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The	
  sun	
  as	
  a	
  MHD	
  laboratory	


•  1MK	
  corona	
  

•  Solar	
  wind	
  

•  Flares	
  and	
  
coronal	
  mass	
  
ejec&ons	


Yohkoh	
  soO	
  X-­‐ray	
  (2-­‐20MK,	
  thermal)	
  	




Hinode	
  SOT	
  
Movie	
  by	
  T.J.	
  
Okamoto	




Why	
  magne&c	
  field	
  can	
  accommodate	
  high	
  energy	
  
phenomena	


Genera&on/
amplifica&on	
  
（dynamo）	


Transporta&on	
  
（wave,	
  emerging	
  flux,	
  flow）	


Dissipa&on	
  
（Reconnec&on,	
  	
  
par&cle	
  accelera&on）	


Gravity	
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Magne&c	
  
buoyancy	
  

radia&on	


Interior:	
  
gas	
  dominant	


Atmosphere:	
  
B	
  dominant	




Maunder	
  
minimum	




Paradigm	
  of	
  dynamo	
  theory:	
  αΩ	
  dynamo	


Ω-­‐EFFECT	
  generates	
  
toroidal	
  field	
  from	
  
poloidal	
  field	
  by	
  
differen&al	
  rota&on	


α-­‐EFFECT	
  generates	
  
poloidal	
  field	
  from	
  
toroidal	
  field	
  by	
  
something	
  
(coriolis	
  force,	
  helical	
  
turbulence	
  etc...)	




Flux	
  Transport	
  Dynamo	


Ω-­‐effect	
  just	
  below	
  the	
  
convec&on	
  zone	
  (for	
  
stabiliza&on	
  against	
  
magne&c	
  buoyancy)	
  	
  

Amplified	
  fields	
  
emerge	
  to	
  
surface	
  by	
  
magne&c	
  
buoyancy	
  
=>	
  sunspots	


Magne&c	
  flux	
  of	
  
decayed	
  sunspots	
  
transported	
  to	
  the	
  
pole	
  and	
  then	
  base	
  
of	
  CZ	
  by	
  meridional	
  
circula&on	
  and/or	
  
turbulent	
  diffusion	
  	
  	


• 	
  Linear	
  theory	
  (V	
  given)	
  
• 	
  Successfully	
  reproduce	
  several	
  
observed	
  features	
  
• 	
  Many	
  free	
  parameter	
  
	
  	
  -­‐	
  α	
  effect	
  
	
  	
  -­‐	
  turbulent	
  diffusion	
  
	
  	
  -­‐	
  velocity	
  field	




Solar	
  cycle	
  predic&on	


hip://solarscience.msfc.nasa.gov/predict.shtml	


The	
  current	
  predic&on	
  for	
  
Sunspot	
  Cycle	
  24	
  gives	
  a	
  
smoothed	
  sunspot	
  number	
  
maximum	
  of	
  about	
  73	
  in	
  
the	
  Fall	
  of	
  2013.	
  	
  Cycle	
  24	
  
will	
  be	
  the	
  smallest	
  cycle	
  
since	
  Cycle	
  14	
  (maximum	
  
64.2,	
  1906)	
  
	
  
Predic&on	
  based	
  on	
  
“precursor”	
  methods	
  that	
  
use	
  polar	
  fields	
  and	
  
geomagne&c	
  ac&vity	
  etc.	




Polarity	
  inversion	
  of	
  large-­‐scale	
  dipolar	
  field	


North	
  pole,	
  2008	
  	


Shiota	
  et	
  al.	
  2012	


North	
  pole,	
  2011	
  	


South	
  pole,	
  2009	
  	
 South	
  pole,	
  2012	
  	


Polarity	
  Inversion	
  in	
  N.	
  
pole	
  had	
  started,	
  but	
  
polarity	
  in	
  South	
  pole	
  
remains	
  unchanged.	
  	




Magne&c	
  buoyancy	
  	
  
(Parker	
  1955)	


•  Consider	
  pressure	
  balance	
  between	
  an	
  isolated	
  magne&c	
  structure	
  
(e.g.,	
  a	
  flux	
  tube)	
  and	
  the	
  	
  ambient	
  field-­‐free	
  plasma:	


!inRTin +
B2

8"
= !outRTout

•  If	
  they	
  are	
  in	
  thermal	
  equilibrium,	
  i.e.,	
  Tin = Tout ,	
  then	


!out ! !in
!out

=
B2 / 8"
!outRTout

=
1
#
> 0

•  Magne&c	
  field	
  in	
  thermal	
  equilibrium	
  with	
  ambient	
  plasma	
  is	
  
always	
  buoyant	
  



Magne&c	
  buoyancy	
  instability	

Parker	
  1966	
  as	
  mechanism	
  of	
  molecular	
  cloud	
  forma&on	


Applica&on	
  to	
  solar	
  emerging	
  flux	
  by	
  	
  
Shibata	
  et	
  al.	
  1989	




Zwaan	
  1985	




Simple	
  spots	
  last	
  longer	

White	
  light	


Magne&c	
  field	




Emergence	
  of	
  twisted	
  tube?	


Reconstruc&on	
  of	
  sub-­‐surface	
  
magne&c	
  structure	
  by	
  tracking	
  proper	
  
mo&on	
  of	
  sunspots	
  (Kurokawa	
  et	
  al.	
  
2002)	


3D	
  MHD	
  simula&on	
  of	
  the	
  
emergence	
  of	
  Kink-­‐unstable	
  flux	
  
tube	
  (Matsumoto	
  et	
  al.	
  1998)	
  	




Ellerman	
  bombs	

Isobe,	
  Tripathi,	
  Archon&s	
  2007	


Reconnec&on	
  of	
  
neighboring	
  loops	
  in	
  
lower	
  atmosphere	
  
	
  
Allows	
  removal	
  of	
  heavy	
  
plasma	
  from	
  magne&c	
  
field	




How	
  long	
  can	
  an	
  ac&ve	
  region	
  last?	

Magne&c	
  energy	
  of	
  an	
  ac&ve	
  region	
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Radia&ve	
  loss	
  from	
  chromosphere	
  	
  

Rchromo !10Rcorona (though	
  no	
  simple	
  calcula&on,	
  chromospheric	
  
hea&ng	
  is	
  more	
  problema&c!)	


Emag/(Rcorona+Rchromo)	
  ~	
  11	
  hours	
  <<	
  Observed	
  Life	
  &me	
  of	
  ac&ve	
  region	
  (weeks)???	




The	
  energy	
  source	
  =	
  convec&ve	
  mo&on	
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  cm-­‐2	
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  ...	
  十分ある	


The	
  kine&c	
  energy	
  of	
  convec&on	
  is	
  
transported	
  upward	
  as	
  Poyn&ng	
  flux:	
  	
  
	




Ver&cal	
  energy	
  transport	
  via	
  magne&c	
  field	


tp:	
  Time	
  scale	
  of	
  perturba&on	
  at	
  photosphere	
  
tA:	
  Alfven	
  &me	
  of	
  coronal	
  structure	
  

tp<tA	
   tp>tA	
  

Energy	
  transported	
  as	
  MHD	
  waves	
  
(Alfven	
  ,fast,	
  slow).	
  
Rela&ve	
  contribu&on?	
  Dissipa&on	
  
mechanism?	


Slow	
  shearing	
  mo&on	
  generates	
  electric	
  
currents	
  in	
  the	
  corona	
  =>	
  reconnec&on	




Summary	
  of	
  transporta&on	


•  Flux	
  emergence	
  transports	
  large-­‐scale	
  magne&c	
  energy	
  
=>	
  free	
  energy	
  accumula&on	
  in	
  the	
  corona	
  =>	
  flares	
  

•  Waves	
  and	
  shearing	
  mo&ons	
  transports	
  the	
  kine&c	
  
energy	
  in	
  convec&on	
  zone	
  as	
  a	
  small-­‐scale	
  perturba&on	
  
=>	
  coronal	
  hea&ng	
  and	
  solar	
  wind	




Dissipa&on	


•  What’s	
  the	
  problem?	
  
– Resis&vity	
  too	
  small!	
  Dissipa&on	
  too	
  slow!	
  

•  What’s	
  the	
  answer?	
  
– Magne&c	
  reconnec&on!	
  



So,	
  how	
  it	
  works?	

Uzdensky	
  (2006,	
  astro-­‐ph/0607656)	


… the most important reconnection mechanism in Astrophysics invokes 
waves, a certain type of waves, in fact. Called handwaves (See Fig 1). 	



The mechanism works like this: Well, we know that fast reconnection 
happens in the Solar corona, and in the Earth magnetosphere. So it should 
also happen in OUR astrophysical system.	





What’s	
  the	
  real	
  problem?	


•  Fast	
  reconnec&on	
  required	
  for	
  flares	


S = ! resistive / ! A =VAL /" !10
14Lundquist	
  number	
  

MA =Vinf low /VA ! 0.01" 0.1Reconnec&on	
  rate	


•  Extremely	
  small	
  resis&vity	
  in	
  corona	


How	
  to	
  realize	
  fast	
  (independent	
  to	
  S)	
  reconnec&on?	




Classical	
  MHD	
  reconnec&on	
  models	


Sweet-­‐Parker	
  reconnec&on	
  	


MA	
  =	
  S-­‐1/2	
  ≈	
  10-­‐7	
  	
  ...	
  too	
  slow	


Petschek	
  reconnec&on	
  	


Localized	
  diffusion	
  region	
  
Energy	
  conversion	
  via	
  slow	
  shocks	
  
MA	
  =	
  π/8lnS	
  ≈	
  0.01-­‐0.1	
  	
  ...	
  OK?	


How	
  to	
  localize	
  diffusion	
  region?	
  Kine&c	
  effects?	




Hall	
  reconnec&on?	
  but...	

•  When	
  current	
  sheet	
  becomes	
  thinner	
  than	
  ion	
  iner&a	
  

length	
  di=c/ωpi,	
  Hall	
  effect	
  becomes	
  significant,	
  and	
  fast	
  
reconnec&on	
  (with	
  Petschek-­‐like	
  configura&on)	
  is	
  realized.	


Cassak+05	


•  Ion scale in corona di ~ 102 cm 
•  Spatial size of flare L ~ 109 cm 
•  How to fill the scale gap? 



Reconnec&on	
  with	
  mul&ple	
  plasmoids/X-­‐lines	
  
in	
  High	
  S	
  reconnec&on	


•  Mul&ple	
  islands	
  (plasmoids)	
  by	
  tearing	
  	
  
	
  	
  	
  =>	
  effec&vely	
  reducing	
  L	
  	
  
	
  	
  	
  	
  =>	
  reconnec&on	
  faster	
  
	
  
•  Tearing	
  in	
  reconnec&ng	
  current	
  sheet	
  
	
  	
  	
  	
  	
  	
  =>	
  further	
  thinning	
  
	
  	
  	
  	
  	
  	
  =>	
  connec&on	
  to	
  kine&c	
  scales?	
  
	
  	
  
•  Enhanced	
  reconnec&on	
  rate	
  with	
  

ejec&on	
  =>	
  inherently	
  intermiient	
  

S	
  =	
  LVA/η	
  =	
  107	
  simula&on	
  by	
  Samataney+09	


Shibata	
  &	
  Tanuma	
  01	




 
26 

Ji	
  &	
  Daughton	
  11	


	
  λ	
  =	
  L/di	
  (di=ωpi/c:	
  ion	
  iner&a	
  length)	


Reconnec&on	
  type	
  depends	
  on	
  S	
  and	
  system	
  size?	


S=
LV

A/
η：

Lu
nd

qu
ist
	
  n
um

be
r	




Observa&ons	
  of	
  magne&c	
  reconnec&on	
  in	
  the	
  corona	


Cusp	
  (Tsuneta+92)	

Supra-­‐arcade	
  downflow	
  	
  
(McKenzie	
  Hudson	
  99)	


Loop-­‐top	
  HXR	
  source	
  
	
  (Masuda+94)	


Inflow	
  
	
  (Yokoyama+01)	




Quan&fica&on	
  by	
  Hinode	
  	
  
(Hara	
  et	
  al.	
  2011)	


?	




Plasmoid

In!ow
Out!ow

Limb

Hot loops

Current Sheet

Plasmoids

Radio Emission

Forma&on,	
  coalescence	
  and	
  ejec&on	
  of	
  	
  mul&ple	
  blobs	
  
(Takasao,	
  Asai,	
  HI,	
  Shibata	
  2012)	


•  Time	
  scale	
  <	
  10s	
  
•  High-­‐throughput	
  of	
  LEMUR	
  will	
  allow	
  spectroscopy	
  of	
  events	
  like	
  this.	




Summary	


•  Dynamo	
  theory	
  is	
  s&ll	
  “fragile”	
  
–  direct	
  numerical	
  simula&on	
  s&ll	
  far	
  from	
  reality	
  
–  liile	
  observa&onal	
  informa&on	
  

•  Transporta&on	
  is	
  being	
  observed	
  
–  quan&fica&on	
  underway	
  

•  Dissipa&on	
  is	
  s&ll	
  problema&c	
  
–  reconnec&on	
  is	
  not	
  a	
  magic	
  word	
  
–  collabora&on	
  of	
  solar,	
  space,	
  lab	
  and	
  astro	
  plasmas	
  essen&al	
  

–  inter-­‐plasma	
  collabora&on	
  is	
  oOen	
  more	
  difficult	
  than	
  inter-­‐na&onal	
  
collabora&on,	
  though.	
  Let	
  us	
  talk!	
  


