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Outline 

  Pulsar timing residuals 

  Autocorrelation of  timing residuals 

  White noise vs Red noise 

  Sources of  timing noise 

  Why study timing noise? 

  Complications 

  Cholesky method 



The International Pulsar 
Timing Array 



Pulsar timing residuals 

Credit: Paul Demorest 



NANOGrav residual data 



NANOGrav residual data 

Credit: Paul Demorest 



Are the timing residuals 
correlated? 

TIME (MJD) Residual (ms) 

Autocorrelation: 

Consistent with zero: White noise 

Positive correlation: Red noise 

Negative correlation: Blue noise 



White noise 

Timing residual for J0613-0200 (NANOGrav data) 



White noise 

Power spectrum of  residuals for J0613-0200 (NANOGrav data) 
Use of  TEMPO2 SpectralModel plugin 



Red noise 

Timing residual for J1539-5626, credit: Meng Yu and PPTA 



Red noise 

Power spectrum of  residual for J1539-5626, credit: Meng Yu and PPTA 



Sources of  timing noise 

  Superfluid interior 
affecting rotation and spin 
period 

  Free precession 

  Variations in outside 
magnetosphere affecting 
torque --> random walk in 
pulse frequency or phase, 
or discrete jumps 

  Pulse shape variations 

  Unknown orbital 
companions 

  Clock errors 

  Uncorrected DM 
variations 

  Gravitational waves! 

Intrinsic to pulsar 
Extrinsic 

Source: Hobbs et al. 



Why care about  
timing noise? 

  Accurately estimate pulsar parameters. If  red pulsar, parameter errors 
can be underestimated. 

  Useful when trying to make sense of  (and combine) observations at 
different frequencies and different observatories 

  Identify/understand the sources of  timing noise 

  Quantify amount of  red noise and use as input in gravitational wave 
detection pipelines, want to distinguish timing noise from gravitational 
wave signature 

  Construct optimal filter: when adding various pulsar signals together, 
need to know how much to weigh them in sum – depends on noise each 
pulsar has. 

Want more information about timing residuals: 
timing noise (uncorrelated + correlated) in order to: 



Complications 

  Issues with non-uniform time sampling when 
computing power spectrum 

 Use of  the (Cholesky) Generalized Least-Squares 
method to compute power spectrum 

 Cholesky method takes covariance matrix into 
account 

  Timing noise is different at different frequencies 
and at different observatories. Why? 



Cholesky method 
  Study of  timing noise in pulsar residuals: how to 

quantify the amount of  red noise? 

  Pulsar data non-uniformally sampled, cannot simply do 
Fourier analysis.  

  Lomb-Scargle not adequate for steep spectra and not 
good for irregular spacing. 

  Use Cholesky transformation with the TEMPO2 
“spectralModel” plugin (W. Coles &  G. Hobbs) 

  Cholesky method separates out low-frequency (red 
noise) from high-frequency (white noise) components of  
spectrum. Unlike ordinary least-squares, Cholesky uses 
the covariance matrix during least-squares minimizing. 



Sample fit for 
autocorrelation function 

€ 

C(d) = Ce−d /τ

C =1.96 ×10−12 yr2

τ = 35days

Example of  what fits look like: 

But in a lot of  cases C1 is a small negative number.  
Should be consistent with white noise (i.e. C1=0) within error bars. 

Negative number possibly due to overshoot by quadratic removal. 



Results 



Summary 
  Millisecond pulsars used in PTA for GW detection 

exhibit white noise and red noise 

  Need to quantify red noise when fitting for pulsar 
parameters + looking for GW 

  Dependence on radio frequency and observatory. 
Need to better understand source of  red noise in 
our observations 


