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Magnetic Reconnection in Solar and Astrophysical Plasmas
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Abstract

Recently, observational studies of solar reconnection have been greatly advanced by the space observation
made by Yohkoh. Numerical simulations of reconnection applicable to active solar phenomena have also been
developed owing to the recent development of supercomputers. These studies of solar reconnection have led
astrophysicists to apply reconnection to various astrophysical plasmas, such as stellar and protostellar flares.
It is expected that the study of reconnection in solar and astrophysical plasmas will be more and more active
than before. In this article, we briefly review the present status and future directions of solar and astrophysi-

cal reconnection studies.
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Soft X-ray (~ 1 keV) images of a typical cusp-shaped flare [5]. These are negative images. Beautiful cusps are seen and grow

with time as expected from reconnection theory. 100" =~ 7 x 104 km.
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Fig.2 MHD simulations of magnetic reconnection coupled with heat conduction [7]. Two dimensional distribution of temperature (color
map), magnetic field lines (solid lines), and velocity vectors (arrows) are shown for the case without heat conduction (upper panel)
and for the case with heat conduciton (lower panel). The levels of the color map are shown to the right. The unit of velocity vectors
is shown at the top right of the figure in unit of the initial sound speed (= 0.15 x Alfvén speed). Note that adiabatic slow shocks
are dissociated into conduction fronts and isothermal shocks in the case with heat conduction.
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Fig. 3 Loop top hard X-ray source above the soft X-ray loop dis-
covered with hard X-ray telescope (HXT) aboard Yohkoh
[10]. The loop top source may correspond to fast shock.
Contours show hard X-ray (20—30 keV) intensity distri-
bution, and gray scale figures show soft X-ray (~ 1 keV)
intensity distribution. Height of the loop is about10* km.
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Fig.5 X-ray plasmoid observed by the Soft X-ray Telescope
(SXT) aboard Yohkoh [16]. These are negative. Apparent
speed of ejecta is 250—500 km/s. 10"~ 7,000 km.
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Fig.6 Temporal variation of the height of an X-ray plasmoid (up-
per curve) and the hard X-ray intensity (lower curve) in an
impulsive flare on 11 November 1993 observed by
Yohkoh SXT and HXT [15].
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Fig. 7 An X-ray jet observed with Yohkoh SXT on 12 November
1991 [18].
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Fig. 8

(a) Downflow above a flare arcade loop system in an LDE
flare of 16 August 1998 observed with Yohkoh SXT [23].
The black arrow indicates the apex of an X-ray emitting
looplike feature, observed to shrink into the top of the ar-
cade; the white arrow is at a fixed position, for comparison.
The field of view is 2.2 x 105 km square. (b) A schematic
view of reconnection-induced downflow [23].
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Fig. 9 The log-log plot of emission measure (EM) vs. electron
temperature of solarflares, solarmicroflares, stellarflares,
and protostellar flares [27]. The theoretical curve EM o<
B~ T1772 based on the balance between reconnection
heating and conduction cooling explains the emprical
correlation if the magnetic field of these stars is roughly
constant (15—150 G). The curves of constant flare
loop length are also plotted, and reveal that the flare loop
of stellar/protostellar flares is quite large, 10'1—10"2 cm.
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Fig. 10 A reconnection model of protostellar flare [28]. In this
case, a dipole magnetic field is twisted by the rotation of
the disk, becoming unstable or in non-equilbrium after
one rotation, which eventually leads to the eruption of a
plasmoid and associated reconnection.
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BERPEERCFHBETRA L RO0Y), FO-DICHER
VaxryarOEEUNFKEUSATLREICERESN
X3 hoTE, TSy 2 F—LORYORENE
TRELEHEIBR) IR P a v ICHRH L L E L
LhTwa([29]. 3512, EMWHEB0)RHEMHAICHIT
577 AIMEBEBLOBB/BR) IR avitishdl
NRVECIERIIET o T 5D, B ISR
BHNE, B ar 7 va iz TR WEERY
LTI AXABBLDE. FOZLICHT EBI® 5L
D ETRDEVBRBICKLFERLTHYHAE ALY
DOhbH. GFTEHERVIFZ IV a VIIELWTIAR
MWHZEEVRILELFEDEREIBATHHITOF v~
ATHb.

REIZSHOBEZTLOTET ).

M TESZ9] 3 a0 FH#IBBELTN LD D
BAENCFALAFTIvITHY, 4 7u7L7RVxy
FELITHE] CEZWSRIILE. 42071V 7
LYy FOBRYIAZ Ya itk oTHARISh
20T, 20 FH100G EICmBshTwasERIL,
Groklis, w4 27uzL 7R+ /707 (L@D
TLTDIMEFTD I DI AINF—DOBE 7L T),
Ty, BRVaARIvarrdblihw. FO®RIZITE
Ei¥ohiz, SOHO #E < TRACE®E b F Umos
ARFEZRBLTYS, BLCaorm#iiM/h s —
VOBV IAZ L aritksod, #hELHIH»S
BmEINTELTVT L VRIZXZL0E59 0220
FIEIZ20054E TS REIFFED Solar BEEDOR L EEL
HEELTEREINLTVWA,

(Db ro b EUPLVWRAEZTHE, 7L 71283 %D
) axt 7 ¥ a vid, Sweet-Parker type 2 D%, Petschek
type "D, HIWiE, EHLTHHVOHD, FHE
LTwhw, ThooRiEs LvdEwWIaxsyaro
RAEZMOMBEHODIE, AP ThAhi, Yo
AT TayilEdbrih Mr7u—, Yaixrsr s
Ty M) EBRHL, FhO0OEERL Fy 79 —3E
ELTERICHAZE, SHIZAT—-Yav sy, 77—
Abvay s OBy EREEZ L, MHDBH (5 v+
T=FHBRAL L) ORELCEENIITIZE, &R
LETHAHH. IhHi3Solar BHEEDEERETH 5.

963

B7L7 @RVIFAZay) 203008 TIEIL
GObhoTELY, 7LTICEL 7oA (4N
F—FR, M-8 onwTiR, $FIIEALE
K hhoTWinEZ->TIv, B, HEFS[32]13
NICEE L TREREKEVWRRBE DL 7. L2LE
72, EBROBHNT -y L BTx AL AT THRIIR
BLTwhRw, —HBH7»— 7032 28 (KBRS,
S LT AHEYE) BT EB-oTWLIZEE2TREL
TWwa, I, RUNZBREDFEFEES L
[(33]. ShODBBEEHSLIL, BIIELREBELY 5 (7
VT7TORERFECTESL) SRIEMHDHEZR - 3 2
L—a Y ORBBYFEINTWSE, I/, ZORE (7
V7 BEFGORE) X, BREOM BRI EBIIC
LoTLHI2BEEHENLZBEHTLIHLL, SolarBHED
M REEERNOBFOREERETLH 5.

W7 vyFYaxrrya oz, BED)Y 24
TTarYETVREIVTORDEELRBHEELFHL
TwzWnhh, 7LT7OEFIVE LTIRERTH S, &
TTEIADG. Sl oTD "B EEL” B
HELIIE X RN vk COFRBMHETH L. 1E
XBIBZANET—ET (10keV-1MeV), F =it
BLANVF—-AF (1 -100MeV)HDERE & % - THRA
TBHDT, BT AILIINLDBEIRANVF—RFONED
BRI R LD DI, RTINS 2 5 51C
BI7u7s X BREOBHANARYREZNT, ZTIitk
TMHD YV a%7varyifREE, 37075 A<k
BEOMNIPLETHLZLEZRVAS NS, BRI
KB« RERICBIFA) 3% 2 Y9 VTl MHD BEET
HbHLEE NI, ’éﬁ‘?)i‘c::@ﬁ%bﬂﬁc:ﬁébftit
B - RIBIPESE & Wi 24 non-MHD ([ZBLY # £ 7217
e bzwv. L2L, 22:80T, 7L7OESR
=N (1 km) iZnon-MHD (3 20795 X<) O
SAFr—(10-100cm) &V HEVIZHREVDT, 8
WFE—2XEHPL, V727 23 a
L—3a YO AWMETH S, 7L TI2B R TFEEM
BIIHBENTHALE-TIWVESLS ., HLOKE - K
BYRER R, CoRTINEME~NOBRERYe s M
BHrZLERAKOMLHLE LT, non-MHD MO EER
FET/ 7 ARYHEERHAEYHEEE LRHEL T E
EoTHBSTIERW.

2EX®

[ 1] H. Alfvén and P. Carlgvist, Solar Phys. 1, 220 (1967).
[ 2] S. Akasofu, Planet Space Sci. 32, 1469 (1984).

s




(3]
(4]

[5]
[6]
{71
(8]
[9]
[10]
[11]
[12]
(13]
[14]
[15]

(16]

[17]

(18]

[19]

TR R F R

Y. Ogawara et al., Solar Phys. 136, 1 (1991).

SEM—B @ KICH#R 89,60 (1996) 5 SEH—1K, /Mgf@
HR D HERME 65,524 (1995).

S. Tsuneta et al., Publ. Astr. Soc. Japan 44, 163 (1992);
S. Tsuneta, Astrophys. J. 456, 840 (1996).

T.G.Forbes, ] M. Malherbe and E.R. Priest, Solar Phys.
120, 258 (1989).

T. Yokoyama and K. Shibata, Astrophys. J. 474, L61
(1997).

H. Isobe er al., Astrophys. J. in press (2001).

HE &, 75X~ - EZRE%P4EEE 71,732 (199%).
S. Masuda er al,, Nature 371, 495 (1994).

M. Ugai, Geophys. Res. Lett. 14, 103 (1987).

K. Shibata, Adv. Space Res. 17, (4/5) 9 (1996); K. Shibata,
Astrophys. Space Sci. 264, 129 (1999).

K. Shibata et al., Astrophys. J. 451, L83 (1995).

S. Tsuneta, Astrophys. J. 483, 507 (1997).

M. Ohyama and K. Shibata, Publ. Astron. Soc. Japan
49, 249 (1996).

M. Ohyama and K. Shibata, Astrophys. J. 499, 934
(1998).

K. Shibata and S. Tanuma, Earth, Planets and Space
53,473 (2001); T. Tajima and K. Shibata, Plasma Astro-
physics (Addision-Wesley, Reading, Massachusetts,
1997) chap.3.

T. Magara, T. Yokoyama and K. Shibata, Astrophys.
J. 487, 437 (1997); P.F. Chen and K. Shibata, Astrophys.
J. 545, 524 (2000).

A.O. Benz and M.J. Aschwanden, in Eruptive Solar
Flares, IAV Colloq, No.133, Z. Svestka et al., (eds.), Lec-

BITHEI0E

964

[20]

[21]
[22]

(23]

[24]

[25]
[26]
[27]

[28]
[29]
[30]
[31]

[32]
[33]

20014E10H

ture Notes in Physics 399 (Springer-Verlag, Berlin, 1992)
p.106.

K.Shibataetal., Publ. Astron.Soc. Japan44,1.173(1992);
T. Yokoyama and K. Shibata, Nature 375, 42 (1995); M.
Shimojo et al., Publ. Astron. Soc. Japan 48, 19 (1996);
M. Shimojo and K. Shibata, Astrophys. J. 541, 1100
(2000).

D.E. Innes et al., Nature 386, 811 (1997).

K.Shibata, Proc. 5th SOHO workshop, ESA SP-404(1997)
p.103.

D. McKenzie and H.S. Hudson, Astrophys. J. 519, L93
(1999); D. McKenzie and H.S. Hudson, Earth, Planets
and Space 53, 577 (2001).

T. Terasawa, K. Shibata and M. Scholer, Adv. Space
Res. 26, 573 (2000).

T. Yokoyama et al., Astrophys. J. 546, .69 (2001).
K.Koyamaetal.,, Publ. Astron. Soc. Japan 48,1.87 (1996).
K. Shibata and T. Yokoyama, Astrophys. J. 526, 1.49
(1999).

M.R. Hayashi, K. Shibata and R. Matsumoto, Astro-
phys. J. 458, 391 (1996).

T.DiMatteo, A. Celotti and A.C.Fabian, Mon. Not. Roy.
Astron. Soc. 304, 809 (1999); A.A. Galeev, R. Rosner and
G.S. Vaiana, Astrophys. J. 229, 318 (1979).

S. Tanuma et al., Publ. Astron. Soc. Japan 51, 161 (1999).
K. Makishima, Earth, Planets and Space 53, 677 (2001).
K.Kusano et al., Astrophys. J. 441, 942 (1995).

H. Kurokawa, Space Sci. Rev 51, 49 (1989); T. Ishii and
H. Kurokawa, Publ. Astron. Soc. Japan 52, 337 (2000).




