
A Gamma-Ray Pulsar Timing Array 
Constrains the Nanohertz Gravitational 
Wave Background 
JOURNAL CLUB – 21.04.2023 

Università degli Studi di Trieste – Corso di Astrofisica Nucleare e Subnucleare 

https://arxiv.org/abs/2204.05226 

Elisabeth-A. Keppler 



Abstract 



What are pulsars? 



MSPs for GWB 

u  Long-term monitoring campaigns of ensembles of MSPs are used to 
search for low-frequency GWs, expected from supermassive black 
hole (SMBH) binaries that are predicted to exist at the centers of 
galaxies that have undergone mergers 

u  Because of this link between GW frequency and amplitude, the 
superposition of GWs from many SMBH binaries throughout the 
Universe is predicted to build up a GW background (GWB) with a 
characteristic GW strain:  



GWB detection with MSPs 
u  This GWB can be detected with ensembles of MSPs—known as 

pulsar timing arrays (PTAs) by monitoring the times of arrival (TOAs) of 
the steady pulses from each pulsar, which arrive earlier or later than 
expected due to the spacetime perturbations 

u  The GWB is expected to be a sum of many individual sources, the 
induced TOA variations are random and differ for each pulsar, but 
have a common spectrum of power spectral densities: 

this functional form has more power at low frequencies so is referred to as a 
red spectrum.  
 Additionaly, for observations taken at an approximately fixed location 
(Earth), the GWB is expected to produce a signature quadrupolar pattern 
of TOA variations, known as the Hellings-Downs correlation.  
 

where Γ=3-2α, α 
spectral index 



Constraints on the GWB and 
Gamma-Ray PTAs 

•  The inferred constraints on the GWB 
amplitude at 1 yr-1  AGWB are plotted as 
a function of publication date and 
assume α = −2/3, as predicted for the 
superposition of GWs from merging BHs 

•  The dashed red line indicates the 
expected scaling as the limit as a 
function of time  

 



Possible alternative explanations for 
the signal 

u  Spin noise 

u  Frequency-dependent effect of radio propagation through plasma, 
including solar wind and the IISM. An estimate of the time delay due 
to dispersion is given by 

which can vary with time, due to relative motions of Earth and the pulsar 

Correcting for this effect requires repeated measurements using multi-
frequency radio observations and the introduction of many additional 
degrees of freedom to timing models.  
 



A complimentary approach: 
Gamma-ray observations 



A complimentary approach: 
Gamma-ray observations 

u  Observation of 35 gamma-ray MSPs: search of GWB through two 
different methods 



Comparison between AGWB measurements 
from each pulsar using three analysis methods 

The dashed line indicates 
equality between the results 
of the TOA-based and 
photon-by-photon methods.  
 



Advantages of using Fermi PTA Data 



Gamma-ray constraints on different 
types of GWB sources 
 

There may be other potential sources 
of power-law GWBs with different 
spectral indices α (Γ=3-2α) 



Materials and Methods 



Pulsar Timing using Radio and Gamma-ray 
Observations  
 



Pulsar Timing using Radio and Gamma-Ray 
Observations  
 



Noise Sources in PTA Data 



Why use Gamma-ray data? 



Photon-by-photon GWB Analysis  
 



Timing properties of the 114 MSPs in 
the parent sample  
 

Only some MSPs are suitable for a GWB 
analysis: 
•  at a given intensity, a pulsar with a 

narrower pulse or faster spin frequency 
has better timing precision 

•  faint MSPs cannot constrain the GWB but 
would increase computational 
complexity.  

 



The single-pulsar log likelihoods as a function of AGWB 
produced by the photon- by-photon method  

 



The single-pulsar log likelihoods with an additional, 
numerically marginalized intrinsic spin noise process  

 



TOA-based GWB analysis  
 



Results 



Single pulsar limits on AGWB for 35 pulsars in the sample  
 

•  These results use TEMPONEST (TN in column 
4), ENTERPRISE (ENT. in column 5) and the 
photon-by-photon method (columns 6 
and 7) 

•  Pulsars with only photon-by-photon limits 
are indicated with an asterisk 

•  Data for PSR J1959+2048 and PSR 
J2241−5236 favor a model with white 
noise, while all others favor no additional 
noise 

•  Most pulsars can be analyzed with a 2 yr
−1 (182 day) cadence, while six pulsars 
require longer integrations (1.5 yr−1, 243 
day) to produce reliable TOAs.  

 



95% credible upper limits on  
AGWB/10-14 from the combined samples 

The pulsars corresponding to each 
subset are ranked by their single-
pulsar GWB upper limits. The “Full” 
rows indicate the total sample for 
the two methods, 29 pulsars 
common to TOA-based and photon-
by-photon, and 35 to photon-by-
photon only  
 



Combined limits and scaling 



Combined limits and scaling 



Comparison to radio measurements 


