHESSI 
(Watanabe et al., 2010)�

White-light & hard X-ray emissions 
were seen at almost the same location. 
 

•  Power of accelerated electrons 
'� Thick Target Model 
•  Power of White-Light emission 
'� Blackbody 
 

The power of white-light (G-band) 
emission can be explained by >40keV 
non-thermal electrons. 

WL and HXR emission is seen almost 
at the same horizontal position 
→ There is a problem related to the  
　�emission height�



WL & HXR emission height�
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G-band (Carlsson et al., 2007) 
Continuum�

50-100keV HXR 
(From Yohkoh events, 
Matsushita et al., 1992)�

50-100keV HXR 
(from a RHESSI event, 
 Kontar et al., 2008)�

100�

1000� Thermalize 50-100keV 
electrons 
(density = 1013.5/cm3, 
  Neidig 1989)�

The data suggest a 
difference of more than 
500km between the 
emission sites. 

>900keV are needed to 
reach the photosphere 

(Neidig, 1989)�

Ca II H�

G-band 



2011 Feb 24 White-light flare 
SDO/AIA, HMI + RHESSI (Battaglia & Kontar, 2011)�

WL (black) emission located 
higher than HXR (blue, 

25-50keV) emission 
� 

Origin of WL emission is low 
energy electrons (<12keV)�

WL emission is located in 
the upper chromosphere 



2011 Feb 24 White-light flare 
SDO/HMI + RHESSI (Oliveros et al., 2012)�

Emission height 
  - White-light: 
      195±70 km 
  - Hard X-ray: 
      305±170 km�

Orange contours: RHESSI 6-8 keV 
Blue contours: RHESSI 30-80 keV   
Magenta contours: SDO/HMI 6173.3� 

Accelerated e- 
(30-80keV) reach 
very near the 
photosphere.�

WL emission is located almost at the 
same height as the HXR emission�



WL emission located 
1000km above the 
photosphere, and 

HXR source located 
400km above the WL 

emission 
� 

Height difference�

2011 Feb 24 White-light flare 
SDO/AIA, HMI + RHESSI (Battaglia & Kontar, 2011)�



2012 Jan 27 White-light flare 
Hinode/RGB (Watanabe et al., 2013)�

Ca II H� Red  Green  Blue�

Continuum emission from the white-light flare is seen at almost 
the same location as where strong Ca emission was observed�



 Emission location of Ca, red, green and blue are slightly different 
� Location difference is due to the emission height difference 
The Ca emission exists from chromosphere to photosphere 

 � The edge of the Ca emission might be in the solar photosphere 
 � white-light emission was emitted from the photosphere 

2012 Jan 27 White-light flare 
Hinode/RGB (Watanabe et al., 2013)�



Temp of WL*~5000K 

Something penetrates the 
lower atmosphere near the 
photosphere and heats the 
lower layer more than the 

higher atmosphere 
� 

Accelerated e- directly reach 
the photosphere?�

18:22:05 
Red 4952 K 

Green� 4997 K 
Blue� 4976 K 
� high temp in lower layer 

18:22:24�
4965 K�
5020 K�
5033 K�

2012 Jan 27 White-light flare 
Hinode/RGB (Watanabe et al., 2013)�



2012 Oct 23  White-light flare 
GOES: 03:13 – 03:21 – 03:17UT  S13E58  X1.8�

•  White-light enhancements can be seen almost at the same 
location as the Ca II H ribbons. 

HESSI Observing Summary Count Rates, Corrected
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•  RHESSI showed high energy emission (800-7000 keV range). 
•  To compare the WL ribbons with the RHESSI HXR, we only 

use detectors #1-4 (which have good resolution).�



2012 Oct 23  White-light flare 
Hinode/SOT red & RHESSI HXR 

k1�

k2�
k3�

k4�

k5� k1:+ k2:& k3:% k4:□ k5:×�

3:15:17UT 
3:15:37UT 
3:15:57UT 

WL�

H
XR
�

•  Relationship between total energy of WL & accelerated e- 
•  Proportional relationship can be seen. 
•  When we use 40keV for the lower energy cutoff, the total 

energy of accelerated electrons becomes the same as the 
total energy of white-light emission. 



HXR 
~300keV�

HXR 
~50keV�

�LF & Non-WLF @ NOAA 12192 
2014/10/22 01:16UT M8.7   2014/10/25 16:55UT X1.0  



>M-class events from 
Jan 2011 to Dec 2014�

454 
events�

Event Selection 

Hinode Flare Catalogue 
(Watanabe et al., 2012) 

 

Flare mode observation 
(SOT/RGB data exists)�SOT/RGB data exists�

WL� NWL�
(7X, 45M) (8X, 21M) 

81 
events�

52 
events�

29 
events�

SDO/HMI data exists�

WL� NWL�
(10X, 21M) (5X, 43M) 

79 
events�

48 
events�

31 
events�

HMI 
WL�

HMI 
NWL�

SOT 
WL�

22 
(8X, 14M)�

7 
(0X, 7M)�

SOT 
NWL�

9 
(2X, 7M)�

41 
(5X, 36M)�

Statistical analysis with GOES 
& Hinode/SOT, SDO/HMI�

WL� NWL�



GOES X-ray Duration   �

Durations of WL events are shorter 
than NWL events (most WL events 
<20 min.) � Impulsivity 
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Temperature & Emission Measure�
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Fig. 1.—The log-log plot of emission measure vs. electron temperature of
solar flares (from Feldman et al. 1995), solar microflares observed by Yohkoh
SXT (from Shimizu 1995), four stellar flares (asterisks, from Feldman et al.
1995), a protostellar flare (diamond, class 1 protostar far-IR source R1 in the
R CrA cloud, from Koyama et al. 1996), a T Tauri stellar flare (diamond,
weak-lined T Tauri star V773 Tau, from Tsuboi et al. 1998), and a stellar flare
on AB Dor (K0 IV ZAMS single star) by BeppoSAX (cross, from Pallavicini
1999). The EM-T relation curves based on eq. (5) ( ) are su-!5 17/2EM ∝ B T
perposed on the EM-T diagram for , 50, and 150 G. The L = constantB = 15
curves (dot-dashed lines) based on eq. (6) ( ) are also superposed5/3 8/3EM ∝ L T
on this diagram.

Fig. 2.—Schematic illustration of a magnetic reconnection model of solar
and stellar flares, which includes heat conduction and chromospheric evapo-
ration (from Yokoyama & Shibata 1998). Note that the flare-loop density n
(as a result of evaporation) is different from the preflare density outsiden0
(above) the flare loop. The latter determines the speed of reconnection.

value (50–100 G; e.g., Rust & Bar 1973; Dulk 1985; Tsuneta
1996; Ohyama & Shibata 1998). On the other hand, if the
magnetic field strength is 50–100 G, the predicted flare tem-
perature is 30–60 MK, which is hotter than the observed solar
flare temperature of 10–20 MK. It is actually known that there
are superhot (20–40 MK) components in solar flares (e.g., Lin
et al. 1981; Masuda 1994; Nitta & Yaji 1997). According to
Masuda (1994), the emission measure of the superhot com-
ponent (i.e., the gradual loop-top hard X-ray source) is
1046–1048 cm , which is roughly 2 orders of magnitude smaller!3

than the emission measure of the main component of flare
plasma with a temperature of 10–20 MK. The maximum tem-
perature in equation (1) is closer to the temperature of the
superhot component rather than the temperature of the flare
loops with the largest emission measure. The numerical sim-
ulations of Yokoyama & Shibata (1998) also show that the
temperature of the plasma with the largest emission measure
is a factor of ∼3 lower than the maximum temperature given
by equation (1). The reason why the temperature of the flare
loops with the largest emission measure is lower than that of
the maximum temperature is the following: (1) A reconnected
loop shrinks to a shorter loop (see eq. [1]). (2) The heating
rate is not constant in time and is decreased to a smaller value
when the evaporated plasma fills the flare loop. Consequently,
the “flare peak temperature” T predicted by the numerical sim-
ulations is written as

6/7 !1/7 2/7B n L07T ! 10 K. (2)( ) ( ) ( )9 !3 950 G 10 cm 10 cm

As a result of chromospheric evaporation, the flare-loop den-
sity increases to n. This evaporated plasma is the source of

X-ray emission;

2 3EM ! n L . (3)

Here we assume . This is a very crude assumption,3V ! L
although observed aspect ratios of flare loops (loop width/loop
length) are 0.1–1 for solar microflares (Shimizu 1995) and solar
flares (Takahashi 1997). Recent Transition Region and Coronal
Explorer observations show finer loop structures (thinner
loops), although the “total width” (the sum of the finer loops)
should not be so different from the loop width found by pre-
vious observations with lower spatial resolution. Since this
evaporated plasma has a high gas pressure, we have to assume
that the magnetic pressure of the reconnected loop must be
larger than the gas pressure of the evaporated plasma in order
to confine the evaporated plasma in the loop and to keep the
flare loop stable. From this, it may be reasonable to assume

2B
2nkT ! (4)

8p

as an upper limit of the gas pressure. In fact, some of the
previous observations of postflare loops show that the gas pres-
sure of the flare loops is as high as the inferred magnetic
pressure (e.g., Tsuneta 1996). It is important to notice that the
flare-loop density n is different from the preflare density .n0
The flare-loop density n is determined by the evaporation pro-
cess and does not affect the reconnection process if the evap-
orated plasma is confined in the flare loop. In this case, the
reconnection speed (or Alfvén speed) is determined by the
preflare density outside the flare loop, not by n inside then0
loop (see Fig. 2 for a schematic illustration of our magnetic
reconnection model).

WL events: 
•  slightly higher temperature 
•  lower EM for a given T 
   � Strong magnetic field? 

!*WL�
︎*NWL 



� Estimate 1600� ribbon  
    area and field strength 

Flare Ribbon Area & Field Strength 
SDO/AIA 1600� ribbon  &  SDO/HMI field strength   



Flare ribbon area (AIA 1600�)�
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•  1600� ribbon area is roughly correlated with GOES class  
•  Area of WL events are larger than those of NWL events? 
   � WL events have large area? 
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Field Strength (HMI @1600� ribbon)�

!*WL�
︎*NWL 

No clear difference in photospheric field strength 
between WL and NWL events. 
  � Should check coronal field strength 



>M-class events from 
Jan 2011 to Dec 2014�

SOT/RGB data exists�

WL� NWL�

454 
events�

(7X, 45M) (8X, 21M) 

SDO/HMI data exists�

WL� NWL�
(10X, 21M) (5X, 43M) 

Event Selection 

81 
events�

79 
events�

52 
events�

29 
events�

48 
events�

31 
events�

HMI 
WL�

HMI 
NWL�

SOT 
WL�

22 
(8X, 14M)�

7 
(0X, 7M)�

SOT 
NWL�

9 
(2X, 7M)�

41 
(5X, 36M)�

WL� NWL�

RHESSI data exists�

WL� NWL�
(5X, 10M) (2X, 7M) 

38 events 41 events 

24 
events�

9 
events�

15 
events�



Non-thermal energy (HXR energy)�
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•  The non-thermal photon counts for the WL 
events are larger than for the NWL events. 



Summary� WL NWL 
  Flare duration <20 min� >20 min�
! EM vs Temperature� Slightly low� Slightly high�
" Flare ribbon area� Large� Small�
# Field strength (NoRP)� Strong� Weak�
$ HXR energy� Large� Small�

short� long�

compact 
source�

diffuse 
 source�

NWL 
event�

WL event�
strong magnetic field�

weak magnetic field����short duration� �����long duration�

Generating Factor of Solar WL emissions 
A large amount of accelerated non-thermal electrons 

precipitate (into a compact region) within a short duration. 


