
Summary	  
•  Mul*-‐path	  sca1ering	  in	  the	  ISM	  
produces	  a	  wealth	  of	  info.	  

•  Detec*ng	  gravita*onal	  waves	  with	  pulsars	  
requires	  dealing	  with	  ISM	  sca1ering	  delays.	  

•  Advanced	  signal	  processing	  techniques	  
are	  yielding	  new	  insights.	  

•  LOFAR	  is	  a	  powerful	  telescope	  for	  studying	  
ISM	  effects	  in	  the	  100	  –	  200	  MHz	  range.	  
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Macquart	  &	  Melrose,	  2000	  



NANOGrav – 
low-frequency gravitational wave 

astronomy with pulsars 



Our other vital 
telescope! 



Not to scale! 



Mul*-‐path	  sca1ering	  in	  the	  ISM	  
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also,	  a	  frequency	  dependent	  angle	  of	  sca1ering	  (and	  net	  phase)	  
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Hemberger	  and	  S*nebring	  2008,	  ApJ,	  674,	  L37	  	  

Arecibo	  observa*ons	  
PSR	  B1737+13	  
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Hemberger	  and	  S*nebring	  2008,	  ApJ,	  674,	  L37	  	  

Arecibo	  observa*ons	  
PSR	  B1737+13	  
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Hemberger	  and	  S*nebring	  2008,	  ApJ,	  674,	  L37	  	  

Delay-‐Doppler	  
imaging	  informa*on	  
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Hemberger	  and	  S*nebring	  2008,	  ApJ,	  674,	  L37	  	  

Delay-‐Doppler	  
imaging	  informa*on	  

projected angle along Vpsr 

– 20 mas + 20 mas 0	  
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Hemberger	  and	  S*nebring	  2008,	  ApJ,	  674,	  L37	  	  
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the	  original	  
millisecond	  
pulsar	  
B1937+21	  
	  
Arecibo	  
1400	  MHz	  



Mark	  Walker	  kept	  wondering	  …	  

•  2004	  Walker,	  Melrose,	  DS,	  Zhang	  2004	  
•  2005	  Walker,	  DS	  2005	  
•  2008	  Walker,	  DS,	  Koopmans,	  van	  Straten	  
•  2011	  Demorest	  “Cyclic	  Spectroscopy”	  
•  2014	  Walker,	  Demorest,	  van	  Straten	  
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Cyclic	  Spectrum	  

•  The	  standard	  spectrum	  of	  the	  source	  is	  
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�  But,	  the	  spectrum	  can	  be	  generalized	  for	  a	  periodic	  source	  
(Demorest	  2011)	  

Si(⌫) =< |✏̃i(⌫)|2 >

Si(⌫;↵k) =< ✏̃i(⌫ + ↵k/2) ✏̃⇤i (⌫ � ↵k/2) >

↵k =
k

P

k = 0, 1, 2, ...
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Differential Doppler frequency fD (mHz)
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How	  we	  like	  to	  model	  the	  ISM:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Kolmogorov,	  isotropic,	  homogeneous	  

Keith	  et	  al	  2012	  arXiv:	  1211.5887	  S*nebring	  -‐	  Oberlin	  -‐	  ASTRON	   19	  
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Brisken	  et	  al.	  2010	  

The	  reality:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (non-‐Kolmogorov),	  anisotropic,	  intermi1ent	  
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Pen	  and	  Levin	  2013	  
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Pen,	  Macquart,	  Deller,	  and	  Brisken	  2013	  
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cycling	  near	  
ASTRON	  
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ASTRON	  daily	  image	  2012-‐07-‐31,	  Jason	  Hessels	  
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ASTRON	  daily	  image	  2012-‐07-‐31,	  Jason	  Hessels	  

LOFAR	  observa*on	  (1/4	  of	  the	  core	  and	  half	  the	  
frequency	  range	  –	  the	  upper	  half)	  
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