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Abstract

Recent observations of Sun-like stars, similar to our Sun in their surface temperature (5600-6000 K) and slow
rotation (rotational period > 10d), using the Kepler satellite by Maehara et al. (2012, Nature, 485, 478) have revealed
the existence of superflares (with energy of 10°*~10* erg). From statistical analyses of these superflares, it was found
that superflares with energy of 10** erg occur once in 800 yr, and superflares with 10* erg occur once in 5000 yr.
In this paper. we examine whether superflares with energy of 10*3-10° erg could occur on the present Sun through
the use of simple order-of-magnitude estimates based on current ideas related to the mechanisms of the solar dynamo.
If magnetic flux is generated by differential rotation at the base of the convection zone, as assumed in typical dynamo
models, it is possible that the present Sun would generate a large sunspot with a total magnetic flux of ~ 2 x 10% Mx
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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 |

NEWS & VIEWS

Startling supertlares

Stars that are just like our Sun have flares more than a million times more energetic than the biggest flare ever seen on the Sun.
The Kepler satellite has allowed these superflares to be siudied in detail for the first time.

doi:10,1038/ naturel1194

BRADLEY E. SCHAEFER

superflare on a Sun-like star is a bright-
Aening that has an energy of from 10™
to more than 10® erg and lasts from
minutes to days. The Sun has frequent flares
that are caused by magnetic effects above sun-
spots, regions that are cooler than the Sun's e
typical surface temperature. However, the S Jupiter-like
largest flare ever observed' on the Sun — the s planet
1859 Carrington event — had a total energy of
about 10* erg. With Sun-like stars being the
epitome of constancy, it is startling, evocative Superflare
and exciting that they can have superflares as
energetic as 10™ erg. In a paper published on
Nature's website today, Maehara et al.” report
the emissions from 365 superflares, measured
by the awesome Kepler satellite, which was
launched in 2009.
Ower the past 120 years, four dozen super-
flares have been reported in the literature’=.

Magnetic-fisld

Figure 1 | Magnetic connection. One idea to explain the superflares observed by Maehara et al®
imvokes the presence of intense magnetic fields that connect the star with a Jupiter-like planet in very
close orbit around the star, The magnetic-field lines will become twisted and amplified by the orbital
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Evidence of superflare ?

LETTER

d0i:10.1038/naturel1123

A signature of cosmic-ray increase in AD 774-775

from tree rings in Japan

Fusa Miyake', Kentaro Nagaya', Kimiaki Masuda' & Toshio Naka

Increases in ''C concentrations in tree rings could be attributed to
cosmic-ray events' 7, as have increases in '’Be and nitrate in ice
cores®. The record of the past 3,000 years in the IntCal09 data
set', which is a time series at 5-year intervals describing the "*C
content of trees over a period of approximately 10,000 years, shows
three periods during which '*C increased at a rate greater than 3%
over 10 years. Two of these periods have been measured at high
time resolution, but neither showed increases on a timescale of
about 1 year (refs 11 and 12). Here we report '*C measurements
in annual rings of Japanese cedar trees from AD 750 to AD 820 (the
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Corresponding to 10734-10735 erg superflare 760 780 800 820

If this is due to a solar flare

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

Year ap

Figure 1 | Measured radiocarbon content and comparison with IntCal98.

The concentration of "*Cis expressed as A'™C, which is the deviation (in %e) of
the '*C/"*C ratio of a sample with respect to modern carbon (standard sample),
after correcting for the age and isotopic fractionation™. a, A™C data for tree A
(filled triangles with error bars) and tree B (open circles with error bars) for the
period AD 750-820 with 1- or 2-year resolution. The typical precision of a single
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Another evidence ?

From Miyake et al. (2013)
Nature Communications 2783
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Many stars without superflares
Show evidence of large spots |
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Statistics of Spot Area on the Sun
and Sun-like Stars
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2. Large Sunspots are
Necessary Condition for
Superflares
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Maehara et al.
(2015)

Magnetic flux (Mx)
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Figure 5 Scatter plot of flare energy as a function of spot area. The
lower and upper horizontal axes indicate the area of the starspot
group in the unit of the area of the solar hemisphere and the
magnetic flux for B = 3,000 G. The vertical axis represents the
bolometric energy released by each flare. Filled squares and small
crosses indicate superflares on G-type main sequence stars detected
from short- (this work) and lono-cadence datz (Shibavama et 3l



Mechanism of superflare occurrence

Basic mechanism of superflare is the same as that of
solar flares (i.e. reconnection) because

MHD (magneto-hydrodynamics) is scale free
Big starspot is necessary

B*L’ 3/2
87 ~ 1:_A‘spot

2 L 3
1% frg( L] 8 L
0.1\ 10°G ) | 0.04R,

If L, ~02-04R, ,

E..~10*-10% erg
@~ BL._° ~10% -10* [Mx]

spot

EfIare ~ 1:Emag ~ f




3. Generation of Magnetic
Flux at the Base of the
Convection Zone



How to make large star spot ?

<< + H,___J Rotation is slow near poles
e '
\.\ -\‘ \\-- S ] .
%) \_______/_) Rotation is fast near equator
T
oB, -
E:rot (V xB) =rot (rQ x B) ~ AQ B}
27r
V=rQQ=——-
Trot
T, = 25—30 days
27 AQ ~ Az(dQ/ dz)
Q="%(24-29)x10"° Hz
Toot ( ) ~ 0.2Q
Q=% _28x10° Hz (in our paper) ~5.6x 107" [Hz]
Trot




convection zone



Flux Transport Model (Dikpati, Choudhuri, ,,)

Contours: toroidal fields at CZ base
Gray-shades: surface radial fields
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Solar differential rotation
(SOHO/MDI, Schou et al. 1998)
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How to make large star spot ?
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Poloidal magnetic flux

2
(Dp ~ BpolarCH ﬂRpoIarCH

~10x3x(0.3R,)* ~ 1x10% Mx
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Observations of solar magnetic
field
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Benevolenskaya A&A(2004)

CR 1914 B=120442G CH 1927 B=0.0247 3 CR 1954 B=1070M7G

CH 1981 B=—409876G
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Fig. 3. Plots of: A) sunspot area in the Southern hemisphere (dash
line) and in the Northern hemisphere (solid line); B) magnetic flux
of the radial field component in the latitude zones from 787 to 88° in
Northern (dash and dots line) and Southern hemispheres (dash line):

() the relative nositive nolarty narte of macenetic Alnx in Northern and

1s estimated for different latitudinal zones. It 1s estimated that the total magnetic flux of the Northern polar zone, from 78° to
88°. is about 1.5-1.7 x 10** Mx, and it is about 2.3—2.5 x 10** Mx in the similar Southern polar zone. The new data reveal an



Necessary time to generate
magnetic flux producing supertlares

ao, ~ AQ O ~ ﬁB 27R Ar
dt 27 27

t ~40 ( g)t j( czlzp ] 1( AQ_7 jl years
107" Mx )\ 107 Mx 5.6x10"Hz

—The necessary time to generate magnetic flux

of 102 Mx that can produce superflares of 103> erg

are 40 years (<<5000 years) (but > 11 years)

—> only 8 years (< 11 years) to generate => easily
2x10%3 Mx producing superflares of 10°** erg  gecur 1?

Is it possible to store such huge magnetic flux below
the base of convection zone ?
=> big challenge to dynamo theorist !




4. Storage of Magnetic
Flux just below the Base of
the Convection Zone



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

B~10°G .‘
. \
Magnetic flu Rp \

stored in
Overshoot Ar
Layer

® ~dAzB =10** [MXx]
~. / Base of
d =10° cm Az =10"cm convection zone




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
\ 10,000 G diverted by Coriolis force
. (Choudhuri & Gilman 1987)

100,000 O

Only 100,000 G fields can emerge at sunspot latitudes

From Choudhuri



Dynamo Energy Problem

Kinetic energy of
Differential rotation

Magnetic energy

of stored magnetic
Flux necessary for
producing superflare

2

E. ~ZR%p,v,> ~4x107 [erg]

R ~0.7xR, ~5x10"[cm], d ~10°[cm],

p, #0.1[gcm™], v, #10*[cms™]

O ~dAzB =10 [MX]

E o ® 27RdAZ

BZ

R

8

N/
~N/

y OB ~1.3x10%[erg]

How magnetic energy can be stored ?




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

(a) d =2H,: t=25H /e, I (b) d =6H, - t=25H,fc,

Fig. 1 T'he volume-rendered magnetic energy and the magnetic field lines. The panels a
and ¢ (b and d) show the results with d, = 2H, (d, = 6b). For convenience of presentation,
we show only the solution in the center region cut at y = 0. The color shows the magnetic
energy normalized by the gas pressure at 2 = 0 (py). This visualization is created using the

software of VAPOR (Clyne & Rast 2005; Clyne et al. 2007)



5. Case of Rapidly
Rotating Stars



Flare frequency vs rotation speed

0, A0y ¢
dt 27T
*If TAQ oc QO
1:dynamo"’cq)/q)ocg2
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—

f

flare

oc ()

If the flare frequency ( fflare ) is correlated with
magnetic flux generation rate, then we can relate

the observed flare frequency with the rotation speed




Observed superflare frequency vs

rotation period (Maehara+ 2012)
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Frequency of superflares
(New data: NotsuY+ 2013)
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Activity-Rotation relationship
(Guedel 2004 AApRev 12, 71)
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Fig. 4. Activity-rotation relationship compiled from several samples of open cluster stars. Key to
the symbols: circles: Pleiades: squares: IC 2602 and IC 2391: stars: « Per: triangles: single Hyades
stars; crossed triangles: Hyades binaries; diamonds: IC 4665: filled symbols: field stars (figure
courtesy of S. Randich, after Randich et al. 2000, by the kind permission of the Astronomical
Society of the Pacific)



6. |s it necessary to have a
Hot Jupiter for the
oroduction of Superflares ?



Effect of Magnetic Interaction

ume =000 . _ lime =1.35 —

MHD reconnection
model of protostellar
flare (Hayashi, Shibata,

Matsumoto 1996)
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Effect of Tidal force

| \ ; M /M ’
AgQ ~ Fida ~2 X P (R*j ~2x107° : 3 : (R* /?j
g |:gravity M * d 10 +0

|:coriolis ~ 2Vcoan ~ 4 ><10—7 ( Vconv j( R®Q j
Foyaiy GMg /Ry’ 10°cm/s \ 2km/s

Tidal force is more important than Coriolis force



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 10723 Mx (= G cm?2) within one solar cycle
period, and lead to superflares with an energy of 10734 erg.
To store a total magnetic flux of ~ 10*24 Mx necessary for
generating 10735 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.

e 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 10734 erg would occur once in
800 yr on our present Sun.

Thank you for your attention



