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Fig 1: Artist’s conception of pulsar timing array (David Champion)  



Motivations 
• DSN (JPL’s Deep Space Network) includes 3 very large radio 

dishes: ~70m, similar to Parkes.   Main job is to 
communicate with our fleet of satellites,  but all typically 
have ~1 hr/day when not booked. Wahlid Majid currently 
building state-of-art backend for pulsar searches.  Maybe 
use them for short-cadence ms pulsar observing?   
 

• More generally, the current PTA observing strategies (~once 
per 2 weeks) and data analyses are focused on SMBHs and 
stochastic background. Are we missing something? 
 

• Zimmerman&Thorne(1980), “The gravitational waves that 
bathe the Earth: upper limits based on theorists’ cherished 
beliefs”   Timely to re-visit? 
 
 

 
 
 



Outline of Rest of Talk 

• Review of PTAs –physics, astronomy, some 
history 

• Discovery potential from “direct part” of GWs, 
both low and high z 

• Discovery potential from “memory part” of 
GWs, both low and high z 

• Summary/conclusions 
 
 



Early papers 
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•Detweiler (1979) 
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•Hellings & Downs (1983) 



Back-of-envelope estimate of detectability 

 

(# pulsars)(#obs / pulsar)

 

δtrms = 0.1µs
Plug in fiducial numbers: 

 

f =10−8 Hz

 

# pulsars =40

 

#obs / pulsar =500

SNR= 7 requires 
     h = 1.e-15   

 

⇒



GW strength of SMBH binary  

Example:                                 binary 

 

109 +109 Msun

 

f =10−8 Hz

 

D = 300 Mpc

 

⇒ h =10−15

(lifetime ~5e4 yrs) 



Expected correlation of residuals for 
pairs of pulsars versus angular 
separation on sky. 

• “Pulsar” terms uncorrelated. 
• “Earth” terms correlated. 

Stochastic Background Limits 
from a PTA 

(Hellings & Downs 1983) [JPL] 

– Clock errors monopole 
– Ephemeris errors dipole 
– GWs quadrupole 

Cornell University Colloquium                                                       3 May 2012 



Types of Pulsars 

Young – Energetic, with significant 
spin-down noise and glitches 

Normal – More stable, slower spin-
down  

Recycled pulsars with high-mass 
companions - Most in binaries, 
very stable rotators 

Recycled pulsars with low-mass 
companions – Most in binaries, 
extremely stable rotators  
Millisecond Pulsars 

Over 2000 known radio 
pulsars in the Galaxy. 

Cornell University Colloquium                                                       3 May 2012 From Lorimer & Kramer 2005, Handbook of Pulsar Astronomy -thanks to Lazio, Burke-Spolaor & Cordes for slide 





International Pulsar Timing Array 



34 pulsars being timed with precisions from 40 ns to 5 μs.  Cornell University Colloquium                                                       3 May 2012 







From Big Bang Nucleosynthesis; applies to  
GWs produced before z =10^{10} : 

Current constraint from pulsar timing: 

Current constraint from LIGO: 

From SDSS large-scale structure, combined with 
Planck, WMAP and H_0: 



Discovery Space:  Constraints 

Case 1: z < few.     We’ll assume: 
 
•   
• Copernican Principle: we do not occupy some 

preferred location in universe 
• Can treat space as approximately Euclidean 
• No extreme beaming of GWs  

ΩGW ≤ 0.01

In paper we relax assumptions 2 and 4 to allow for fact that we 
reside in a Galaxy, and to show that even fairly extreme  beaming 
has only modest effect on results.  



How to maximize SNR at fixed           (z < few)   
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So most favorable case has             as large as 
possible, which for consistency is  
Roughly speaking, SNR is maximized when there is 
1 burst per Hubble-volume per          . 

 

Tobs
Zimmerman&Thorne(1980) 

 

⇒ SNRnear
2

w/  M = # pulsars 
       p = obs cadence (e.g., ~1/wk) 

 

dnear

 

dnear ≈ τ0



Max SNR from direct GWs, z< few 

 

rhs →
rhs

(1+ z)1/ 2For sources at redshift z > few, 







Christodoulou memory (cont’d) 

 

MA

1− vA
2
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vA =1

Christodoulou (1991) showed that you could get memory effect in 
pure GR (no matter).  Thorne (1992) showed that Christodoulou’s 
result was just an extension of older result, with replacement: 

Useful estimate: 

where           is  an asymmetry factor that is           for an inspiraling 
binary.      
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≈1
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Christodoulou memory and PTAs 
Effect on each pulsar is like a “glitch” : 
 
which implies a residual arrival time that grows linearly: 

 

∆ν
ν ~ hmem

Of course, in any single pulsar the GW memory effect is 
indistinguishable for an pulsar glitch, but point is that all pulsars in 
array seem to glitch at same time (w/in error bars) and with consistent 
amplitudes.  Including loss of significance due to fitting out part of 
signal with           and          ,  van Haasteren and Levin (2010) find:                         
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Effect of redshift on 

 

hmem

z<1 result:    
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Mi →Mi(1+ z) , D →DLStandard translation to z>1:    

implies z >1 result:  
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α
6

∆E(z) (1+ z)
DL

For very high z: 

 

⇒ hmem ≈
α

3 6
∆Elocal

τ 0
independent of z ! 

So unlike energy,             does not redshift away.   The universe  
remembers GW bursts!      

 

hmem





What is max             ? 

 

SNRmem
What comes out: 

This is a factor ~(1+z) larger than  
max SNR-mem  for sources at z <1  !! 



Summary/Conclusions 

• GWs with 10^(-7} < f < 10^{-4.5} Hz would not be fitted out 
by small changes to other pulsar parameters. 
 

• However, PTA detection of (direct) GWs with  
    f > 10^{-5} Hz requires very lucky coincidence or violation 

of some fundamental assumptions. 
 

• If some early universe process dumped a lot of energy into 
GWs, the most detectable signature of that process could 
easily be their memory effect on PTA timing residuals.   We 
recommend that PTA data  analysis efforts include this 
possible discovery space. 
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