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Outline

• Data analysis techniques

• Recent search results

1) An isotropic stochastic GW background

2) Individual inspiralling supermassive BBHs

o (Burst with memory, cosmic strings, inflationary GWs …)
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Pulsar timing arrays

• Foster & Backer 1990
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A galactic-scale GW detector: 
the Pulsar Timing Array
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Cornish & Sesana 2013



One realization of an isotropic 
GWB

Image credit: Rutger van Haasteren
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One realization of a continuous 
wave

Image credit: Rutger van Haasteren
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Let us find some GWs

+ Daniel R., George H., 
Matthew K., Stefan O., 
Dick M., …
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Data look like
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Problems

1. Pulsar timing model

2. Noise model

3. Signal (GW) model

4. Computational challenges
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1. Pulsar timing model
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The effect of fitting on a 
GWB

Image credit: Rutger van Haasteren
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The effect of fitting on a 
CW

Image credit: Rutger van Haasteren
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2. Noise model

TOA errors

• Additional white noise (pulse jitter, scintillation, )

• Red noise (or “timing” noise, spin noise)

• ISM noise

o Instrumental jumps

o RFIs, SSE, clocks
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White noise
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Slide adapted from Jim Cordes



Timing noise:
Spin/torque noise in 
core and 
magnetospheres

Seen in many young 
pulsars, some MSPs

• PSR B1937+21
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Hobbs et al. 2010

Shannon et al. 2013



ISM noise
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Image credit: Jim Cordes, Ryan Shannon



2. Likelihood & noise 
model 
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3. Signal model
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PTA single-source vs LIGO

aLIGO: 1.4 -1.4 M⊙ BNS, 200 Mpc PTA: 109 -109 M⊙ BSMBH, 100 Mpc

Pulsar term

Earch term
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GWB and single source
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GWB: low-f turn over
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Slide adapted from Jim Cordes



GWB: high-f amplitude
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A continuous wave
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Detecting a GWB

Chamberlin et al. 2015 van Haasteren et al. 2009



Zhu et al. 14, 15

Detecting a single source

Ellis 2013



Global fitting for single-source 
GWs

• In TEMPO2, we can include 
additionally rGW(t) in pulsar 
timing models, and fit 
simultaneously for single-
source GW signals and 
normal timing parameters 
for individual pulsars

• Search for GW signals of 
interest in the two output 
time series

Zhu et al. 2014, Madison et al. 2016
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4. Computational 
challenges

High Dimensionality (up to hundreds of parameters), big data sets (104 – 105 TOAs)

• Low-rank approximations for large stationary covariance matrices (Lentati+13, 
van Haasteren & Vallisneri 15)

28



Recent results: SMBBH-GWB limits

• Shannon et al. 
(2015) Science 349, 
1552

• PPTA 11-yr data, 
four best pulsars

• Constraints on GWB 
from SMBBHs
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Recent results

Most stringent constraints on cosmic strings

NANOGrav 11-yr
Arzoumanian et al. 2018
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Recent results: CW limits

• Black: PPTA DR1

• Red: DR2 expected

 3C 66B is not a binary 
(Zhu+19)

 PSOJ334 is probably not a 
binary (Liu+16)

 Many CRTS candidates are 
likely not binaries 
(Sesana+18)

PPTA DR1, Zhu et al. 2014
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Recent results: CW sensitivity

PPTA DR1
Zhu et al. 2014

NANOGrav 11-yr
Aggarwal et al. 2018

IPTA 2025?
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Constraints on mass ratios for 
the hypothetic SMBBHs

1) Direct dynamical 
measurements of nearby 
SMBHs

2) 2) the most massive early-
type galaxies within 108 
Mpc

• For Mt >5x109M  ⊙ (e.g., NGC 
4889, NGC 4486, NGC 4649, 
and NGC 1600), mass ratio < 
a few percent

Implications for individual SMBH binaries 

Schutz & Ma 2016

f=10nHz
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Expected sensitivity for a GWB

Populations of SMBBHs

Direct search for individual SMBBHs 
out to ~100 Mpc

• Detection could be imminent; but 
be patient as signal cycle  human 
lifetime

• New facilities (UWL, MeerKAT, FAST, 
… SKA), new pulsars

• Multimessenger search! 34
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