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Fig. 3.— Timing summary for PSR J1713+0747. The top panel shows residuals from the multi-frequency TOAs used in the timing fit.
The middle panel shows the same residuals averaged down to one point per band per day. The bottom panel shows the measured variation
in DM as a function of time.

In this analysis, we will search for a stochastic grav-
itational wave background (GWB) signal in the pulsar
timing results presented in §3. We assume the GWB will
take the form which has become standard in this field
– a power-law frequency spectrum and isotropic angu-
lar distribution. This signal is expected to be generated
by the sum of unresolved supermassive black hole binary
systems with masses of ! 108 M! and orbital periods of
1–10 years. In this case, the characteristic strain spec-
trum is expected to have a “red” power-law spectral in-
dex ! = "2/3 (e.g., Ja!e & Backer 2003; Sesana et al.
2008), with a possible break near 10 nHz due to the fi-
nite number of sources (Sesana et al. 2008). A GWB
of this form could also be generated from cosmic su-
perstrings, with ! = "7/6 (Damour & Vilenkin 2005;
Siemens et al. 2007), or as inflationary “relics” with spec-
tral index ! = "1 (Grishchuk 2005). Any GW signal will
produces correlation in the timing fluctuations of pairs
of pulsars. In the specific case of an isotropic GWB,
the amount of correlated power is a function only of the
angular separation of the two pulsars in the pair, and
has a characteristic functional form first predicted by
Hellings & Downs (1983).
In this paper, we adopt definitions of the expected

gravitational wave spectrum and its e!ect on tim-
ing consistent with previous papers on the topic (e.g.,
Jenet et al. 2006; van Haasteren et al. 2011). In partic-
ular, we assume a power-law spectrum in characteristic
strain,

hc(f) = Af0

!

f

f0

"!

. (1)

Here, Af0 is the unknown GW spectrum amplitude at
a reference frequency f0. For consistency with previous
literature, we set f0 = 1 yr"1, and will call the resulting
amplitude A1. This GWB produces a fluctuation y(t) in
the pulse times of arrival from a given pulsar, with power
spectrum given by

Sy(f) =
1

12"2

1

f3
hc(f)

2. (2)

It is important to note that y(t) represents the pre-fit
contribution of the GW signal to the pulse TOAs. The
e!ect of the timing model fit will be considered in §4.1.
Also important is that this formulation of Sy(f) is consis-
tent with that used by Jenet et al. (2006), Hobbs et al.
(2009), and van Haasteren et al. (2011)25 but is a factor
of 3 smaller than that used by Jenet et al. (2005). This
results in a factor of

#
3 di!erence in limits on A1 de-

pending on which definition is in use, and care should
therefore be taken when directly comparing the various
published limits.
It is useful to compute the expected time-domain cor-

relation between pairs of timing fluctuations from pulsars
a and b,

C(ab)
y,ij = E {ya(ti)yb(tj)} = Cy(ti " tj)#($ab). (3)

25 While the equations given by van Haasteren et al. (2011) used
the Jenet et al. (2005) definition, their published limit of A1 <
6!10!15 was computed using the same scaling as our Eqn. 2 (van
Haasteren 2012, private communication).
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Figure 1: Comparison of current and planned GW detectors, showing characteristic strain
(hc) sensitivity versus frequency along with expected source strengths. The Laser Interfer-
ometer Gravitational Wave Observatory (LIGO), the Laser Interferometer Space Antenna
(LISA) and PTAs occupy complementary parts of the GW spectrum.

main contributors to this nHz GWB signal are MBH systems of mass M > 108 M�. Current
pulsar timing experiments limit the GWB spectral amplitude to

⇠

< 7 ⇥ 10�15, depending
somewhat on the value of ↵ (Hobbs 2005; Jenet et al. 2006; Lommen et al. 2009). With
longer spans of data, PTA experiments become sensitive to lower GW frequencies, where the
expected signal is stronger. The ongoing NANOGrav pulsar timing program will achieve a
GW sensitivity well into the predicted hc amplitude range in the next 3–5 years (Figures 1
and 2).

As these limits improve, and ultimately progress to a detection, they provide a new view
of the history of MBH mergers throughout the Universe. Furthermore, measurements of
the GWB spectral shape near 10 nHz could distinguish between various models of MBH
binary formation (Sesana et al. 2008). LISA will be sensitive to the final MBH-MBH coa-
lescence events for systems with M < 107 M�. Pulsar timing arrays and LISA thus provide
complementary views of these sources, encompassing the full range of MBH masses.

2.2 Gravitational Wave Bursts and Individual Sources
Pulsar timing has already been used to constrain GW emission from individual sources. For
example, a proposed MBH binary within the radio galaxy 3C 66B (Sudou et al. 2003) was
ruled out when its GW signature was not detected in existing millisecond pulsar data sets
(Jenet et al. 2004).

GW bursts (events lasting less than a few years) are also potentially detectable. Sources
might include highly eccentric systems near periapsis or the final inspiral of merging black
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 Stochastic Gravitational Wave Background 
and the ISM 
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The ISM and Coherent Deconvolution 
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A Brief Overview of 
Cyclic Spectroscopy 

•  Demorest	  2011	  –	  on	  the	  arXiv	  at	  
1106.3345	  

•  4	  MHz	  subband	  bandwidth	  

•  ASP	  @	  430	  MHz	  

•  But	  how	  will	  CS	  perform	  in	  weakly	  
scaKered	  cases?	  

	  

The cyclic spectrum: 
amplitude and phase 

(simulated data) 
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Best-fit IRF (inpulse 
response function) 
from ISM 

CS aims to 
deconvolve the 
ISM’s IRF from 
original pulse profile 



Simulating CS Deconvolution 
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CS SN 10 
CS SN 2 
CS SN 0.5 

Here, we simulate IRFs for a 
scattering time of τ µs and a SN 
value of the corresponding CS 
and recover their centroids 
(compared with input centroids) 



AO Observations of B1937+21: 2012 Sep 28 with 
PUPPI:  32	  x	  6.25	  MHz	  raw	  bands	   
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B1937+21 observations: results based on simcyc code (G. Jones) 
(available @ https://github.com/gitj/pycyc) 
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9 B1937+21 observations: best fit h(t) / IRF 
and h(f) in its phase and amplitude 



Conclusions 

l  CS successfully deconvolves IRF from pulse profile for 
B1937+21 at 430 MHz 

l  Deconvolution at L-band is a work in progress with 
promising first results for a best-fit IRF (a more weakly 
scattered case is more challenging) 

l  Similar study is also underway for J1713+0747 at 430 
MHz (another weakly scattered case) – Nipuni 
Palliyaguru 

l  Next: incorporate entire 200MHz baseband PUPPI 
bandwidth 
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