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Yamada-san

* Yamada-san is not only a leader of
reconnection experiment, but also an
educator and an organizer, connecting
different fields related to reconnection, such
as plasma physics, space physics, solar
physics, and astrophysics via magnetic
reconnection.




How Yamada-san was a good teacher ?
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REVIEWS OF MODERN PHYSICS, VOLUME 82, JANUARY-MARCH 2010

Magnetic reconnection

Masaaki Yamada, Russell Kulsrud, and Hantao Ji

Center for Magnetic Self-Organization in Laboratory and Astrophysical Plasmas, Princeton
Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543, USA

(Published 5 March 2010)

The fundamental physics of magnetic reconnection in laboratory and space plasmas is reviewed by
discussing results from theory, numerical simulations, observations from space satellites, and recent
results from laboratory plasma experiments. After a brief review of the well-known early work,
representative recent experimental and theoretical works are discussed and the essence of significant
modern findings are interpreted. In the area of local reconnection physics, many findings have been
made with regard to two-fluid physics and are related to the cause of fast reconnection. Profiles of the
neutral sheet, Hall currents, and the effects of guide field, collisions, and microturbulence are
discussed to understand the fundamental processes in a local reconnection layer in both space and
laboratory plasmas. While the understanding of the global reconnection dynamics is less developed,
notable findings have been made on this issue through detailed documentation of magnetic
self-organization phenomena in fusion plasmas. Application of magnetic reconnection physics to
astrophysical plasmas is also discussed.

DOI: 10.1103/RevModPhys.82.603 PACS number(s): 52.35.Vd, 94.30.cp, 96.60.1v



Magnetic reconnection

* Historically, the concept “magnetic reconnection” has
been proposed to explain solar flares (Giovanelli 1946,
Holye 1949, Sweet 1958, Parker 1957, Petschek 1964).

* However, the reconnection model of solar flares has
been questioned by many solar physicists until Yohkoh
was launched (1991).

 These years (1991-1992) were the time when we met
Yamada-san. We were encouraged by Yamada-san
who supported the reconnection model of solar flares

from experimental point of view.



This talk

* Today | will talk about very big flares,
superflares, since | believe superflares on
solar type stars are the largest explosions
caused by magnetic reconnection in our
universe (with various indirect evidence of
reconnection) , and yet that are most
influential on our society and life.



Carrington flare
(1859, Sep 1, am 11:18 )

* Richard Carrington
(England) first observed a
solar flare in 1859

« white flare for 5 minutes

e very bright aurora
appeared next day at many

pIaces on Earth, e'g.' Cuba, Telegraph systems all over Europe and
the Baha mas, Jamaica, El North America failed, in some cases

Salvador, and Hawaii. even shocking telegraph operators.

. . Telegraph pylons threw sparks and
La rgESt magnetlc storm telegraph paper spontaneously caught

(> 1000 nT) in recent 200 Fire (Loomis 1861)
VIS, http://en.wikipedia.org/wiki/Solar_storm_of 1859



Magnetic storm and aurora on
1989 March 13, that lead to Quebeck
blackout (for & million pegple),

-

POWER SYSTEM EVENTS DUE TO SMD MARCH 13, 1989 "ﬁ g T

PJM Public Service
Step Up Translormer

Severe internal damage caused by
O - Blackout the space storm of 13 March, 1988
- CKou

= Equipment damage

Magnetic storm ~ 540 nT
Solar flare  X4.6

http://www.stelab.nagoya-u.ac.jp/ste-www1/pub/ste-nl/Newsletter28.pd




Will the Carrington-class flare occur
again ?
* |f the Carrington-class flare occur now,

what will happen ?

* arecent paper estimates potential damage to
the 900-plus satellites currently in orbit could
cost between S30 billion and $70 billion.

* http://science.nasa.gov/science-news/
science-at-nasa/2008/06may_carringtonflare/



statistics of occurrence frequency of
solar flares, microflares, nanoflares
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Question

* Will our Sun produce superflares which are
much more energetic than the largest flare we
observed before ?



Discovery of superflares on ordinary solar type stars
Schaefer, B. E., King, J. R., Deliyannis, C. P.
ApJ, 529, 1026 (2000)

e 9 superflares (with energy 10 ~ 1076 times
that of largest solar flares) were discovered

 Main sequence stars with spectral type F8-G8

e Rotational speeds are low (like our Sun),
not young stars



superflares

TABLE 1
SUPERFLARES
Shaefer et al. (2000) ApJea29, 1026
Star Detector V oemal Amplitude Duration (ergs)
Gmb 1830........... Photography 6.45 AB = 0.62 mag 18 minutes Eg~1x 10%
kKCet.ovvvviiiinnnnn. Spectroscopy 4.83 EW(He)=0.13 A ~ 40 minutes E~2x 10%
MT Tau ............. Photography 16.8 AU = 0.7 mag ~ 10 minutes Ey~1x 10%°
' UMa ............. X-ray 5.64 Ly=10* ergs s~ ' > ~ 35 minutes Exy=2x 10%
SFor ...ccoevvvnnn Visual 8.64 AV ~ 3 mag 17-367 minutes Ey~2x 10%
BD + 10°2783...... X-ray 10.0 Ly=2x 10° ergs s~ ~49 minutes ~ Ey > 3 x 103
0Aql...cooininnni. Photometry 5.11 AV = 0.09 mag ~5-15 days Egy ~ 9 x 10%7
5Ser covveniinannnnn. Photometry 5.06 AV = 0.09 mag ~3-25 days Egy =~ 7 x 10%7
UUGCEB............. Photometry 8.63 Al = 0.30 mag > ~ 57 minutes E,y=17x 1033

Only 9 events. Too few to discuss statistics

Schaefer argued that superflares would not occur on
Our Sun because there are no historical record in recent
2000 years and there are no hot Jupiters on our Sun

Are superflares really occurring on solar type stars ?



Our study (Maehara et al. 2012)

* Hence we searched for superflares
on solar type stars using Kepler
satellite data

e Surprisingly, we found 365
superflares on 148 solar type stars
(G-type main sequence stars)



LETTER

Published in Nature (2012, May 17

doi:10.12)1

Supertlares on solar-type stars

Hiroyuki Maehara', Takuya Shibayama', Shota Notsu', Yuta Notsu', Takashi Nagao', Satoshi Kusaba', Satoshi Hond

Daisaku Nogami' & Kazunari Shibata'

Solar flares are caused by the sudden release of magnetic energy
stored near sunspots. They release 10> to 10*” ergs of energy on a
timescale of hours'. Similar flares have been observed on many
stars, with larger ‘superflares’ seen on a variety of stars*’, some
of which are rapidly rotating® and some of which are of ordinary
solar type®®. The small number of superflares observed on solar-
type stars has hitherto precluded a detailed study of them. Here we
report observations of 365 superflares, including some from slowly
rotating solar-type stars, from about 83,000 stars observed over
120 days. Quasi-periodic brightness modulations observed in the
solar-type stars suggest that they have much larger starspots than
does the Sun. The maximum energy of the flare is not correlated
with the stellar rotation period, but the data suggest that super-
flares occur more frequently on rapidly rotating stars. It has been
proposed that hot Jupiters may be important in the generation of
superflares on solar-type stars’, but none have been discovered
around the stars that we have studied, indicating that hot
Jupiters associated with superflares are rare.

We searched for stellar flares on solar-type stars
sequence stars) using data collected by NASA’s Kepler®
the period from April 2009 to December 2009 (a brief s
flare search method is described in the legend of Fig. 1«
is provided in Supplementary Information). We use
temperature (T.g) and the surface gravity (log(g)) ava
Kepler Input Catalog’ to select solar-type stars. The s
are as follows: 5,100 K = T, < 6,000 K,log(g) = 4.0. Th
of solar-type stars are 9,751 for quarter 0 of the Kepls
length of observation period is about 10 d), 75,728 for ¢
83,094 for quarter 2 (90 d) and 3,691 for quarter 3 (90«

We found 365 superflares (flares with energy = 1(
solar-type stars (light curves of each flare are s
Supplementary Fig. 8 and properties of each flare st:
Supplementary Table 1). The durations of the detec
are typically a few hours, and their amplitudes are ger
0.1-1% of the stellar luminosity. The bolometric lumir
bolometric energy of each flare were estimated from th

«1 cr “r . «1 T 1 T e~ o
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@DlSCOVGrYNeW& ... saw something cross the sun.

EARTH | SPACE | TECH & GADGETS | ANIMALS @ HISTORY | ADVENTUR[EL <"

Discovery News =~ Space News > Superflares Found on Sun-like Stars

Sun-Like Stars

by Charles Q. Choi, SPACE.com Contributor
Date: 16 May 2012 Time: 01:00 PM ET

SUPERFLARES FOUND ON
SUN-LIKE STARS

There is no explanation for how flares more than 1 million
times more powerful than solar flares are occurring.

N B Irene Klotz =
@&‘ Wed May 16, 2012 01:09 PM ET

FOLLOW US
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THE GIST

» Some sun-like stars have flareg
times more powerful than our

» Scientists don't yet understand
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Colossal Superflares Erupt from

wa

Stars like our sun can release
“superflares,” explosions of up to
10,000 times more energy than the
solarflares seen from our sun,
researchers say.

However, it looks unlikely that our
sun currently has superflares,
scientists added.

Astronomers have previously
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0 Japan, U.S. disagree on possibility of solar

apocalypse
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Kepler satellite

Space mission to detect
exoplanets by observing
transit of exoplanets

0.95 m telescope

Observing 150,000 stars
for a few months

~30 min time cadence
(public data)




typical superflare observed by Kepler

Brightness
of astar
and a flare

AF/F,,
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Total energy
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Maehara et al. (2011)



What is the cause of
stellar brightness variation

0.100 ’ .

Brightness P (
0.080
of astar tt Sﬁ —
002
and a flare 0.080

00 02 04

Brightness (AF/F,,)

0.040 Day from flare peak
0.020
0.000 | /\
KIC 6034120
-0.020 . L 4

25 30 35 40 45 50 55 60
Modified Julian Date — 55000

It may be due to rotation of a star
with a big star spot




Model calculation of stellar brightness variation
KIC6034120
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Notsu et al.



Model calculation of steIIar brightness variation
KIC6034120

v
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model(green)
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Starspot radius
0.16 R*

Notsu et al.



Flare energy [erg]

Flare energy vs rotational period

1036

10

1034

10

35 |

33 |

There is no hot Jupiter

in these superflare stars

0.1

Period [days]

Stars with

period longer

_' than 10 days

cf solar rot

| period ~ 25days



Occurrence frequency of superflares
as a function of flare energy
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Comparison of statistics between

solar flares/microflares and superflares

Flare frequency [erg"1 year"1]
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Comparison of statistics between
solar flares/microflares and superflares
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Comparison of statistics between
solar flares/microflares and superflares
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Spectroscopic Observations of Solar type stars causing
superflares will be extremely important




Summary

Using Kepler data, we found 365 superflares
(10733-10736 erg) on 148 solar type stars (G type main
sequence stars), including 101 from slowly rotating
solar-type stars, from ~83,000 stars observed over 120
days (Maehara et al. 2012).

It is found that superflares occur on solar twins with

frequency such that superflares with energy 10735 erg
(1000 times of the largest solar flare) occur once in
5000 years (Maehara et al. 2012).

There is no hot Jupiter around these superflare stars.

Hence it is likely that such superflares would also occur
on our present Sun with similar frequency.



Backup slides
on superflares



Occurrence frequency vs
rotational period
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Occurrence frequency of superflares
on solar twins

d P > 10 day
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Number of flares / bin width

Occurrence frequency of superflares
observed by Kepler as a function of
flare peak brightness
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Mechanism of superflare occurrence

* Big starspot is necessary
B’

B* 3,
ﬂare =~ fEmag =~ f = f 8_ Aspot

. 32 f B Spot/R
=10 [erg](o.l)(m%;)( 0.04 )

. f Sp0t~o.2-o.4R@ , E e =107 - 10" erg

®=~BL °~1-4 x10* [Mx]

Spot




How to make big star spot ?

CcZZ—B =rot (VxB)=rot (r2 x B) = AQ B,

t

d® _d(BS) _ B, S AQ=~Ar(dQ/dr)
dt dt ~ 2.5%x107 [Hz]
dd

E ~5x10* [Mx/day] = 5 x 10" [Mx/sec

=The necessary time to generate total magnetic f
of 3 x 10%* Mx that can produce superflares of 10°°
are 2years (<11 years)

UX
erg



Estimate of maximum magnetic
energy stored near starspots

Sun ;

L. =10"erg/s, ®=10"Mx(=G-cm?)
® =1000G x (10'° em)® =10% Mx
mag energy = (100G)*/(87)x (10" cm)’ =4x10> erg
T Taun :

L...=10"erg/s, ®=10" Mx

® =1000G x (10" cm)’ =10*" Mx
mag energy = (100G)*/(87)x (10" cm)® =4x10"° erg
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Flare energy vs sunspot area
Superflares on solar type stérs

10735 erg X10000 0.1 ¢
10734 erg X1000 0.01 ¢

10733 erg X100
L0A32 erg X10 =

10"31lerg X

10730 erg M

10r29erg C

o~~~

L
<

I

¢ + 0.01
¢

Solar flare

* %
I ; , 00001 = « * 0.001

0.1

Sunspot area
(in unit of solar
Surface area)
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Fig. 4. The impulsive NOy deposition event in Greenland polar ice
that corresponds to the Carrington event of 1 September 1859. The
black line shows the NOy deposition. The light line indicates the
electrical conductivity used to identify volcanic eruption time markers.
(It also responds to the HNO; produced by solar protons — see text.)
The sample number in the ice core is indicated at the top of the figure.
The monthly sunspot number for this period of solar cycle 10 is
indicated at the bottom of the figure.

Shea et al. (2006) Adv SpRes 38, 232
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Table 2
Solar proton events between 1570 and 1950 as identified from impulsive nitrate enhancements in Polar ice

Solar cycle Cycle start Event date Rank >30 MeV fluence G Mag storm Mid-lat aurora Sequence of activity
1603.6 18 5.2 % 10° Kr
1605.7 8 7.1 x 10° Kr
—11 1619.0 1619.6 5 8.0 x 10°
-10 1634.0 1637.7 12 6.1 x 10° Kr P
-9 1645.0 1647.9 17 5.2 % 10°
—4 1698.0 1700.8 14 5.8 x 10°
-3 1712.0 1719.5 7 7.4 x 10° Kr P
-2 1723.5 1727.9 11 6.3 x 10° Kr, Yau P
1 1755.2 1756.0 16 54x10°
4 1784.7 1793.6 15 5.5x%10° Kr
6 1810.6 1813.2 10 6.4 x 10° Kr
9 1843.5 1R51 R 3 Q3% 10° Gv M Kr P
10 1856.0 1859.8 1 18.8 x 10° G, CM Kr Yes
10 1856.0 186478 9 oo™ & KT
11 1867.2 1878.6 19 5.0 x 10° G, CM Kr P
13 1889.6 1894.9 7.7 x 10° G.CM Kr Yes
13 1889.6 1895.7 2 11.1 % 10° G, CM Kr P
13 1889.6 1896.7 4 0 10° G, CM Kr Yes
18 1944.2 1946.5 13 6.0 x 162 G. CM Sil
All events have > 30 MeV Fluence = 5x 10° cm 2.
Notation:

G, geomagnetic Storm within a three-month period prior to the nitrate enhancement.

CM, sunspot region observed near central meridian. Ca rr| ngto N ﬂ are

Kr, data from Krivsky and Pejml (1988).

Yau, data from Yau et al. (1995).

Sil, data from Silverman (2002).

P, possible sequence of solar activity.

Yes, known sequence of solar activity.

The event of 1946.5 in the 18th solar cycle is from the Antarctic ice core; all other events are from the GISP2-H core drilled at Summit, Greenland.

Shea et al. (2006) Adv SpRes 38, 232
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Lead to

Biggest Magnestic
Storm in

recent 200 years

bination with the ancient measures, to a new computation by
M. Oom, of the Royal Observatory of Lisbon, at present
living at Pulkowa. The results of his computation have
entirely confirmed my father’s conclusions, that the changes ob-
served in the course of 28 years in the relative positions of the
two stars find a complete explanation in the proper motion of
the principal star, but the new formula does but very little
diminish the discordance of the results obtained in 1823 by
transit observations.

Pulkowa, October, 1859,

Description of a Singular Appearance seen in the Sun on
September 1, 1859. By R. C. Carrington, Esq.

While engaged in the forenoon of Thursday, Sept. 1, in
taking my customary observation of the forms and positions
of the solar spots, an appearance was witnessed which I believe
to be exceedingly rare. The image of the sun’s disk was,
as usual with me, projected on to a plate of glass coated with
distemper of a pale straw colour, and at a distance and under a
power which presented a picture of about 11 inches diameter.
I bad secured diagrams of all the groups and detached spots,
and was engaged at the time in counting from a chronometer
and recording the contacts of the spots with the cross-wires
used in the observation, when within the arca of the great
north group (the size of which had previcusly exeited general
remark), two patches of intensely bright and white light broke
out, in the positions indicated in the appended diagram by the
letters A and B, and of the forms of the spaces left white. My

first impression was that by some chance a ray of light had
‘penetrated a hole in the screen attached to the object-glass, by

@ Royal Astronomical Society * Provided by the NASA Astrophysics Data System




Geomagnetic disturbance observed at
Bombay, India
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Figure 3. The Colaba (Bombay) magnetogram for the 1-2 September 1859 magnetic storm.



Cf) Blackout on 1989 March 13
(Canada, Quebec)

* Geomagnetic storms induce electrical currents
that can have significant impact on electrical
transmission equipment. Electric power
companies have procedures in place to mitigate
the impact of geomagnetic storms. However, in
a wWorse-case scenario, a geomagnetic storm can

result in a widespread blackout. On March 13, PR P
1989, in Montreal, Quebec, 6 million people PJM Public Service

. . . Step Up Transformer
were without commercial electric power for 9 Sovere inlamal damegaicaused by

hours as a result of a huge geomagnetic storm. ~ ™®space slorm of 13 March, 1969

http://www.noaawatch.gov/themes/space.php

Magnetic storm ~ 540 nT
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Stellar flares



Can stellar and protostellar flares be
explained by magnetic reconnection
mechanism ?

* Yes |

* Indirect evidence has been found in
empirical correlation between

Emission Measure ( EM =’ )
and Temperature
(Shibata and Yokoyama 1999, 2002)



Emission Measure (EM=n2V) of Solar and Stellar
Flares increases with Temperature (T)
(n:electron density. V: volume) (Feldman et al. 1995)
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EM—T relation of Solar and Stellar

Flares
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EM—T relation of Solar and Stellar
Flares
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young-star and protostellar flares
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Flare Temperature Scaling Law

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

" Plasmoid
X-point

Reconnection Jet

Slow Shock/ /') Fast Shock
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Flare Emission Measure
(Shibata and Yokoyama 1999)

* Emission Measure 5
EM =n"L
* Dynamical equilibrium (evaporated plasma
must be confined in a loop)

2nkT = B* /87

e Using Flare Temperature scaling law, we

have EM o B—5T17/2



EM-T correlation for solar/stellar flares
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Magnetic field strength (B) =constant

log{Emission Measure [cri’i3 D

Temperature [K]

Magnetic field strengths of solar and stellar flares

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



Q: What determines the total energy of flares ?

A: Itis the loop length.
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The reason why stellar flares are hot
=> loop lengths of stellar flares are large

Shibata and Yokoyama (2002)

Cf lIsobe et al. 2003,
Kawamiti et al. 2008



ume =0.00 . _ ume =1.53 - -1

reconnection model
of protostellar flare

and jets
(Hayashi, Shibata,
Matsumoto 1996)

Time= 0.000 Orbits




Protostellar jet evolving from
a superflare CME (Uehara 2005)

Density
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Superflares from Sun-like Stars

NASA's Kepler mission is finding solar-type stars that emit
jaw-dropping explosions of high-energy particles and radiation.
Now astronomers are looking into why some solar-type stars emit
superflares — and why the Sun never will.

In 1859 the Sun emitted the most
powerful flare in recorded history,
the so-called Carrington event.
Energetic particles danced off
telegraph lines, creating sparks
that shocked operators and
ignited fires in telegraph paper.
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