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Figure 1. Posteriors for a common-spectrum process in NG12, as recovered with four models: free-spectrum (gray violin plots
in left panel), broken power law (solid blue lines and contours), five frequency power law (dashed orange lines and contours), and
30 frequency power law (dot-dashed green lines and contours). In the left panel, the violin plots show marginalized posteriors of
the equivalent amplitude of the sine-cosine Fourier pair at the frequencies on the horizontal axis; the lines show the maximum
likelihood power laws in the left panel, and the 1-� (thicker) and 2-� posterior contours for amplitude and spectral slope in the
right panel. The dotted vertical line in the left panel sits at fyr = 1yr�1, where PTA sensitivity is reduced by the fitting of pulsar
timing-model parameters; the corresponding free-spectrum amplitude posterior is unconstrained. The dashed vertical line in
the right panel sits at � = 13/3; the expected value for a GWB produced by a population of inspiraling SMBHBs. For both the
broken power law and five frequency power law models, the amplitude (ACP) posterior shown on the right is extrapolated from
the lowest frequencies to the reference frequency fyr. We observe that the slope and amplitude of the 30-frequency power law
are driven by higher-frequency noise, whereas the five-frequency power law recovers the low-frequency GWB-like slope of the
free spectrum and broken power law.

with �red. There is a separate (Ared, �red) pair for each
pulsar in the array.

As in NG9gwb and NG11gwb, we implemented power-
law Gaussian processes in rank-reduced fashion, by ap-
proximating them as a sum over a sine–cosine Fourier
basis with frequencies k/T and prior (weight) covari-
ance / Sab(k/T ), where T is the span between the min-
imum and maximum TOA in the array (van Haasteren
& Vallisneri 2014). We use the same basis vectors to
model all red noise in the array, both pulsar-intrinsic
noise and global signals, like the GWB. Using a common
set of vectors helps the sampling, and reduces the likeli-
hood computation time. In previous work, the number
of basis vectors was chosen to be large enough (with
k = 1, . . . , 30) that inference results (specifically the
Bayesian upper limit) for a common-spectrum signal be-
came insensitive to adding more components. However,
doing so has the disadvantage of potentially coupling
white noise to the highest-frequency components of the
red-noise process, thus biasing the recovery of the pu-
tative GWB, which is strongest in the lowest-frequency
bins.

For this paper, we revisit the issue and set the num-
ber of frequency components used to model common-
spectrum signals to five, on the basis of theoretical ar-
guments backed by a preliminary analysis of the data

set. We begin with the former. By computing a strain
spectrum sensitivity curve for the 12.5-year data set us-
ing the hasasia tool (Hazboun et al. 2019) and obtaining
the signal-to-noise ratio (S/N) of a � = 13/3 power-law
GWB, we observed that the five lowest frequency bins
contribute 99.98% of the S/N, with the majority coming
from the first bin. We also injected a � = 13/3 power-
law GWB into the 11-year data set NG11, and measured
the response of each frequency using a 30-frequency free
spectrum model, in which we allowed the variance of
each sine–cosine pair in the red-noise Fourier basis to
vary independently. We observed that the lowest few
frequencies are the first to respond as we raised the
GWB amplitude from undetectable to detectable lev-
els (see Figure 13). The details of this injection analysis
are described in Appendix A.

Moving on to empirical arguments, in Figure 1
we plot the power-spectrum estimates for a spatially-
uncorrelated common-spectrum process in the 12.5-year
dataset, as computed for a free-spectrum model (gray
violin plots), for variable-� power-law models with five
and 30 frequency components (dashed lines, showing
maximum a posteriori values, as well as 1-�/2-� poste-
rior contours), and for a broken power-law model (solid
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Figure 1. Posteriors for a common-spectrum process in NG12, as recovered with four models: free-spectrum (gray violin plots
in left panel), broken power law (solid blue lines and contours), five frequency power law (dashed orange lines and contours), and
30 frequency power law (dot-dashed green lines and contours). In the left panel, the violin plots show marginalized posteriors of
the equivalent amplitude of the sine-cosine Fourier pair at the frequencies on the horizontal axis; the lines show the maximum
likelihood power laws in the left panel, and the 1-� (thicker) and 2-� posterior contours for amplitude and spectral slope in the
right panel. The dotted vertical line in the left panel sits at fyr = 1yr�1, where PTA sensitivity is reduced by the fitting of pulsar
timing-model parameters; the corresponding free-spectrum amplitude posterior is unconstrained. The dashed vertical line in
the right panel sits at � = 13/3; the expected value for a GWB produced by a population of inspiraling SMBHBs. For both the
broken power law and five frequency power law models, the amplitude (ACP) posterior shown on the right is extrapolated from
the lowest frequencies to the reference frequency fyr. We observe that the slope and amplitude of the 30-frequency power law
are driven by higher-frequency noise, whereas the five-frequency power law recovers the low-frequency GWB-like slope of the
free spectrum and broken power law.
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els (see Figure 13). The details of this injection analysis
are described in Appendix A.
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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
(NANOGrav). Our analysis finds strong evidence of a stochastic process, modeled as a power-law,
with common amplitude and spectral slope across pulsars. The Bayesian posterior of the amplitude
for a f�2/3 power-law spectrum, expressed as 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-
tions of the gravitational field in the early Universe, am-
plified by inflation (Grishchuk 1975; Lasky et al. 2016).

⇤
NANOGrav Physics Frontiers Center Postdoctoral Fellow

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
et al. 2016; Arzoumanian et al. 2018b). It was widely
expected that the first inklings of a GWB would man-
ifest in the stagnation of improvement in upper limits,
followed by the emergence of a spatially uncorrelated

https://arxiv.org/abs/2009.04496

https://arxiv.org/abs/2009.04496


✤ Nanohertz Gravitational waves , stochastic GWB 
✤ Pulsar Timing Arrays & interferometric GW detection 

✤ From radio signals to a possible GWB detection 
✤ Pulsar signals 

✤ Timing models 

✤ Residual analysis 

https://arxiv.org/abs/1811.08826

https://arxiv.org/abs/2005.06495

https://arxiv.org/abs/2005.06490 (NG12)

https://arxiv.org/abs/1201.6641

https://arxiv.org/abs/1509.02165 (EPTA)

https://arxiv.org/abs/1801.02617 (NG11gwb)

https://www.nature.com/articles/217709a0

https://arxiv.org/abs/1811.08826
https://arxiv.org/abs/1811.08826
https://arxiv.org/abs/2005.06495
https://arxiv.org/abs/2005.06495
https://arxiv.org/abs/2005.06490
https://arxiv.org/abs/2005.06490
https://arxiv.org/abs/1201.6641
https://arxiv.org/abs/1509.02165
https://arxiv.org/abs/1509.02165
https://arxiv.org/abs/1801.02617
https://arxiv.org/abs/1801.02617
https://www.nature.com/articles/217709a0


NanoHz GW 

https://arxiv.org/abs/1811.08826

based on Astrophysics of NanoHz GW , 
A&A review , 2019

https://arxiv.org/abs/1811.08826
https://arxiv.org/abs/1811.08826


The Astronomy and Astrophysics Review (2019) 27:5
https://doi.org/10.1007/s00159-019-0115-7

REV IEW ART ICLE

The astrophysics of nanohertz gravitational waves

Sarah Burke-Spolaor, et al. [full author details at the end of the article]

Received: 8 November 2018 / Published online: 18 June 2019
© The Author(s) 2019

Abstract
Pulsar timing array (PTA) collaborations in North America, Australia, and Europe,
have been exploiting the exquisite timing precision ofmillisecond pulsars over decades
of observations to search for correlated timing deviations induced by gravitational
waves (GWs). PTAs are sensitive to the frequency band ranging just below 1nanohertz
to a few tens of microhertz. The discovery space of this band is potentially rich with
populations of inspiraling supermassive black hole binaries, decaying cosmic string
networks, relic post-inflation GWs, and even non-GW imprints of axionic dark matter.
This article aims to provide an understanding of the exciting open science questions
in cosmology, galaxy evolution, and fundamental physics that will be addressed by
the detection and study of GWs through PTAs. The focus of the article is on providing
an understanding of the mechanisms by which PTAs can address specific questions
in these fields, and to outline some of the subtleties and difficulties in each case. The
material included is weighted most heavily toward the questions which we expect will
be answered in the near-term with PTAs; however, we have made efforts to include
most currently anticipated applications of nanohertz GWs.

Keywords Gravitational waves · Stars · Neutron · Galaxies · Evolution · Black hole
physics · Cosmology · Miscellaneous

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 Pulsar timing in brief . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Pulsar timing and timing residuals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 The pulsar term, the Earth term, and correlation analysis . . . . . . . . . . . . . . . . . . . 5
2.3 Types of gravitational-wave signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 The population and evolution of supermassive black hole binaries . . . . . . . . . . . . . . . . . 10
3.1 GW emission from supermassive black hole binaries . . . . . . . . . . . . . . . . . . . . . 12

3.1.1 PTAs and the binary life cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1.2 Continuous waves: binary inspiral . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1.3 Memory: binary coalescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1.4 The stochastic binary gravitational-wave background . . . . . . . . . . . . . . . . . . 15
3.1.5 Gravitational-wave background anisotropy . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Supermassive binaries and their environments . . . . . . . . . . . . . . . . . . . . . . . . . 18

123

The astrophysics of nanohertz gravitational waves Page 31 of 78 5

Fig. 10 Plot of the gravitational
wave spectrum in terms of the
dimensionless parameter !, as a
function of frequency in hertz.
The figure shows cosmic
(super)string spectra for p= 1
for values of the (dimensionless)
string tension Gµ/c2 in the
range of 10−23–10−9, as well as
the spectrum produced by
supermassive binary black holes
(SMBBH), along with the
current and future experimental
constraints. The figure is from
Blanco-Pillado et al. (2018)

5 The nature of gravity

Understanding gravity—and testing general relativity as a theory of gravity—
is a leading pursuit of most GW detectors, and PTAs are no exception to this.
Polarizationmodes:Upon a high-significance detection of gravitational radia-
tion, PTAs will be able to assess its polarization; this is done by correlating the
residuals of pairs of pulsars and constructing an angular correlation function
based on the angle between the pair. This can be measured regardless of the
type of radiation (continuous, memory, background, etc.). By characterizing
the shape of the correlation function, the polarization mode of the signal can
be measured. Various classes of gravity models, including General Relativity,
will be supported or ruled out. PTAs will explore targets other than ground-
and space-based interferometry, permitting competitive and independent con-
straints on theories of gravity.
Graviton mass and gravity group velocity: Variations in the graviton mass
will cause slight variations to the correlation function which may be detected
if PTAs acquire sufficient measurement precision. Graviton mass can also be
constrained or measured by the temporal offset of any co-detected electro-
magnetic counterpart to a single GW source. If the graviton mass is minimal
(mg ≪ 10−22 eV), which appears to be based on recent LIGO measure-
ments, PTAs will instead produce precise limits on the group velocity of GWs.

For context, we finish this section by summarizing three examples of theories
that PTAs can test, which make several predictions that differ from general
relativity.

General relativity has been an exceptionally successful physical theory and contin-
ues to stand up to over 100 years of tests of its accuracy (Will 2014). Pulsar timing of
a pulsar–neutron star binary provided the first indirect proof of gravitational radiation
(Taylor andWeisberg 1982), while subsequent studies of the pulsar–pulsar binary have
led to tests of GR to exquisite precision (e. g., Kramer and Stairs 2008). This includes
the discovery of what had been the remaining unobserved prediction of Einstein for
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Fig. 10 Plot of the gravitational
wave spectrum in terms of the
dimensionless parameter !, as a
function of frequency in hertz.
The figure shows cosmic
(super)string spectra for p= 1
for values of the (dimensionless)
string tension Gµ/c2 in the
range of 10−23–10−9, as well as
the spectrum produced by
supermassive binary black holes
(SMBBH), along with the
current and future experimental
constraints. The figure is from
Blanco-Pillado et al. (2018)

5 The nature of gravity
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LIGO and Virgo will use dual recycled Fabry-Perot interferometers including input mode 
cleaner and output mode cleaner

Dual recycled Fabry-Perot interferometer During our detection of GW150914 the mirrors moved by about 10-18 m
Detecting gravitational waves with an interferometer

42

Virgo sensitivity: best value about 50 Mpc
Significant improvement with respect to the best sensitivity obtained in O2. However, we see a flat 
noise contribution at mid-frequencies, significant noise around 50 Hz. Virgo uses 18 W of power
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VIRGO/LIGO : path length 
difference detection , a small fraction 
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path length ~ 1000 km (multiple 
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Hz , and 10-6 λopt  for h ~10-18
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(a) (c) (e)

(b) (d) (f)

Fig. 11 The six possible GW polarizations in synchronous gauge where hµ0 = 0. The solid and dotted
line in each case represents the maxima and minima in the strain variations induced by an oscillatory GW.
General relativity predicts only plus and cross modes; however, some theories outlined in Sect. 5.3 give rise
to the other modes. Reproduced from Nishizawa et al. (2009)
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0 0 1
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⎞

⎠ , (21)

where we have normalized these polarization tensors to satisfy ePi j e
i j
P ′ = δP,P ′ . Three

of these polarization tensors (+/×, and b) are transverse; the other scalar mode and
the two vector components are longitudinal, as shown in Fig. 11.

PTAs are sensitive to the polarization of GWs of any sufficiently bright source,
including single sources, the stochastic background, etc. (Chatziioannou et al. 2012).
For illustration, let us imagine a single, high-intensity plane GW traveling along the
positive z-axis as we observe a PTAwith pulsar pairs scattered across the sky, with any
two pulsars separated by some arbitrary sky angle θ . For our single wave with various
polarization modes induced, we show the predicted modulation of the observed pulse
phase at various sky positions in Fig. 12. Here, we can see the quadrupolar response to
the usual plus and cross polarization, the dipolar response to the vector polarizations,
and the monopolar response to the scalar polarizations.

For eachpulsar pair,we canmeasure the correlated response of their timing residuals
and plot this response as a function of a pairs’ angular separation, θ . The shape of this
angular correlation function of pulse residuals, C(θ), will be different depending on
the type of polarization in the GW being observed. In Fig. 13 , we show the correlation
of residuals for a collection of pulsar pairs separated by an angle θ (i.e., the Hellings
and Downs curve, first formulated by Hellings and Downs 1983 ). We can see that each
of the different polarization states generates a distinct correlation structure which can,
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Nanohertz GW with PTA 

• Pulsars : (super ?) stable clocks , located in the galaxies, at kpc typical

distances

• GW frequencies ⌫ ⇠ 10
�8

Hz �! �GW ⇠ 3. 1016 m ⇠ 1pc

• A nanoHz GW strength h ⇠ 10
�15

would then produce a path di↵erence

of ⇠ 30 meters, or a time delay of ⇠ 30 ns

• GW wave detection would be based on observing few tens of ns change in

the pulsar period, over few years duration (1 year ⇠ 3. 107s )

• the changes should be correlated between pulsars, when the delay is caused

by the earth term
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2 Pulsar timing in brief

Here, we introduce the critical concepts for understanding how PTAs can
access their target science.
Timing residuals: Evidence of GWs can be seen by the influence they have on
the arrival time of pulsar signals at the Earth. The measured versus predicted
arrival time of pulses, as a function of time, is referred to as the timing residuals.
Pulsar versus Earth term: A propagating GW will pass both the pulsar and
Earth, affecting their local space–time at different times. Pulsar timing can
detect a GW’s passage through an individual pulsar (“pulsar term”), and can
detect a wave’s passage through the Earth (“Earth term”) as a signal correlated
between pulsars.
Correlation analysis: While we can detect the Earth or pulsar term in one
pulsar, aGWcanonlybe confidently detectedbyobserving the correlated influ-
ence of the GW on multiple pulsars, demonstrating a dominantly quadrupolar
signature.
GW signals:

• Continuous waves from orbiting binary black holes.
• GW bursts from single-encounter supermassive black hole (SMBH) pairs
and cosmic strings.

• Bursts with memory, singular, rapid and permanent step changes in space
time that can accompanySMBHbinary (SMBHB) coalescence and cosmic
strings.

• GW background, the combined sum from all sources of GW emission.

2.1 Pulsar timing and timing residuals

We time a pulsar by building a “timing model”, which is a mathematical description
of anything we know about what will affect the arrival times of its pulses at the Earth
(for details on how precision pulse arrival times are measured, see e. g., Lorimer
and Kramer 2012). Effects we know about and model include (but are not limited to)
the time-dependent position of the Earth in the solar system, the natural slowing of a
pulsar’s period due to rotational energy loss, and any orbital motion of the pulsar, if it is
in a binary. The parameters of the timing model are iteratively refined to minimize the
root mean square (RMS) of the “timing residuals”, which are the difference between
the observed pulse arrival time and the arrival time expected based on the timingmodel.

As a GW moves between the Earth and a pulsar, it alters the local space–time, and
thus changes the effective path length light must travel. By this process, the pulses will
arrive slightly earlier or later than expected. GWs and any other processes influencing
pulse arrival times that are unaccounted for in the timing model will manifest as
structure in the pulsar’s timing residuals. Since a pulsar’s timing model is modified
over time to remove as much structure as possible from the timing residuals (forming
so-called “post-fit” timing residuals), some of the residual structure induced by a GW
will be effectively “absorbed” by the timing model.
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Fig. 3 Binary SMBHs can form during a major merger. Pulsar timing arrays’ main targets are continuous-
wave binaries within ∼0.1pc separation (second panel in the lower figure; Sect. 3.1.2), although we may
on rare occasion detect “GW memory” from a binary’s coalescence (Favata 2010, Sect. 3.1.3). Millions of
such binaries will contribute to a stochastic GW background, also detectable by PTAs (Sect. 3.1.4). A major
unknown in both binary evolution theory and GW prediction is the means by which a binary progresses
from ∼10pc separations down to ∼0.1pc, after which the binary can coalesce efficiently due to GWs (e. g.,
Begelman et al. 1980). If it cannot reach sub-parsec separations, a binary may “stall” indefinitely; such
occurrences en masse can cause a drastic reduction in the ensemble GWs from this population. Alternately,
if the binary interacts excessively with the environment within 0.1pc orbital separations, the expected
strength and spectrum of the expected GWs will change. Image credits: Galaxies, Hubble/STSci; 4C37.11,
Rodriguez et al. (2006); Simulation visuals, C. Henze/NASA; Circumbinary accretion disk, C. Cuadra

of structure formation, galaxies and SMBHs grow through a continuous process of gas
and dark matter accretion, interspersed with major and minor mergers. Major galaxy
mergers form binary SMBHs, and these are currently the primary target for PTAs. In
this section, we lay out a detailed picture of what is not known about the SMBHB
population, how those unknowns influence GW emission from this population, and
what problems PTAs can solve in this area of study.

In Fig. 3, we summarize the life cycle of binary SMBHs. SMBHB formation begins
with a merger between two massive galaxies, each containing their own SMBH.
Through the processes of dynamical friction and mass segregation, the SMBHs will
sink to the center of themerger remnant through interactionswith the galactic gas, stars,
and dark matter. Eventually, they will form a gravitationally bound SMBHB (Begel-
man et al. 1980). Through continued interaction with the environment, the binary orbit
will tighten, and GW emission will increasingly dominate their evolution.

Any detection of GWs in the nanohertz regime, either from the GW background or
from individual SMBHBs, will be by itself a great scientific accomplishment. Beyond
that first detection, however, there are a variety of scientific goals that can be attained
from detections of the various types of GW signals. The subsections below discuss
these in turn, first setting up GW emission from SMBHB systems and then detailing
the influence of environmental interactions. Each section describes a different aspect
of galaxy evolution that PTAs can access.
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mergers form binary SMBHs, and these are currently the primary target for PTAs. In
this section, we lay out a detailed picture of what is not known about the SMBHB
population, how those unknowns influence GW emission from this population, and
what problems PTAs can solve in this area of study.

In Fig. 3, we summarize the life cycle of binary SMBHs. SMBHB formation begins
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Through the processes of dynamical friction and mass segregation, the SMBHs will
sink to the center of themerger remnant through interactionswith the galactic gas, stars,
and dark matter. Eventually, they will form a gravitationally bound SMBHB (Begel-
man et al. 1980). Through continued interaction with the environment, the binary orbit
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Any detection of GWs in the nanohertz regime, either from the GW background or
from individual SMBHBs, will be by itself a great scientific accomplishment. Beyond
that first detection, however, there are a variety of scientific goals that can be attained
from detections of the various types of GW signals. The subsections below discuss
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Fig. 1 Each panel shows pulsar timing residuals for three pulsars (black triangles, red stars, blue circles)
simulated with weekly observing cadence and 1ns of white noise in their arrival times. The pulsar-to-pulsar
variations demonstrate how the quadrupolar signature of GWs will manifest as correlated timing residuals
in distinct pulsars. Note that 1ns is not a noise level yet achieved for any pulsar; however, here it allows us
to demonstrate each observable signal type with a high signal-to-noise ratio. Panels are: a continuous waves
from an equal mass 109 M⊙ SMBHB at redshift z = 0.01. The distortion from a perfect sinusoid is caused
by self-interference from the pulsar term (Sect. 2.2). In this case, the pulsar term has a lower frequency
because we see the effects on the pulsar from an earlier phase in the SMBHB’s inspiral evolution. This
interferes with the Earth term, which takes a direct path from the source to Earth and therefore is a view of
a more advanced stage of evolution. b A GW background with hc = 10−15 and α = −2/3. c A memory
event ofh= 5× 10−15, whose wavefront passes the Earth on day 1500. d A burst source with an arbitrary
waveform

Simulated post-fit residuals influenced by a variety of GW signals, which PTAs
are poised to detect, are illustrated in Fig. 1. Residuals for three different pulsars are
shown to demonstrate how the GW signal can vary from pulsar to pulsar. As can be
easily seen, PTAs are sensitive to effects that last on timescales from ∼weeks, which
is the approximate cadence of pulsar observations, to decades, which is how long
PTA experiments have been running. We note that the scale of these GW effects is
realistic given the properties of SMBHBs, but the noise level is optimistically small
by a factor of 20 or more depending on the pulsar. Since realistic signals will not
have such a high signal-to-noise ratio, PTAs time dozens of pulsars to mitigate signal-
to-noise limitations in individual pulsars and search for correlations in their timing
residuals.

2.2 The pulsar term, the Earth term, and correlation analysis

A GW passing through the galaxy perturbs the local space–time at the Earth and at
the pulsar, but at different times. Pulsar timing can detect a GW’s passage through
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event ofh= 5× 10−15, whose wavefront passes the Earth on day 1500. d A burst source with an arbitrary
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Simulated post-fit residuals influenced by a variety of GW signals, which PTAs
are poised to detect, are illustrated in Fig. 1. Residuals for three different pulsars are
shown to demonstrate how the GW signal can vary from pulsar to pulsar. As can be
easily seen, PTAs are sensitive to effects that last on timescales from ∼weeks, which
is the approximate cadence of pulsar observations, to decades, which is how long
PTA experiments have been running. We note that the scale of these GW effects is
realistic given the properties of SMBHBs, but the noise level is optimistically small
by a factor of 20 or more depending on the pulsar. Since realistic signals will not
have such a high signal-to-noise ratio, PTAs time dozens of pulsars to mitigate signal-
to-noise limitations in individual pulsars and search for correlations in their timing
residuals.

2.2 The pulsar term, the Earth term, and correlation analysis

A GW passing through the galaxy perturbs the local space–time at the Earth and at
the pulsar, but at different times. Pulsar timing can detect a GW’s passage through
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Fig. 4 The GW spectrum at nanohertz frequencies from supermassive black hole binaries. We adapted the
data from the SMBH binary populations and evolutionary models of Kelley et al. (2017a) and Kelley et al.
(2017b), highlighting the effects of variations in particular binary model parameters on the resulting GW
spectrum. The dashed black line is the spectrum using only the population mass distribution and assuming
GW-driven evolution, and the gray-shaded region represents the uncertainty in the overall distribution of
SMBHB in the universe. The cyan (orange) line is the GW background from a particular realization of an
SMBHB population using a high (low) eccentricity model. The time sampling corresponds to a PTA with
duration of 20 years and a cadence of 0.05 year. The NANOGrav 11 year detection sensitivity and GW
background upper limits (Arzoumanian et al. 2018a) are illustrated with a gray dotted line and triangle,
respectively, while the EPTA (Lentati et al. 2015) and PPTA (Shannon et al. 2015) upper limits are denoted
by a square and circle, respectively. We note that the PPTA limit appears to be most constraining; however,
it is known to be sensitive to the choice of planetary ephemeris; this effect has been accounted for in
subsequent analysis of other PTA data and results in less constraining limits (Arzoumanian et al. 2018a).
Note: the shaded regions are schematic

outline how many discrete continuous-wave sources can contribute to a GW back-
ground.

The calculation reveals the cosmological and astrophysical factors that can influence
the spectral amplitude and shape of the GWbackground (Rajagopal and Romani 1995;
Sesana et al. 2004; Wyithe and Loeb 2003). In particular, we typically calculate the
characteristic strain spectrum from an astrophysical population of inspiraling compact
binaries (e.g., that shown in Fig. 4) as

h 2c( f ) =
∫ ∞
0 dz

∫ ∞
0 dM1

∫ 1
0 dq d4N

dz dM1 dq dtr

×∑∞
n =1

{
g [n ,e( fK ,r )]

(n /2)2
dtr

d ln fK ,r
h 2( fK ,r )

}
, (10)

where the contributing factors are:

(i) d4N/dzdM1dq dtr is the comoving occupation function of binaries per redshift,
primary mass, and mass–ratio interval, where tr measures time in the binary’s
rest frame. (Uncertainties in this quantity are illustrated as the gray shaded region
in Fig. 4.)

(ii) The expressionwithin {· · · } describes the distribution of GWstrain over harmon-
ics, n , of the binary orbital frequency when the system is eccentric. As previously
noted, a circular system will emit at twice the orbital frequency, while eccentric
systems emit at the orbital frequency itself as well as higher harmonics. The func-
tion g (n , e) is a distribution function whose form is given in Peters and Mathews
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Gravitational waves

Fig. 6 Gravitational waves spanning thousands of years in a binary’s evolutionary cycle can be detected
from a continuous GW source by using the pulsar term. As an example, we have drawn a few pulsars with
line-of-sight path length differences to the Earth. These relative time delays between the pulsar terms can
be used to probe the evolution and the dynamics of an SMBHB systems over these many thousands of
years. Right: a major galaxy merger leads to the creation of an SMBHB, emitting nanohertz GWs. Left: the
pulsar term from each pulsar probes a different part of the SMBHB evolution, since they are all at different
distances from the Earth. The blue sinusoid is a cartoon of the GW waveform and shows that the pulsar
terms can be coherently concatenated to probe the binary’s evolution, allowing one to measure, e.g., the
spin of the SMBHB (Mingarelli et al. 2012)

(such as a SMBHB) is evolving, the pulsar term encodes information about earlier
phases in the SMBH evolution. We can use this information to our advantage: when
a continuous GW signal is detected, one can look for the perturbation caused by the
same source in the pulsars, but thousands of years ago. These pulsar terms can be
used to map the evolution of an SMBHB system over many thousands of years: each
pulsar term is a snapshot of the binary during a different point in the history of its
evolution (Fig. 6; Mingarelli et al. 2012), and the phase evolution of the SMBHB can
thus be measured. This is important, since SMBH spins affect the phase evolution of
the binary, thus, constraining the phase evolution allows one to constrain the SMBH
spins (Mingarelli et al. 2012).

One estimates the number of expected gravitational wave cycles observed at the
Earth via the post-Newtonian expansion (Blanchet 2006), which is a function of the
SMBHmass and spin. For example, over a 10-year observation, an equal-mass 109 M⊙
SMBHB system with an Earth term frequency of 100 nHz should produce 32.1 gravi-
tational wave cycles, of which 31.7 are from the leading Newtonian order (or p0N), 0.9
wave cycles are from p1N order, and −0.7 are from p1.5N order. This last term is from
spin–orbit coupling and depends on the SMBH spins. Accessing the pulsar term when
it arrives at the Earth gives information about the SMBHB system over ∼ 3000 years
ago (roughly equivalent to the typical light travel time between the Earth and the pul-
sar). Over this time, one expects 4305.1 wave cyles, of which 4267.8 are Newtonian,
77.3 come from p1N order, −45.8 are from p1.5N order, etc... One can therefore see
at a glance that spinning binaries evolve more quickly, which in turn affects the phase
evolution of the waveform. This signal is imprinted in the pulsar terms of the pulsars
in the array, and is therefore only accessible via PTA observations of the pulsar terms.

However, to do pulsar term phase matching, we require that 2π f L < 1 to not lose
a single wave cycle, where f is the GW frequency and L is the distance to the pulsar.
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Fig. 16 LIGO, LISA, and PTAs have complementary coverage to study the full range of black hole
masses at various stages of the Universe. Here we show the approximate signal-to-noise ratio for the
complementary wavebands of these three instruments as they are currently (darker shading/black contours)
and in the early- to mid-2030’s era (lighter shading). This plot focuses only on individual (rather than
stochastic) black hole detections. All curves assume instrument-limited sensitivity, without an astrophysical
background. Individual inspiral/coalescence events at high redshift will be detectable by LISA, while
systems in the extended inspiral phase at higher masses and lower redshift are detectable by PTAs as
continuous gravitational waves. The source classes of LISA and PTAs are particularly linked through the
evolution of MBHs across cosmic time. Understanding the growth of MBHs will require the contributions
of both PTA and LISA data. Figure produced by Andrew Kaiser and Sean McWilliams (WVU); a more
rigorous version will be published in Kaiser & McWilliams (in prep)

the probability of a sequential detection being extremely low (4.7×10−4– 3.3×10−6

per year to merger per year of survey) due to the small number of individual sources
observable by both detectors (Spallicci 2013).

It is also possible to use ringdown observations made by LISA as triggers to search
PTA data for past continuous waves, or for memory-inducing SMBHB coalescence
events (Sect. 3.1.3). LISA can observe the ringdown of higher mass sources, even
when the inspiral andmerger happen outside of the LISA band, meaning there is better
overlap for direct observations of these sources with both PTAs and LISA. Parameter
constraints from observing the ringdown can be used to improve the search for the
inspiral, extrapolating a SMBHB model back in time to predict the expected gravita-
tional waveform throughout the previous years of pulsar observations. Currently, the
planned launch date for LISA is 2034, at which point PTAs will have accumulated
over 30 years of data that can be used for such a search.

Galactic sources of GWs that LISA will be able to study may, under certain cir-
cumstances, be possible to investigate with pulsar timing. Globular clusters (GCs)
likely host GW sources detectable by LISA (Kremer et al. 2018). GCs are also known
to host large populations of pulsars (Freire et al. 2017; Ransom et al. 2005). Pulsars
in a GC will be within a few parsecs of GW sources in that cluster and could act as
sensitive probes of those GWs (Jenet et al. 2005; Madison et al. 2017). Pulsars in GCs
have some limitations in sensitivity due to accelerations from intra-cluster dynamics,
which tend to cause low-frequency structure in the timing residuals of those pulsars,
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ABSTRACT
We have searched for continuous gravitational wave (CGW) signals produced by individually
resolvable, circular supermassive black hole binaries (SMBHBs) in the latest European Pulsar
Timing Array (EPTA) data set, which consists of ultraprecise timing data on 41-ms pulsars. We
develop frequentist and Bayesian detection algorithms to search both for monochromatic and
frequency-evolving systems. None of the adopted algorithms show evidence for the presence
of such a CGW signal, indicating that the data are best described by pulsar and radiometer
noise only. Depending on the adopted detection algorithm, the 95 per cent upper limit on the
sky-averaged strain amplitude lies in the range 6 × 10−15 < A < 1.5 × 10−14 at 5 nHz < f <

7 nHz. This limit varies by a factor of five, depending on the assumed source position and the
most constraining limit is achieved towards the positions of the most sensitive pulsars in the
timing array. The most robust upper limit – obtained via a full Bayesian analysis searching
simultaneously over the signal and pulsar noise on the subset of ours six best pulsars – is
A ≈ 10−14. These limits, the most stringent to date at f < 10 nHz, exclude the presence of
sub-centiparsec binaries with chirp mass Mc > 109 M⊙ out to a distance of about 25 Mpc,
and with Mc > 1010 M⊙ out to a distance of about 1Gpc (z ≈ 0.2). We show that state-of-
the-art SMBHB population models predict <1 per cent probability of detecting a CGW with
the current EPTA data set, consistent with the reported non-detection. We stress, however, that
PTA limits on individual CGW have improved by almost an order of magnitude in the last five
years. The continuing advances in pulsar timing data acquisition and analysis techniques will
allow for strong astrophysical constraints on the population of nearby SMBHBs in the coming
years.
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The direct detection of gravitational waves (GWs) is one of the pri-
mary goals of contemporary observational astrophysics. The access
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to GW information alongside well-established electromagnetic ob-
servations will be a milestone in our investigation of the Universe,
opening the era of multimessenger astronomy.

Precision timing of an array of millisecond pulsars (MSP; i.e.
a pulsar timing array, PTA) provides a unique opportunity to get
the very first low-frequency (nHz) GW detection. PTAs exploit
the effect of GWs on the propagation of radio signals from ul-
trastable MSPs to the Earth (e.g. Sazhin 1978; Detweiler 1979),
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ABSTRACT

We present time-of-arrival measurements and timing models of 47 millisecond pulsars (MSPs) ob-
served from 2004 to 2017 at the Arecibo Observatory and the Green Bank Telescope by the North
American Nanohertz Observatory for Gravitational Waves (NANOGrav). The observing cadence was
three to four weeks for most pulsars over most of this time span, with weekly observations of six
sources. These data were collected for use in low-frequency gravitational wave searches and for other
astrophysical purposes. We detail our observational methods and present a set of time-of-arrival (TOA)
measurements, based on “narrowband” analysis, in which many TOAs are calculated within narrow
radio-frequency bands for data collected simultaneously across a wide bandwidth. A separate set of
“wideband” TOAs will be presented in a companion paper. We detail a number of methodological
changes compared to our previous work which yield a cleaner and more uniformly processed data
set. Our timing models include several new astrometric and binary pulsar measurements, including
previously unpublished values for the parallaxes of PSRs J1832�0836 and J2322+2057, the secular
derivatives of the projected semi-major orbital axes of PSRs J0613�0200 and J2229+2643, and the
first detection of the Shapiro delay in PSR J2145�0750. We report detectable levels of red noise in
the time series for fourteen pulsars. As a check on timing model reliability, we investigate the stability
of astrometric parameters across data sets of di↵erent lengths. We report flux density measurements
for all pulsars observed. Searches for stochastic and continuous gravitational waves using these data
will be subjects of forthcoming publications.
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33Department of Physics, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139-4307
34Space Science Division, Naval Research Laboratory, Washington, DC 20375-5352, USA

35Department of Physics, Oregon State University, Corvallis, OR 97331, USA
36Centre for Astrophysics and Supercomputing, Swinburne University of Technology, P.O. Box 218, Hawthorn, Victoria 3122, Australia

37Department of Physics and Astronomy, Oberlin College, Oberlin, OH 44074, USA
38Department of Physics and Astronomy, Vanderbilt University, 2301 Vanderbilt Place, Nashville, TN 37235, USA

39Department of Physics, The Ohio State University, Columbus, OH 43210, USA
40National Astronomical Observatories, Chinese Academy of Science, 20A Datun Road, Chaoyang District, Beijing 100012, China

ABSTRACT

We present a new analysis of the profile data from the 47 millisecond pulsars comprising the 12.5-year
data set of the North American Nanohertz Observatory for Gravitational Waves (NANOGrav), which is
presented in a parallel paper (Alam et al. submitted to ApJS ; NG12.5). Our reprocessing is performed
using “wideband” timing methods, which use frequency-dependent template profiles, simultaneous
time-of-arrival (TOA) and dispersion measure (DM) measurements from broadband observations, and
novel analysis techniques. In particular, the wideband DM measurements are used to constrain the
DM portion of the timing model. We compare the ensemble timing results to NG12.5 by examining
the timing residuals, timing models, and noise model components. There is a remarkable level of
agreement across all metrics considered. Our best-timed pulsars produce encouragingly similar results
to those from NG12.5. In certain cases, such as high-DM pulsars with profile broadening, or sources
that are weak and scintillating, wideband timing techniques prove to be beneficial, leading to more
precise timing model parameters by 10�15%. The high-precision multi-band measurements in several
pulsars indicate frequency-dependent DMs. The TOA volume is reduced by a factor of 33, which
may ultimately facilitate computational speed-ups for complex pulsar timing array analyses. This first
wideband pulsar timing data set is a stepping stone, and its consistent results with NG12.5 assure us
that such data sets are appropriate for gravitational wave analyses.
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Table 1
List of Observed Millisecond Pulsars: Basic Parameters and Observing Setups

Source P dP/dt DM Pb Average Flux Density (mJy)a Obs

(ms) (10−20) (pc cm−3) (d) (327 MHz) (430 MHz) (820 MHz) (1.4 GHz) (2.3 GHz)

J0030+0451 4.87 1.02 4.33 · · · · · · 19.9 · · · 1.4 · · · AO
J0613–0200 3.06 0.96 38.78 1.2 · · · · · · 5.3 2.0 · · · GBT
J1012+5307 5.26 1.71 9.02 0.6 · · · · · · 7.6 3.9 · · · GBT
J1455–3330 7.99 2.43 13.57 76.2 · · · · · · 2.0 1.1 · · · GBT
J1600–3053 3.60 0.95 52.33 14.3 · · · · · · 3.1 2.3 · · · GBT
J1640+2224 3.16 0.28 18.43 175.5 · · · 10.9 · · · 1.0 · · · AO
J1643–1224 4.62 1.85 62.42 147.0 · · · · · · 12.3 4.2 · · · GBT
J1713+0747 4.57 0.85 15.99 67.8 · · · · · · 8.8 6.3 3.6 AO,GBT
J1744–1134 4.07 0.89 3.14 · · · · · · · · · 7.6 2.6 · · · GBT
J1853+1308 4.09 0.87 30.57 115.7 · · · · · · · · · 0.2 · · · AO
B1855+09 5.36 1.78 13.30 12.3 · · · 24.6 · · · 4.0 · · · AO
J1909–3744 2.95 1.40 10.39 1.5 · · · · · · 3.4 1.4 · · · GBT
J1910+1256 4.98 0.97 34.48 58.5 · · · · · · · · · 0.2 · · · AO
J1918–0642 7.65 2.57 26.60 10.9 · · · · · · 4.5 1.8 · · · GBT
B1953+29 6.13 2.97 104.50 117.3 · · · · · · · · · 1.0 0.1 AO
J2145–0750 16.05 2.98 9.03 6.8 · · · · · · 12.3 3.2 · · · GBT
J2317+1439 3.45 0.24 21.90 2.5 32.2 9.9 · · · · · · · · · AO

Note. a The presence of flux density values indicate the frequencies at which each source is observed.

this work, we have performed all of these steps using two
independent versions of pulsar data processing software, the
first based on the PSRCHIVE20 software (Hotan et al. 2004),
and the second based on ASPFitsReader (Ferdman 2008). This
procedure provides an important cross-check for errors in the
analysis software that might otherwise be hard to detect. Both
analysis pipelines performed the same procedures, aside from
template determination which was done only via PSRCHIVE.

Pulsar radio emission is typically highly polarized. While
our current analysis relies only on the total intensity profiles
for TOA determination, due to the high degree of polarization,
calibration errors can still distort the intensity profile shape,
leading to a TOA bias (e.g., van Straten 2006). A complete
description of the instrumental response to a polarized signal
is provided by the Mueller matrix, which is a radio-frequency-
dependent linear transformation from the intrinsic to observed
Stokes parameters (Heiles et al. 2001; van Straten 2004). While
we plan in future work to apply full Mueller matrix calibration
to these data, for the current analysis we correct only the
leading order terms, differential gain and phase between the
two polarization components of the telescope signal. This is
done via an injected calibration signal; immediately before or
after each pulsar observation, a noise diode switched at 25 Hz
is coupled into both polarization signal paths and measured
with the pulsar backends. This provides a constant reference
power versus frequency that is used to scale the pulsar data. The
equivalent flux density of the calibration signal is determined
separately for each polarization by observing the noise diode
along with a bright, unpolarized quasar of known flux density
(B1442+101 at Green Bank, J1413+1509 at Arecibo). This then
provides a second scaling to convert the pulsar data to flux
density units (Jy) separately in each linear (or circular for certain
receivers) polarization. The two calibrated total power terms
are then added together to form the total intensity (“Stokes I”)
profile, and the polarized profiles are not used further in this
analysis.

The calibrated pulse profiles are used to determine pulse
TOAs and their uncertainties by fitting for a pulse phase

20 http://psrchive.sourceforge.net

shift between each profile and a standard “template” profile
(Taylor 1992). The template ideally is a noise-free representation
of the average pulse profile shape; any noise present in the
template, especially if correlated with noise in the profiles,
can bias the TOAs (Hotan et al. 2005). For this work we
determine template profiles from our measured data in a two-
step process: the profiles are first roughly aligned using a
single-Gaussian template, then are summed together using
weights to optimize the signal-to-noise ratio (S/N) in the
final full-sum profile (see Demorest 2007, Equation (2.10)).
We then apply a translation-invariant wavelet transform and
thresholding (Coifman & Donoho 1995) to the profile to remove
its noise (Figure 2). The procedure is then iterated once, now
using the new template for alignment, to produce the final
template profiles used for determining TOAs. Before TOA
determination, the template profiles are rotated so that the phase
of their first harmonic component is zero. The wavelet noise
removal procedure is implemented in the PSRCHIVE program
psrsmooth. In this way, we obtained one template per pulsar
per receiver used to observe it. While all other processing steps
in this section were performed independently by both software
pipelines, for consistency the same set of templates was used in
both cases.

The standard template-matching procedure used for TOA
determination in this analysis is known to suffer problems
when applied to low-S/N data (Hotan et al. 2005). Therefore,
it is useful to average profiles over as much time and radio
bandwidth as possible to maximize the S/N before forming
TOAs, while still retaining enough resolution to measure all
appropriate instrumental or astrophysical effects. In this analysis
we will retain the native instrumental frequency resolution
(see Section 3.2), and have chosen to average over time all
profiles in a given frequency channel from each observing epoch
(typically 30 minutes). TOAs are then measured for each average
profile, resulting in a set of ∼20–30 TOAs (one per 4 MHz
frequency channel) per each dual-receiver pair of observing
epochs. The total number of TOAs for each pulsar are listed in
Table 2. As previously mentioned, we computed TOAs using
two independent analysis pipelines. After verifying that the two
pipelines produced consistent results, we focus the remainder of
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ABSTRACT

We present an analysis of high-precision pulsar timing data taken as part of the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav) project. We have observed 17 pulsars for a span of roughly
five years using the Green Bank and Arecibo radio telescopes. We analyze these data using standard pulsar
timing models, with the addition of time-variable dispersion measure and frequency-variable pulse shape terms.
Sub-microsecond timing residuals are obtained in nearly all cases, and the best rms timing residuals in this set are
∼30–50 ns. We present methods for analyzing post-fit timing residuals for the presence of a gravitational wave
signal with a specified spectral shape. These optimally take into account the timing fluctuation power removed by
the model fit, and can be applied to either data from a single pulsar, or to a set of pulsars to detect a correlated
signal. We apply these methods to our data set to set an upper limit on the strength of the nHz-frequency stochastic
supermassive black hole gravitational wave background of hc(1 yr−1) < 7 × 10−15 (95%). This result is dominated
by the timing of the two best pulsars in the set, PSRs J1713+0747 and J1909−3744.
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Figure 2. Full-sum profile and template profile for J1713+0747 at 1400 MHz. The top panel shows the full-sum profile at full scale. The middle panel shows the
full-sum profile (points) and wavelet-denoised template version (line). The bottom panel shows the residual difference between the full-sum profile and template. The
reference phase for TOA determination is at zero turns, in the center of the plot.

Table 2
Overview and Results from Timing Model Fits

Source No. of No. of Parameters rms Fit χ2 Epoch-averaged rms / median σt (µs)c Figure Nos.

TOAsa DM Profile Otherb (µs) Low-bandd High-band Combined

J0030+0451 545 20 26 7 0.604 1.44 0.019/0.38 0.328/0.35 0.148/0.37 4
J0613–0200 1113 34 45 12 0.781 1.21 0.021/0.17 0.519/0.50 0.178/0.30 5
J1012+5307 1678 52 53 14 1.327 1.40 0.192/0.69 0.345/0.65 0.276/0.67 6
J1455–3330 1100 37 53 12 4.010 1.01 0.363/1.66 1.080/2.97 0.787/2.35 7
J1600–3053 625 21 31 14 1.293 1.45 0.233/0.52 0.141/0.27 0.163/0.34 8
J1640+2224 631 23 26 12 0.562 4.36 0.057/0.20 0.601/0.52 0.409/0.22 9
J1643–1224 1266 40 48 13 2.892 2.78 0.589/0.74 1.880/0.62 1.467/0.67 10
J1713+0747 2368 50 111 15 0.106 1.48 0.092/0.14 0.025/0.05 0.030/0.08 3
J1744–1134 1617 54 49 7 0.617 3.58 0.139/0.19 0.229/0.26 0.198/0.22 11
J1853+1308 497 0 34 12 1.028 1.16 0.271/0.61 0.096/1.38 0.255/0.61 12
B1855+09 702 29 21 14 0.395 2.19 0.277/0.49 0.101/0.25 0.111/0.41 13
J1909–3744 1001 31 37 14 0.181 1.95 0.011/0.08 0.047/0.15 0.038/0.09 14
J1910+1256 525 0 34 14 1.394 2.09 0.712/0.36 0.684/0.89 0.708/0.40 15
J1918–0642 1306 49 37 12 1.271 1.21 0.129/0.52 0.211/0.75 0.203/0.62 16
B1953+29 208 0 27 12 3.981 0.98 1.879/1.49 0.543/3.33 1.437/1.49 17
J2145–0750 675 20 37 12 1.252 1.97 0.068/0.57 0.494/0.81 0.202/0.57 18
J2317+1439 458 30 12 15 0.496 3.03 0.373/0.21 0.150/0.18 0.251/0.19 19

Notes.
a One TOA per frequency channel per epoch.
b “Other” parameters are all spin, astrometric and binary parameters as described in Section 3.2.
c Statistics computed from residuals averaged down to one point per receiver per epoch. See the text for details.
d Note that in these results, the low-frequency rms tends to be suppressed due to the DM(t) fit.

the analysis on the PSRCHIVE-produced data; all further results
presented in this paper are specific to these data. These TOAs
are the inputs for the next part of the analysis procedure, fitting
the timing model. The entire set of TOAs used in this analysis
can be obtained as an electronic supplement to this paper.21

21 http://www.cv.nrao.edu/∼pdemores/nanograv_data

3.2. Timing Model Fit

The second part of the timing analysis is to fit the measured
pulse TOAs for each pulsar to a physical timing model. The
timing model predicts the apparent rotational phase of a pulsar
based on a set of physical parameters describing the star’s
rotation (spin period, spin-down rate), astrometry (position,
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3.1. Calibration and Time of Arrival Estimation

As discussed in Section 2, the data products resulting from
an observing session are a set of full-Stokes pulse profiles
integrated over 4 MHz radio bandwidth and one to three minutes
of time, into either 2048 or 4096 pulse phase bins. Following

standard pulsar data analysis procedures, we aim to determine
from the profile data a set of pulse times of arrival (TOAs),
i.e., times at which the apparent rotational phase of the pulsar
passes through some fiducial point. This process involves several
major steps: polarization calibration, template profile creation,
additional profile averaging, and finally TOA measurement. For
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ABSTRACT

We present a new analysis of the profile data from the 47 millisecond pulsars comprising the 12.5-year
data set of the North American Nanohertz Observatory for Gravitational Waves (NANOGrav), which is
presented in a parallel paper (Alam et al. submitted to ApJS ; NG12.5). Our reprocessing is performed
using “wideband” timing methods, which use frequency-dependent template profiles, simultaneous
time-of-arrival (TOA) and dispersion measure (DM) measurements from broadband observations, and
novel analysis techniques. In particular, the wideband DM measurements are used to constrain the
DM portion of the timing model. We compare the ensemble timing results to NG12.5 by examining
the timing residuals, timing models, and noise model components. There is a remarkable level of
agreement across all metrics considered. Our best-timed pulsars produce encouragingly similar results
to those from NG12.5. In certain cases, such as high-DM pulsars with profile broadening, or sources
that are weak and scintillating, wideband timing techniques prove to be beneficial, leading to more
precise timing model parameters by 10�15%. The high-precision multi-band measurements in several
pulsars indicate frequency-dependent DMs. The TOA volume is reduced by a factor of 33, which
may ultimately facilitate computational speed-ups for complex pulsar timing array analyses. This first
wideband pulsar timing data set is a stepping stone, and its consistent results with NG12.5 assure us
that such data sets are appropriate for gravitational wave analyses.

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

⇤ NANOGrav Physics Frontiers Center Postdoctoral Fellow
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12.5-year data set. Analyses of the 12.5-year data sets
in search of GWs will be presented elsewhere.

2. OBSERVATIONS

The observations comprising the NANOGrav 12.5-
year data set were collected between July 2004 and June
2017, with timing baselines for individual pulsars in the
range of 2.3 to 12.9 years. Of the 47 MSPs presented
here, 17 of them have been observed since the original
NG5 data set, we added 20 more in NG9, 9 more in
NG11 (with one NG9 source, J1949+3106, removed),
and 2 MSPs have been added for the present data set:
J1946+3417, and J2322+2057.

All data were collected either at the 305-m Arecibo
Observatory (AO), or the 100-m Robert C. Byrd Green
Bank Telescope (GBT). Any pulsar that is visible with
the more sensitive AO dish is observed there, otherwise
we observe it with the GBT. Arecibo was used to observe
27 sources, while 24 sources have data from the GBT.
We regularly observe J1713+0747 and B1937+21 (a.k.a.
J1939+2134) with both facilities.

Most pulsars are observed once every 3–
4 weeks, with six sources being observed weekly:
J0030+0451, J1640+2224, J1713+0747, J2043+1711,
and J2317+1439 at AO since 2015, and J1713+0747
and J1909�3744 with the GBT since 2013.

All pulsars are observed with receivers in two widely
separated frequency bands during each epoch in order
to measure propagation e↵ects from the ISM, includ-
ing variations in the DM. At Arecibo, these frequency
bands are two of three possible receivers centered around
430 MHz (⇠70 cm), 1.4 GHz (⇠20 cm, “L-band”), and
2.1 GHz (⇠15 cm, “S-band”); the use of the 327 MHz
(⇠90 cm) receiver for one source, J2317+1439, has been
discontinued since the end of 2013. At the GBT, all
sources are observed with the 820 MHz (⇠35 cm) and L-
band (1.4 GHz) receivers. The receiver turret at Arecibo
accommodates back-to-back observations on the same
day, defining one observational epoch, whereas mechan-
ical and logistical factors demand that the two observa-
tions comprising a single epoch be separated by a few
(⇠3) days at the GBT.

Between approximately 2010 and 2012 we transitioned
from the 64 MHz bandwidth capable ASP and GASP
data acquisition backend instruments at Arecibo and the
GBT, respectively (Demorest 2007a), to the 800 MHz
bandwidth capable PUPPI and GUPPI instruments
(Ford et al. 2010; DuPlain et al. 2008). Details of these
instruments, their coverage of the receivers’ bandwidth,
and the transition can be found in NG9. However, since
the observed frequency ranges are of relevance to this

work, we list them in Table 1, adopted from Table 1 of
NG9.

Our procedures for flux and polarization calibration,
as well as for excision of radio frequency interference
(RFI) are unchanged from NG11. Although dual polar-
ization measurements are made, only the total intensity
information is used in the timing analyses of either data
set.

The profile data used to measure TOAs in both the
narrowband and wideband data sets have nbin = 2048
rotational phase bins and are time-averaged to have
subintegration times up to 30 minutes or 2.5% of the
orbital period for binary pulsars, whichever is shorter.
The ASP and GASP data are left at their native 4 MHz
frequency channel resolution, whereas the PUPPI and
GUPPI data are frequency-averaged to have channel
bandwidths in the range 1.5–12.5 MHz, depending on
the frequency range observed.

These final, folded, calibrated, reduced profile data
sets represent the same starting place for both the nar-
rowband and wideband analyses. Further details about
the observations, their calibration, and data reduction
can be found in NG12.5, as well as the earlier data set
papers.

However, one new development in the preparation of
these profiles that is important to highlight in the con-
text of Section 3.3 is the correction of artifact images
due to imperfect sampling of the pulsar signal. To sum-
marize the details found in NG12.5, PUPPI and GUPPI
use interleaved analog-to-digital converters (ADCs) that
have slightly unbalanced gains and that do not sample
exactly out of phase with one another. If uncorrected,
a very low amplitude band-flipped copy of the signal re-
mains in the data, which corrupts the modeling of pro-
file evolution for pulsars with certain combinations of
spin period, DM, and S/N. Following Kurosawa et al.
(2001), the PUPPI and GUPPI profile data for each re-
ceiver were corrected for these artifact images using a
routine implemented in the pulsar data reduction pack-
age PSRCHIVE as part of NG12.5. Some of the profiles
for certain PUPPI observations could not be corrected;
the TOAs obtained from these observations come with
an additional metadata flag (see Table 2).

The timing baselines and observational coverage in
the form of multi-frequency epochs for each pulsar are
shown in Figure 1. An analogous figure is presented
in NG12.5, but there are small di↵erences in the exact
epochs, as will be detailed in the Section 3.4.
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and J2317+1439 at AO since 2015, and J1713+0747
and J1909�3744 with the GBT since 2013.

All pulsars are observed with receivers in two widely
separated frequency bands during each epoch in order
to measure propagation e↵ects from the ISM, includ-
ing variations in the DM. At Arecibo, these frequency
bands are two of three possible receivers centered around
430 MHz (⇠70 cm), 1.4 GHz (⇠20 cm, “L-band”), and
2.1 GHz (⇠15 cm, “S-band”); the use of the 327 MHz
(⇠90 cm) receiver for one source, J2317+1439, has been
discontinued since the end of 2013. At the GBT, all
sources are observed with the 820 MHz (⇠35 cm) and L-
band (1.4 GHz) receivers. The receiver turret at Arecibo
accommodates back-to-back observations on the same
day, defining one observational epoch, whereas mechan-
ical and logistical factors demand that the two observa-
tions comprising a single epoch be separated by a few
(⇠3) days at the GBT.

Between approximately 2010 and 2012 we transitioned
from the 64 MHz bandwidth capable ASP and GASP
data acquisition backend instruments at Arecibo and the
GBT, respectively (Demorest 2007a), to the 800 MHz
bandwidth capable PUPPI and GUPPI instruments
(Ford et al. 2010; DuPlain et al. 2008). Details of these
instruments, their coverage of the receivers’ bandwidth,
and the transition can be found in NG9. However, since
the observed frequency ranges are of relevance to this

work, we list them in Table 1, adopted from Table 1 of
NG9.

Our procedures for flux and polarization calibration,
as well as for excision of radio frequency interference
(RFI) are unchanged from NG11. Although dual polar-
ization measurements are made, only the total intensity
information is used in the timing analyses of either data
set.

The profile data used to measure TOAs in both the
narrowband and wideband data sets have nbin = 2048
rotational phase bins and are time-averaged to have
subintegration times up to 30 minutes or 2.5% of the
orbital period for binary pulsars, whichever is shorter.
The ASP and GASP data are left at their native 4 MHz
frequency channel resolution, whereas the PUPPI and
GUPPI data are frequency-averaged to have channel
bandwidths in the range 1.5–12.5 MHz, depending on
the frequency range observed.

These final, folded, calibrated, reduced profile data
sets represent the same starting place for both the nar-
rowband and wideband analyses. Further details about
the observations, their calibration, and data reduction
can be found in NG12.5, as well as the earlier data set
papers.

However, one new development in the preparation of
these profiles that is important to highlight in the con-
text of Section 3.3 is the correction of artifact images
due to imperfect sampling of the pulsar signal. To sum-
marize the details found in NG12.5, PUPPI and GUPPI
use interleaved analog-to-digital converters (ADCs) that
have slightly unbalanced gains and that do not sample
exactly out of phase with one another. If uncorrected,
a very low amplitude band-flipped copy of the signal re-
mains in the data, which corrupts the modeling of pro-
file evolution for pulsars with certain combinations of
spin period, DM, and S/N. Following Kurosawa et al.
(2001), the PUPPI and GUPPI profile data for each re-
ceiver were corrected for these artifact images using a
routine implemented in the pulsar data reduction pack-
age PSRCHIVE as part of NG12.5. Some of the profiles
for certain PUPPI observations could not be corrected;
the TOAs obtained from these observations come with
an additional metadata flag (see Table 2).

The timing baselines and observational coverage in
the form of multi-frequency epochs for each pulsar are
shown in Figure 1. An analogous figure is presented
in NG12.5, but there are small di↵erences in the exact
epochs, as will be detailed in the Section 3.4.
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12.5-year data set. Analyses of the 12.5-year data sets
in search of GWs will be presented elsewhere.

2. OBSERVATIONS

The observations comprising the NANOGrav 12.5-
year data set were collected between July 2004 and June
2017, with timing baselines for individual pulsars in the
range of 2.3 to 12.9 years. Of the 47 MSPs presented
here, 17 of them have been observed since the original
NG5 data set, we added 20 more in NG9, 9 more in
NG11 (with one NG9 source, J1949+3106, removed),
and 2 MSPs have been added for the present data set:
J1946+3417, and J2322+2057.

All data were collected either at the 305-m Arecibo
Observatory (AO), or the 100-m Robert C. Byrd Green
Bank Telescope (GBT). Any pulsar that is visible with
the more sensitive AO dish is observed there, otherwise
we observe it with the GBT. Arecibo was used to observe
27 sources, while 24 sources have data from the GBT.
We regularly observe J1713+0747 and B1937+21 (a.k.a.
J1939+2134) with both facilities.

Most pulsars are observed once every 3–
4 weeks, with six sources being observed weekly:
J0030+0451, J1640+2224, J1713+0747, J2043+1711,
and J2317+1439 at AO since 2015, and J1713+0747
and J1909�3744 with the GBT since 2013.

All pulsars are observed with receivers in two widely
separated frequency bands during each epoch in order
to measure propagation e↵ects from the ISM, includ-
ing variations in the DM. At Arecibo, these frequency
bands are two of three possible receivers centered around
430 MHz (⇠70 cm), 1.4 GHz (⇠20 cm, “L-band”), and
2.1 GHz (⇠15 cm, “S-band”); the use of the 327 MHz
(⇠90 cm) receiver for one source, J2317+1439, has been
discontinued since the end of 2013. At the GBT, all
sources are observed with the 820 MHz (⇠35 cm) and L-
band (1.4 GHz) receivers. The receiver turret at Arecibo
accommodates back-to-back observations on the same
day, defining one observational epoch, whereas mechan-
ical and logistical factors demand that the two observa-
tions comprising a single epoch be separated by a few
(⇠3) days at the GBT.

Between approximately 2010 and 2012 we transitioned
from the 64 MHz bandwidth capable ASP and GASP
data acquisition backend instruments at Arecibo and the
GBT, respectively (Demorest 2007a), to the 800 MHz
bandwidth capable PUPPI and GUPPI instruments
(Ford et al. 2010; DuPlain et al. 2008). Details of these
instruments, their coverage of the receivers’ bandwidth,
and the transition can be found in NG9. However, since
the observed frequency ranges are of relevance to this

work, we list them in Table 1, adopted from Table 1 of
NG9.

Our procedures for flux and polarization calibration,
as well as for excision of radio frequency interference
(RFI) are unchanged from NG11. Although dual polar-
ization measurements are made, only the total intensity
information is used in the timing analyses of either data
set.

The profile data used to measure TOAs in both the
narrowband and wideband data sets have nbin = 2048
rotational phase bins and are time-averaged to have
subintegration times up to 30 minutes or 2.5% of the
orbital period for binary pulsars, whichever is shorter.
The ASP and GASP data are left at their native 4 MHz
frequency channel resolution, whereas the PUPPI and
GUPPI data are frequency-averaged to have channel
bandwidths in the range 1.5–12.5 MHz, depending on
the frequency range observed.

These final, folded, calibrated, reduced profile data
sets represent the same starting place for both the nar-
rowband and wideband analyses. Further details about
the observations, their calibration, and data reduction
can be found in NG12.5, as well as the earlier data set
papers.

However, one new development in the preparation of
these profiles that is important to highlight in the con-
text of Section 3.3 is the correction of artifact images
due to imperfect sampling of the pulsar signal. To sum-
marize the details found in NG12.5, PUPPI and GUPPI
use interleaved analog-to-digital converters (ADCs) that
have slightly unbalanced gains and that do not sample
exactly out of phase with one another. If uncorrected,
a very low amplitude band-flipped copy of the signal re-
mains in the data, which corrupts the modeling of pro-
file evolution for pulsars with certain combinations of
spin period, DM, and S/N. Following Kurosawa et al.
(2001), the PUPPI and GUPPI profile data for each re-
ceiver were corrected for these artifact images using a
routine implemented in the pulsar data reduction pack-
age PSRCHIVE as part of NG12.5. Some of the profiles
for certain PUPPI observations could not be corrected;
the TOAs obtained from these observations come with
an additional metadata flag (see Table 2).

The timing baselines and observational coverage in
the form of multi-frequency epochs for each pulsar are
shown in Figure 1. An analogous figure is presented
in NG12.5, but there are small di↵erences in the exact
epochs, as will be detailed in the Section 3.4.
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Table 1. Observing Frequencies and Bandwidthsa

Backends

ASP/GASP PUPPI/GUPPI

Telescope Frequency Usable �DM Frequency Usable �DM

Receiver Data Spanb Rangec Bandwidthd Delaye Data Spanb Rangec Bandwidthd Delaye

[MHz] [MHz] [µs] [MHz] [MHz] [µs]

Arecibo

327 2005.0� 2012.0 315� 339 34 2.86 2012.2� 2017.5 302� 352 50 6.00

430 2005.0� 2012.3 422� 442 20 1.03 2012.2� 2017.5 421� 445 24 1.23

L-wide 2004.9� 2012.3 1380� 1444 64 0.09 2012.2� 2017.5 1147� 1765 603 0.91

S-wide 2004.9� 2012.6 2316� 2380 64 0.02 2012.2� 2017.5 1700� 2404f 460 0.36

GBT

Rcvr 800 2004.6� 2011.0 822� 866 64 0.30 2010.2� 2017.5 722� 919 186 1.52

Rcvr1 2 2004.6� 2010.8 1386� 1434 48 0.07 2010.2� 2017.5 1151� 1885 642 0.98

aTable reproduced and modified from NG9.
bDates of instrument use. Observation dates of individual pulsars vary; see Figure 1.
cTypical values; some observations di↵ered. Some frequencies unusable due to radio frequency interference.
dNominal values after excluding narrow subbands with radio frequency interference.
eRepresentative dispersive delay between profiles at the extrema frequencies listed in the third column induced by a �DM= 5 ⇥
10�4 cm�3 pc, which is approximately the median uncertainty across all wideband DM measurements in the data set; for scale,
1 µs ⇠ 1 phase bin for a 2 ms pulsar with our configuration of nbin = 2048.

fNon-contiguous usable bands at 1700 � 1880 and 2050� 2404 MHz.

3. CONSTRUCTION OF THE WIDEBAND
DATA SET

3.1. Overview

The measurement of TOAs from pulsar data with a
large instantaneous bandwidth was first developed in
Liu et al. (2014) and Pennucci et al. (2014), and fur-
ther explored in Pennucci (2015) and Pennucci (2019).
We refer the reader to these works for details and here
summarize briefly the important points.

A single narrowband TOA corresponds to the time of
arrival of a pulse profile observed in a single frequency
channel (sometimes referred to as a “subband”)3; in con-
trast, a single wideband measurement is composed of
both the time of arrival of a pulse at some reference fre-
quency and an estimate of the dispersion measure at the
time of observation. The di↵erence can be conceptual-
ized thusly: narrowband TOAs from a single subinte-
gration are like the individual, scattered measurements
of a linear relationship, whereas the fitted intercept and
slope to this relationship are like the wideband TOA and
DM, respectively. The log-likelihood function for the
wideband measurements is reproduced in Section 3.2.

3 Another similar protocol used in the pulsar timing community
is to produce band-averaged TOAs, in which the detected pro-
files are summed over the observing bandwidth, creating a single
profile from which to extract the TOA.

The second important di↵erence in the new wide-
band data set is not fundamental to the measurement of
the TOA. Heretofore we have used a single, frequency-
independent template profile for each receiver band to
generate narrowband TOAs and have used FD parame-
ters (Arzoumanian et al. 2015) to account for constant
phase o↵sets originating from the mismatch between the
template and the evolving shape of the profiles. For the
measurement of wideband TOAs, we explicitly account
for pulse profile evolution by using a high-fidelity, noise-
free, frequency-dependent model for each receiver band.
See Section 3.3 for a brief description of how these mod-
els are created.

Although the narrowband and wideband data sets
were developed in parallel, the established techniques
in preparing the former allowed us to use some infor-
mation from its final products to facilitate the produc-
tion of the latter. In particular, some of the curating
performed, including flagging bad epochs, as well as the
initial timing, was borrowed from the narrowband analy-
sis. In this way, the wideband data set is not completely
independent, as is detailed in Sections 3.4 & 3.5.

It is important to underscore that the wideband data
set for each pulsar is composed of TOAs that are paired
with estimates of the instantaneous DM. What makes
the analysis of the wideband data set truly unique is
that these DM estimates inform the portion of the tim-
ing model that accounts for DM variability (for our anal-
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Figure 3. Parallax measurements and formal uncertainties for all 12.5-year pulsars from NG9, NG11, and the current data
set. While only values of parallax greater than zero are physically meaningful, all formally fit values are shown here; the
preponderance of positive values serves to verify that a real physical parameter is being measured. Two outlier values from
previous data releases fall beyond the right edge of the plot, as indicated by the error bars.
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Table 5. New NANOGrav 12.5-year Parallax Measurements

PSR Parallax Previous Measurement Technique Reference

(mas) (mas)

J0636+5128 1.37 ± 0.23 4.9 ± 0.6 Timing Stovall et al. (2014)

J1012+5307 1.13 ± 0.35 1.21+0.03
�0.08 VLBI Ding et al. (2020)

J1832�0836 0.48 ± 0.13 · · · · · · · · ·
J1853+1303 0.48 ± 0.14 1.0 ± 0.6 Timing Gonzalez et al. (2011)

B1937+21 0.28 ± 0.05 0.40 ± 0.16a Timing Reardon et al. (2016)

J2010�1323 0.41 ± 0.12 0.48+0.17
�0.12 VLBI (VLBA) Deller et al. (2019)

J2322+2057 0.98 ± 0.26 < 4.8 Timing Nice & Taylor (1995)

aFor PSR B1937+21, we quote the timing parallax measurement from (Reardon et al. 2016) that was corrected for the Lutz-Kelker bias
(Verbiest et al. 2012).
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Figure 4. Comparison of astrometric measurements across NG11 and the current 12.5-year data set. The di↵erences in
proper motion (µ� , µ�) and parallax $ are shown in units of the uncertainty in the 11-year measurement (�11). The figure
shows binned histograms of each type of measurement, with all individual measurements superimposed as short vertical lines
at the bottom of the figure. The value of µ� for PSR J2214+3000 is an outlier at �4.6�; the rest are reasonably consistent, as
discussed in the text.
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✤ Radio pulses need to be reconstructed (instrumental calibration) and their arrival times (TOA) 
compared to a timing model to derive residuals 

✤ Major ingredients of the timing model :
✤ Accurate solar system ephemeris 
✤ intrinsic pulsar parameters : spin, spin down-rate 

✤ Astrometry: position (two angles), proper motion, parallax 
✤ For binary pulsars, Keplerian orbital parameters (period, eccentricity, semi major / minor 

axis …)
✤ Dispersion measure,  and possibly an intrinsic pulsar red-noise  …

Timing model
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Table 2. Basic Pulsar Parameters and TOA Statistics

Source P dP/dt DM Pb Median scaled TOA uncertaintya (µs) / Number of epochs Span

(ms) (10�20) (pc cm�3) (d) 327 MHz 430 MHz 820 MHz 1.4 GHz 2.1 GHz (yr)

J0023+0923 3.05 1.14 14.3 0.1 · · · 0.063 62 · · · 0.556 68 · · · 6.0

J0030+0451 4.87 1.02 4.3 - · · · 0.214 175 · · · 0.424 187 1.558 71 12.4

J0340+4130 3.30 0.70 49.6 - · · · · · · 0.868 68 2.108 71 · · · 5.3

J0613�0200 3.06 0.96 38.8 1.2 · · · · · · 0.109 134 0.582 135 · · · 12.2

J0636+5128 2.87 0.34 11.1 0.1 · · · · · · 0.279 39 0.579 42 · · · 3.5

J0645+5158 8.85 0.49 18.2 - · · · · · · 0.297 67 0.836 74 · · · 6.1

J0740+6620 2.89 1.22 15.0 4.8 · · · · · · 0.445 38 0.651 40 · · · 3.5

J0931�1902 4.64 0.36 41.5 - · · · · · · 1.030 51 1.777 53 · · · 4.3

J1012+5307 5.26 1.71 9.0 0.6 · · · · · · 0.403 135 0.725 143 · · · 12.9

J1024�0719 5.16 1.86 6.5 - · · · · · · 0.520 90 0.981 94 · · · 7.7

J1125+7819 4.20 0.69 12.0 15.4 · · · · · · 0.974 40 2.024 42 · · · 3.5

J1453+1902 5.79 1.17 14.1 - · · · 1.141 35 · · · 2.120 40 · · · 3.9

J1455�3330 7.99 2.43 13.6 76.2 · · · · · · 1.100 115 1.937 117 · · · 12.9

J1600�3053 3.60 0.95 52.3 14.3 · · · · · · 0.271 113 0.227 115 · · · 9.6

J1614�2230 3.15 0.96 34.5 8.7 · · · · · · 0.374 96 0.593 107 · · · 8.8

J1640+2224 3.16 0.28 18.5 175.5 · · · 0.048 180 · · · 0.375 189 · · · 12.3

J1643�1224 4.62 1.85 62.3 147.0 · · · · · · 0.288 131 0.499 131 · · · 12.7

J1713+0747 4.57 0.85 15.9 67.8 · · · · · · 0.188 129 0.077 451 0.061 186 12.4

J1738+0333 5.85 2.41 33.8 0.4 · · · · · · · · · 0.520 71 0.901 68 7.6

J1741+1351 3.75 3.02 24.2 16.3 · · · 0.142 63 · · · 0.352 73 · · · 5.9

J1744�1134 4.07 0.89 3.1 - · · · · · · 0.155 130 0.237 128 · · · 12.9

J1747�4036 1.65 1.31 153.0 - · · · · · · 1.033 61 1.160 65 · · · 5.3

J1832�0836 2.72 0.83 28.2 - · · · · · · 0.596 53 0.524 53 · · · 4.3

J1853+1303 4.09 0.87 30.6 115.7 · · · 0.353 67 · · · 0.593 72 · · · 6.0

B1855+09 5.36 1.78 13.3 12.3 · · · 0.208 117 · · · 0.211 124 · · · 12.5

J1903+0327 2.15 1.88 297.5 95.2 · · · · · · · · · 0.443 75 0.511 78 7.6

J1909�3744 2.95 1.40 10.4 1.5 · · · · · · 0.066 126 0.124 269 · · · 12.7

J1910+1256 4.98 0.97 38.1 58.5 · · · · · · · · · 0.338 82 0.767 83 8.3

J1911+1347 4.63 1.69 31.0 - · · · 0.590 42 · · · 0.157 46 · · · 3.9

J1918�0642 7.65 2.57 26.5 10.9 · · · · · · 0.518 126 0.901 128 · · · 12.7

J1923+2515 3.79 0.96 18.9 - · · · 0.259 55 · · · 1.023 67 · · · 5.8

B1937+21 1.56 10.51 71.1 - · · · · · · 0.007 127 0.014 220 0.018 86 12.8

J1944+0907 5.19 1.73 24.4 - · · · 0.278 63 · · · 0.825 73 · · · 9.3

J1946+3417 3.17 0.32 110.2 27.0 · · · · · · · · · 0.414 40 0.547 39 2.6

B1953+29 6.13 2.97 104.5 117.3 · · · 0.255 54 · · · 0.815 65 · · · 5.9

J2010�1323 5.22 0.48 22.2 - · · · · · · 0.412 94 0.983 96 · · · 7.8

J2017+0603 2.90 0.80 23.9 2.2 · · · 0.195 6 · · · 0.425 67 0.537 50 5.3

J2033+1734 5.95 1.11 25.1 56.3 · · · 0.194 40 · · · 1.163 46 · · · 3.8

J2043+1711 2.38 0.52 20.8 1.5 · · · 0.079 137 · · · 0.281 151 · · · 5.9

J2145�0750 16.05 2.98 9.0 6.8 · · · · · · 0.289 111 0.650 116 · · · 12.8

J2214+3000 3.12 1.47 22.5 0.4 · · · · · · · · · 0.743 72 1.059 57 5.7

J2229+2643 2.98 0.15 22.7 93.0 · · · 0.324 45 · · · 1.096 47 · · · 3.9

J2234+0611 3.58 1.20 10.8 32.0 · · · 0.429 41 · · · 0.221 45 · · · 3.4

J2234+0944 3.63 2.01 17.8 0.4 · · · · · · · · · 0.314 45 0.746 44 4.0

J2302+4442 5.19 1.39 13.8 125.9 · · · · · · 1.200 69 2.413 68 · · · 5.3

J2317+1439 3.45 0.24 21.9 2.5 0.085 79 0.068 188 · · · 0.642 141 · · · 12.5

J2322+2057 4.81 0.97 13.4 - · · · 0.291 35 · · · 1.021 34 1.431 10 2.3

Nominal scaling factorb (ASP/GASP) 0.6 0.4 0.8 0.8 0.8

Nominal scaling factorb (GUPPI/PUPPI) 0.7 0.5 1.4 2.5 2.1

a For this table, the original TOA uncertainties were scaled by their bandwidth-time product
⇣

�⌫
100 MHz

⌧
1800 s

⌘
1/2

to remove variation

due to di↵erent instrument bandwidths and integration time. We note that in NG11, we incorrectly calculated the tabulated TOA
uncertainties due to a scripting error. This generally led to overestimates of the uncertainty at lower frequencies and underestimates at

higher frequencies. The error only applied to values shown in Table 1 of NG11, and did not a↵ect the released data or any other results in
the paper. We have corrected this error for the present work.

b TOA uncertainties can be rescaled to the nominal full instrumental bandwidth as listed in Table 1 of Arzoumanian et al. (2015) by
dividing by the scaling factors given here.
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Table 3. Summary of Timing Model Fits

Source Number Number of Fit Parametersa RMSb (µs) Red Noisec Figure

of TOAs S A B DM FD J Full White Ared �red log10B Number

J0023+0923 12516 3 5 9 67 4 1 0.285 · · · · · · · · · 1.21 6

J0030+0451 12543 3 5 0 190 4 2 25.157 0.200 0.003 �6.3 >2 7

J0340+4130 8069 3 5 0 74 4 1 0.446 · · · · · · · · · �0.21 8

J0613�0200 13201 3 5 8 139 2 1 0.486 0.178 0.123 �2.1 >2 9

J0636+5128 21374 3 5 6 44 1 1 0.640 · · · · · · · · · �0.09 10

J0645+5158 7893 3 5 0 79 2 1 0.207 · · · · · · · · · �0.20 11

J0740+6620 3328 3 5 7 44 1 1 0.132 · · · · · · · · · �0.17 12

J0931�1902 3712 3 5 0 57 0 1 0.452 · · · · · · · · · �0.15 13

J1012+5307 19307 3 5 6 142 4 1 0.999 0.272 0.406 �1.6 >2 14

J1024�0719 9792 4 5 0 100 2 1 0.334 · · · · · · · · · �0.08 15

J1125+7819 4821 3 5 5 43 3 1 0.862 · · · · · · · · · 0.09 16

J1453+1902 1555 3 5 0 39 0 1 0.606 · · · · · · · · · �0.13 17

J1455�3330 8408 3 5 6 122 2 1 0.656 · · · · · · · · · �0.14 18

J1600�3053 14374 3 5 8 128 2 1 0.245 · · · · · · · · · 0.55 19

J1614�2230 12775 3 5 8 114 2 1 0.177 · · · · · · · · · �0.24 20

J1640+2224 9256 3 5 8 188 4 1 0.177 · · · · · · · · · �0.20 21

J1643�1224 12798 3 5 6 141 2 1 2.645 0.534 1.498 �1.4 >2 22

J1713+0747 37698 3 5 8 325 5 3 0.101 0.069 0.030 �1.3 >2 23

J1738+0333 6977 3 5 5 78 1 1 0.276 · · · · · · · · · �0.24 24

J1741+1351 3845 3 5 8 73 2 1 0.156 · · · · · · · · · �0.08 25

J1744�1134 13380 3 5 0 136 4 1 0.832 0.307 0.155 �2.2 >2 26

J1747�4036 7572 3 5 0 71 1 1 6.343 1.414 0.709 �3.3 >2 27

J1832�0836 5364 3 5 0 58 0 1 0.187 · · · · · · · · · �0.05 28

J1853+1303 3544 3 5 8 72 0 1 0.392 0.110 0.140 �2.2 >2 29

B1855+09 6464 3 5 7 125 3 1 1.757 0.357 0.054 �3.4 >2 30

J1903+0327 4854 3 5 8 82 1 1 2.668 0.315 1.482 �1.6 >2 31

J1909�3744 22633 3 5 9 223 1 1 0.334 0.061 0.028 �2.7 >2 32

J1910+1256 5012 3 5 6 88 1 1 0.187 · · · · · · · · · �0.06 33

J1911+1347 2625 3 5 0 46 2 1 0.118 · · · · · · · · · 0.20 34

J1918�0642 13675 3 5 7 133 5 1 0.299 · · · · · · · · · 0.02 35

J1923+2515 3009 3 5 0 67 1 1 0.269 · · · · · · · · · �0.15 36

B1937+21 17024 3 5 0 204 5 3 2.277 0.103 0.099 �3.3 >2 37

J1944+0907 3931 3 5 0 73 2 1 0.365 · · · · · · · · · 0.12 38

J1946+3417 3016 3 5 8 41 1 1 0.468 · · · · · · · · · 1.77 39

B1953+29 3421 3 5 6 65 2 1 0.475 · · · · · · · · · 1.05 40

J2010�1323 13306 3 5 0 108 1 1 0.244 · · · · · · · · · �0.22 41

J2017+0603 2986 3 5 7 73 0 2 0.076 · · · · · · · · · �0.22 42

J2033+1734 2691 3 5 5 46 2 1 0.561 · · · · · · · · · �0.12 43

J2043+1711 5624 3 5 7 151 4 1 0.151 · · · · · · · · · 1.41 44

J2145�0750 13961 3 5 7 123 2 1 1.467 0.328 0.347 �2.1 >2 45

J2214+3000 6269 3 5 5 77 1 1 0.402 · · · · · · · · · �0.17 46

J2229+2643 2442 3 5 6 47 2 1 0.194 · · · · · · · · · �0.18 47

J2234+0611 2475 3 5 7 45 2 1 0.061 · · · · · · · · · 0.60 48

J2234+0944 5892 3 5 5 51 2 1 0.160 · · · · · · · · · �0.13 49

J2302+4442 7833 3 5 7 75 1 1 0.716 · · · · · · · · · �0.15 50

J2317+1439 9835 3 5 7 210 3 2 9.410 0.252 4 ⇥ 10�4 �6.5 >2 51

J2322+2057 2093 3 5 0 35 4 2 0.235 · · · · · · · · · �0.13 52

a Fit parameters: S=spin; A=astrometry; B=binary; DM=dispersion measure; FD=frequency dependence; J=jump

b Weighted root-mean-square of epoch-averaged post-fit timing residuals, calculated using the procedure described in Appendix D of
NG9. For sources with red noise, the “Full” RMS value includes the red noise contribution, while the “White” RMS does not.

c Red noise parameters: Ared = amplitude of red noise spectrum at f=1 yr�1 measured in µs yr1/2; �red = spectral index; B = Bayes
factor (“>2” indicates a Bayes factor larger than our threshold log10B > 2, but which could not be estimated using the Savage-Dickey

ratio). See Eqn. 2 and Appendix C of NG9 for details.

 Few rows of tables in  https://arxiv.org/abs/2005.06490

https://arxiv.org/abs/2005.06490
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DM : dispersion measure …
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Figure 2. Observation of J1744+1134 illustrating artifacts from GUPPI’s interleaved ADCs. This is one of the lowest-DM
pulsars in our sample, therefore the e↵ect is easily visible. Dispersion has not been removed, so the true pulsar signal arrives
earlier at higher radio frequencies. The image artifact can be seen as the faint, apparently negatively-dispersed, signal “reflected”
about the band center frequency of 1.5 GHz. No interference excision has been applied to these data; the spurious narrowband
signals visible between 1.2 and 1.3 GHz are RFI. The plot color scale has been saturated at 10% of the maximum data value.
The left panel shows the raw data, while the right panel shows the same data after the correction procedure has been applied.

We time-averaged the calibrated and cleaned profiles
into subintegrations up to 30 minutes in length, except
in the few cases of binary pulsars with very short or-
bital periods; in those cases we averaged the data into
subintegrations no longer in duration than 2.5% of the
orbital period in order to maintain time resolution over
the orbit.

2.4. PUPPI/GUPPI Time-of-Arrival Generation

We generally followed the methods described in NG9
and NG11 to calculate narrowband TOAs, but with
an improved algorithm to calculate TOA uncertainties.
The uncertainties were calculated by numerical integra-
tion of the TOA probability distribution presented in
Eqn. 12 of NG9 Appendix B. This mitigates under-
estimation of uncertainties calculated by conventional
methods in the low-signal-to-noise regime.

We used previously-generated template pulse profiles
for the 45 pulsars from NG11, generating new templates
only for the two pulsars newly added to this data set.
To make the template profiles, we iteratively aligned and
averaged together the reduced data profiles, and applied
wavelet smoothing to the final average profile. With
these templates, we measured TOAs from the reduced

GUPPI and PUPPI profiles, and collated them with the
existing GASP and ASP TOAs from NG9.

2.5. Cleaning the Data Set for Improved Data Quality

Calculated TOAs can be biased by a variety of ob-
servational problems, including imperfections in in-
strumentation, flawed calibration, RFI, or other non-
astrophysical influences. In past data releases, we have
ensured a high level of data quality by systematically re-
moving RFI, excluding low signal-to-noise (S/N) TOAs
(see details in NG9), removing outliers identified by
Bayesian analysis of residuals (see details in NG11), and
manual inspection of the data sets. These same proce-
dures were carried out for the present data set, along
with a series of new cleaning techniques described be-
low.

The remainder of this section details these quality-
control measures, which led to the removal of uninfor-
mative or suspect TOAs, as well as entire observations
in some cases. The data quality analysis steps were typ-
ically iterative in nature. For example, the “bad DMX
range” criterion described below was re-checked after
any change in the data set made for other reasons.
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Figure 11. Summary of timing residuals and DM variations for J0340+4130. Colored points indicate the receiver for the
observation: 820 MHz (Green) and 1.4 GHz (Dark blue). Black circles and grey squares in the bottom panel are DMX values;
the latter are from NG12.5.

Figure 12. Summary of timing residuals and DM variations for J0613�0200. Colored points indicate the receiver for the
observation: 820 MHz (Green) and 1.4 GHz (Dark blue). Black circles and grey squares in the bottom panel are DMX values;
the latter are from NG12.5.

https://arxiv.org/abs/2005.06495
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Figure 11. Summary of timing residuals and DM variations for J0340+4130. Colored points indicate the receiver for the
observation: 820 MHz (Green) and 1.4 GHz (Dark blue). Black circles and grey squares in the bottom panel are DMX values;
the latter are from NG12.5.

Figure 12. Summary of timing residuals and DM variations for J0613�0200. Colored points indicate the receiver for the
observation: 820 MHz (Green) and 1.4 GHz (Dark blue). Black circles and grey squares in the bottom panel are DMX values;
the latter are from NG12.5.

https://astronomy.swin.edu.au/cosmos/P/Pulsar+Dispersion+Measure
https://arxiv.org/abs/2005.06495
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Figure 2. The median raw wideband TOA and DM measurement uncertainties with central 68% intervals. Pulsars are ordered
by their median PUPPI or GUPPI L-band (1.4 GHz) TOA uncertainties. The dramatic increase in DM precision after moving
from the ASP and GASP backends (open cirlces) to the PUPPI and GUPPI backends (filled circles) is evident. The colors
indicate the receiver as in Figure 1: 327 MHz (red), 430 MHz (orange), 820 MHz (green), 1.4 GHz (lighter blue for AO, darker
blue for the GBT), 2.1 GHz (purple).

lyzing this data set. Indeed, we attempted several such
analyses that yielded significantly worse results in many
pulsars.

Therefore, not only was it appropriate, but it was also
necessary to expand the likelihood used to fit our timing
models so that the wideband DM measurements inform
the DM model. In e↵ect, in the new likelihood, the wide-
band DM measurements influence the timing model as
prior information on the DMX values. Each of the TOAs
falling within a DMX epoch have a corresponding DM
measurement; the weighted average of these measure-
ments is used as the mean of a Gaussian prior on the
DMX value for that epoch, while the standard error of
the weighted average is the prior’s standard deviation.
The details of this new likelihood and its implementa-
tion in the pulsar timing software packages Tempo (Nice
et al. 2015) and ENTERPRISE (Ellis et al. 2019) can be
found in Appendix B.

The timing models from NG12.5 were first refit with
Tempo using the wideband TOAs only, omitting the DM
measurements, to setup the DMX epochs and to get
initial DMX values. Including the DM measurements

at this point sometimes resulted in poor timing results
because there is currently no way to fit the DMJUMP
parameters simultaneously with the timing model within
Tempo. It is at this stage that TOAs were excluded from
further analysis if they did not meet the frequency ratio
criterion described in Table 2 or if the entire epoch was
removed based on a new analysis performed in NG12.5
(also mentioned in the table).

The wideband TOAs, DMs, and timing models were
then subject to a Bayesian analysis with ENTERPRISE

using the new wideband likelihood. This analysis op-
timizes the probability of the observed data by char-
acterizing the noise in the timing residuals, which has
both white and red components, much in the same way
as in NG12.5, NG11, and NG9, with a few important
di↵erences:
No ECORR – There is one fewer parameter in the

standard white noise model. This parameter, called
ECORR and used in all earlier narrowband analyses,
accounts for the (assumed 100%) correlation between
multi-frequency TOAs taken at the same time (Arzou-
manian et al. 2014, 2015). Since wideband TOAs ef-

https://arxiv.org/abs/2005.06495

https://arxiv.org/abs/2005.06495
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Figure 7. Comparison of the significantly detected power-law red noise parameters in the two data sets; measurements from
the wideband data set are plotted below those from NG12.5. Pulsars are ordered top-to-bottom by highest-to-lowest red noise
amplitude seen in the wideband data set, and the large symbols represent the MAP parameter estimates: squares indicate the
logarithm of the amplitude at a frequency of 1 yr�1 (dual units shown), and diamonds represent the power-law index. The
central 95% of the marginalized posterior distribution for each parameter is shown as a line with a tick indicating the median.
Two pulsars have above-threshold red noise seen in the narrowband data set, but not in the wideband data set (indicated with
⇤), and two pulsars have the reverse situation (indicated with !). The apparent correlation between red noise amplitude and
index is in part due to the parameterization of referencing the amplitude to a frequency of 1 yr�1. Unmitigated ISM e↵ects are
thought to induce fluctuations with a spectrum having a characteristic index lying within the darker gray region (�red > �3,
cf. Shannon & Cordes 2017). The lighter gray region is the prediction for intrinsic spin noise across a broad pulsar population
from Lam et al. (2017), �spin = �4.46± 0.16, although the scatter in the relation is substantial. We indicate with vertical lines
the fiducial index for the stochastic background of gravitational waves and our most recently published 95% upper limit for
its amplitude, from the 11-year data set (Arzoumanian et al. 2018b); this limit accounts for both interpulsar correlations and
uncertainties in the solar system ephemeris.

30.6 cm�3 pc, respectively), and have fairly shallow red
noise in their narrowband analyses. Red noise is only
marginally favored in their wideband analyses, as in-
dicated by their Bayes factors of ⇠ 2 – 5. When red
noise is included, the MAP model has a similar ampli-
tude, but somewhat shallower index, than in NG12.5.
Without red noise, the corresponding wideband white
noise EQUAD parameters are all larger. This suggests
that while the wideband analysis might be able to miti-
gate some of the ISM-induced red noise, the white noise
model absorbs what remains.

The analysis of J0023+0923 tells a similar story, but in
the opposite direction. This pulsar has a fairly low DM
(⇠14.3 cm�3 pc), and its DM variations contain narrow

features from the solar wind (Figure 9; also see Madison
et al. 2018). However, it is also apparent from Figure 9
that the wideband DM measurements are not constrain-
ing the DMX model parameters, relative to the precision
of the TOAs. J0023+0923 has a marginal detection of
red noise in the narrowband analysis (Bayes factor ⇠16)
with a similar amplitude and extremely shallow index
when it is included, and generally larger or comparable
white noise EQUAD and ECORR parameters when ex-
cluded (relative to the wideband EQUAD parameters).
Additionally, J0023+0923 is a short-orbit black widow
pulsar (Pb ⇠ 3.3 hr), though with no known eclipses
(Bak Nielsen et al. 2020; Breton et al. 2013). The sys-
tem is known to have short-timescale variations in its

https://arxiv.org/abs/2005.06495
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variations in the pulse dispersion as a piecewise con-
stant through the inclusion of DMX parameters (NG9,
Jones et al. 2017). The timing model fits were primar-
ily performed using the tempo timing software, and the
software packages tempo2 and pint were used to check
for consistency. The timing model fits were done using
the TT(BIPM2017) timescale and the JPL SSE model
DE436 (Folkner & Park 2016). The latest JPL SSE
(DE438, Folkner & Park 2018), which we take as our
fiducial model for the analyses in this paper, was not
available when TOA processing was being done. How-
ever, this does not a↵ect the results presented later,
as the corresponding changes in the timing parameters
are well within their linear range, which is marginalized
away in the analysis (NG9; NG9gwb).

We modeled noise in the pulsars’ residuals with three
white-noise components plus a red noise component.
The white noise components are EQUAD, which adds
white noise in quadrature; ECORR, which describes
white noise that is correlated within the same observ-
ing epoch but uncorrelated between di↵erent observing
epochs; and EFAC, which scales the total template-
fitting TOA uncertainty after the inclusion of the previ-
ous two white noise terms. For all of these components,
we used separate parameters for every combination of
pulsar, backend, and receiver.

Many processes can produce red noise in pulsar resid-
uals. The stochastic GWB appears in the residuals as
red noise, however it appears specifically correlated be-
tween di↵erent pulsars (Hellings & Downs 1983). Other
astrophysical sources of red noise include spin noise,
pulse profile changes, and imperfectly modeled disper-
sion measure variations (Cordes 2013; Lam et al. 2017;
Jones et al. 2017). These red noise sources are unique
to a given pulsar. There are also potential terres-
trial sources of red noise, including clock errors and
ephemeris errors (Tiburzi et al. 2016), which are cor-
related in di↵erent ways than the GWB. We model the
intrinsic red noise of each pulsar as a power-law, similar
to the GWB (see Sec. 3.1).

The changes to the data processing procedure de-
scribed above significantly improved the quality of the
data. In order to quantify the e↵ect of these changes,
we produced an “11-year slice” data set by truncating
the 12.5-year data set at the MJD corresponding to the
last observation in the 11-year data set, and compared
the results of a full noise analysis of this data set to
those for the 11-year data set. As discussed in NG12, we
found a reduction in the amount of white noise in the
11-year slice compared to the 11-year data set. How-
ever, we also found that the red noise changed for many
pulsars. Specifically, there is a slight preference for a

steeper spectral index across most of the pulsars, indi-
cating that for some pulsars the reduction in white noise
produced an increased sensitivity to low-frequency red
noise processes, like the GWB.

3. DATA MODEL

The statistical framework for the characterization of
noise processes and GW signals in pulsar-timing data
is well documented (see e.g., NG9gwb; NG11gwb). In
this section we give a concise description of our proba-
bilistic model of the 12.5-year data set, focusing on the
di↵erences from earlier studies. In Sec. 3.1 we define
our spectral models of time-correlated (red) processes,
which include pulsar-intrinsic red noise and the GWB;
in Sec. 3.2 we list the combinations of time-correlated
processes included in our Bayesian model-comparison
trials; in Sec. 3.3 we discuss our prescriptions for the
solar system ephemeris. Our Bayesian and frequentist
techniques of choice will be described alongside our re-
sults in Secs. 4 and 5, with more technical details in
Appendix B and Appendix C.

3.1. Models of time-correlated processes

The principal results of this paper are referred to a
fiducial power-law spectrum of characteristic GW strain

hc(f) = AGWB

✓
f

fyr

◆↵
, (1)

with ↵ = �2/3 for a population of inspiraling SMBHBs
in circular orbits whose evolution is dominated by GW
emission (Phinney 2001). We performed our analysis in
terms of the timing-residual cross-power spectral density

Sab(f) = �ab
AGWB
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where � = 3 � 2↵ (so the fiducial SMBHB ↵ = �2/3
corresponds to � = 13/3), and where �ab is the over-
lap reduction function (ORF), which describes average
correlations between pulsars a and b in the array as a
function of the angle between them. For an isotropic
GWB, the ORF is given by Hellings & Downs (1983)
and we refer to it casually as “quadrupolar” or “HD”
correlations.

Other spatially correlated e↵ects present with dif-
ferent ORFs. Systematic errors in the solar system
ephemeris have a dipolar ORF, �ab = cos ⇣ab, where
⇣ab represents the angle between pulsars a and b. While
errors in the timescale (the “clock”) have a monopolar
ORF, �ab = 1. Pulsar-intrinsic red noise is also modeled
as a power-law, however, in that case there is no ORF.
The AGWB in Eq. (2) is replaced with an Ared, and �

https://arxiv.org/abs/2009.04496

characters given after the model-class number indicate the
specific combination of noise and signal processes forming the
model.

We perform each analysis by adopting each of the DE421,
DE430, DE435, and DE436 (and occasionally INPOP13c)
ephemerides as fixed-parameter models and by marginalizing
over SSE uncertainties using BAYESEPHEM. Our Bayesian
priors for all parameters are described in Table 2.

3.5. Optimal Statistic

As in NG9b, we perform a frequentist GWB analysis using
the optimal statistic ÂGWB

2
, a point estimator for the amplitude

of an isotropic GW stochastic background (Anholm et al. 2009;
Chamberlin et al. 2015). This statistic accounts implicitly for
interpulsar spatial correlations. The estimator is derived by
maximizing the PTA likelihood analytically, and it can be
written as
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where dta is the vector of timing residuals for pulsar a,
d d= á ñP t ta a a

T is the autocovariance matrix of the residuals, and
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T
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is the cross-covariance matrix
between the residuals for pulsars a and b. The average signal-
to-noise ratio (S/N) of the optimal statistic is
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which is a measure of the significance of interpulsar spatial
correlations. When drawing comparisons between results
produced using this frequentist technique and our Bayesian
techniques, the relevant model selection is between models 3A
and 2A.

We use two procedures to compute ÂGWB
2

. In the more

conventional fixed-noise analysis, we compute ÂGWB
2

at fixed
values of the pulsar red-noise parameters Ared and γred. The red-
noise parameters are the values that jointly maximize the

likelihood, as found in a Bayesian parameter-estimation study
that includes pulsar red-noise and a common red-noise process.
In the newer noise-marginalized analysis (S. J. Vigeland et al.
2017, in preparation), we use posterior samples from a Bayesian
study to marginalize the optimal statistic over pulsar red-noise
parameters. This results in distributions for both ÂGWB

2
and the

S/N, rather than a single value of ÂGWB
2

and a corresponding
S/N. In both cases, pulsar white-noise parameters are fixed to
their maximum-likelihood values, as determined individually
for each pulsar with Bayesian inference. As discussed in
S. J. Vigeland et al. (2017, in preparation), simulations show
that the noise-marginalized technique produces more accurate
estimates of AGWB compared to the fixed-noise technique. This
is because the pulsar red-noise parameters are highly covariant
with common-process red-noise parameters, so the fixed-noise
analysis tends to systematically underestimate the amplitude and
significance of common signals.

3.6. Software

We generated most of the results in this paper using the
open-source software package NX0157, which implements the
PTA likelihood and priors. NX01 was validated on a
wide range of problems, including several 11year analyses,
by cross-comparison with the well-established PAL258 (Ellis
& van Haasteren 2017a) and with NANOGrav’s new flagship
package, enterprise59. We perform MCMC using
PTMCMCSampler60 (Ellis & van Haasteren 2017b), which
implements a variety of proposal schemes (adaptive Metro-
polis, differential evolution, parallel tempering, etc.), which
can be used together in the same run.
As a companion to this paper, we are releasing a Docker61

image that contains a full stack of our software (including all
required libraries) and that can be used to reproduce the upper
limits, Bayes factors, as well as many of the figures of this
paper, using enterprise.

4. Results

All results in this paper are based on a subset of the full
11year data release, which includes the 34 pulsars with a
timing baseline greater than three years. This restriction is
justifiable since we do not expect any detectable GW signal to
be present at frequencies 2 -3 yr 1, and it has the advantage of
making our spatially correlated analysis—required to search for
H.–D. correlations in the residuals—more computationally
tractable, since the computational cost scales roughly as the
cube of the number of pulsars. Table 3 lists the 34 pulsars with
their epoch-averaged rms residuals, number of epochs and
TOAs, and timing baselines.
As discussed in Section 3.4, we perform analyses for

variants of our data model that reflect different assumptions
about common red-spectrum processes, as listed in Table 1,
and under four JPL ephemerides as well as BAYESEPHEM (in
select cases we include also the French INPOP13, which yields
results broadly similar to DE430).

Table 1
Spatially Correlated Red-noise Processes Used in Our Analysis

Model

Red-noise Process 1 2A 2B 2C 2D 3A 3B 3C 3D

Intrinsic (per
pulsar)

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Uncorr. common ✓
H.-D. corr.

common
✓ ✓ ✓ ✓

Dipole corr.
common

✓ ✓ ✓ ✓

Monopole corr.
common

✓ ✓ ✓ ✓

Note. All models include intrinsic white-noise and red-noise processes in each
pulsar; additional common processes (with the same characteristic amplitude
and spectrum in every pulsar) can be uncorrelated or have Hellings–Downs
(GW-like), dipolar (ephemeris-error-like), and monopolar (clock-error-like)
spatial correlations. Model 2A (uncorrelated common process) was used to
derive the main results of NG9b; model 3A (Helling–Downs-correlated common
process) is the fiducial model used to constrain the GWB in this publication.

57 https://github.com/stevertaylor/NX01
58 https://github.com/jellis18/PAL2
59 https://github.com/nanograv/enterprise
60 https://github.com/jellis18/PTMCMCSampler
61 https://github.com/nanograv/11yr_stochastic_analysis
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where � and � are the slopes at frequencies lower
and higher than fbend, respectively, and  controls the
smoothness of the transition. In this paper, we set
� = 0 to appropriately capture the white noise coupled
at higher frequencies and  = 0.1, which is small enough
to contain the transition between slopes to within an in-
dividual frequency bin. Both the free spectrum and the
broken power law capture a steep red process at the low-
est frequencies, accordant with expectations for a GWB,
which is accompanied by a flatter “forest” at higher fre-
quencies. The 30-frequency power law is impacted by
power at high frequencies (where we do not expect any
detectable contributions from a GWB) and adopts a low
spectral index that does not capture the full power in
the lowest frequencies. By contrast, the five-frequency
power law agrees with the free spectrum and broken
power law in recovering a steep-spectral process.

The problem of pulsar-intrinsic excess noise leaking
into the common-spectrum process at high frequen-
cies has already been discussed for the 9- and 11-
year NANOGrav data sets (Aggarwal et al. 2019, 2020;
Hazboun et al. 2020), and we are addressing it through
the creation of individually adapted noise models for
each pulsar (Simon et al. in prep). For this paper, we
find a simpler solution in limiting all common-spectrum
models to the five lowest frequencies. By contrast,
we used 30 frequency components for all rank-reduced
power-law models of pulsar-intrinsic red noise3, which is
consistent with what is used in individual pulsar noise
analyses and in the creation of the data set.

3.2. Models of spatially correlated processes

We analyzed the 12.5-year data set using a hierarchy
of data models, which are compared in Bayesian fashion
by evaluating the ratios of their evidence. All models
include the same basic block for each pulsar, consist-
ing of measurement noise, timing-model errors, pulsar-
intrinsic white noise, and pulsar-intrinsic red noise de-
scribed by a 30-frequency variable-� power law; but they
di↵er by the presence of one or two red-noise processes
that appear in all pulsars with the same spectrum. As in
previous work (NG9gwb; NG11gwb), we fixed all pulsar-
intrinsic white noise parameters to their maximum in the

3
The Fourier basis is still built on frequencies k/T where T is the

maximum time span between TOAs in the array, and the same

basis vectors are still used for all red noise models.

Table 1. Data models.

NG11gwb labels 1 2A 2B 2D 3A (new) 3B 3D

spatial single common- two common-

correlations spectrum process spectrum processes

• uncorrelated X X
• dipole X X
• monopole X X
• HD X X X X
pulsar-intrinsic X X X X X X X X
red-noise

Note—The data models analyzed in this paper are or-
ganized by the presence of spatially-correlated common-
spectrum noise processes. Model names are added for
a direct comparison to the naming scheme employed in
NG11gwb.

posterior probability distribution recovered from single-
pulsar noise studies for computational e�ciency.

The models are listed in Table 1, which also reports
their labels as used in NG11gwb. The most basic vari-
ant (model 1 in NG11gwb) includes measurement and
pulsar-intrinsic processes alone.

The next group of four models includes a single
common-spectrum red-noise process. The first among
them (model 2A of NG11gwb) features a GWB-like red-
noise process with common spectrum, but without HD
correlations. Because we expect the correlations to be
much harder to detect than the diagonal Saa terms in
Eq. (2), due to the values of the HD ORF (�ab) be-
ing less than or equal to 0.5, and because the corre-
sponding likelihood, which does not include any corre-
lations, is very computationally e�cient, this model has
been the workhorse of PTA searches. However, the pos-
itive identification of a GWB will require evidence of a
common-spectrum process with HD correlations, which
also belongs to this group (model 3A of NG11gwb). The
group is rounded out by common-spectrum processes
with dipolar and monopolar spatial correlations, which
may represent SSE and clock anomalies. For a convinc-
ing GWB detection, we expect the data to favor HD cor-
relations strongly over dipolar, monopolar, or no spatial
correlations.

The last group includes an additional common-
spectrum red-noise process on top of the GWB-like
common-spectrum, HD-correlated process. The second
process is taken to have either no spatial correlations,
dipolar correlations, or monopolar correlations.

3.3. Solar-system ephemeris

In the course of the GWB analysis of NANOGrav’s
11-year data set (NG11gwb), we determined that GW
statistics were surprisingly sensitive to the choice of

https://arxiv.org/abs/2009.04496 - NG12gwb
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Figure 2. Bayesian posteriors for the (fyr = 1yr�1) am-
plitude ACP of a common-spectrum process, modeled as
a � = 13/3 power law using only the lowest five com-
ponent frequencies. The posteriors are computed for the
NANOGrav 12.5-year data set using individual ephemerides
(solid lines), and BayesEphem (dotted). Unlike similar
analyses in NG11gwb and Vallisneri et al. (2020), these pos-
teriors, even those using BayesEphem imply a strong pref-
erence for a common-spectrum process. Results are consis-
tent for both recent SSEs (DE438 and INPOP19a) updated
with Jupiter data from the mission Juno. SSE corrections re-
main partially entangled with ACPṪhus when BayesEphem
is applied, the distributions broaden toward lower amplitudes
shifting the peak of the distribution by ⇠ 20%.

data set timespan: it is weaker here than in the 11-year
analysis, and would be even weaker with 15 years of data
(Vallisneri et al. 2020).

These peaked, compact ACP posteriors are accompa-
nied by large Bayes factors in favor of a spatially un-
correlated common-spectrum process vs. pulsar-intrinsic
pulsar red noise alone: log10 Bayes factor = 4.5 for
DE438, and 2.7 with BayesEphem. Next, we assess
the evidence for spatial correlations by computing Bayes
factors between the models in Table 1. Our results are
summarized in Table 2 and more visually in Figure 3.
There is little evidence for the addition of HD corre-
lations (log10 Bayes factor = 0.64 with DE438, 0.37
with BayesEphem), and the HD-correlated ACP poste-
riors are very similar to those of Figure 2. By contrast,
monopolar and dipolar correlations are moderately dis-
favored (log10 Bayes factor = �2.3 and �2.4, respec-
tively, with DE438). The monopole is disfavored less
under BayesEphem, which may be explained by the
BayesEphem-reduced amplitude of the processes.

The evidence for a second common-spectrum pro-
cess on top of an HD-correlated process is inconclu-
sive. Furthermore, the amplitude posteriors for addi-
tional monopolar and dipolar processes display no clear
peaks, while the posterior for an additional spatially

uncorrelated process shows that power is drawn away
from the HD-correlated process (which is understand-
able given the scant evidence for HD correlations).

We completed the same analyses with a common-
spectrum model where �CP was allowed to vary. As seen
in Figure 1, the posteriors on �CP, while consistent with
13/3 (⇡ 4.33), are very broad. Under fixed ephemeris
DE438, the �CP posterior from a spatially uncorrelated
process has a median value of 5.52 with 5%–95% quan-
tiles at 3.76–6.78. The amplitude posterior is larger in
this case, but that is due to the inherent degeneracy be-
tween ACP and �. The evidence for spatial correlations
in a varied-�CP model is very similar to that reported in
Table 2.

Altogether, the smaller Bayes factors in the discrim-
ination of spatial correlations are fully expected, given
that spatial correlations are encoded by the cross terms
in the inter-pulsar covariance matrix, which are subdom-
inant with respect to the self terms that drive the de-
tection of a common-spectrum process. Nevertheless, if
a GWB is truly present the Bayes factors will continue
to increase as data sets grow in timespan and number of
pulsars. Indeed, the trends on display here are broadly
similar to the results of NG11gwb, but they have become
more marked.

4.2. Optimal statistic

The optimal statistic (Anholm et al. 2009; Demorest
et al. 2013; Chamberlin et al. 2015) is a frequentist es-
timator of the amplitude of an HD-correlated process,
built as sum of correlations among pulsar pairs, weighted
by the assumed pulsar-intrinsic and inter-pulsar noise
covariances. It is a useful complement to Bayesian tech-
niques, specifically for the characterization of spatial
correlations. The statistic Â2 is defined by Eq. 7 of
NG11gwb, and it is related to the GWB amplitude by
hÂ2i = A2

GWB, where the mean is taken over an en-
semble of GWB realizations of the same AGWB. The
statistical significance of an observed Â2 value is quan-
tified by the corresponding signal-to-noise ratio (S/N,
see Eq. 8 of NG11gwb).

Table 3 and Figure 4 summarize the optimal-statistic
analysis of the 12.5-year dataset. As in NG11gwb, we
computed two variants of the statistic: a fixed-noise ver-
sion obtained by fixing the pulsar red-noise parameters
to their maximum a posteriori values in Bayesian runs
that include a spatially uncorrelated common-spectrum
process; and a noise-marginalized version (Vigeland
et al. 2018), which has proved more accurate when pul-
sars have intrinsic red noise, and which is sampled over
10,000 red-noise parameter vectors drawn from those
same posteriors. For each variant, we computed versions

https://arxiv.org/abs/2009.04496
https://arxiv.org/abs/2009.04496
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Figure 1. Posteriors for a common-spectrum process in NG12, as recovered with four models: free-spectrum (gray violin plots
in left panel), broken power law (solid blue lines and contours), five frequency power law (dashed orange lines and contours), and
30 frequency power law (dot-dashed green lines and contours). In the left panel, the violin plots show marginalized posteriors of
the equivalent amplitude of the sine-cosine Fourier pair at the frequencies on the horizontal axis; the lines show the maximum
likelihood power laws in the left panel, and the 1-� (thicker) and 2-� posterior contours for amplitude and spectral slope in the
right panel. The dotted vertical line in the left panel sits at fyr = 1yr�1, where PTA sensitivity is reduced by the fitting of pulsar
timing-model parameters; the corresponding free-spectrum amplitude posterior is unconstrained. The dashed vertical line in
the right panel sits at � = 13/3; the expected value for a GWB produced by a population of inspiraling SMBHBs. For both the
broken power law and five frequency power law models, the amplitude (ACP) posterior shown on the right is extrapolated from
the lowest frequencies to the reference frequency fyr. We observe that the slope and amplitude of the 30-frequency power law
are driven by higher-frequency noise, whereas the five-frequency power law recovers the low-frequency GWB-like slope of the
free spectrum and broken power law.

with �red. There is a separate (Ared, �red) pair for each
pulsar in the array.

As in NG9gwb and NG11gwb, we implemented power-
law Gaussian processes in rank-reduced fashion, by ap-
proximating them as a sum over a sine–cosine Fourier
basis with frequencies k/T and prior (weight) covari-
ance / Sab(k/T ), where T is the span between the min-
imum and maximum TOA in the array (van Haasteren
& Vallisneri 2014). We use the same basis vectors to
model all red noise in the array, both pulsar-intrinsic
noise and global signals, like the GWB. Using a common
set of vectors helps the sampling, and reduces the likeli-
hood computation time. In previous work, the number
of basis vectors was chosen to be large enough (with
k = 1, . . . , 30) that inference results (specifically the
Bayesian upper limit) for a common-spectrum signal be-
came insensitive to adding more components. However,
doing so has the disadvantage of potentially coupling
white noise to the highest-frequency components of the
red-noise process, thus biasing the recovery of the pu-
tative GWB, which is strongest in the lowest-frequency
bins.

For this paper, we revisit the issue and set the num-
ber of frequency components used to model common-
spectrum signals to five, on the basis of theoretical ar-
guments backed by a preliminary analysis of the data

set. We begin with the former. By computing a strain
spectrum sensitivity curve for the 12.5-year data set us-
ing the hasasia tool (Hazboun et al. 2019) and obtaining
the signal-to-noise ratio (S/N) of a � = 13/3 power-law
GWB, we observed that the five lowest frequency bins
contribute 99.98% of the S/N, with the majority coming
from the first bin. We also injected a � = 13/3 power-
law GWB into the 11-year data set NG11, and measured
the response of each frequency using a 30-frequency free
spectrum model, in which we allowed the variance of
each sine–cosine pair in the red-noise Fourier basis to
vary independently. We observed that the lowest few
frequencies are the first to respond as we raised the
GWB amplitude from undetectable to detectable lev-
els (see Figure 13). The details of this injection analysis
are described in Appendix A.

Moving on to empirical arguments, in Figure 1
we plot the power-spectrum estimates for a spatially-
uncorrelated common-spectrum process in the 12.5-year
dataset, as computed for a free-spectrum model (gray
violin plots), for variable-� power-law models with five
and 30 frequency components (dashed lines, showing
maximum a posteriori values, as well as 1-�/2-� poste-
rior contours), and for a broken power-law model (solid

Timing residuals (TOA, Time of 
Arrival) as a function of frequency 

(excess red noise)  
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Figure 1. Posteriors for a common-spectrum process in NG12, as recovered with four models: free-spectrum (gray violin plots
in left panel), broken power law (solid blue lines and contours), five frequency power law (dashed orange lines and contours), and
30 frequency power law (dot-dashed green lines and contours). In the left panel, the violin plots show marginalized posteriors of
the equivalent amplitude of the sine-cosine Fourier pair at the frequencies on the horizontal axis; the lines show the maximum
likelihood power laws in the left panel, and the 1-� (thicker) and 2-� posterior contours for amplitude and spectral slope in the
right panel. The dotted vertical line in the left panel sits at fyr = 1yr�1, where PTA sensitivity is reduced by the fitting of pulsar
timing-model parameters; the corresponding free-spectrum amplitude posterior is unconstrained. The dashed vertical line in
the right panel sits at � = 13/3; the expected value for a GWB produced by a population of inspiraling SMBHBs. For both the
broken power law and five frequency power law models, the amplitude (ACP) posterior shown on the right is extrapolated from
the lowest frequencies to the reference frequency fyr. We observe that the slope and amplitude of the 30-frequency power law
are driven by higher-frequency noise, whereas the five-frequency power law recovers the low-frequency GWB-like slope of the
free spectrum and broken power law.

with �red. There is a separate (Ared, �red) pair for each
pulsar in the array.

As in NG9gwb and NG11gwb, we implemented power-
law Gaussian processes in rank-reduced fashion, by ap-
proximating them as a sum over a sine–cosine Fourier
basis with frequencies k/T and prior (weight) covari-
ance / Sab(k/T ), where T is the span between the min-
imum and maximum TOA in the array (van Haasteren
& Vallisneri 2014). We use the same basis vectors to
model all red noise in the array, both pulsar-intrinsic
noise and global signals, like the GWB. Using a common
set of vectors helps the sampling, and reduces the likeli-
hood computation time. In previous work, the number
of basis vectors was chosen to be large enough (with
k = 1, . . . , 30) that inference results (specifically the
Bayesian upper limit) for a common-spectrum signal be-
came insensitive to adding more components. However,
doing so has the disadvantage of potentially coupling
white noise to the highest-frequency components of the
red-noise process, thus biasing the recovery of the pu-
tative GWB, which is strongest in the lowest-frequency
bins.

For this paper, we revisit the issue and set the num-
ber of frequency components used to model common-
spectrum signals to five, on the basis of theoretical ar-
guments backed by a preliminary analysis of the data

set. We begin with the former. By computing a strain
spectrum sensitivity curve for the 12.5-year data set us-
ing the hasasia tool (Hazboun et al. 2019) and obtaining
the signal-to-noise ratio (S/N) of a � = 13/3 power-law
GWB, we observed that the five lowest frequency bins
contribute 99.98% of the S/N, with the majority coming
from the first bin. We also injected a � = 13/3 power-
law GWB into the 11-year data set NG11, and measured
the response of each frequency using a 30-frequency free
spectrum model, in which we allowed the variance of
each sine–cosine pair in the red-noise Fourier basis to
vary independently. We observed that the lowest few
frequencies are the first to respond as we raised the
GWB amplitude from undetectable to detectable lev-
els (see Figure 13). The details of this injection analysis
are described in Appendix A.

Moving on to empirical arguments, in Figure 1
we plot the power-spectrum estimates for a spatially-
uncorrelated common-spectrum process in the 12.5-year
dataset, as computed for a free-spectrum model (gray
violin plots), for variable-� power-law models with five
and 30 frequency components (dashed lines, showing
maximum a posteriori values, as well as 1-�/2-� poste-
rior contours), and for a broken power-law model (solid
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where � and � are the slopes at frequencies lower
and higher than fbend, respectively, and  controls the
smoothness of the transition. In this paper, we set
� = 0 to appropriately capture the white noise coupled
at higher frequencies and  = 0.1, which is small enough
to contain the transition between slopes to within an in-
dividual frequency bin. Both the free spectrum and the
broken power law capture a steep red process at the low-
est frequencies, accordant with expectations for a GWB,
which is accompanied by a flatter “forest” at higher fre-
quencies. The 30-frequency power law is impacted by
power at high frequencies (where we do not expect any
detectable contributions from a GWB) and adopts a low
spectral index that does not capture the full power in
the lowest frequencies. By contrast, the five-frequency
power law agrees with the free spectrum and broken
power law in recovering a steep-spectral process.

The problem of pulsar-intrinsic excess noise leaking
into the common-spectrum process at high frequen-
cies has already been discussed for the 9- and 11-
year NANOGrav data sets (Aggarwal et al. 2019, 2020;
Hazboun et al. 2020), and we are addressing it through
the creation of individually adapted noise models for
each pulsar (Simon et al. in prep). For this paper, we
find a simpler solution in limiting all common-spectrum
models to the five lowest frequencies. By contrast,
we used 30 frequency components for all rank-reduced
power-law models of pulsar-intrinsic red noise3, which is
consistent with what is used in individual pulsar noise
analyses and in the creation of the data set.

3.2. Models of spatially correlated processes

We analyzed the 12.5-year data set using a hierarchy
of data models, which are compared in Bayesian fashion
by evaluating the ratios of their evidence. All models
include the same basic block for each pulsar, consist-
ing of measurement noise, timing-model errors, pulsar-
intrinsic white noise, and pulsar-intrinsic red noise de-
scribed by a 30-frequency variable-� power law; but they
di↵er by the presence of one or two red-noise processes
that appear in all pulsars with the same spectrum. As in
previous work (NG9gwb; NG11gwb), we fixed all pulsar-
intrinsic white noise parameters to their maximum in the

3
The Fourier basis is still built on frequencies k/T where T is the

maximum time span between TOAs in the array, and the same

basis vectors are still used for all red noise models.

Table 1. Data models.

NG11gwb labels 1 2A 2B 2D 3A (new) 3B 3D

spatial single common- two common-

correlations spectrum process spectrum processes

• uncorrelated X X
• dipole X X
• monopole X X
• HD X X X X
pulsar-intrinsic X X X X X X X X
red-noise

Note—The data models analyzed in this paper are or-
ganized by the presence of spatially-correlated common-
spectrum noise processes. Model names are added for
a direct comparison to the naming scheme employed in
NG11gwb.

posterior probability distribution recovered from single-
pulsar noise studies for computational e�ciency.

The models are listed in Table 1, which also reports
their labels as used in NG11gwb. The most basic vari-
ant (model 1 in NG11gwb) includes measurement and
pulsar-intrinsic processes alone.

The next group of four models includes a single
common-spectrum red-noise process. The first among
them (model 2A of NG11gwb) features a GWB-like red-
noise process with common spectrum, but without HD
correlations. Because we expect the correlations to be
much harder to detect than the diagonal Saa terms in
Eq. (2), due to the values of the HD ORF (�ab) be-
ing less than or equal to 0.5, and because the corre-
sponding likelihood, which does not include any corre-
lations, is very computationally e�cient, this model has
been the workhorse of PTA searches. However, the pos-
itive identification of a GWB will require evidence of a
common-spectrum process with HD correlations, which
also belongs to this group (model 3A of NG11gwb). The
group is rounded out by common-spectrum processes
with dipolar and monopolar spatial correlations, which
may represent SSE and clock anomalies. For a convinc-
ing GWB detection, we expect the data to favor HD cor-
relations strongly over dipolar, monopolar, or no spatial
correlations.

The last group includes an additional common-
spectrum red-noise process on top of the GWB-like
common-spectrum, HD-correlated process. The second
process is taken to have either no spatial correlations,
dipolar correlations, or monopolar correlations.

3.3. Solar-system ephemeris

In the course of the GWB analysis of NANOGrav’s
11-year data set (NG11gwb), we determined that GW
statistics were surprisingly sensitive to the choice of

Broken power law model
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graph on the left of Figure 4 are diagnostics of the multilevel
decision scheme outlined above in Section 3.1. Adopting the
JPL ephemerides as fixed-parameter models, the data favor the
presence of a common uncorrelated process in all pulsars to
various degrees and especially so for DE430, and they favor

slightly the presence of H.–D. interpulsar correlations. How-
ever, this preference disappears if we marginalize over the
ephemeris uncertainties.
The effects of ephemeris errors are also apparent in the upper

plot of Figure 5, which shows the posterior distribution of
log10AGWB under the log-uniform prior used to compute Bayes
factors, for γ=13/3, and ignoring H.–D. correlations. The
dashed lines show the posterior obtained by taking each
ephemeris as fixed-parameter models without uncertainties; the

Table 4
GWB Amplitude 95% Upper Limits for the NANOGrav 11year Data Set, Computed for a Power-law Spectrum with γ=13/3, and with Uniform Prior on AGWB (see

Equations (4) and (5))

95% Upper Limit on AGWB [×10−15], γ=13/3 Power Law

JPL Ephemeris Uncorrelated Common Process (2A) H.–D. Correlated Common Process

Alone (3A) + Dipole (3B) + Monopole, Dipole (3C) + Monopole (3D)

DE421 1.505(8) 1. 53(1) 1.478(8) 1.487(8) 1.53(3)
DE430 1.76(2) 1. 79(1) 1.698(9) 1.676(9) 1.74(2)
DE435 ( )1.57 3 1. 60(1) 1.555(8) ( )1.55 1 1.58(2)
DE436 ( )1.61 2 1. 67(1) 1.594(9) ( )1.56 1 1.60(2)
INPOP13c ( )1.74 3 L L L L

BAYESEPHEM ( )1.34 1 ( )1.45 2 ( )1.52 3 ( )1.49 3 1.48(4)

Note. We report limits for an uncorrelated common process (as in NG9b) and for a Hellings–Downs spatially correlated process, either alone (in bold, our fiducial
result) or in the presence of additional correlated processes with different ORF. “L” indicates that analyses for these numbers were not performed.

Figure 1. Sky positions of all 45 pulsars in the NANOGrav 11year data set.
The area of each circle is indicative of the number of TOAs, while the color
scale indicates the observational baseline. The 34 pulsars whose baselines are
longer than three years are indicated with solid red edges. The Milky Way
plane is shown behind as a blue band (thickness is not indicative of Galactic
scale height), with the Galactic center shown as a blue star. The longest
baseline is given by J1744–1134 with 11.37 years, while the largest data set is
given by J1713+0747 with 27,571 TOAs.

Figure 2. GWB amplitude 95% upper limit for an uncorrelated common
process (model 2A) as a function of spectral index γ (see Equation (5)) for the
JPL ephemerides and for BAYESEPHEM. The dotted curve shows a power-law
fit to the BAYESEPHEM curve, which is consistent with a similar fit in NG9b.

Figure 3. Top panel:GWB amplitude 95% upper limits for an uncorrelated
common process with a γ=13/3 power law (straight black line) or with
independently determined free-spectrum components (jagged black line). The
thickness of the lines spans the spread of results over different ephemerides.
The dashed–dotted line shows the expected sensitivity scaling behavior for
white noise. The colored dashed lines and bands show the median and one-
sigma ranges for the GWB amplitudes predicted in MOP14 (green), Simon &
Burke-Spolaor (2016; orange), and S16 (blue). Bottom panel:as in the top
panel, except showing the results in terms of the stochastic GWB energy
density (per logarithmic frequency bin) in the universe as a fraction of closure
density, ΩGWB( f )h 2. The relationship between h c( f ) and ΩGWB( f )h 2 is given
in Equation (10).
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graph on the left of Figure 4 are diagnostics of the multilevel
decision scheme outlined above in Section 3.1. Adopting the
JPL ephemerides as fixed-parameter models, the data favor the
presence of a common uncorrelated process in all pulsars to
various degrees and especially so for DE430, and they favor

slightly the presence of H.–D. interpulsar correlations. How-
ever, this preference disappears if we marginalize over the
ephemeris uncertainties.
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factors, for γ=13/3, and ignoring H.–D. correlations. The
dashed lines show the posterior obtained by taking each
ephemeris as fixed-parameter models without uncertainties; the

Table 4
GWB Amplitude 95% Upper Limits for the NANOGrav 11year Data Set, Computed for a Power-law Spectrum with γ=13/3, and with Uniform Prior on AGWB (see

Equations (4) and (5))

95% Upper Limit on AGWB [×10−15], γ=13/3 Power Law

JPL Ephemeris Uncorrelated Common Process (2A) H.–D. Correlated Common Process

Alone (3A) + Dipole (3B) + Monopole, Dipole (3C) + Monopole (3D)

DE421 1.505(8) 1. 53(1) 1.478(8) 1.487(8) 1.53(3)
DE430 1.76(2) 1. 79(1) 1.698(9) 1.676(9) 1.74(2)
DE435 ( )1.57 3 1. 60(1) 1.555(8) ( )1.55 1 1.58(2)
DE436 ( )1.61 2 1. 67(1) 1.594(9) ( )1.56 1 1.60(2)
INPOP13c ( )1.74 3 L L L L

BAYESEPHEM ( )1.34 1 ( )1.45 2 ( )1.52 3 ( )1.49 3 1.48(4)

Note. We report limits for an uncorrelated common process (as in NG9b) and for a Hellings–Downs spatially correlated process, either alone (in bold, our fiducial
result) or in the presence of additional correlated processes with different ORF. “L” indicates that analyses for these numbers were not performed.
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baseline is given by J1744–1134 with 11.37 years, while the largest data set is
given by J1713+0747 with 27,571 TOAs.
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ABSTRACT
We have searched for continuous gravitational wave (CGW) signals produced by individually
resolvable, circular supermassive black hole binaries (SMBHBs) in the latest European Pulsar
Timing Array (EPTA) data set, which consists of ultraprecise timing data on 41-ms pulsars. We
develop frequentist and Bayesian detection algorithms to search both for monochromatic and
frequency-evolving systems. None of the adopted algorithms show evidence for the presence
of such a CGW signal, indicating that the data are best described by pulsar and radiometer
noise only. Depending on the adopted detection algorithm, the 95 per cent upper limit on the
sky-averaged strain amplitude lies in the range 6 × 10−15 < A < 1.5 × 10−14 at 5 nHz < f <

7 nHz. This limit varies by a factor of five, depending on the assumed source position and the
most constraining limit is achieved towards the positions of the most sensitive pulsars in the
timing array. The most robust upper limit – obtained via a full Bayesian analysis searching
simultaneously over the signal and pulsar noise on the subset of ours six best pulsars – is
A ≈ 10−14. These limits, the most stringent to date at f < 10 nHz, exclude the presence of
sub-centiparsec binaries with chirp mass Mc > 109 M⊙ out to a distance of about 25 Mpc,
and with Mc > 1010 M⊙ out to a distance of about 1Gpc (z ≈ 0.2). We show that state-of-
the-art SMBHB population models predict <1 per cent probability of detecting a CGW with
the current EPTA data set, consistent with the reported non-detection. We stress, however, that
PTA limits on individual CGW have improved by almost an order of magnitude in the last five
years. The continuing advances in pulsar timing data acquisition and analysis techniques will
allow for strong astrophysical constraints on the population of nearby SMBHBs in the coming
years.
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The direct detection of gravitational waves (GWs) is one of the pri-
mary goals of contemporary observational astrophysics. The access
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to GW information alongside well-established electromagnetic ob-
servations will be a milestone in our investigation of the Universe,
opening the era of multimessenger astronomy.

Precision timing of an array of millisecond pulsars (MSP; i.e.
a pulsar timing array, PTA) provides a unique opportunity to get
the very first low-frequency (nHz) GW detection. PTAs exploit
the effect of GWs on the propagation of radio signals from ul-
trastable MSPs to the Earth (e.g. Sazhin 1978; Detweiler 1979),
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Figure 6. The 95 per cent upper limit on the GW strain for the three frequentist methods, i.e. Fp varying noise (Fp), Fp fixed noise (Fp_ML) and Fe , and
the three bayesian methods, i.e. “evolving source” with Earth term only (Bayes_E) and with Earth and Pulsar terms (Bayes_EP) and ‘non-evolving source with
Earth and Pulsar terms (Bayes_EP_NoEv), see Table 1 for details.

Figure 7. Sensitivity sky map at f = 6.3 nHz computed with the Fe com-
puted with 500 injections in 48 directions in the sky (‘cells’). The colour
scale corresponds to log10 of the 95 per cent upper limit on the strain
amplitude A. The white points indicate the positions of the six best pulsars
with sizes corresponding to their contribution to the S/N. Black dots indicate
the location of the Virgo and the Coma clusters.

Figure 8. Sensitivity sky map at f = 7 nHz computed with the phase-
marginalized Bayesian technique for a ‘non-evolving source’. The colour
scale and points are the same as for Fig. 7.

5 A STRO PHYSICAL INTERPRETATION

The upper limits on CGWs from SMBHBs presented in this paper
are currently the most stringent in the literature. We turn now to
investigate their impact on the astrophysics of SMBHBs.

5.1 Horizon distance

Each of the 95 per cent upper limits on A derived in the previous
section can be easily converted into a horizon distance for CGW
detection as a function of mass and frequency using equation (7). If
A95 per cent(f ) is the strain upper limit as a function of frequency
obtained with a specific method, then

DH (f ,Mc) = 2
M5/3

c

A95 per cent(f )
(πf )2/3. (34)

In a frequentist sense, this has to be interpreted as the distance at
which, on average, a source of mass Mc emitting at frequency f
located anywhere on the sky would result in a value of the detection
statistics higher than what we measure in the data with 95 per cent
probability, if it was there. As an example, results for the Fp-ML
statistic are presented in Fig. 9. An interesting feature of the plot is
that, for a given Mc, DH is essentially constant (slowly declining)
for f > 5 × 10−9Hz. This is because of the cancellation effect
between the rising CGW amplitude with frequency, A ∝ f −2/3 and
the PTA sensitivity, which degrades almost linearly with f (see Figs 3
and 6). In this frequency range, and with the current sensitivity, we
can exclude the presence of an SMBHB with Mc > 109 M⊙ out
to a distance of about 25Mpc, i.e. well beyond the distance to the
Virgo cluster, and with Mc > 3 × 109 M⊙ out to a distance of
about 200 Mpc, i.e. twice the distance to the Coma cluster. Note
that Virgo and Coma themselves are located in a region of ‘average
sensitivity’ in our sky sensitivity map (see Fig. 8), meaning that
we can rule out the presence of SMBHBs (with the characteristics
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Figure 4. Distributions of the optimal statistic S/N for
HD (blue), monopole (orange), and dipole (green) spatial
correlations, as induced by the posterior probability distri-
butions of pulsar-intrinsic red noise parameters in a Bayesian
inference run that includes a spatially uncorrelated common-
spectrum process. The means of each distribution are the
noise-marginalized Â2 given in Table 3. All three correlations
patterns are identified in the data with modest significance;
but it is only for an HD-correlated process that the ampli-
tude estimate is compatible with the posteriors of Figure 2.

(with each bin hosting a similar number of pairs). The
error bars show the standard deviations of angular sepa-
rations and cross-correlated power within each bin. The
dashed and dotted lines show the values expected theo-
retically from HD- and monopolar-correlated processes
with amplitudes set from the measured Â2 (the first col-
umn of Table 3). While errors are smaller for NG12 than
for NG11, neither correlation pattern is visually appar-
ent.

4.3. Bayesian measures of spatial correlation

Inspired by the optimal statistic, we have developed
two novel Bayesian schemes to assess spatial correla-
tions. We report here on their application to the 12.5-
year data.

First, we performed Bayesian inference on a model
where the uncorrelated common-spectrum process is
augmented with a second HD-correlated process with
auto-correlation coe�cients set to zero. In other words,
we decouple the amplitudes of the auto- and cross-
correlation terms. The uncorrelated common-spectrum
process regularizes the overall covariance matrix, which
would not otherwise be positive definite with this new
“o↵ diagonal only” GWB. Figure 6 shows marginalized
amplitude posteriors for the diagonal and o↵-diagonal
processes, which appear consistent. It is however evi-
dent that cross correlations carry much weaker informa-
tion: as a matter of fact, the log10 Bayes factor in favor
of the additional process (computed à la Savage–Dickey,
see Dickey 1971a) is 0.10 ± 0.01 with fixed DE438 and

Figure 5. Average angular distribution of cross-correlated
power, as estimated with the optimal statistic on the 11-year
data set (top) and 12.5-year data set (bottom). The num-
ber of pulsar pairs in each binned point is held constant for
each data set. Due to the increase in pulsars in the 12.5-yr
data set, the number of pairs per bin increases accordingly.
Pulsar-intrinsic red-noise amplitudes are set to their maxi-
mum posterior values from the Bayesian analysis, while the
SSE is fixed to DE438. The dashed blue and dotted orange
lines show the cross-correlated power predicted for HD and
monopolar correlations with amplitudes Â2 = 4⇥ 10�30 and
9⇥ 10�31, respectively.

�0.03 ± 0.01 under BayesEphem. These factors are
smaller than the HD-vs.-uncorrelated values of Table 2,
arguably because the o↵-diagonal portion of the model is
given the additional burden of selecting the appropriate
amplitude.

Second, we performed Bayesian inference on a
common-spectrum model that includes a parametrized
ORF: specifically, inter-pulsar correlations are obtained
by the spline interpolation of seven nodes spread across
angular separations; node values are estimated as inde-
pendent parameters with uniform priors in [�1, 1] (Tay-
lor et al. 2013). Figure 7 shows the marginalized posteri-
ors of the angular correlations, and bears direct compar-
ison with Figure 5. The posteriors are consistent (but
somewhat inconclusively) with the HD ORF, which is
overplotted in the figure. However, they are inconsis-
tent with the monopolar ORF, also overplotted in the
figure. This is similar to the evidence reported in Ta-
ble 2.

12 The NANOGrav Collaboration

�18 �17 �16 �15 �14
log10 Agwb

10�2
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100
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GWB (cross-correlations only)
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Figure 6. Bayesian amplitude posteriors in a model that
includes a common-spectrum process, and an o↵-diagonal
HD-correlated process where all auto-correlation terms are
set to zero (see main text of Sec. 4.3). The posteriors shown
here are marginalized with respect to each other. The infer-
ence run includes BayesEphem.

Figure 7. Bayesian reconstruction of inter-pulsar spatial
correlations, parametrized as a seven-node spline. Violin
plots show marginalized posteriors for node correlations,
with medians, 5% and 95% percentiles, and extreme val-
ues. The dashed blue line shows the HD ORF expected for
a GWB, while the dashed horizontal orange line shows the
expected inter-pulsar correlation signature for a monopole
systematic error, e.g. drifts in clock standards.

5. STATISTICAL SIGNIFICANCE

As described above, the 12.5-year data set o↵ers
strong evidence for a spatially uncorrelated common-
spectrum process across pulsars in the data set, but it
favors only slightly the interpretation of this process as
a GWB by way of HD inter-pulsar correlations. In this
section we test the robustness of the first statement, by
examining the contribution of each pulsar to the overall
Bayes factor; and we characterize the statistical signif-
icance of the second, by building virtual null distribu-
tions for the HD detection statistics. We expect that

studies of both kinds will be important to establishing
confidence in future detection claims.

5.1. Characterizing the evidence for a
common-spectrum process across the PTA

Under a model that includes a noise-like process of
common spectrum across all pulsars without inter-pulsar
correlations, and in the absence of other physical e↵ects
linking observations across pulsars (such as ephemeris
corrections), the PTA likelihood factorizes into individ-
ual pulsar terms:

p({dj}N |{~✓j}N , ACP) =
NY

j=1

p(dj |~✓j , ACP), (4)

where dj and ~✓j denote the data set and the intrinsic
noise parameters for each pulsar j, and where ACP de-
notes the amplitude of the common-spectrum process.

Equation (4) suggests a trivially parallel approach to
estimating the ACP posterior: we performed indepen-
dent inference runs for each pulsar, sampling timing-
model parameters, pulsar-intrinsic white-noise param-
eters, pulsar-intrinsic red-noise parameters, as well as
ACP. We adopted DE438 (without corrections) as the
solar-system ephemeris, and we set log-uniform priors
for all red-process amplitudes, as described in Table 5.
We then obtained p(ACP|{dj}N ) by multiplying the in-
dividual p(ACP|dj) posteriors (as represented, e.g., by
kernel density estimators), while correcting for the du-
plication of the prior p(ACP).

As shown in Figure 8, the resulting posterior matches
the analysis of Sec. 4, while sampling very low ACP

values more accurately. We can then evaluate the
pall(CP)/pall(no CP) Bayes factor in the Savage–Dickey
approximation (see Dickey 1971b), obtaining a value
⇠ 65, 000, or log10 Bayes factor ⇠ 4.8, which is broadly
consistent with the transdimensional sampling estimates
reported in Table 2. The agreement of the two distribu-
tions in Figure 8 validates the approximation of fixing
pulsar-intrinsic white-noise hyperparameters in the full-
PTA analysis, which we accepted for the sake of sam-
pling e�ciency.

In a dropout analysis (Aggarwal et al. 2019; Vigeland
et al. in prep), we perform inference on the joint PTA
data set, but introduce a binary indicator parameter
for each pulsar that can turn o↵ the common-spectrum
process term in the likelihood of its data. These indica-
tors are sampled in Monte Carlo fashion with all other
parameters. The dropout factor (the number of “on”
samples divided by “o↵” samples for a pulsar) quantifies
the support o↵ered by each pulsar to the common-signal
hypothesis.
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et al. 2018), or the mergers of SMBHBs (Rajagopal
& Romani 1995; Phinney 2001; Ja↵e & Backer 2003;
Wyithe & Loeb 2003). Black hole mergers are likely the
most studied source, though what fraction (if any) of
galaxy mergers are able to produce coalescing SMBHBs
is virtually unconstrained. If the common-spectrum pro-
cess is due to SMBHBs, it would be the first definitive
demonstration that SMBHBs are able to form, reach
sub-parsec separations, and eventually coalesce due to
GW emission.

The cosmic history of SMBHB mergers is encoded in
the shape and amplitude of the GWB strain spectrum
they produce (Sesana 2013; McWilliams et al. 2014; Ravi
et al. 2014; Sampson et al. 2015; Middleton et al. 2016;
Taylor et al. 2017b; Kelley et al. 2017; Chen et al. 2017,
2019; Mingarelli 2019). For binaries to reach the PTA
band, environmental interactions such as dynamical fric-
tion and stellar scattering (Begelman et al. 1980) are
required to harden the binary system, and thus the de-
tection of a SMBHB GWB would show that some sys-
tems are able to overcome the “final-parsec problem”
(Yu 2002; Milosavljević & Merritt 2003) on a reason-
able cosmological timescale. At the lower end of the
nHz band, signs of these hardening mechanisms may
still be present. If stellar scattering (Quinlan 1996;
Milosavljević & Merritt 2003) is much more e↵ective
than GW radiation, then fewer binaries and thus less
GW power will be emitted compared to the pure power-
law model from GW emission alone. A circumbinary gas
disk can also torque the binary, removing additional en-
ergy and angular momentum (Ivanov et al. 1999; Cuadra
et al. 2009; Kocsis & Sesana 2011; Roedig et al. 2012,
cf. Muñoz et al. 2019). In addition to environmental
processes, eccentric binary systems radiate away energy
at higher harmonics moving GW energy from lower to
higher frequencies (Enoki & Nagashima 2007; Huerta
et al. 2015). We refer the reader to (e.g.) Section 5 of
NG11gwb and the references there-in for further details
on the information encoded in the low-frequency GWB
turnover. The overall amplitude of the GWB spectrum
is determined not only by the number of binaries able
to reach the relevant orbital frequencies, but also their
distribution of masses (Simon & Burke-Spolaor 2016).
While the GWB amplitude is relatively insensitive to
the redshift distribution of sources (Phinney 2001), the
high-frequency portion is a↵ected by this, along with
the local number-density and eccentricity distribution
of sources (Sesana 2013; Kelley et al. 2017).

While the recovered amplitude for the common-
spectrum process in this data set is larger than the up-
per limit on a stochastic GWB quoted in NG11gwb, the
qualitative astrophysical conclusions reported there ap-

ply to this data set as well (see Sec. 5 of NG11gwb).
We note also that the amplitude posteriors found here
can accommodate many GWB models and assumptions
(such as the Kormendy & Ho measurement of the MBH–
Mbulge relationship) that had previously been in tension
with PTA upper limits. Additionally, this amplitude for
a GWB may imply that the black hole mass function
is underestimated, specifically when extrapolated from
observations of the local supermassive black hole popu-
lation (Zhu et al. 2019).

Last, beyond the marginal evidence for HD correla-
tions, we find a broad posterior for the spectral slope �
of the common-amplitude process when we allow � to
vary. Therefore, the emerging signal could also be at-
tributed to one of the other cosmological sources capable
of producing a nHz GWB. The predicted spectral index
for these is only slightly di↵erent from SMBHBs value of
13/3 (⇡ 4.33): it is 5 for a primordial GWB (Grishchuk
2005) and 16/3 (⇡ 5.33) for cosmic strings (Ölmez et al.
2010). Data sets with longer timespans and more pulsars
will allow for precise parameter estimation in addition to
providing confidence toward or against GWB detection.

6.3. Expectations for the Future

The analysis of NANOGrav pulsar timing data pre-
sented in this paper is the first PTA search to show
definite evidence for a common-spectrum stochastic sig-
nal across an array of pulsars. However, evidence for
the tell-tale quadrupolar HD-correlations is currently
lacking, and there are other potential contributors to
a common-spectrum process. A majority of the pul-
sars with long observational baselines show the strongest
evidence for a common-spectrum process; this subset
of pulsars could be starting to show similar spin noise
with a consistent spectral index. However, it is unlikely
that strong spin noise would appear at a similar ampli-
tude in all millisecond pulsars (Lam et al. 2017). Addi-
tionally, the per-pulsar evidence is significantly reduced
when we apply BayesEphem, as expected; there re-
main other solar system e↵ects for which we do not di-
rectly account, such as planetary Shapiro delay (Hobbs
& Edwards 2012), that could contribute to the common-
spectrum process. Finally, there are other sources of
systematic noise that we may have uncovered (Tiburzi
et al. 2016), and the further potential for sources yet to
be diagnosed, all of which would require further study
to isolate. Thus, attributing the signal uncovered in
this work to an astrophysical GWB will necessitate ver-
ification with independent pipelines on larger (and/or
independent) data sets.

One avenue to validate the processing of timing obser-
vations will be the analysis of the “wideband” version of
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et al. 2018), or the mergers of SMBHBs (Rajagopal
& Romani 1995; Phinney 2001; Ja↵e & Backer 2003;
Wyithe & Loeb 2003). Black hole mergers are likely the
most studied source, though what fraction (if any) of
galaxy mergers are able to produce coalescing SMBHBs
is virtually unconstrained. If the common-spectrum pro-
cess is due to SMBHBs, it would be the first definitive
demonstration that SMBHBs are able to form, reach
sub-parsec separations, and eventually coalesce due to
GW emission.

The cosmic history of SMBHB mergers is encoded in
the shape and amplitude of the GWB strain spectrum
they produce (Sesana 2013; McWilliams et al. 2014; Ravi
et al. 2014; Sampson et al. 2015; Middleton et al. 2016;
Taylor et al. 2017b; Kelley et al. 2017; Chen et al. 2017,
2019; Mingarelli 2019). For binaries to reach the PTA
band, environmental interactions such as dynamical fric-
tion and stellar scattering (Begelman et al. 1980) are
required to harden the binary system, and thus the de-
tection of a SMBHB GWB would show that some sys-
tems are able to overcome the “final-parsec problem”
(Yu 2002; Milosavljević & Merritt 2003) on a reason-
able cosmological timescale. At the lower end of the
nHz band, signs of these hardening mechanisms may
still be present. If stellar scattering (Quinlan 1996;
Milosavljević & Merritt 2003) is much more e↵ective
than GW radiation, then fewer binaries and thus less
GW power will be emitted compared to the pure power-
law model from GW emission alone. A circumbinary gas
disk can also torque the binary, removing additional en-
ergy and angular momentum (Ivanov et al. 1999; Cuadra
et al. 2009; Kocsis & Sesana 2011; Roedig et al. 2012,
cf. Muñoz et al. 2019). In addition to environmental
processes, eccentric binary systems radiate away energy
at higher harmonics moving GW energy from lower to
higher frequencies (Enoki & Nagashima 2007; Huerta
et al. 2015). We refer the reader to (e.g.) Section 5 of
NG11gwb and the references there-in for further details
on the information encoded in the low-frequency GWB
turnover. The overall amplitude of the GWB spectrum
is determined not only by the number of binaries able
to reach the relevant orbital frequencies, but also their
distribution of masses (Simon & Burke-Spolaor 2016).
While the GWB amplitude is relatively insensitive to
the redshift distribution of sources (Phinney 2001), the
high-frequency portion is a↵ected by this, along with
the local number-density and eccentricity distribution
of sources (Sesana 2013; Kelley et al. 2017).

While the recovered amplitude for the common-
spectrum process in this data set is larger than the up-
per limit on a stochastic GWB quoted in NG11gwb, the
qualitative astrophysical conclusions reported there ap-

ply to this data set as well (see Sec. 5 of NG11gwb).
We note also that the amplitude posteriors found here
can accommodate many GWB models and assumptions
(such as the Kormendy & Ho measurement of the MBH–
Mbulge relationship) that had previously been in tension
with PTA upper limits. Additionally, this amplitude for
a GWB may imply that the black hole mass function
is underestimated, specifically when extrapolated from
observations of the local supermassive black hole popu-
lation (Zhu et al. 2019).

Last, beyond the marginal evidence for HD correla-
tions, we find a broad posterior for the spectral slope �
of the common-amplitude process when we allow � to
vary. Therefore, the emerging signal could also be at-
tributed to one of the other cosmological sources capable
of producing a nHz GWB. The predicted spectral index
for these is only slightly di↵erent from SMBHBs value of
13/3 (⇡ 4.33): it is 5 for a primordial GWB (Grishchuk
2005) and 16/3 (⇡ 5.33) for cosmic strings (Ölmez et al.
2010). Data sets with longer timespans and more pulsars
will allow for precise parameter estimation in addition to
providing confidence toward or against GWB detection.

6.3. Expectations for the Future

The analysis of NANOGrav pulsar timing data pre-
sented in this paper is the first PTA search to show
definite evidence for a common-spectrum stochastic sig-
nal across an array of pulsars. However, evidence for
the tell-tale quadrupolar HD-correlations is currently
lacking, and there are other potential contributors to
a common-spectrum process. A majority of the pul-
sars with long observational baselines show the strongest
evidence for a common-spectrum process; this subset
of pulsars could be starting to show similar spin noise
with a consistent spectral index. However, it is unlikely
that strong spin noise would appear at a similar ampli-
tude in all millisecond pulsars (Lam et al. 2017). Addi-
tionally, the per-pulsar evidence is significantly reduced
when we apply BayesEphem, as expected; there re-
main other solar system e↵ects for which we do not di-
rectly account, such as planetary Shapiro delay (Hobbs
& Edwards 2012), that could contribute to the common-
spectrum process. Finally, there are other sources of
systematic noise that we may have uncovered (Tiburzi
et al. 2016), and the further potential for sources yet to
be diagnosed, all of which would require further study
to isolate. Thus, attributing the signal uncovered in
this work to an astrophysical GWB will necessitate ver-
ification with independent pipelines on larger (and/or
independent) data sets.

One avenue to validate the processing of timing obser-
vations will be the analysis of the “wideband” version of

Conclusions ? let’s look at the author’s own 
conclusions …
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