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SOME ASTRONOMY MILESTONES

first documented observations
1800 - 1600 BC

telescope is invented 
(1608)
confirmation of heliocentric theory

Kepler’s laws (1609 - 1619)

Newton’s laws (1687)

…

Hubble discovery of Universe expansion (1929)

first radio telescope
(1937)
CMB discovery (1964)

first binary pulsar is discovered (1974)

first millisecond pulsar is discovered (1983)

first space-based telescope
(1968)

full access to the electromagnetic spectrum

test of DM self-interactions (bullet cluster)

…
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THE BEGINNING OF A NEW JOURNEY

first GW observation (2015)

?
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THE BEGINNING OF A NEW JOURNEY

first GW observation (2015)
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PULSARS
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PULSARS AS CLOCKS

 timing residualsδt
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A GALAXY-SIZED DETECTOR FOR GW
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NOISE vs SIGNAL

time

δt
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NOISE vs SIGNAL

NOISE
pulsar dependent

spatially uncorrelated

SIGNAL
common across pulsars

spatially correlated
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ABSTRACT

We search for an isotropic stochastic gravitational-wave background (GWB) in the 12.5-year pulsar-
timing data set collected by the North American Nanohertz Observatory for Gravitational Waves. Our
analysis finds strong evidence of a stochastic process, modeled as a power-law, with common amplitude
and spectral slope across pulsars. Under our fiducial model, the Bayesian posterior of the amplitude
for an f�2/3 power-law spectrum, expressed as the characteristic GW strain, has median 1.92 ⇥ 10�15

and 5%–95% quantiles of 1.37–2.67⇥10�15 at a reference frequency of fyr = 1 yr�1; the Bayes factor in
favor of the common-spectrum process versus independent red-noise processes in each pulsar exceeds
10, 000. However, we find no statistically significant evidence that this process has quadrupolar spatial
correlations, which we would consider necessary to claim a GWB detection consistent with general
relativity. We find that the process has neither monopolar nor dipolar correlations, which may arise
from, for example, reference clock or solar system ephemeris systematics, respectively. The amplitude
posterior has significant support above previously reported upper limits; we explain this in terms of
the Bayesian priors assumed for intrinsic pulsar red noise. We examine potential implications for the
supermassive black hole binary population under the hypothesis that the signal is indeed astrophysical
in nature.

Keywords: Gravitational waves – Methods: data analysis – Pulsars: general

1. INTRODUCTION

Pulsar-timing arrays (PTAs; Sazhin 1978; Detweiler
1979; Foster & Backer 1990) seek to detect very-low-
frequency (⇠ 1–100 nHz) gravitational waves (GWs) by
monitoring the spatially correlated fluctuations induced
by the waves on the times of arrival of radio pulses from
millisecond pulsars (MSPs). The dominant source of
gravitational radiation in this band is expected to be the
stochastic background generated by a cosmic population
of supermassive black hole binaries (SMBHBs; Sesana
et al. 2004; Burke-Spolaor et al. 2019). Other more
speculative stochastic GW sources in the nanohertz fre-
quency range include cosmic strings (Siemens et al. 2007;
Blanco-Pillado et al. 2018), phase transitions (Caprini
et al. 2010; Kobakhidze et al. 2017), and a primordial
GW background (GWB) produced by quantum fluctua-

⇤
NANOGrav Physics Frontiers Center Postdoctoral Fellow

tions of the gravitational field in the early universe, am-
plified by inflation (Grishchuk 1975; Lasky et al. 2016).

The North American Nanohertz Observatory for
Gravitational Waves (NANOGrav; Ransom et al. 2019)
has been acquiring pulsar-timing data since 2004.
NANOGrav is one of three major PTAs along with the
European Pulsar Timing Array (EPTA; Desvignes et al.
2016), and the Parkes Pulsar Timing Array (PPTA;
Kerr et al. 2020). Additionally, there are growing PTA
e↵orts in India (Joshi et al. 2018) and China (Lee
2016), as well as some telescope-centered timing pro-
grams (Bailes et al. 2018; Ng 2018). In concert, these
collaborations support the International Pulsar Timing
Array (IPTA; Perera et al. 2019). Over the last decade,
PTAs have produced increasingly sensitive data sets, as
seen in the steady march of declining upper limits on
the stochastic GWB (van Haasteren et al. 2011; Demor-
est et al. 2013; Shannon et al. 2013; Lentati et al. 2015;
Shannon et al. 2015; Verbiest et al. 2016; Arzoumanian

Arzoumanian et al. [2009.04496]

https://arxiv.org/abs/2009.04496
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EVIDENCE FOR A COMMON SIGNAL

Arzoumanian et al. [2009.04496] Agazie et al. [2306.16213]

https://arxiv.org/abs/2009.04496
https://arxiv.org/abs/2306.16213
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WHAT ABOUT CORRELATIONS?

Arzoumanian et al. [2009.04496]

https://arxiv.org/abs/2009.04496
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WHAT ABOUT CORRELATIONS?

we find evidence for Hellings & Downs correlation with a -value of  (approx. )p 5 × 10−5 − 1.9 × 10−4 3.5 − 4σ

Agazie et al. [2306.16213]

https://arxiv.org/abs/2306.16213
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OTHER PTAs

credits: Thankful Cromartie
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OTHER PTAs
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GWB FROM SMBHB
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3. SMBHB binary evolution
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GWB FROM SMBHB
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number density of SMBHB binaries

GW signal from individual SMBHB

the SMBHB density depends on 

1. galaxies merger rate

2. SMBHB - galaxy mass relation

3. SMBHB binary evolution
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EXPECTATIONS Agazie et al. [2306.16220]

https://arxiv.org/abs/2306.16220
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ADJUSTING EXPECTATIONS
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THE BIG PUZZLES

dark matter

qq̄

baryon asymmetry
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THE BIG PUZZLES

dark matter
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baryon asymmetrydark matter
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THE BIG PUZZLES

dark energy
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THE BIG PUZZLES

baryon asymmetry

inflation

dark energyinflation
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THE BIG PUZZLES

baryon asymmetry

inflation

dark energyinflationneutrino masses 
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FINDING THE RIGHT THEORY
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GWB from cosmological phase transitions
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https://arxiv.org/abs/2306.16219
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OTHER SUSPECTS
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OTHER SUSPECTS
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astrophysics or new physics?
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Pol et al. [2010.11950]

SPECTRAL SHAPE

https://arxiv.org/abs/2010.11950
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SINGLE SOURCE
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Agazie et al. [2306.16222]

SINGLE SOURCE

https://arxiv.org/abs/2306.16222
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SINGLE SOURCE

Agazie et al. [2306.16222]

https://arxiv.org/abs/2306.16222
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SINGLE SOURCE

Agazie et al. [2306.16222]

https://arxiv.org/abs/2306.16222
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SINGLE SOURCE

https://arxiv.org/abs/1503.04803
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ANISOTROPIES
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Agazie et al. [2306.16221]

https://arxiv.org/abs/2306.16221
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OTHER GWs EXPERIMENTS
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Afzal et al. [2306.16219]
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PTAs are not only a discovery tool!
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Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219
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<latexit sha1_base64="49xkPfrphmjmdXvHOFJ9RvuD8I8="></latexit>
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gravitational signal
<latexit sha1_base64="Z/+JH9LCyKcuKpgqogp0j4RWt34=">AAACHHicbVC7TsMwFHV4lvIKMLJYVEhlqRLeI4IBxiJRWqkJleM61KrtRPYNUhX1Q1j4FRYGEGJhQOJvcNMOvI5k+fice3V9T5QKbsDzPp2p6ZnZufnSQnlxaXll1V1bvzZJpilr0EQkuhURwwRXrAEcBGulmhEZCdaM+mcjv3nHtOGJuoJBykJJbhWPOSVgpY67Z6qwExgucRBrQvPzQPeSTpD2+DCXxX2zN7S+qu6Onxh2Om7Fq3kF8F/iT0gFTVDvuO9BN6GZZAqoIMa0fS+FMCcaOBVsWA4yw1JC++SWtS1VRDIT5sVyQ7xtlS6OE22PAlyo3ztyIo0ZyMhWSgI989sbif957Qzi4zDnKs2AKToeFGcCQ4JHSeEu14yCGFhCqOb2r5j2iA0JbJ5lG4L/e+W/5Hq35h/WDi73KyenkzhKaBNtoSry0RE6QReojhqIonv0iJ7Ri/PgPDmvztu4dMqZ9GygH3A+vgB9FKGg</latexit>
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direct coupling signals
<latexit sha1_base64="C3vg+JDwmT1leXY69B3v04LbF7Y="></latexit>
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Kaplan, AM, Trickle [2205.06817]Khmelnitsky, Rubakov [1309.5888]

https://arxiv.org/abs/2205.06817
https://arxiv.org/abs/1309.5888
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