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Introduc)on	  to:	  	  
Fundamental	  MHD	  processes	  on	  
the	  Sun,	  Solar	  dynamo,	  Structure	  
and	  dynamics	  of	  Sunspots,	  
Coronal	  hea)ng:	  ARs	  and	  QS,	  
Solar	  flares	  and	  CMEs	  and	  their	  
space	  weather	  perspec)ve	  	  	  
Unsolved	  problems	  in	  solar	  
physics!	  
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Introduction 



2011-‐12-‐05T18:01:56.10	  
HMI-‐BLOS	  

2011-‐12-‐05T23:43:20	  
AIA-‐193	  Å	  
2011-‐12-‐05T18:02:14.216	  
Hinode-‐XRT	  



Size: 
compare 
with  
our  
Earth!  



‘‘If	  it	  were	  not	  for	  its	  variable	  magne2c	  field	  ,	  the	  Sun	  would	  have	  been	  a	  rather	  
uninteres2ng	  star’’ - Leighten;  Parker	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
-‐	  Sunspot	  cycle	  ~	  11	  Years	  
-‐	  Solar	  Magne)c	  cycle	  ~	  22	  Years	  

Joy’s	  Law	  
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Sunspot cycle: butterfly diagram 



LB	  

Penumbra	  

Umbra	  

QS	  

UDs	  

PFs	  

PGs	  

More about Sunspots  

Ø  Considerable advances in last 2 decades:  
    theoretical (Rempel et al. 2009, 2012);  
    observational (Solanki 2003,  
     Tiwari et al. 2013, 2015)  
    BUT controversies exist! 

Ø  Sunspot fine structure: umbral dots, light bridges,  
    penumbral filaments, spines, peripheral downflows etc. 

Ø  Open issues:  
    brightness of penumbrae;  
    structure of penumbral filaments;  
    penumbral grains; umbral dots;  
    light bridges; high-speed peripheral  
    downflows; magnetic canopy structure; 
    thermal-magnetic relationship;  
    the Evershed flow: (magneto-)  
    convection or siphon flow;  
    mass flux balance; 
    global twist; equilibrium of sunspots etc. 

Some	  instruc)ve	  reviews:	  	  
Solanki,	  2003;	  Borrero	  &	  Ichimoto,	  2011;	  Rempel	  &	  Schlichenmaier,	  2011	  



Penumbra	  
brightness	  
	  ~80%	  of	  QS	  

QS	  

Umbra	  
brightness	  
~25%	  of	  QS	  

Sunspot penumbra 



Energy	  Transport	  
	  

Magneto-‐convec)on	  
	  

Radial?	  Azimuthal?	  or,	  	  some	  combina)on	  of	  the	  two?	  

Fig.	  from:	  Borrero	  &	  Ichimoto,	  2011,	  lrsp	  



Evershed	  Flow	  
	  

	  	  	  	  	  	  	  	  
	  	  	  a	  siphon	  flow	  driven	  by	  	  
	  	  	  a	  gradient	  in	  magne)c	  field?	  
	  (Meyer	  &	  Schmidt	  1968;	  	  
	  Montesinos	  &	  Thomas;	  1997)	  	  	  

	  	  	  	  	  	  	  
	  or,	  
	  
	  	  a	  thermal	  gradient	  drives	  it?	  
	  	  (Schlichenmaier	  et	  al.,	  1998;	  Rempel	  2011)	  	  	  

	  
	  
	  	  magne)zed	  or	  	  
	  	  non-‐magne)zed?	  

DC	  

courtesy	  of	  G.	  Narayan	  



Idealized	  Penumbral	  Models	  
	  
	  

Embedded	  flux-‐tube	  model	  (Solanki	  &	  Montavan,	  1993)	  or,	  its	  dynamical	  	  
extension:	  rising	  flux	  tube	  model	  (Schlichenmaier	  et	  al.,	  1998)	  
	  
	  

Field-‐free	  gap	  model	  (Spruit	  &	  Scharmer,	  2006;	  Scharmer	  &	  Spruit,	  2006)	  	  







Data 

Ø  NOAA  AR 10933, 
observed from SOT/
SP onboard Hinode 

Ø  The sunspot was 
observed very close 
t o d i s k c e n t e r 
(µ=0.99) on 05 Jan 
2007 at 1213 UT. 

Ø  The spectral lines 
used for polarimetric 
measurements are 
the doub le t Fe I 
6301.5 and 6302.5 
Å. 



 
Ø  Inversion: a process that returns most probable atmosphere that gave  
                      rise to the observed spectra. 

Ø  ME inversions, simpler atmosphere, analytically solution possible, fast 
     (Harvey et al.,1972; Landi Degl’Innocenti & Landolfi 2004) 
       :HeLIx (Lagg et al., 2004) 
       :MERLIN (Lites et al., 2007) 
 
Ø  Depth-dependent inversions (use response functions)  
     (Landi Degl’Innocenti & Landi Degl’Innocenti,1977) 
      :SIR (Ruiz Cobo & del Toro Iniesta 1992) 
      :SPINOR (Frutiger et al., 2000) 

Ø  Line forming region (log τmin-max) 

Ø  RTEs for polarized light in LTE are solved numerically 

Ø  χ2 minimization 
	  

Inversion 



Inversion 

SPINOR	  (Fru)ger	  et	  al.,	  2000;	  Solanki,	  1987):	  
Spa)ally	  coupled	  inversion	  (van	  Noort,	  2012;	  van	  Noort,	  Lagg,	  Tiwari,	  Solanki,	  
2013)	  
	  
-‐ 2D	  maps	  of	  spectro-‐polarimetric	  data	  can	  be	  inverted	  simultaneously	  

-‐ accounts	  for	  telescope	  diffrac)on	  psf	  

-‐ self-‐consistent	  solu)on,	  	  very	  accurate	  Stokes	  profile’s	  fikng	  

-‐ stable	  to	  spa)al	  oversampling	  of	  the	  solu)on;	  up	  to	  diffrac)on	  limit	  
	  
-‐ log(τ)	  node	  posi)ons:	  -‐2.5,	  -‐0.9,	  0	  

-‐ Free	  parameters:	  	  temperature,	  magne)c	  field	  strength,	  inclina)on,	  azimuth,	  
line-‐of-‐sight	  velocity,	  micro	  turbulent	  velocity	  
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Filament selection 



Averaged filaments: qualitative picture 

Remarkably	  uniform	  throughout	  penumbra!!	  



Quantitative picture 

 longitudinal cut	  
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Tail	  

Spines	  

Bulk	  

Head	  

?	  

Schematic sketch 



Global	  structure	  of	  Sunspot	  in	  light	  of	  fine-‐scale	  structure	  of	  penumbral	  filaments	  
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Thermal	  properOes:	  
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MagneOc	  properOes:	  
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B	  vs	  ϒ	  :	  
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B	  vs	  T	  :	  
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Vlos	  vs	  B	  :	  
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Conclusions 
	  

Ø Clear	  evidence	  of	  convec)on	  in	  penumbral	  filaments:	  	  
	  	  	  	  both	  in	  lateral	  and	  radial	  direc)ons	  

Ø Evershed	  flow:	  source	  at	  filament	  head,	  sink	  at	  tail,	  cools	  	  
	  	  	  	  during	  travel	  at	  bulk;	  clearly	  magne)sed@1kG;	  driver?	  
	  

Ø Combines	  aspects	  of	  both	  the	  penumbral	  models:	  	  
	  	  	  	  flux-‐tube	  &	  field-‐free	  gap	  
	  

Ø Spines	  are	  outward	  extension	  of	  umbra	  

Ø Spines	  +	  filaments	  =	  penumbra	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Long-standing controversies (see review by Solanki, 2003) 

Ø Evershed	  flow:	  bright/dark;	  strong/weak	  field	  strength	  
Ø Spine/inter-‐spine:	  bright/dark;	  ver)cal/inclined,	  	  
	  	  	  	  	  strong/weak	  field;	  structure	  of	  penumbral	  grains	  	  	  	  



Penumbra;	  18:53:44-‐18:55:30UT	  

Hi-‐C	  193	  Å	  

Hinode/SOT/FG	  Ca	  II	  H-‐line	  

Dynamic	  Events:	  Bright	  penumbral	  dots	  and	  penumbral	  microjets	  

Tiwari,	  Moore,	  Winebarger,	  Alpert,	  2015,	  ApJ,	  under	  review	  



Hi-‐C	  193	  Å	   SOT/FG	  Ca	  II	  H-‐line	  

Lower	  frames	  are	  running	  differences	  

Bright	  penumbral	  dots	  and	  penumbral	  microjets	  

BDs:	  Alpert,	  Tiwari,	  Moore,	  Winebarger,	  Savage,	  2015,	  ApJ	  Le>ers,	  to	  be	  submiqed	  



Penumbral	  microjets	  

Penumbral	  filaments	  

Umbra	  

Katsukawa	  et	  al.,	  2007,	  	  
Science	  

Jet’s	  origin:	  magneOc	  configuraOon	  

Tiwari	  et	  al.,	  2015,	  	  
ApJ,	  under	  review	  



Speed	  of	  CMEs	  vs	  MagneOc	  NonpotenOality	  of	  their	  source	  ARs	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Tiwari	  et	  al.	  2015,	  GRL)	  
Data	  &	  Selec)on	  procedure	  



CME	  speed	  from	  LASCO	  CME	  catalog	  

hqp://cdaw.gsfc.nasa.gov/CME_list/	  
	  

An	  example	  deprojected	  HARP-‐)le	  vector	  magnetogram	  containing	  NOAA	  AR	  11520	  

Vector	  magnetograms:	  HMI	  AR	  Patch	  	  



Results:	  CME	  speed	  vs	  MagneOc	  Parameters	  	  



FOV	  selected	  for	  the	  NLFFF	  extrapola)on	  
40 

Heating of Coronal Loops Rooted in Opposite Polarity 
Sunspot Umbrae 



NLFF	  model	  field	  lines	  
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Modeling	  results:	  lower	  umbral	  loops	  
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Modeling	  results:	  high	  umbral	  loops	  
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Our	  hypothesis:	  MagneOc	  field	  strength	  together	  with	  the	  convecOve	  
freedom	  at	  the	  feet	  of	  the	  loops	  determines	  their	  coronal	  temperature	  

Thanks! 




