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BHRXS (Space Weather)
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Galileo’s sketches
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olar magnetic field
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Hotta and Kusano 2021 Nature Ast.
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Coronal magnetic field
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Solar Flare and Eruption
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Solar Flare and CME

Solar flare Coronal Mass Ejection (CME)

SDO/AIA 193: 2017/09/06 11:00:17 2017/09/06 11:08



Interplanetary Coronal Mass Ejection (ICME)
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Solar Wind-Magnetosphere Interaction
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Geomagnetically Induced Currents (GICs)
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Solar Particle Events (SPE)
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Space Radiation Health Risk
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Solar Particle Events during Apollo Missions

Dates that the spacecraft were in space outside magnetosphere

e LT AN N

levels 7 8 9 a0

%

W'Y
L
ol

Fatal

2

o
Skin Dose (REM)

(1 lII ]I|III AL I|II

S [
2 2

Astronauts

could have died if they’d been on
Dates and magnitudes EVA

of Solar Proton Events

Courtesy of Miho Janvier (Institut d’Astrophysique Spatiale, France)



HukRelpedinig

BELRIJILF—RTF 3043 ~ 2H

FHXIARORELEE




C' ' I Topics v | World | USA >h | Entertainment | Travel oto | Video | Odd News | Style |

B
a

> Business

AR—ZX AZ—Y I BEL40E#TE LA
KEROFE

PR

-HARTHEE T 23 EAOETRE. BALDIRICGHDS 3 DadAn
SBRICHTZLY T CNNASEAOENZ AR Y MR EBNT

- Microsoft365 & B IL— T 1 7@ CRIR T 2EBIE(L

A Z—Fy MERAOEAEHLZAR—ZAXOAT Yy MEEERZA4=98. K7 AU ENT—TAFRFL DT T4FHE
% —/Paul Hennessy/SOPA Images/LightRocket/Getty Images

=Z2—3—%7(CNN Business) KRAX—ZXHBEFEM ZA2—VU v/ HHEO—RTSAITH
LF T ATHEDS b BERIOENTRBRIOEE TARRE,SANDRBLEE ST, IND
DHEEFZT TICHHOATEICBRALLY . I LBREATIEN,

ZR—ZX|FE B30 22— o5 BRTAA VY Z—F v MEEAOEAI B EiIF - Rt IZE



®
"
)
4
]
°
(U}

J\O— > FERZTF#]

>

#8-%
AU —EH
(EZR)

Fax

154 -

>
=

B!
<Bfnx 9 2IEHREH !

BS12k 5 TILER
WO THER
GBSl

aE

3H29H (k) &£B 7:00~ (5—&)
3H30H (K) &£3 7:00~

DULWTELL

C

[2025%, AHUREIRAB L7 TK
Tl

W21 KBE0EEERSEE FHIL Tf

12

_
O
=

[,

(

BS12 | BSRAAIZ/XSBS12 ho TILE

FoxIl

BS

20224108680

mIL7 RSN\ OHIIRER

2 BAZEFE3TE

X

3=

HBE< X330 0D

3-
’

7o/0J—-KRAbMLVWERP
F D PTL-

r

L
X
-

b i e
DIRFRZE.
BIZERFaxXrvU—

HULAX
GALILEO X

SRS {2
gt SRR
3 )l LR

ERRED B
SRR
IR i

T e IR

v dian sl

SFEEEEcgsT= .

BRI P 2 R ) - R R

LEG PUELIN O B KIRS- IR
U BUPE RERERUEERY
AhGBe ENES RS RIS o0

BEEUR SR
- R
SEIS T Foe
Pt o S
- EN R
S LEE

b 52BN i
RS s T
S Uy [HEE
R

g g
PR

i L3t g
SHE S T
£ LT e e

Bk IR

L e
T T e I T e

=
HERE UL

Eal=tl

T R e
BRSO EE
EEIH{ —Hagns
eI b e
A (b OThE

" EEE S
e e e
alplgarug et

S e b R

Lt S

WOASTT A R
S e T Gt
AR S LT ook

SO

SEAGERE HE
i UEEN R

e R

T H e Mt
Ete il e AR
SR
SERwER R R
TR

[AE=Ho

=

T 3 e
Hme e
HEWE DR

RIS
SRR O GR oL
Y EE N S L
TR D U e
Broodpaded gha ] urge?

-2
et kR

47 BTl
) F
RN Eg

e

+

& m—

cui I R

R
e E I Fl BT
EETRFLELVD

[t
B g HE
fm g R b G
SEEEaFS e’ o

HE BASEE

S LA

R

W
S
=
i

2]

A

#

L0 ST R
FREHEEIIEEES
STt TESEH
it | Al

AR R 5 e e

BRG] s
L e R0 2

WHELDULAGET LS
EEEISEMRS | SRR O BEL KEnonS SE
e thok A SHETE 4 dar U SR T A RHEE ©

Pl %ﬂ_“FzmM\P7’::Z'7mnEH-\l:t, HhERICFTIELT

FT. B |

O ruon

~
ina

Ry

2L
25

!

NEWS COMMENTATORS BUREAU

IRl&E
& 328

i

b
CNETOEEHES

»

FEHXKER XBEIL7OWEZHT

20225048278 (k)

sl

FEn B

B #s #

120

022.0.9

worn0 @I



AMC (%)

A Tree A
O Tree B

o1
}#{}{H}{Hﬁ{}

{ 12 %o £
AD774—775%E T

—

SR
760 780 BOO 820
Year an

a) HCREDZEI
(1-2%1E)

&% =& [ ALK
(A=)

FafE774-775%F (26 T H5F HHRIE I D IR i

FHEER
(Miyake et al. 2012) 2z \

=30
y

14C O

)

™ o s
3 = EiE 19m
A :

EZ 30cm |
HES L000E |

| EEE
AD97-1551 ‘_

: EAB-LE i

|| ARTAIR
| 1956E R

19954F A F

iAci[n?z - ' hnlss?
|
|




BEFEESNE

s B OTR

» BIRFEIHDORRECARFEN BEE774~7755R U, FEII2~I3EIZF
)R ARVEDIVERREDBSIRBIEERNREL-CLEER
(% X :Miyake et al. 2012 Nature, Miyake et al. 2013 Nature Comm.)

» KEEEEDEBEXRIL 7 DTIEEM (K : Maehara et al. 2012 Nature)

= FYYIFR RSN - BAOBSE
s« 185949H Dst~-1760nT (FvJo bk -ARN)
WRICBVWTREINIL. FEEE. BE-BMESTGE BRI
HEFHRIKEESIEERIT, (HERLEI0~100kALHE)
« 2012478 HETEDst~-1182nT (MiBRIZELELI-IBEDHETE)
AEOETMTHRAEL-=OHBKICITERZELLE N >T=H., LL2BERIETIZH

AELIGE . IIRKICEEL, KIREREFZUL-oL=EEAbN5,
(Baker et al. 2013)

= 'U'7 == M1 STy b I 4
1989438 Dst= -589nT 4~ J7’J‘|‘|j(1'?%

Dst (nT) ——>

| ©
)

s 20034108 Dst= -422nT X'jI—T/ ET7IVNTES EH]X YA Eéz./)l DS
VAT LEE. KEEREMMars OdysseyfgE




B RXaA;n (20124F7H238)

= Baker et al. 2013 Defining Extreme Space Weather Scenarios
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NZEIL 7 FiBlD:iRRE (Issues)
s BEXIL7ZNMEICLTF AT I

How can we predict solar flares?

s LVDL,ECT.ENIFEDKRBILTREDISIZRETHD
M ?

When, where, and how do solar flares occur?



Observed by SDO
Aug. 2, 2011

Magnetic field

S00/HMI Quick—Lock Magnetogram:

ctive

¥
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Current status of flare prediction

The currently operating flare predictions rely on The flare X-ray flux (GOES flare index) vs.
empirical methods and machine learning based on sunspot area.
the correlation between the various parameters of o Sammis et al. 2000 Ap]
sunspots/active regions and flares. ' N
Crown (2012) NOAA/SWPC for Cycle 23 X10
qTE'“
--- % 1)(10-4 Xl
e hit rat Lc:é‘
positive | 50 TP 67  FP 1o/ rprrpyn03 - M1
negative| 52 FN | 31315 TN g
precision | TP/(TP+FN)~0.49 1 Nisﬁiiuka + * 2 - C1
S (2021) 1x10 3
Nishizuka et al. (2021) Deep Flare Net @ o !
Forecast Observation Observation g cronn {2012) g Bl
>M1 A q
o positive negative Oo . ) _
positive 963 TP 4382 EP hit rate 1X10-B1)(10'1 L e R R P ..1).(1061
negative 54 FN 25937 TN small sunspot < e » big sunspot
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KEEILT7DEARETIL(CSHKPET /L)

Carmichael 1964; Sturrock 1966;
Hirayama 1974; Kopp & Pneuman 1976

Erupting Filament
Coronal Mass Ejection

Twisted Flux Rope N1
(plasmoid) & &
YA

>1<ReconRection

AN

t=flare lopp

<

Polarity Inversion

Line (PIL) Shiota et al. (2005)

16:09:49 UT Sep-10, 2017
X8-class flare on September 10, 2017 SDO/AIA 211
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ANBEILTIENDOEELHD ?

@ Formation of active region (@ Piling up the free energy 3 Releasing the free energy

eruption ﬁ
PIL

twisting magnetic field Flare and Eruption

What determines the onset of reconnection and
eruption?

(similar to the substorm onset problem)

34



Numerical Simulation of Flare Trigger Process

K. Kusano et al., MAGNETIC FIELD STRUCTURES TRIGGERING SOLAR FLARES

/a AND CORONAL MASS EJECTIONS, ApJ, 760:31, 2012 November 20.
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Results of Ensemble Simulation <usano et al. 201
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What is the Critical State?

MHD Simulations for different trigger flux

] ) o ' 40072 btm_wplnst_Flux_tube' u 235 e
1.4} trigger flux is 'dO072T1S btm_vplndt_flux_tube' u 216 —s—
* L "AMFETI0 Bt m_wplndt_Flux_tube' U 2:6 —i—
|n_]ected "dOO72TO7btm_wplndt_flux_tube' u 2:6 —a—
'd007ETORAbtm_vplnAt_Flux_tube' u 216
1.2} .
1} 4
h 0.8 -
eruptive J
0.4 b -
0,2 I -
- stable~,
0 ”“" L L L L L L L
0 10 20 0 40 50 60 70 g0
58,8798, 0,497493 t|m e

small trigger flux
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Double-Arc Instability

Trigger Reconnection

overlying flux
ying sheared loops

twist flux

B,>0

electric current (J)

0 0.2 0.4 0.6 0.8 1
joint height (A)
) @ 3 @

Ishiguro and Kusano 2017 ApJ

Current-Carrying Double-Arc Instability

Double-Arc

overlying fl
verlying flux Double-arc

integration in the reconnected flux magnetic twist

magnetic flux

(within double-arc loop) \ (non-potent\iality) | EZldS near PIL

(cf. R-parameter)

wist flux \ v
5 st
The critical condition _Ire > 0.1
of double-arc instability & Doper '

overlying magnetic flux /
(cf. decay index)
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Magnetic Twist on
Magnetic field Line

— Tw =7y ) @dt

VXB =aB

&

.,_f:” (’B P A8 &
%' vector magnetlc ﬁeld ERS)

MHD relaxation method (Inoue et al. 2016)

Integration over the trigger
The critical size of trigger- reconnection region

High Free Energy Region (HIiFER) reconnection f T. d(p

The minimum free-energy which
7 can be released by the DAL
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= 2
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X-class Flares on Sep. 6, 2017

SLES sray Flux {1—minute data) Baqin: 2017 Sep 5 0000 UTG
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5:36 UT on Sep. 4 (two days prior to the flare)
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11:48 UT on Sep 6 (12 min prior to the X9.3 flare)
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11:48 UT (12 min prior to the X9.3 flare)
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st Magﬁetic field on the solar surface
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Statistical Analysis for 198 Largest ARs in S/C 24

Critical Radius "<

a0

Group 1 (Non-flaring ARS)
- 198 largest sunspot regions in solar cycle 24
*No large flare > X2 occurred for 20 h after the observation
-Data when the region was on the central meridian

1632 1633

E. (erg)

- '1'631

Releasable Energy

Critical Radius "-(Mm)

Group 2 (Flaring ARs)
-The seven active regions that produced all
flares of class X2 or larger within solar latitudes

+50° during solar cycle 24.

3ETT A
B| EI I. %@+£ -H-ﬂi* l
| N i ﬁ g%_ _Idf_éﬁ_# +-_-_ % l-//
%L ms /

large flare predicted

o T
E, (erg)

= '1'|031

AR 11158 X2.2 %
AR 11283 X2.1 o

AR 11890 X3.3
AR 12192 X3.1

AR 12297 X2.1 ¢
AR 12673 X2.2 m

AR 11429 X5.4 + | AR 12192 X2.0

AR 12673 X9.3 O

— exceptional =
7 ARs produced flares larger than X2 in cycle 24.

Kusano et al., 2020, A physics-
based method that can predict
imminent large solar ﬂares
Science

Forecast | QObservation | Observation
>X2 positive negative

positive 7 TP 0 FP
negative 2 FN 198 TN

e

Nishizuka+

S (2021) Kusanp+ (2020)

%) O

o

()

s Crown (2012)

0

0 hit rate 1
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Watts m™

What determines the onset?

AR12673
Sep 6, 2017

before X2.2 flare

3 hours

T =T,|B,]
magnetic twist

before X9.3 flare

flux density

E
= 0
G‘EEE Kray Flux (W*Wjﬁuw data) __Begin:_ 2017 Sep 5 0000 UTG = W, ue S + ’-‘Jr PR
o ; X9.3 .
X2.2 2 by
E H = . > Q L .
1078 ﬁ . \\- \\A‘ P b © > QQ Q p._
v S : \ A N
B ) T N A : AN A RO
; i X (Mm) non-potential field twist flux density
. - b % % -2000 -1000 0 1000 2000 0 1600 3000 0 2000 4000 -1000 0 1000
i B, (gauss) SDOJAIA 1600A (DN) By, (gauss) « (gauss)
e NOAA/SWPE Baulder, CO USA
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Solar Flare and CME

Solar flare Coronal Mass Ejection (CME)

SDO/AIA 193: 2017/09/06 11:00:17 2017/09/06 11:08



What determines the eruptivity of flares?
= Yashiro et al. 2006 ApJ

Cl M1 X1 X10
w—rrnq—lm

g g qu-rnq-rmq-rm- g BELELALLL. B AL mm ]

%100,(3) %100.( ) | %100.((:) .

m e m = o m -

= 80} = 80} = 80}

S } S | S }

® 60 s 60} s 60}

Q B Q B Q =

S 40} o 40} S 40t

)] B L] . /)] =
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= 0 i ] = ol 14 = oL X

O 410 107 104 10I:3 102 © 1071074101 1:)“ 101 © 1 10 100 1000
F,[W m? F;[J m?] T [min]

FiG. 1 —CME association rate as a function of (a) X-ray peak flux, (») fluence, and (c) duration. The gray straight line is the least-squares fit to the data points.
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What determines the eruptivity of flares?

pre-flare flare onset flare & CME

Potential field
(3~0)

overlying

Twisted

l[: flux rope

i

P high-twist region

L
~

- PIL ; ;
trigger reconnection double-arc instability main flare reconnection torus instability
driver\.( . driver—{ o .
critical parameter fr Twde critical parameter - cbhl.qh—thSt
for flare-onset K=———->01 for CME-onset mT Dtotal overlying
suppressor/@ suppressor—,
(b) T M Ly = I ' ' ' ' ' ' Erup'tive-
et b a;? of Event#2 (1‘}—0.2) Tw 25 Lol : Canfmed_ .
. ) ST ' Observation | Observation RSN moderately able
_18 € seq 0 s . eruptive Sekiieelll to distinguish ARs that
_ tero Bl ) - ;s eruptive have th bility of
R ), .. AR « Y | emptve 27 TP 6 Fp  navetnecapabiityo
2 ¥ SN : il producing eruptive
B L RUACHEE DN | confined 8 FN 10 TN  flares and CME.
e ZJ\;:::“ . - | —1.0 E
= - - . -1.5 %.0 0..1 0.2 0:? 04 05 06 0.7 0.8 0:9 1.0
2 3 T - 2 Lin, Kusano et al. 2020, ApJ, doi:10.3847/1538-4357/ab822c

Lin, Kusano, Leka 2021, ApJ, doi:10.3847/ 1538-4357/abf§}c91
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