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O.	
  Kochukhov	
  

Zeeman	
  effect	
  in	
  stellar	
  spectra	
  
u  Polarisa-on	
  due	
  to	
  Zeeman	
  effect	
  is	
  weak	
  
u  Required	
  precision/sensi-vity	
  

–  strongly	
  magne-c/ac-ve	
  stars:	
  ~10-­‐2	
  to	
  10-­‐3	
  
–  other,	
  “typical”	
  stars:	
  ~10-­‐4	
  to	
  10-­‐5	
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Mul--­‐line	
  analysis?	
  
u  Polarisa-on	
  signatures	
  of	
  different	
  lines	
  are	
  similar	
  

u  Modern	
  stellar	
  spectropolarimetric	
  observa-ons	
  have	
  a	
  
wide	
  wavelength	
  coverage	
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Simplified	
  spectrum	
  descrip-on	
  
u  Weak	
  field	
  (B	
  ≤	
  1	
  kG)	
  and	
  weak	
  line	
  (d	
  ≤	
  0.3)	
  assump-ons	
  

u  Disk	
  integra-on	
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Least-­‐squares	
  deconvolu-on	
  
u  Spectrum	
  =	
  superposi-on	
  of	
  shiZed	
  and	
  scaled	
  profiles	
  

	
  
	
  

u  Equivalent	
  formula-on	
  as	
  a	
  matrix	
  mul-plica-on	
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Implementa-on	
  of	
  LSD	
  
u  Finding	
  mean	
  profile	
  for	
  a	
  given	
  spectrum	
  and	
  line	
  mask	
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inverse of a.c. matrix CCF 
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Implementa-on	
  of	
  LSD	
  
u  Finding	
  mean	
  profile	
  for	
  a	
  given	
  spectrum	
  and	
  line	
  mask	
  

	
  
u  S/N	
  gain	
  of	
  10-­‐40,	
  polarimetric	
  sensi-vity	
  <10-­‐5	
  

u  Compression	
  of	
  informa-on	
  (from	
  ~3×105	
  wavelength	
  
pixels	
  to	
  ~100	
  velocity	
  bins)	
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inverse of a.c. matrix CCF 
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LSD	
  applica-ons	
  (1)	
  
u  Magne-c	
  detec-on	
  and	
  longitudinal	
  field	
  measurement	
  

–  Mean	
  longitudinal	
  magne-c	
  field	
  

–  Detec-on	
  of	
  polarisa-on	
  signatures	
  	
  
in	
  lines	
  profiles	
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LSD	
  applica-ons	
  (2)	
  
u  Precise	
  polarisa-on	
  measurements	
  for	
  solar-­‐type	
  stars	
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ε	
  Eri	
  ε	
  Eri	
   α	
  Cen	
  A	
  

HARPSpol	
  observa-ons	
  of	
  ε	
  Eri	
  and	
  α	
  Cen	
  A	
  (Piskunov	
  et	
  al.	
  2011)	
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LSD	
  applica-ons	
  (3)	
  
u  Detec-on	
  of	
  weak	
  magne-c	
  fields	
  in	
  normal	
  A-­‐type	
  stars	
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Sirius	
   Vega	
  

Polarimetric	
  amplitudes	
  <10-­‐5	
  
Lignieres	
  et	
  al.	
  (2009);	
  Pe-t	
  et	
  al.	
  (2010,	
  2011)	
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LSD	
  applica-ons	
  (4)	
  
u  Full	
  Stokes	
  vector	
  observa-ons	
  of	
  ac-ve	
  stars	
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Kochukhov	
  et	
  al.	
  (2011)	
   Rosén	
  et	
  al.	
  (2013)	
  

Q/Ic	
  ×	
  100	
   U/Ic	
  ×	
  100	
   V/Ic	
  ×	
  15	
  RS	
  CVn	
  stars	
  HR	
  1099	
  and	
  II	
  Peg	
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LSD	
  applica-ons	
  (5)	
  
u  ZDI	
  mapping	
  of	
  stellar	
  magne-c	
  fields	
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Kochukhov	
  et	
  al.	
  (2013)	
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LSD	
  applica-ons	
  (6)	
  
u  Global	
  magne-c	
  fields	
  of	
  inac-ve	
  solar-­‐type	
  stars	
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18	
  Sco	
  

±5	
  G	
  radial	
  field	
  

azimuthal	
  field	
  

Pe-t	
  et	
  al.	
  (2008)	
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LSD	
  applica-ons	
  (7)	
  
u  Systema-c	
  inves-ga-on	
  of	
  stellar	
  magne-c	
  field	
  topologies	
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Dona-	
  (2011)	
  

Size:	
  	
  
	
  field	
  strength	
  

	
  
Shape:	
  	
  

	
       axisymmetric	
  	
  
	
  ★ non-­‐axisymmetric	
  

	
  
Color:	
  	
  

	
  toroidal	
  
	
  poloidal	
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Extensions	
  and	
  improvements	
  
u  Principal	
  Component	
  Analysis	
  (e.g.	
  Carroll	
  et	
  al.	
  2012)	
  

u  LSD	
  with	
  non-­‐linear	
  profile	
  addi-on	
  (Sennhauser	
  et	
  al.	
  2009)	
  

u  LSD	
  with	
  mul-ple	
  mean	
  profiles	
  (Kochukhov	
  et	
  al.	
  2010)	
  

u  LSD	
  de-­‐noising	
  of	
  intensity	
  spectra	
  (Tkachenko	
  et	
  al.	
  2013)	
  

Theory	
  and	
  modelling	
  of	
  polarisa-on	
  in	
  astrophysics,	
  Prague,	
  2014	
   15	
  



O.	
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How	
  trustworthy	
  are	
  LSD	
  results?	
  
u  A	
  very	
  coarse	
  descrip-on	
  of	
  line	
  profiles	
  
u  Does	
  not	
  capture	
  important	
  physics	
  (star	
  spots)	
  
u  Expected	
  to	
  fail	
  for	
  strong	
  magne-c	
  fields	
  
u  Expected	
  to	
  fail	
  for	
  strong	
  lines	
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Interpreta-on	
  of	
  LSD	
  profiles	
  
Typically,	
  as	
  a	
  single	
  line	
  with	
  mean	
  parameters	
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Gaussian	
  local	
  profile	
  +	
  
weak-­‐field	
  approxima-on	
  
	
  
Unno-­‐Rachkovsky	
  solu-on	
  
	
  
Spectrum	
  synthesis	
  with	
  
mean	
  line	
  parameters	
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Assessing	
  single-­‐line	
  approxima-on	
  
Appropriate	
  for	
  Stokes	
  IV	
  and	
  B	
  < 2	
  kG	
  (Kochukhov	
  et	
  al.	
  2010)	
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Assessing	
  single-­‐line	
  approxima-on	
  
Appropriate	
  for	
  Stokes	
  IV	
  and	
  B	
  < 2	
  kG	
  (Kochukhov	
  et	
  al.	
  2010)	
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Assessing	
  single-­‐line	
  approxima-on	
  
Cannot	
  match	
  LSD	
  profile	
  response	
  to	
  the	
  varia-on	
  of	
  
temperature	
  and	
  chemical	
  abundance	
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Teff=13000	
  K,	
  [Si]=-­‐1,	
  0,	
  +1	
  

synthe-c	
  LSD	
  
single	
  line	
  

Teff=5750,	
  5000,	
  4250	
  K	
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Alterna-ve	
  way	
  to	
  interpret	
  LSD	
  profiles	
  
Compu-ng	
  resources	
  allow	
  direct	
  calcula-on	
  of	
  large	
  
chunks	
  of	
  stellar	
  polarisa-on	
  spectra	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

“Brute	
  force”	
  mul--­‐line	
  approach:	
  apply	
  LSD	
  to	
  
observa-ons	
  and	
  full	
  polarised	
  RT	
  calcula-ons	
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Teff	
  =	
  3300	
  K	
  
5000	
  Å	
  
~105	
  lines	
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Alterna-ve	
  way	
  to	
  interpret	
  LSD	
  profiles	
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Single-­‐line	
   Brute	
  force	
  mul=-­‐line	
  

Kochukhov	
  et	
  al.	
  (2014)	
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Synthe-c	
  LSD	
  profile	
  tables	
  
u Detailed	
  line	
  forma-on	
  physics	
  incorporated	
  in	
  
interpreta-on	
  of	
  LSD	
  profiles	
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LSD	
  Stokes	
  I	
  vs.	
  B	
   LSD	
  Stokes	
  V	
  vs.	
  abundance	
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Applica-on	
  to	
  weak-­‐field	
  Ap	
  star	
  CU	
  Vir	
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Conclusions	
  
u  Mul--­‐line	
  techniques	
  are	
  essen-al	
  for	
  stellar	
  
spectropolarimetry	
  
u  Least-­‐squares	
  deconvolu-on	
  (LSD)	
  is	
  a	
  widely	
  used	
  and	
  
powerful	
  mul--­‐line	
  method	
  
u  LSD	
  is	
  robust	
  for	
  magne-c	
  field	
  detec-ons	
  and	
  
longitudinal	
  field	
  measurements	
  

u  Interpreta-on	
  of	
  LSD	
  profile	
  shapes	
  is	
  problema-c	
  
–  Single-­‐line	
  approach	
  limited	
  to	
  Stokes	
  IV	
  and	
  weak	
  fields	
  

–  Mul--­‐line	
  modelling	
  of	
  LSD	
  profiles	
  using	
  detailed	
  polarised	
  
spectrum	
  synthesis	
  is	
  feasible	
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