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Introduction



Flare energy vs rotational period

Stars  with 
period  longer
than 20 days

cf solar  rot 
period ~ 25days

Maehara+(2012), Notsu+ (2013)

Fast rotation
(young)

Slow rotation
(old)

There is no hot Jupiter in these 
superflare stars against previous 
prediction (Schaefer+ 2000) 
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Comparison of statistics  between 
solar flares/microflares and  superflares
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C    M   X   X10    X1000  X100000 

Largest solar flare

Superflares of 1000 times more 
Energetic than the largest solar 
flares occur once in 5000 years ! 

Shibata et al. 2013

C M      X    X10   X100 

X10000 flare ~  10^35 erg
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nanoflare

microflare

solar flare

Comparison of statistics  between 
solar flares/microflares and  superflares

1000 in 1 year
100 in 1 year
10 in 1 year
1 in 1 year
1 in 10 year
1 in 100 year
1 in 1000 year
1 in 10000 year

C    M   X   X10    X1000  X100000 

Largest solar flare

Superflares of 100 times more 
Energetic than the largest solar 
flares occur once in 800 years ! 

Shibata et al. 2013

C M      X    X10   X100 

X1000 flare ~ 10^34 erg



Why we wrote Shibata et al.’s PASJ paper ?

• In a Referee report on Maehara et al. when we 
submitted the paper to Nature (Oct, 2011) 

• Editor wrote
“Referee 1 feels strongly  -- as do we -- that any 

hype associated with solar superflares must be 
removed. Referee 1 argues cogently that there is 
compelling evidence that the Sun does not, nor has 
it for a rather long time, produce(d) a superflare --
that should be stated specifically in the text.”



Amazing article appeard on Nature when 
Maehara et al. was published  in May 2012 !





Evidence of superflare ?

Corresponding  to 10^34-10^35 erg  superflare
If this is due to a solar flare

(Miyake et al.  Nature , 
2012, June, 486, 240)  



Another evidence ?  

Another event!

Miyake 2012

Miyake 2013

AD993

AD775

From  Miyake et al. (2013)
Nature Communications  2783



What is the spot area statistics ? 
Teff=5500-6000 K
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Solar Rotation

Many stars without superflares
Show evidence of large spots !



Statistics of Spot Area on the Sun
and Sun-like Stars

Courtesy of Ishii and Maehara+ (2015)

0.001         0.01             0.1              

Large spots
exist in many
Sun-like stars
though frequency
Is small
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2. Large Sunspots are 
Necessary Condition for 

Superflares



Flare energy vs
sunspot area                   
(magnetic flux)
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Maehara et al. 
(2015)



Mechanism of superflare occurrence

Big starspot is necessary
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Basic mechanism of superflare is the same as that of 
solar flares (i.e. reconnection)  because 
MHD (magneto-hydrodynamics)  is scale free



3. Generation of Magnetic 
Flux at the Base of the 

Convection Zone



How to make large star spot ?

p
t BBrrotBVrot

t

B





)()(

)/( dzdz 

][106.5

2.0

7 Hz



Rotation  is fast near equator

Rotation is slow near poles
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Δr
ΔzRp

Bp

Base of 
convection zone



Flux Transport Model   (Dikpati, Choudhuri, ,,)

Contours: toroidal fields at CZ base 
Gray-shades: surface radial fields

Observed NSO map of longitude-averaged photospheric 
fields

Dikpati, de Toma, Gilman, Arge & White, 2004, ApJ, 601, 1136



Solar differential rotation
(SOHO/MDI, Schou et al. 1998)

Ω/２π



How to make large star spot ?
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Rotation  is fast near equator

Rotation is slow near poles



Poloidal magnetic flux
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Observations of solar magnetic 
field



Benevolenskaya A&A（２００４）



Benevolenskaya
A&A
（２００４）

1.5-2.5 x 10^22 Mx
In the polar region



Necessary time to generate
magnetic flux producing superflares
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 only 8 years  (<  11 years)  to generate
2x1023 Mx producing  superflares of 1034 erg

The necessary time to generate magnetic flux 
of 1024 Mx that can produce superflares of 1035 erg
are  40 years （<< 5000 years)   (but  >  11  years)

Is it possible to store such huge magnetic flux below 
the base of convection zone ?

=> big challenge to dynamo theorist !

=> easily 
occur !?



4.  Storage of Magnetic 
Flux just below the Base of 

the Convection Zone



Δr
ΔzRp

Bp

Base of 
convection zone

GB 510

Magnetic flux
stored in 
Overshoot
Layer 

][1024 MxzBd 

cmzcmd 109 1010 

How much magnetic flux can be stored 
in the overshoot layer ?



3D dynamics of flux tubes in solar convection zone 

(Choudhuri & Gilman 1987; Choudhuri 1989; D’Silva & Choudhuri 1993; Fan et al. 1993; 
Caligari et al. 1995) 

Equipartition B at bottom is 
10,000 G, but such fields are 
diverted by Coriolis force 
(Choudhuri & Gilman 1987)

Only 100,000 G fields can emerge at sunspot latitudes

From Choudhuri
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Dynamo Energy Problem

Kinetic energy of
Differential rotation

Magnetic energy 
of stored magnetic
Flux necessary for
producing superflare

How magnetic energy can be stored ? 



One idea
Magnetic field intensification by Explosion of 
magnetic flux tube (Hotta et al. 2013)



5.  Case of Rapidly 
Rotating Stars



Flare frequency vs rotation speed

• If
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If the flare frequency  ( )  is correlated with 
magnetic flux generation rate,  then we can relate 
the observed flare frequency with the rotation speed

flaref

flaref



Observed superflare frequency vs 
rotation period (Maehara+ 2012)

flaref



Frequency of superflares
(New data:  NotsuY+ 2013)
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Activity-Rotation relationship
(Guedel 2004 AApRev 12, 71)

Ro = P/tau
(Rossby number)

P= rotation period
Tau = convection
turn over time



6. Is it necessary to have a 
Hot Jupiter for the 

production of Superflares ?



Effect of Magnetic Interaction

MHD reconnection 
model of protostellar

flare (Hayashi, Shibata, 
Matsumoto 1996)



Effect of Tidal force
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summary

• If magnetic flux is generated by differential rotation at the 
base of the convection zone, it is possible that the present 
Sun would generate a large sunspot with a total magnetic 
flux of ~ 2 x 10^23 Mx (= G cm2) within one solar cycle 
period, and lead to superflares with an energy of 10^34 erg. 
To store a total magnetic flux of ~ 10^24 Mx necessary for 
generating 10^35 erg superflares, it would take ~ 40 yr. 

• Hot Jupiters do not play any essential role in the generation 
of magnetic flux in the star itself, if we consider only the 
magnetic interaction between the star and the hot Jupiter. 

• Our simple calculations, combined with Maehara et al.’s 
analysis of superflares on Sun-like stars, show that there is a 
possibility that superflares of 10^34 erg would occur once in 
800 yr on our present Sun.

Thank you for your attention


