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Constraining the astrophysics of galaxy and super 
massive black hole binary mergers with Pulsar 
Timing Array (PTA) observations on the 
Gravitational Wave Background (GWB) emitted by 
the mergers 
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Gravitational Wave
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Background

Credits: D. 
Champion
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Pulsar

Credits: M. Kramer
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Timing

Lentati et al. 2015
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Array

Hellings & Downs 1983
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Observation/Timing Data analysis

InterpretationMotivation
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Using Pulsar Timing Array (PTA) observations on 
the Gravitational Wave Background (GWB) 
emitted by a population of super massive black 
hole binaries (SMBHB)

To constrain the properties of the individual 
binaries

And the parameters of the SMBHB population and 
galaxy merger rate

Constraining astrophysics with 
pulsars
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Method

Write a parametric model to compute the GWB

Use PTA upper limits (simulated detections) as 
likelihood function in a nested sampling algorithm

Get constraints (posteriors) for the parameters 
and evidences for model comparison

Chen, Sesana, Del Pozzo 2017, MNRAS 470, 
1738 – 1749
Chen et al. 2017, MNRAS 468, 404 – 417
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Parametric model I

● Population of SMBHB 
n

c
(z,M)

● Energy emission of 
individual binary dE/df
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GWB Upper Limit

Arzoumanian et al. 2018
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Black hole merger tree

Credits: Volonteri
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SMBHB – Galaxy Merger 

● How many galaxies 
are there?

● Galaxy Stellar Mass 
Function

● What fraction of 
galaxies are in pairs?

● Pair Fraction

● What is the relation 
between a SMBH and 
its host galaxy?

● M
G
 – M

BH
 relation

● How long does the 
merger take?

● Merger Time Scale
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Galaxy stellar mass function

Conselice et al. 2016
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Pair fraction

Mundy et al. 2017
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Merger time scale

Snyder et al. 2016
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M
G
 – M

BH
 relation

Kormendy and Ho 2013
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Galaxy Merger – SMBHB

● Galaxy Stellar Mass 
Function

● Pair Fraction

● M_G – M_BH relation● Merger Time Scale
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Binary evolution

Vasiliev et al. 2015

Peters and Matthews 1963

● Binary evolution 
transition from driven by 
the environment to 
gravitational waves

● Assign each binary the 
same initial e

t
 at the 

turnover frequency f
t 

Include parameter for stellar density around the SMBHB
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Eccentricity – Stellar density

Taylor, Simon, 
Sampson 2017
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Gravitational wave spectrum

Sum of harmonics

Population function Spectrum of individual binary

Upper mass limit:
Sesana, Vecchio, Colacino 2008

Chen, Sesana,
Del Pozzo 2017
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Parametric model II

● Population of SMBHB 
n

c
(z,M)

● Analytic description 
with 16 / 5 eff + 3 
parameters

● Energy emission of 
individual binary dE/df

● Eccentricity, stellar 
density
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GWB Upper Limit

Arzoumanian et al. 2018
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Characteristic strain
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Results KH13

A(ul) = 1e-15

Log Evidence = -2.36

Middleton et al. 2018
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Summary

● Models predicting a higher strain than PTA 
upper limits are slightly disfavoured 
against models with lower amplitudes

● No tension between assembly models of 
SMBHB and pulsar observations, 
Middleton et al. 2018, NatComms, 9, 573
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Results – Current Upper Limit
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Results – Current Upper Limit
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Results – Future Upper Limit
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Results – Future Upper Limit
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Posterior distributions – Initial 
detection
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Posterior distributions – Ideal 
detection



Conclusions
1) PTA upper limits (detections) can be used 
to constrain the underlying SMBHB 
population and the properties of the binaries
2) Parametrized model of the GWB and priors 
from astrophysical observations
3) Nested sampling gives constraints on the 
parameters and provides evidences for model 
comparison
4) https://arxiv.org/abs/1810.04184

https://arxiv.org/abs/1810.04184
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