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magnetic reconnection model	

太陽における粒子加速研究 
　太陽フレアによる粒子加速に 
　　　伴って観測されるもの　　 
 

•  電子加速 
　- 電波: NoRH など 
　- 硬X線・γ線: RHESSI など 
　- 白色光: ひので, SDO/HMI,  
                地上観測など 
 

•  イオン加速 
　- 核γ線: RHESSI (<10MeV) 
　　　　　　　 Fermi (π0) 
　- 中性子: 太陽中性子望遠鏡 
　　　　　　　 中性子モニター等 

⇒ 今後のスペース観測機器でどのような 
　　粒子加速現象が観測できるか？ 
　　どのような観測が粒子加速に寄与するか？ 



太陽における粒子加速研究 
　太陽フレアによる粒子加速に 
　　　伴って観測されるもの 
 

•  電子加速 
　- 電波: NoRH など 
　- 硬X線・γ線: RHESSI など　　  
　- 白色光: ひので, SDO/HMI,　　 
                地上観測など 
 

•  イオン加速 
　- 核γ線: RHESSI (<10MeV) 
　　　　　　　 Fermi (π0) 
　- 中性子: 太陽中性子望遠鏡 
　　　　　　　 中性子モニター・ISS 

⇒ 今後のスペース観測機器でどのような 
　　粒子加速現象が観測できるか？ 
　　どのような観測が粒子加速に寄与するか？ 

　　　今後のスペース観測機器 
 
 
 
← FOXSI, Solar Orbiter/STIX など 
← Solar-C/SUVIT  
 
 

　　Solar-C/EUVST, XIT では粒子 
　　加速現象は観測できないのか？ 
 
← ChubuSat-2 
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「ひので」による粒子加速研究から 
2012/10/23  白色光フレア 
Hinode/SOT red & RHESSI HXR 

白色光と硬X線は良い相関（LC & 場所だけでなく、エネルギー的にも） 
⇒ 白色光は硬X線の代わりとしても使える（しかも分解能良し） 

 

SUVITでは高いケーデンスで撮像可能 ⇒ 時間発展が詳しく	



白色光イベントと非白色光イベント
の温度とEM (n2V)の関係 

「ひので」による粒子加速研究から 
白色光フレア統計研究 

温度 vs Emission Measure	

Shibata & Yokoyama 1999	

L50 TEMPERATURE AND EM FOR SOLAR AND STELLAR FLARES Vol. 526

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).

白色光イベントにはコロナ磁場が関連している？ 
 

SUVITでは彩層磁場の観測が可能 ⇒ 加速域に近い磁場の情報	

Kitagawa et al. （2015） 



加速粒子による彩層ラインプロファイル 
Fang et al.(1993), Henoux et al.(1993), Fang et al.(2000) など 
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Hα	
数100keV電子	

Hα	
100keV~1MeV陽子	

高エネルギー電子・陽子 
により、彩層のラインプロ
ファイルが変化する。 
Hα, CaII K, Lyα, Lyβ.. 
 

彩層フレアでラインが広く
なっているという観測あり 
 ⇒ 観測との比較なし 
 

Solar-C/SUVIT では 
CaII K 854.2nm と 
HeI 1083nm の分光観測 
Hαの波長スキャン観測 
を行う予定 
⇒ ラインプロファイル観測 
⇒ 偏光も観測可能	



加速粒子による impact polarization 
方向性を持った高エネルギー粒子が彩層と衝突すると直線偏光する	
 

•  Vogt & Henoux (1996) など ⇒ 数%の偏光が期待される 
　　⇒ 偏光方向から電子 or イオン、どの方向から来たのかが分かる 
 

•  Hanaoka (2003) ⇒ proton beam 
•  Henoux & Marlicky (2003) ⇒ electron flux in the return current 
•  Xu et al. (2005) ⇒ proton beam & electron flux 
	

•  Bianda et al. (2005) ⇒ P < 0.7% で観測されていない 
•  Hanaoka (2005) ⇒ ほとんどのフレアで偏光は観測されていない 
 

•  Stepan et al. (2007) ⇒ 太陽フレアでは偏光は出ない 
•  Stepan & Heinzel (2013) ⇒ 偏光は加速粒子が原因ではない 

 
Hαフレアカーネルで偏光が見えることがあるのは確か 
その偏光からフレアのどんな物理情報を得られるか探る 

（高精度観測で何が見えるのかに期待）	



粒子加速と関連がある磁気リコネクション起源のMHD現象 

EUVST, XIT で観測可能な粒子加速関連現象 

今まで & SUVIT では、 
粒子が加速された結果 
しか観測できない。 
 

極紫外〜X線 
加速域で熱的分布から 
外れてゆくものを観測 
 

EUVST 
非Maxwell分布を観測 
(line ratio で) 
 

XIT-PC 
加速域付近の電子 
温度・スペクトル変化 



EUV line ratio による非 Maxwellian 分布診断 
Mackovjak et al. (2013) など 

Hinode/EIS Diagnosis of the κ-Distributions 265

Figure 1 A comparison of the
κ-distributions with the
Maxwellian one. The
distributions are plotted assuming
log(T [K]) = 6.5.

An overview of the κ-distributions is presented in Section 2. The diagnostic method is de-
scribed in Section 3. Section 4 presents the density diagnostics, while Section 5 discusses
the possibilities of simultaneous determination of the value of κ and temperature.

2. The κ-Distributions

The κ-distributions are a class of non-Maxwellian distributions of electron energies charac-
terised by a power-law high energy tail. The κ-distribution is specified by a free parameter κ ,
which changes the shape of distribution function, from κ → 3/2 corresponding to the high-
est deviation from the Maxwellian distribution, to κ → ∞ corresponding to the Maxwellian
distribution. The κ-distributions are defined as (Owocki and Scudder, 1983)

f (E,κ)dE = Aκ

2√
π(kBT )3/2

E1/2dE

(1 + E
(κ−3/2)kBT

)κ+1
, (1)

where kB is the Boltzmann constant, T and κ are the parameters of the distribution. The
mean energy ⟨E⟩ = 3kBT /2 is independent of κ , so that T can be identified as the tempera-
ture. Aκ is a normalisation constant, equal to

Aκ = #(κ + 1)

#(κ − 1/2)(κ − 3/2)3/2
. (2)

The κ-distributions for κ = 2, 3, 5, 10, and the Maxwellian distribution for T = 106.5 K are
plotted in Figure 1.

3. Method

The shape of the distribution function affects the ionisation, recombination, and excitation
rates (Dzifčáková, 2006a). This is because the rates of individual processes are an integral
of the product of the corresponding cross-section with the distribution function. The ioni-
sation equilibrium for the κ-distributions has been calculated by Dzifčáková (1992, 2002)

located above the post-flare loop. It is believed that particle can be accelerated in the current 
sheet and slow/fast-mode shocks coupled with the reconnection dynamics. However, it has 
not been well understood where and how particles (ions and electrons) are accelerated. This is 
because of the difficulty in directly probing the acceleration region. One of the main reasons 
for the difficulty is the lack of dynamical range in Hard X-ray observation. 
 
 Accelerated electrons radiate X-ray emission via non-thermal bremsstrahlung 
process. The amplitude and energy of X-ray emission depends on the number and 
energy of accelerated electrons. An impediment to fully understanding of acceleration 
mechanism is a dynamic range of instrumentation. Plan-B mission of Solar-C satellite 
proposed a photon-counting grazing-incidence X-ray telescope, which have dynamic energy 
range three orders of magnitude better than RHESSI and CMOS detector for high cadence 
observation. It has wide range energy coverage from thermal emission, in continuum and 
lines, to non-thermal emission in continuum of a few to 10 keV. Suprathermal electron 
(~10keV) has most part of non-thermal energy. Therefore, observing X-ray in proposed 
energy rage is essential and enough to estimate how much energy are converted to 
non-thermal energy.  

 
Another way to discuss the non-thermal energy is by determining whether the electron 

energy distributions are Maxwellian or not by the EUV spectrometer. Seely et al. (1987) 
studied the change of line intensity 
ratios of He- and Li-like Fe ions with 
non-Maxwellian electron energy 
distribution in the laboratory 
experiment. The bottom panels of 
Fig.2.3.1.3 show two spectra of Fe 
XIV lines in thermal and non-thermal 
equilibrium. They show that intensity 
ratios marked with red circles changes 
in these two cases. Differential 
emission measure and electron density 
can affect on the intensity ratios, as 
well as non-thermal equilibrium state. 
Therefore, multiple line observations 
(see Appendix 5-A) can distinguish 
which affect on the intensity ratio, 
though unfortunately EIS/Hinode does 
not cover enough wavelength range. 
The EUV spectrometer on board 
Solar-C will provide a quantum leap in 
our understanding of electron energy 
distributions and particle acceleration in the solar atmosphere. 
 
2.5. What is the role of 
3-dimensionality in 
magnetic reconnection? 
 
 Another important question in 
solar flare is what is the role 
of 3-dimensionality in 
magnetic reconnection. 
Generally the current sheet 

 
Figure 2.3.1.3  Two electron energy 
distributions corresponding to Te ~ 650 eV (top 
panel) and changes of Fe XIV line intensity 
ratios (bottom panel) highlighted by dotted red 
circles.  

 

Figure 2.3.2.1 Flare ribbon captured with Hinode 

Oka et al., 2014	

Solar-C Interim report	



EUV line ratio による非 Maxwellian 分布診断 
Mackovjak et al. (2013) など 

ライン強度比が高温側の
成分に感度がでる組み合
わせを用いることによって、
非熱的粒子の存在を示唆 
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Figure 1 A comparison of the
κ-distributions with the
Maxwellian one. The
distributions are plotted assuming
log(T [K]) = 6.5.

An overview of the κ-distributions is presented in Section 2. The diagnostic method is de-
scribed in Section 3. Section 4 presents the density diagnostics, while Section 5 discusses
the possibilities of simultaneous determination of the value of κ and temperature.

2. The κ-Distributions

The κ-distributions are a class of non-Maxwellian distributions of electron energies charac-
terised by a power-law high energy tail. The κ-distribution is specified by a free parameter κ ,
which changes the shape of distribution function, from κ → 3/2 corresponding to the high-
est deviation from the Maxwellian distribution, to κ → ∞ corresponding to the Maxwellian
distribution. The κ-distributions are defined as (Owocki and Scudder, 1983)

f (E,κ)dE = Aκ

2√
π(kBT )3/2

E1/2dE

(1 + E
(κ−3/2)kBT

)κ+1
, (1)

where kB is the Boltzmann constant, T and κ are the parameters of the distribution. The
mean energy ⟨E⟩ = 3kBT /2 is independent of κ , so that T can be identified as the tempera-
ture. Aκ is a normalisation constant, equal to

Aκ = #(κ + 1)

#(κ − 1/2)(κ − 3/2)3/2
. (2)

The κ-distributions for κ = 2, 3, 5, 10, and the Maxwellian distribution for T = 106.5 K are
plotted in Figure 1.

3. Method

The shape of the distribution function affects the ionisation, recombination, and excitation
rates (Dzifčáková, 2006a). This is because the rates of individual processes are an integral
of the product of the corresponding cross-section with the distribution function. The ioni-
sation equilibrium for the κ-distributions has been calculated by Dzifčáková (1992, 2002)

278 Š. Mackovjak et al.

Figure 8 Top row: The κ-sensitive ratio–ratio diagrams for S lines. The densities and line ratios used are
indicated. The colour coding is the same as in previous figures. Middle row: Diagnostics of the κ-distribution
from the observations on limb (L). The ratio–ratio diagram is plotted for log(ne [cm−3]) = 9.5 and 9.7
according to the diagnosed values (Table 4). The observed ratios with the respective error bars are depicted
by thick violet cross. Bottom row: Same as in the middle row, but for the L + 20 region and the diagnosed
log(ne [cm−3]) = 9.1. The observed ratios with their respective errors are shown by thick, light blue cross.



EUVST, XIT で観測可能な粒子加速関連現象 
粒子加速と関連がある磁気リコネクション起源のMHD現象 

10 keV	

Supra-thermal 
electrons	

Thermal 
electrons	

e- distribution  
spectra outside  
diffusion region	

e- distribution  
spectra around  
reconnection point	

Imada et al. 
JGR 2011	

Electron 
acceleration at Earth’s　magnetotail	



non-thermal と言えば >20keV ⇒ <10keV で non-thermal 
XIT-PC での粒子加速研究 

Hannah et al.,  
2008	
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Figure 9. Left: Expected x-ray photon spectrum of a quiet Sun nanoflare assuming the heating observed in SXR (T=2 MK,
EM=1044 cm−3, Ethermal = 5×1025ergs, duration of 60 s) is produced by non-thermal electrons. Three spectra for different
turn-over energies are shown. The photon spectrum is assumed to be a power law with a slope of −5 above the turnover
energy, E0, and a slope of −1.7 below. The blue lines show the non-thermal spectra with perfect statistics and resolution;
the blue data points with error bars are the expected FOXSI measurements. The red curve shows the thermal spectra
(T=2 MK). Right: The count spectrum. At low energies, photons are absorbed by a beryllium entrance window while at
high energies the effective area of the telescope is reduced. The expected count rate for the three spectra shown are 14,
91, 245 counts per second, respectively.

are too high for the FOXSI data rate (i.e. above 300 counts s−1 det−1), mechanical attenuators can be put in
front of the detectors to reduce the low energy photon flux.

2. Active Region

HPD (50%)

30%
3. Type I Noise Storm

1. Quiet Sun

4. Type III Radio Burst

5. HXR Limb Emission

Figure 10. An illustration of possible FOXSI science targets compared to the field-of-view. The field of view is defined as
the half power diameter (grey circles). The 30% level contour is also plotted. The main goal for FOXSI is to observe non-
thermal electrons through their HXR emission. The primary science targets are the (1) quiet Sun and (2) active-region
microflares. Other targets associated with non-thermal electron emission, in order of importance, are type I noise storms
(3), type III radio bursts (4), and flare loop-top emission (5).

Krucker et al., 2011	

•  RHESSI 小規模フレア統計解析: non-thermal energy >7keV 
•  静穏領域では、thermal 成分は <2keV 程度 
　　⇒ フレア初期のスペクトル変化を観測し、加速の進行過程を捉える 
•  limb フレアでコロナ中の暗いソース（loop-top）を捉える 



XIT-PC での粒子加速研究 
XIT-GI Photon Counting Telescope 

•  斜入射型X線望遠鏡 
•  光子計測型 
•  裏面照射型CMOS 
•  観測エネルギー： 
　　0.5 〜 10keV 
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(b)  Event Processing System 
 
  In addition to the optical performance of the grazing-incidence mirror, accurate 
measurement of energy and position on the detector for each detected photon, with 
avoiding significant pulse pile-up effect, is a crucial key for the success of this 
instrument. Figure 4.3 presents a preliminary diagram for event processing under 
photon-counting measurement. 
  Besides the function blocks indicated in Figure 4.3, the telescope should employ 
appropriate attenuation filter or aperture size in response to the incident flux level.  
 
 
 
 
 
 
 
 
 
 
 
 
4.2.3.2  Optics/Mirror 
 
  A piece of grazing-incidence segment mirror, consisting of 1/8 of an entire circle, will 
be adopted for the X-ray mirror of the telescope. The mirror employs a Walter-I (-like) 
design with 2 reflections, with the length (in optics axis direction) of the first reflection 
segment designed to be 40 mm (TBD). While the radius of the mirror r (radius of an 
entire circle along which the segment mirror is laid), located at f = 4 m in front of the 
detector, changes with different grazing incidence angle to the mirror Ti with the 
following relation 

�

r  f u 4Ti , 

 
Figure 4.2.  Schematic illustration of a preliminary photon-counting telescope concept. 

 
Figure 4.3.  A preliminary block diagram describing the event processing scheme for detected X-ray 
photons under photon-counting measurement. 

~0.25m	
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aluminum on 2500 Å polyimide assumed), (2) reflectivity of the grazing-incidence 
mirror, (3) projected QE of the focal-plane CMOS detector, and (4) geometrical area of 
the telescope that is determined by the aperture size of the first reflecting segment of the 
mirror, when viewed from the Sun. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 4.9 indicates X-ray count spectra for a model active region (left panel) and a 
model flare (right panel) from CHIANTI V6.0 (Dere et al. 2009), without focal-plane 
filters. Readout noise and energy resolution indicated as "goal" in Table 6.2-4 are used 
for generating these plots. Note with the back-illuminated CMOS neither active region 
nor flare count spectra can be observed as they are in the photon-counting mode 
because incident X-ray count rates will be too high (e.g., in the flare case, ~3×105 
cts/s/pixel for Ti = 0.9 deg.) to perform any meaningful photon counting avoiding pulse 

 
Figure 4.8.  Effective area profiles for grazing incidence angles of 1.8 (black), 1.35 (red), 0.9 (green), 
and 0.45 (blue) degrees. The effective area profile for Hinode XRT (without Ir coating on the mirror 
surface) is also shown for comparison (black dashed line). QE profile for the back-illuminated e2v 
CMOS device assumed for all the four grazing incidence angle profiles.  

  
Figure 4.9.  Left: X-ray count spectra for a model active region with CHIANTI V6.0, for four 
grazing-incidence angles, 1.8, 1.35, 0.9, and 0.45 degrees (in black, red, gree, and blue, respectively). 
No attenuation filters assumed to be present. Right: Those for a model flare (GOES class M2). Again 
without attenuation filters.  



TNET = 
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XIT-PC での粒子加速研究 
Energy Spectra (Grazing incidence angle = 0.45°) 

1×1 pixel で 
観測した場合 
 
2×2 summing 
なら 1/4 の 
時間で良い 



まとめ 
Solar-C 搭載各機器から得られる（と思われる） 

粒子加速に関する情報  
 

•  SUVIT 
-  白色光観測 ⇒ 硬X線放射のプロキシ 
-  彩層磁場観測 ⇒ 加速域近辺の磁場 
-  ラインプロファイル観測（Ca II K, Hα） 
　　⇒ >100keVの加速電子・陽子の情報 
-  impact polarization 観測 ⇒ 高精度で観測できる 

 

•  EUVST 
-  加速域付近の電子密度・温度の分布変化 
　　⇒ 非Maxwell分布を観測 

 

•  XIT-PC 
-  加速域付近の加速電子のスペクトル変化（~10keV） 


