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A major
solar flare

1992 Feb 21 flare




An LDE flare

21-FEB-1992 Flare SXT Image Filter : Al.1

100"

L3

03:10:30 UT 04:52:22 UT 06:35:30 UT 09:06:42 UT

electron temperature ~10°7 K,
electron deagityr=10-(10)cm” (—3)



High temperature ridge structure
iIndicating concentrated

line heat source
(Tsuneta, Apd, 456, 840, 1996)
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Is inflow confirmed?
Discovery of Inflows with EIT

a0 1999—-03—-18 D1:24:00 195

Yokoyama et al

99 16:40 UT

¥

L

Direct observations needed with Hinode EIS/XRT




Petschek reconnection takes place

Sweet-Parker Petschek
Inflow goes through diffusion region. Inflow goes through slow shock,
bypassing diffusion region.
| IV A /Slow Shock
6 \\ II
U,=—V, \ ' U, =i*vA~O.01vA
L Y K y
X = L. 107, )
Rm -] A * .
V 3 v2y Fast inflow
Very slow inflow TP But...
T OO TITInflowd
\ OutflowtEz1=R D
20 A D TULVEEL
diffusion region
Estimation of inflow speed

Too slow for solar flares 0.07V, (Tsuneta 1996)

____0.03VA (Yokoyama 2001)
FHRXRYIT—RI—I)L



All the physical parameters are
determined from observations
with compressible Petschek
theory (Tsuneta 1996, ApJ)
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Magnetic reconnection highly efficient
engine based on the analysis of
1992 Feb 21 flare

Magnetic energy brought with inflow
E=B2v/4m

!

Magnetic reconnection with slow shocks
With almost 100% efficiency

Hot plasma (T=20MK)
First-orde“

Fermi acceleration

l

Non-thermal particle
acceleration
(electrons 10kev-10MeV)

FEEXIKYIT—RXI—)L
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Energy budget in solar flares

Total energy of the system
— L=5x10%m. B=200G

E=L B/ ~107ere

Energy rate
— Inflow speed is approx. 7% of Alfven velocity (a=0.07)

E=aV , L B[4 =10"erg/sec

Magnetic reconnection is extremely efficient (~100%)
cosmic engine.

FHEX[YFIT—RI—)L
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Yohkoh founds

All the transients heating is due to
magnetic reconnection.

Slow shock plays a key role, and very
efficient energy conversion is going on
with reconnection.

Fast outflow is evidenced by superhot
source seen in hard X-rays.

Inflow is observed, and the speed is
consistent with estimation.

Particle acceleration takes place in outflow
and fast shock region.
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RHESSI Spectrum, X4.8 Flare of 7/23/02, 00:26:08—00:47:00
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—— 1 3.1 keV

] 1.6 keV

Thermal (SXR):

Heated plasma
non-thermal (HXR):
Bremsstrahlung of energetic
electrons at footpoints

50-1 00 keV

100-300 keV
Prompt lines:
De-exitation lines (C and O)
accounts for 60%, the rest

3-7 MeV

is electron bremsstrahlung

Neutron capture line:

p hit heavier nuclei producing
neutrons. Neutrons slow down,

oo Mey  then f:aptured by ambient hydrogen
forming deuterium + 2.2 Me¥.
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Four conditions that any theory In
electron acceleration should meet

 Maximum energy
— 100keV~10MeV
— Background plasma temperature is 0.1-0.3keV, and a factor of
103~ 10 in energy is needed.
 [nitial acceleration from thermal pool
— Acceleration has to win against collisional drag force.

* Acceleration time
— 1 second to accelerate to 100keV-1MeV
— Note that Aflven time scale is given by L/V, ~ 10~100sec
(L=10%°Km)
— Since inflow speed is about 7% of the upstream Alfven speed,
the duration of flares is L/aV,~100-1000 seconds

— Acceleration time scale of 1 second indicates the size of
L=103Km
* Number of accelerated electrons

— 103335 /sec
— Assuming the size of the acceleration site L=10*Km, 10% of
background electrons have to runaway



=15 Z KD RLF IR

Dreicer field: electron®run-away 9 5 &=I15EEE,

mv, =—elE -mvy (v)| (e>0)

Vp
S
Large angle collision pO
2
e 7
F = > AT = — A(mv)=mv = FAT
dre 1 V
4
4 ne
0 2.2 4 TTE Vv
lome m;v 0

Includes small angle
collision

FHEX[YFIT—RI—)L 20



Drag =-mv,u(v )= -

4
ne’ In A V)

16n8§m (vlz) + vi)l‘5

Vp:test particle v;: thermal speed

E,: Dreicer 15 (£ f[-F A run-awayd 5 EIFDES)

Bulk run-away
1 /\

Drag: force

VT/\/E

X'y AN Dreicer® i3
v, o \ ==

| v D

Ohma3 ;&

~

\P@E&%@a
N
| v

un-away

VT/\/E



E,: Dreicer 13

(EHFHrun-awayd HEIHEDES)

4
ne’ InA
ek, = >
l6re,mv;

-3

E.[V/em]=19x10"¢ cm |

TkelV]

InA

T =2keV,n=10"cm™ ED — 2)(]()_2V/m

InA =20
[=10"km =10°m

FEEXIKYIT—RXI—)L




runawayfl FH D ETHE

Kruskal and Bernstein 1964

n, = 0.35n0(cm_3)veff(s"1) “38 exp f(e) s™!cm”

2\9-° 1
f(G) (6) 1

=L/ E,

eDVIRFENIX. ruawayFi FE A SEH
TZ5(Tsuneta 1985), €~0.1-0.3
TILT7 DILEREFHRzanH, f=1=L.

EREENKETE FIBEHT =0
JR—2BRNIE,

FHRXR{RYY—XI—IL 23
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IHrLF—ZRFTOERREDR HERFON

KELZAORSZ—L[EFDHE]

dE

— = 4.9x10" n[cm ™ E[keV ] [keV /5]
4 loss

for g = z << 1 (electron collision loss)

d_E « E*(B =1) (synchrotron loss)
dt loss

FEEXIKYIT—RXI—)L

ON L9 ( dE A ) — N on — n
ot OE \ dt - _E+V-F=q—;
dE _dE|  _dE B F = nv 4 DVn
dt dt WIIBES dt loss




FlF IEDinjectionffIgE (FMD1) 27

dE
dt

B <<1

dE
dt

Thermal p¢
(Maxvellian dist but|on)

S

E

FFZ 5 ﬂ))‘)b:X“A
[ZLYE=E, ¥ TH LIF

DITEUEL DS

#iiFZthermal pool
D5 EENZETES
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dt p[IBCS dt loss
dt I[IBES dt loss
E>E0fﬁi >é§
dt pI[IBCS dt loss
d (dE N oN
N|l+—=0 —=0 g=0
dE\ dt |y T 0t

SIS IEDIGE . LAE: E—elEL

m‘;—‘; =+eE (E>E,)) (e<0) (fHzEmELRL)

il
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BEfARREXANSIEL—RE. INERBFRA (.

d—g = +\/zeE8”2 £ 12
dt m

d (d
8N +E=O
de \ dt T
0.57 -
E
Nocg_O'SeXp<—(i) S 2 © T°
€0 2m
TREREIFE> Cescaped HEEDIRILF—
ek 1, 1 (eE)2 ., e’E*
V=—T — E=_my =—m—|T = T
a %fﬁﬂv—xg—» m 2m 27
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Three types of Hard X-ray Sources
Masuda et al.

(3) Looptop (1) Double Footpoint Sources ‘
Gradual Source
13—Jan—1992 17:26:52—17:27\
HXR (14)23keV) HXR (23—33keV) XR (33-53keV)

(2) Looptop
Impulsive
Source

Emission Measure

29
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Where does

acceleration take place ?

article

| /
Petschek . )
Reconnection Site \

/AN
/
l \
Separatrix /

/

High T Ridges
(12-13 MK)

Soft X-ray d

Loop — \r{

e - -

\

! l,/
/
S

o \

Photosphere

@ =hard X-ray source

Inflow (V = 290 km/s)
et

<«+—14-24 x 104 km
- Slow Shocks

—
//

\
\ COOIing

_—" Fast Downflow
= (V = 820 km/s)

Cool Channel
\V_/ (10-6 MK)

-

\ <+— 6 x 104 km

\
v——Open Fields

\
v
\
|
|
)
4

-} 0 km

1992 February 21 Flare

Tsuneta 199¢€



Location of acceleration site due to
time-of-flight method

(CGRO/BATSE)

197 1/91 109 29; 37 UT SOETOF{ i B

Loop radiu L 9.6 Mm

cegmmr Bz | M Hard X-rays mainly come
from footpoints

el B Higher energy X-rays have
-ooso\é?é‘;”s“lcf%om wa; N/ 1\ | earlier peak in time profile
ozs 0zi0 02 020 20 0 o w2 M Time difference is due to

i ] a0k

_7?/0"?2 T Do punzee | difference in time-of-flight,

giving distance between
acceleration site and

e footpoint.

G’fi_sj"f);‘;”‘o‘jj”“”;m M Location of acceleration as
04/10/52]22:17:06 UT | 9} ;;;;'d o Tecaset obtained from time-of-flight

-0.070 :

-0.075] .
-0.080 Incl: -39°

0l Tl method coincides in position
with loop-top hard X-ray
-0.045 o - source or abOVG

[@reyiXTILo Cont: HXTMMIT| o - Aschwanden et al. 1996 31
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Where are electrons accelerated?
1. Simultaneous brightening of foot point (Sakao)

ack, site f M ;
7\ /—= "
hard X-ray | ]

A B

At < 0.1 sec. = loop top
2. Time of flight method (Aschwanden)

a Slte 4 M E1 < E2

»

S
’R‘ ard X-ray | i

L = At (va—v1) = loop top
3. Yohkoh observation (Masuda, Kosugi)

acc. site =+ “%hard X-ray

loop top hard X-ravy source

All point to localized acceleration site

near the loop top. %




Acceleration mechanism
1. field aligned Sub-Dreicer field Ei < EbD

/]
not consistent with

loop top acceleration site

2. Super-Drejce?ﬁe d Ef > EbD at the neutral sheet
Eif

electron number problem

3. Shock Fermi acceleration

st shock and

e loOp.top source

foot point source

consistent with all observations
FHEX[YFIT—RI—)L
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Fermi I

FRELIK .U

= o

Fi

1 -
Ae =Em c+2u)2—cz_

cC>>U

1
= —mdcu = 2mcu
2
1
£ =—mc’
2
Ae _ 2cu
£ lcz
2
p, <c+u
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Fermi I

BELIARU

-«

P.T D

e

o=

Ae =%m|§c—2u)Z —czj

= -2mcu

cC>>U

Ae _ v
E C
D.xc+u

2c
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Fermi I Z

Ae = 4u 8_>d_8=2_ug 1@@?5?%#5%?% >
c dt / gAHIRILF— <
(7
—> £ x exp| —¢
14
A5 1HEo 2/
2u _ 2x520[km/s] s EZEm L C
/ 10°[km]
t=3[sec]—=¢e/e, =20 ¢, =0.2[kev]— & = 4[kev]
t =5[sec] = ¢/g, =150 — £ = 30[kev]
SNR [/ ~1pc~3x10"[cm] DT %L F— ¢ ocexp(z_”t)
u ~5000[km/s] = 5x10°[cm/s] 0
) 10'*[eV] (ASCA)
MERRE 7~ £ _3x10 10°[eV]?2@= 26004
2 65x10° [eV]?@=
=3x10°[s] 10"[eV] ¢ =3000%F
=100yr FEXRYT10™[eV] 1 = 44004F 57



BFDEEIRILTF—OREA DI AVIRILT—

o 1
_ (%) = 7.6x10"2n[cm™]E [MeV] 2 [MeV/s]
loss

for  E>E, = %Mvﬂwz ~0.5[MeV] (T =2x10°[K])

Fermi I ZHlIZE5(BFDIEE)

de _u
dt |y 1
d—E = d—E at E=F
dt |y | Y loss ‘
S n, =1,u=1000[km/s],/ = 10*[km]
S E = 0.11(”10[":1 I ) [MeV] — E =0.5[MeV]

G FIEIZ (LI DIEERES D E? 4



il
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FOEEIRILF—AREA DIV IRIILF—

_de =3.O><lO_IOn[cm_3]i[k€V/S], p -
dt loss ﬁ ¢

Fermi I ZHlIZEA(BEFDIEE)

(n=3x10"[cm™] B, =0.32
E. =26[keV]
n=3x10"[em™] E =160[keV]

EFIEIZ (L5 DITEEFE D wp 78 !
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BFElEFD
AT 3 T RILF

A
de )
dt i EFIZT/N—FILDOFL
= Ao THLa TR~
EFICAoTo 3y
IRILE—DHNEE

dt Wk (BT

de
dt w57

> E
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Fermi II | (stochastic)

215

Ag =
4(2)
C
u
= 4| —
C
Relativistic

Di5EEHE
ELT

c+udu c-u 4u
+ -—||e
2c 2c C

e ©
)Y

14
FEEeiE T = —

C
c ~const —> € = g,e”
d (de N
N —|—N|+—=0
ANTRIL 4 ( dt ) ‘
a= 27u (Fermi I)
OE 4 5
de _ | |a="2 (Fermill - relativistic)
dt | o
1
1 2 5
- 2 2 2
O¢ 2 (Fermi Il non - relativistic) 6 = # 41




Fermi I

N o g )| = €7 (T = :noescape)

N
1 1

l+ —=3~4—ar ~—, T=10sec
aT 3

DC

/Fermi =y
N Aﬁ =




IEREEOEED

. JiIBES Injection
ARV Time scale | Energy
I S
DC-E o e ocg?2 | £ —Ep
E, = Sy T
L) N
Betatron 1 a  |E eXP(at ) &HY)
- B dr
i p:E, =0.5[MeV]
_ P> ( “ e:E, =20~100[keV]
Fermi I 2u £ x exp(dt)
*m ")
L3 ,
Fermi I (rel) as? g o explatr) HY
= ct
Fermi I 8_058-(57)? e oc g2 %
(non-rel) g, = AT *mu’/ 07

223
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JaxRxo 3O 70—

SEIE (X IBE

Reconnection diffusion region

B BT RLF ILE S P ?

Diffusive shock

— - acceleration with oblique
Inflow | (perpendicular) shock
/f \ Slow shock (Tsuneta & Naito, ApJ, 495, L67, 1998)
‘f""r,( Magnetlc Two Slow shocks serve to

field lines ™ ”' contain accelerated
\ \ \ electrons with mirror

v \‘\‘\:“ configuration.

Injection problem associated
Fast shock with Fermi acceleration can
be overcome with pre-heating
with slow mode shocks to
20MK, and efficient
acceleration with oblique

Loop-top hard shocks.
X-ray source 44
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(o | Q)

>

fast mode
shock

> u u1
O u, /cos 6,
é ?-I'&)ﬁl /&' cj:l')
BUELIK FELIAD B INEL
ui R
A3
Ag = 4” £ —> d—g = 2—”8
C dt 14
4u de 2u
Ag = £ — = £
(ccos@) dt /cosf

MHENEDIFK—>

A3V IRILTF—DIRBIZEES
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F2DA O3 ERE

RFZILASE 5 (B4R 9 ) #EYE RN HEHM ?
Alfven wave?
whistler wave?

kk,
[=—L+-—2
u, u,
[ diffusion length
k diffusion coefficient

u flow speed

[>1,, =nK,/u=2nE/Bmw. u)=0.06nkm for £ =100keV, B =10G
K , Bohm diffusion coefficient

n =1-100

If we conservatively assumen =10*,/ = 600 km

FHARYFY—RI—IL 46



FermiiliE ® Injectionfi &8

Collision
dominates
15ﬂ I ! I L

L Collisio
100 F

Energy loss/gain [keV/s]

< Acceleration
dominates

I B L I

| Loss ;;" Fermi Acceleration
.-"Ir -0 E'S ﬂeg
ST 60 deg )
.-';- waznes ) d'E'g )
- g -
# - Acoelaeration - Loss

( PR - 'l.hl o _-.-E
f’f ::
20MK Maxwell _
T

10 15 "

Electron Energy [keV]
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Diffusion Length [km]

1000IIIlIIIIllIIIIIIIII||||||||

800 -

500
10MeVZET
e = 7 38 A 4

60 70 30 S0
Shock angle [degree]

Tsuneta&Naito 1998
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Upward motion of plasmoid

96km/s

Rising-pie

Many flares emit
egted UHoops plasmoid before the
Fast bow shock (SXT,45 MK)

onset of flares

Cool channel

Reconnected
cooling loops
(Bright SXT loop)

Fast bow shock
(HXT, 58-90MK)

FEEXIKYIT—RXI—)L 50



Plasmoid emission coincides in time with HXR peak
Electron acceleration ~dynamical phenomena

2_501[]5_| I | T T T ||||||||||||||||||||||||_ . . .
i : - Hard X-rays in association
2.04107 X ising Loop/Plasmoi ] - .
: § RenoteesPaene 1 With plasmoid
g 1.5410° ]
% 1 0'105:_ +| HXT L-channel : 77X:E4|‘0)H#Fﬁﬁ_l_lr_.
; *\u o —— Time slice image
5.0+10% — LM FI::t:fp e
DE:EI | L | |a:?(| | | |'\|'| ] | L1111 | T | 1111 ’

04:00 05:00 06:00 07:00 08:00
Start Time (02-Dec-91 03:35:23) 10

Tsuneta, ApJ, (1998)

* |ndividual plasmoid
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Summary

We have some understanding on the heating process,
while particle acceleration is poorly understood.

Observations indicate that acceleration site is located
close to the reconnection site.

Acceleration mechanism indicates shock-related
acceleration mechanism such as Fermi acceleration,
some form of turbulent (wave) acceleration.

Both electrons and ions are accelerated via the same
mechanism.

Dynamical phenomena driven by MHD instability
resulting in plasmoid eruption may be related to particle
acceleration.

There are flares with intense heating without

acceleration.
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