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Electro-
magnetic wave
emitted from
a typical solar
flare
(from Svestka
1976)

John C. Brown (1971)
Revealed physics of flare
Non-thermal Emission as
a result of non-thermal
electrons
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J0FEEmE (1972%R)

(CME=Coronal Mass Ejection)
(LLFOFIFSMMELE. ATHE. HEL)

18 Aug 1980: White Light
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Source: High Altitude Observatory/Solar Maximum Mission Archives
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L7 d) standard model
(Carmichael 1964, Sturrock 1966, Hirayama
1974, Kopp—Pneuman 1976)= CSHKP model
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Plasmoid ejections are ubiquitous

5-Oct-92

LDE(Long Duration CMEs(Coronal N
Event) flares

ANorth ~ 10710 cm
L.West(Tsuneta 1992,
Hudson 1993)

from Giant arcaq
~10M11cm
(Dere 1995)

impulsive flares
~ 1079 cm .
(Ohyama+s 1998) | (Shibata 1999)

Plasmoid-Induced-Reconnection




Yohkoh satellite (1991-2000) (Japan-US-UK)
discovered coronal X-ray Jets from
microflares (Shibata+ 1992; Shimojo+ 1996)

N
Y

~ Bright Loop

MHD simulations Evidence of
(Yokoyama and Shibata 1995, 96) Magnetic reconnection is found



2D MHD simulation of reconnection as a model
of coronal X-ray jets (Yokoyama and Shibata 1995)

D 20 40 B0 BO 100

Temperature T Extention of

| Emerging flux model
of flares

Heyvaerts, Priest,
Rust (1977),

Forbes and Priest
(1984)
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This is also a
Model of surge
(cool jet)
(Canfield+ 1996)

See review by
Cheung and Isobe
(2014)
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Hinode satellite (2006 -) (Japan-US-UK) discovered
ubiquitous chromospheric anemone jet
(Shibata+ 2007 Science)

COrona

transition region

chromosphere \
photosphere O

10~ }clrt

Evidence of
Magnetic
Reconnection

Is found
(Nishizuka+ 2010
Singh+ 2012)

12:19:199812:21:43



Summary of observations of

V,=—
(" ) NYY/y
flares” in the solar atmosphere »
(Alfven speed)
“flares” Size (L) Lifetime Alfven t/t, Mass ejection
(t) time (t,)
Microflares 103 -10* | 100- 1-10 sec ~100 jet/surge
km 1000sec
Impulsive (1-3) x 10* | 10 min—1 | 10-30 sec ~60-100 X-ray plasmoid/
flares km hr Spray
Long duration (3-10)x 1-10 hr 30-100 sec | ~100-300 | X-ray plasmoid/
(LDE) flares 104 km prom. eruption
Giant arcades | 10> -108 10 hr — 2 100-1000 ~100-300 | CME/prom.
km days sec eruption




. t,=L/V,

Summary of observations of 5
“flares” in the solar atmosphere Vp=—F—
Ao

After Hinode’s launch
(Alfven speed)

“flares” Size (L) Lifetime Alfven t/t, Mass ejection
(t) time (t,)
nanoflares ~200 km | 200- 20 sec ~10~50 Chromospheric
1000sec jets (anemone,
penumbral)
Microflares 103 -10* | 100- 1-10 sec ~100 jet/surge
km 1000sec
Impulsive (1-3) x 10* | 10 min—1 | 10-30 sec ~60-100 X-ray plasmoid/
flares km hr Spray
Long duration (3-10)x 1-10 hr 30-100 sec | ~100-300 | X-ray plasmoid/
(LDE) flares 104 km prom. eruption
Giant arcades | 10°> -106 10 hr -2 100-1000 ~100-300 | CME/prom.
km days sec eruption




: t,=L/V
Summary of observations of A A

(o 7 B
flares” in the solar e;tmosphere V, = N
In future - P
(Alfven speed)
“flares” Size (L) Lifetime Alfven t/t, Mass ejection
(t) time (t,)
picoflares 5 i85 81 1%/ 22 R £ AR A (< 0.1” =70km), FSEE RIS ARAE(< 1sec) ~
nanoflares ~200 km | 200- 20 sec ~10~50 Chromospheric
1000sec jets (anemone,
penumbral)
Microflares 103 -10* | 100- 1-10 sec ~100 jet/surge
km 1000sec
Impulsive (1-3) x10* |10 min—1 |10-30 sec |~60-100 | X-ray plasmoid/
flares km hr Spray
Long duration (3-10)x 1-10 hr 30-100 sec | ~100-300 | X-ray plasmoid/
(LDE) flares 10% km prom. eruption
Giant arcades | 10° -106° 10 hr -2 100-1000 ~100-300 | CME/prom.
km days sec eruption




Plasmoid

Unified model

(plasmoid-induced

reconnection model)

(Shibata 1996, 1999,
Shibata and Tanuma 2001)

(a,b): large scale flares,
Coronal mass ejections

(c,d) :small scale flares,
. . =
microflares, jets o

2
dE N B Vian _
dt 4r

Energy release rate=



3RFTANYAILD TV
O+ vk (Wyper et al. 2018)

t =0 min t=18 min

t =31 min 20s

0.0 1.05 2.10 3.15 4.20
Current density (102 A m™)

SEER Twk
Kotani and Shibata
(2020, PAS)J)

@t="72t
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Basic Puzzle of Reconnection

1. What determines the Reconnection Rate ?

Magnetospheric observations and collisionless plasma theory suggest

that fast reconnection occurs if the current sheet thickness becomes
comparable with

ion Larmor radius or ioninertial length
(either with anomalous resistivity or collisionless conductivity)

but they are of order of 1m or so for solar corona, which
is much smaller than the size of solar flares (~ 10"9 cm)

2. How can we reach such small scale to lead to
anomalous resistivity or collisionless reconnection
in solar flares ?



MI—!D§|muIat|ons show | = o< ]
plasmoid-induced reconnection .
in a fractual current sheet B T
(Tanuma et al. 2001, Shibata and Tanuma 2001)
A.ml
M
plasmoid .

03(a) G ARV In

| |

B —
Sweet—Parker Petschek
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T

oqst ~
Reconnection rate
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Observation of hard X-rays and microwave emissions show
fractal-like time variability, which may be a result of fractal
plasmoid ejections

(~) i
=
- -
micro and macro scale structures and dynamics oSO\
Fractal current sheet
B e oot Benz and Aschwanden 1989 Lazarian and Vishniac 1998

Aschwanden 2002 Zelenyi 1996, Karlicky 2004 , Barta, Buechner et al. 2010



Observations of multiple plasmoids in
a flare current sheet (Takasao+ 2012)

(a) (b)

171A 05:08:00.340 $198A 05:07:55.840 1211A 05:08:00.630 [[EHA Plasmoid
\

BRI A

T\ |

— e —
l}\ ‘

Hot loops — Outflow

— Inflow

Current Sheet

=eoe<

Plasmoids

See also recent nice observational work by T. Gou et al. (2019)



Fractal Reconnection & Particle Acceleration
by plasmoids colliding with fast shocks
[Nishizuka & Shibata 2013, Phys. Rev. Let. . 110, 051101]

plasmoid
articléom o)
V=
Fractal Current Sheet '1‘ ' plasmoid/ filament \ \ / /‘| _ ~ 7 AR\ \ ~~B8Ca
\f"’“ 1F l 2/ g ) @6—( 3
) 0 ( ' G AW’ l / J l \) \
g | Fast shock —
Vintow = \ € trapping & C7\\
7\ i reconnection jet mirroring
fast shock g o 1) Particles are trapped in a plasmoid.
HXR loop top - S 2) Multiple plasmoids collide with fast shock.
o Z --harh ] 3) Particles are reflected due to magnetic
log MiE} .
- N(E) o< E-P/2 mirror effect.
NE) Po I 4) Reflection length becomes shorter and
NE) fF-—1-= shorter.
v fom e o 5) Particles are accelerated by Fermi process,
| . .
sl ! until reflection length becomes comparable
1 . o
e E et to ion Larmor radius.
{—}F {l—l.l_")E-:l {LT]E




Quasi-periodic oscillations at the top of the flare
loop (at the termination fast shock of the
reconnection jet) (Takasao and Shibata, 2016)

Time = 0.0 [sec] Log,, p (1.7x10™ g cm?)
50
1.20

40
E
T 20 0.35
S 20 _

10 0.50 -

0

LT .

" 110025 Observations of
E 4 quasi-periodic
= 0.000
< 20 coronal waves

10 0.025 from d flare

=

(Liu+2011)

-4 -20 0 20 40
K10 km)
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Chen-Shibata 2000
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Distributions of Temperature, magnetic field & wvelocity
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JL7-a0)-EERHOETIL

QRTBHMRAZSaAL—3Y)
(Shiota et al. 2005)

density(log) t= 0

JO0FE S H (CME) @

(FAZARVAMEH)

0.0

10




TEHERHEO3IRTEERA 2L —

32/ (Antiochos, DeVore, Klimchuk 1999)
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CME &EJE
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Core Speed [km s™]
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PE Speed [km s™]

FiGc. 15.—Scatter plot of the prominence and CME core speeds. The
straight line represents the equal speeds. Note that none of the core speeds
are below the straight line. This is expected because the CME cores are the
evolved forms of the prominences and are expected to have higher speeds
because of the continued acceleration.

CME speed

(core speed)
FTRERUX
EHOERFELLL,
MLt

Gopalswamy et al. 2003 ApJ
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K oEEA
Superflares on young stars,
solar type stars, M dwarfs



statistics of occurrence frequency of
solar flares, microflares, nanoflares

1 year"1]

100 _-

- 107 |

dN/dE<E~1-7°

| nanoflare

1000 in 1 year

Aschwanden et al. (1999): TRACE 195 A

T ... dN/dE<E™"7*
.., Shimizu (1995): Yohkoh/SXT

"2 microflare )
dN/dE<E 153

100 in 1 year
10in 1 year
1in1year
1in 10 year
1in 100 year
1in 1000 year

solar flare

Crosby et al. (1993): SMM/HXRBS >25keV

*argest solar flare
superflares , ]

f?

1in10000year [ . . |

107 10°® 10%® | 10°° 10% 10°* 10°%® 108

Flare energy [erg]
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Coronet Cluster win ascacep camera (SIS)
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Extension of Hayashi+ (1996) model
(Uehara et al. 2005 unpublished)

Density

MHD model of
protostellar

flare/jet

(Hayashi, Shbata,
Matsumoto 1996)

B o <58

~ Magnetic tower jet (Lynden-Bell 2003)
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Shibata and Yokoyama 1999, 2002



X-ray Observations of Stellar Flares

Solar Flare
| Protostellar Flare of YLW15
X-ray )\"\U M"L\\,W (Monmerle, Tsuboi + 2000)

Intensity 4 i X-ray A N A AR AL M % _
) % ) i YLW15
(3 24keV) 10 hours Intensity,, - | ASCA [2-10 keV]
. (2-10 keV); F
time | U
Stellar Flare of Prox Cen ‘é o.10] l‘
X * (Haisch et al. 1983) % ‘
& |
3N o]
; B o
X-ray wol I
Intensity = -
(~ 1 keV) %1- 0,00 LcsnshiL
8 0 10

e




Can stellar flares be explained by
maghnetic reconnection ?

* Yes |

* |Indirect evidence has been found in
empirical correlation between

Emission Measure (EM = n‘L® )
and Temperature from soft X-ray obs
(Shibata and Yokoyama 1999, 2002)



Emission Measure (EM=n?2V) of Solar and Stellar

Flares increases with Temperature (T)
(n:electron density. V: volume) (Feldman et al. 1995)

soft X-ray observations

1 056 T

T T T T |

e UX Ari]
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ey o7 Peg
54 go v
10 eAU Mic

10% - -
i | Stellar Flaves
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10°° |-
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EM—T relation of Solar and Stellar

log{ Emission Measure [CI’I’? D

N

N

Flares

6 :_ Stellar Flares

Qo
IIII

I~ N

—L
o

Temperature [K]

Log-log plot
of Feldman
etal (1995)’s
figure

Shibata and Yokoyama, 1999, 2002



EM—T relation of Solar and Stellar
Flares

B Stellar Flares
ho

‘ microflare
4 (Shimizu 1995)

P
Qo
|

N O

HLN. S

107
Temperature [K]

log{ Emission Measure [Cﬂ% D

—L
-

Shibata and Yokoyama, 1999, 2002



yvoung-star and protostellar flares

log{ Emission Measure [Cﬂ% D

I~

BN\

8 B ' L ' T T T T T
B Stellar Flares
°F KT
4L ]
- %%%é\ RIRCrA -
2 - Class I_Z
OF -
8F :
6E b
4 B [ A | ' |
10° 107 108

Temperature [K]

Shibata and Yokoyama (1999) ApJ 526, L49

Tsuboi
(1998)
Pallavicini
(2001)

Koyama
(1996)

protostar



2D MHD Simulation of Reconnection with Heat
Conduction and Chromospheric Evaporation

Temperature
E51: 000 — =2K

180 sec

Plasmoid
_ X-point

Front
Reconnection Jet

Fast Shock

Evaporation flow

24,000 km corona

chromosphere

Yokoyama and Shibata (1998) ApJ 494, L113
------------------------------- (2001) ApJ 549, 1160



What determines Flare Temperature ?

* Reconnection heating=conduction cooling
(Yokoyama and Shibata 1998)

(radiative cooling time is much longer)

Plasmoid

X-point

BA, [ 4z =,T "2 2L e |

Front _

6171217 /]
TocB”'L ,

Reconnection Jet
Fast Shock

Evaporation flow

corona

chromosphere



Flare Emission Measure
(Shibata and Yokoyama 1999)

* Emission Measure
21 3
EM =n°L
* Dynamical equilibrium (evaporated plasma
must be confined in a loop)

2nkT = B*/8rx

e Using Flare Temperature scaling law, we have

EM o B—5T17/2



EM-T correlation for solar/stellar flares

N
Q0

Stellar Flares b
CNTT3 Tan -

2k A

_|_ AB Dor

3 .
B >é\ RIRCrA
h2r ]

th On
SN o)
T | T | T

log{ Emission Measure [Cﬂ% D
on
O
I

Temperature [K]

Shibata and Yokoyama (1999, 2002)



Magnetic field strength (B) =constant

]
h O O On
N A~ O Q@
T I T T | T T I T 1

log{ Emission Measure [cnit

10

Temperature [K]

Magnetic field strengths of solar and stellar flares

are comparable ~ 50-100 G ,
Shibata and Yokoyama (1999, 2002)



Q: What determines flare total energy ?
A: loop length (because magnetic field strength is

on On
oy QO

On
S

roughly constant)
Stelldr E'lal&’

. 3~/oo&
Bk L~ 10*10%km
solar flares v Em,--—l_’
~10*-10%,q

log{ Emission Measure [CI’I’? D
on
O
| T

—
O\

107

Temperature [K]

The reason why stellar flares are hot
=> loop lengths of stellar flares are large

Shibata and Yokoyama (2002)

B~100G
L ~10°-10°km
Eua"'lo If

stellar flares @

protostellar
flares

B ~ 100G
{ L 210 km

Emaa z Iosirg,

Cf Isobe et al. 2003,
Aulanier et al. 2013




=3

log(Emission Measure [cm™ |)

Total energy of stellar flares

58
56 ; 1Superflares
54 | 2

! 1Their energy
52} 1=10-10%6
50 Ttimes that
48 jof

- {the largest
46 - _f,j isolar flares
44t o ]

1 06 1 07 1 08 Their host stars

Temperature [K] are young stars
and binary stars

with fast rotation
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Scaling Relations in Coronal Mass
Ejections associated with Solar
Superflares

Takahashi, T., Mizuno, Y., Shibata, K.,

2016, AplL, 833, L8



Empirical relation between CME mass and Flare Soft X-ray Flux

0.7
Ivlcme oc I:SXR
Aarnio et al. 2011

0.63
o Eflare

16,5 [T [ryTerrree AR [T ]
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Derivation of Scaling Relation between CME mass and Flare energy

Takahashi et al. 2016

A5 7 L7 - IHRILF— vs CMEE B ORRERM7ZBI R
I\ (Aarnio et al. 2011) M, o< Eq, 063

[IEIZEERT D7

CME mass ~ coronal mass around a flare

Flare energy

|\/Icme=J‘p dVv
E NIBng”B§L3 oL
flare 8 8 =L Ip exp(-=) dz
0 ° hO
1/3
LOC E flare =ph0|—20 (h<<L0)E%)
IVlcmeoc I-2

JL7HRE-CMEBEED R —1) V8| (3BH)

2/3
|\/Icme oc EfIare /




CME speed vs Flare energy

Takahashi et al. 2016

Flare Class
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CME speed vs Flare energy

Takahashi et al. 2016

Flare Class
4 B L M X

CME mass
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IVICME oc EfIare /

CME kinetic energy ~ Flare energy
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CME speed vs Flare energy

Takahashi et al. 2016
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CME speed (km/s)

CME speed vs Flare X-ray Flux

Takahashi et al. 2016
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FiGc. 15.—Scatter plot of the prominence and CME core speeds. The
straight line represents the equal speeds. Note that none of the core speeds
are below the straight line. This is expected because the CME cores are the
evolved forms of the prominences and are expected to have higher speeds
because of the continued acceleration.
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