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• The gravitational-wave spectrum

• Pulsar Timing Arrays: how they work

• Understanding new results from NANOGrav 15-yr data 

• The future! Please send me your thoughts!      
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The Gravitational-Wave Spectrum

•Complementary GW 
detectors


•LIGO can’t see PTA!


•Strain h=   t / T


•25 Myrs in band
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PTAs!



https://www.youtube.com/watch?v=c2EKbvnee3o


https://www.youtube.com/watch?v=c2EKbvnee3o


Image:  Thankful Cromartie



Figure from adapted from Agazie et al. (2023)

15-yr data lead: Joe Swiggum
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Figure from adapted from Agazie et al. (2023)

NANOGrav 15-yr Data Set

68 MSPs

Timing baselines 3-15 yrs

Check SNR of common process increasing?

Check HD significance increasing?

Significant effort to automate timing pipeline 
with PINT (Luo+2021) for reproducibility .

15-yr data lead: Joe Swiggum



Millisecond Pulsars

courtesy Maura McLaughlin

2300 known pulsars, 230 MSPs
Maybe 30,000 detectable! 

Cross-power spectral density between pulsar a and b

Angular correlation function

Sum of the strain emitted by e.g. SMBHBs over their 
cosmic merger history (Phinney 2001)
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A random gravitational-wave background
• Primary Target: cosmic 

merger history of 
supermassive black holes 
should create a GWB


• 100,000s + SMBHBs per 
frequency bin — 
stochastic GWB


•Other GWB sources 
Primordial GWs and 
more?


•Creates a signal with 
the same amplitude in all 
pulsars with additional 
geometric term
 NANOGrav.org

Mingarelli & Casey-Clyde, Science, Vol 378, Issue 6620 (2022)



• SMBHBs, cosmic strings?


• Hellings and Downs curve


• Assumes background is 
isotropic (is it?)


• Pulsar correlations create 
“curve”


• Changes for alternative 
theories of gravity and 
anisotropic GWBs
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Is there a HD curve in the data?
(With cross-correlations)

NG12.5yr isotropic GWB, Arzoumanian et al., ApJL (2020; corr. author J. Simon)
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Figure from adapted from Agazie et al. (2023); corr. author Sarah Vigeland

Is there a HD curve in the data?

arXiv:2306.16213



2211 pulsar pairs, binned
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21 new pulsars WRT 12.5-yr
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2211 pulsar pairs, binned
21 new pulsars WRT 12.5-yr
67 pulsars with T >3 yrs

Figure from adapted from Agazie et al. (2023); corr. author Sarah Vigeland

Is there a HD curve in the data?

arXiv:2306.16213



2211 pulsar pairs, binned
21 new pulsars WRT 12.5-yr
67 pulsars with T >3 yrs
Looks pretty good… but… 


What about Bayes Factors?

What about hc, amplitude?

What about other PTAs?

Figure from adapted from Agazie et al. (2023); corr. author Sarah Vigeland

Is there a HD curve in the data?

arXiv:2306.16213



What is the evidence for the HD curve?
Monopole = e.g. clock error

Dipole = e.g. ephemeris error

BF of up to 965 for HD correlations
using 5 lowest frequencies

Figure from from Agazie et al. (2023); corr. author Sarah Vigeland arXiv:2306.16213
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Monopole = e.g. clock error

Dipole = e.g. ephemeris error
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Figure from from Agazie et al. (2023); corr. author Sarah Vigeland arXiv:2306.16213



• Appears to be a tension with the 
spectral index, Gamma.


• For SMBHBs this is 4.33


• Still a lot of room for interpretation: 
caution needed


• Are we seeing more than one source 
of GWB? 


• What else could be sourcing a nHz 
GWB?

SMBHs and New Physics?

Afzal et al (2023) corr.  author Kai Schmitz 2306.16219
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What about the strain spectrum?

Figure from from Agazie et al. (2023); corr. author Luke Kelley

⌦gw(f) =
2⇡2

3H2
0

f
2
h
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arXiv:2306.16220
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SMBHs and New Physics?

2306.16219
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Afzal et al (2023) corr.  author Kai Schmitz 2306.16219
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What is next?

NO SINGLE POINT FAILURE IN PTAs
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What is next?

MeerKAT & SKA

NO SINGLE POINT FAILURE IN PTAs



Summary
• PTA interdisciplinary and multimessenger science experiment: global radio campaigns, Gaia, 

fundamental physics, galaxy evolution, SMBH environments and more!

• There is something in all the data: common amplitude and evidence for HD correlations! 
Also in new EPTA and PPTA analyses (BF 60 Antoniadis et al. 2023; BF few Reardon et al. 
2023; CPTA Xu et al. 2023, 4.6-sigma HD )

• Evidence for GWB? If so, detection soon, local nHz sources ~ 10 years, anisotropy to 
follow, and LISA!

• What’s next? Everything!

Now
+0!! +5 +10 +15 Years

GWB CGW Anisotropy LISA
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Building up the GWB and Anisotropy
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Babak + 2016;
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 Mingarelli (2020, 2021)

https://arxiv.org/abs/2006.14570
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