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Abstract
This review summarises recent progress in pulsar timing array research and
the current status of nanohertz gravitational wave astronomy. I outline the
techniques enabling decade-long, sub-microsecond-precision timing, present
results from PTA collaborations between 2023–2025, and discuss their implica-
tions for supermassive black-hole binaries, cosmological sources, and beyond-
Standard-Model physics. I also highlight complimentary efforts probing the
nanohertz regime.
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1. Introduction

Neutron stars (NSs) are the compact remnants of massive stars after core-collapse supernovae.
Many are observed as pulsars via their periodic radio pulses. Typical NS masses lie between
∼0.8 and ∼2.4M⊙ [22, 110, 125, 381]4, with radii ∼10 km [295, 296, 312]. For present pur-
poses, two broad observational families matter: long-period ‘classical’ pulsars and recycled
millisecond pulsars (MSPs). MSPs, spun up by accretion [18, 54, 373], offer the rotational
stability and narrow profiles needed for high-precision pulsar timing [264]. This technique

4 See also www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html.
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can be used to probe pulsars and their companions, including measuring planetary masses
and orbital elements [90, 174], while also constraining the stability of atomic time standards
[192, 195]. In particular, MSPs serve as laboratories for a wide range of phenomena: they
trace propagation effects in the interstellar and interplanetary media, reveal the dynamics of
relativistic binaries, and enable sensitive tests of fundamental physics.

One of the most exciting prospects enabled by pulsar timing is the search for nanohertz
(nHz) frequency gravitational wave (GW) signals [120, 350] through pulsar timing arrays
(PTAs). PTAs are formed by observing a collection of MSPs at intervals of days or weeks
over decades. By precisely measuring the times of arrival (TOAs) of the pulses at each epoch
of observation and identifying correlated signals among them, we can search for the signature
of GWs. PTAs represent the only practical method for detecting GWs in the nHz frequency
range, where sources such as supermassive black hole binaries (SMBHBs) and cosmic strings
are expected to generate a stochastic GW background (GWB) [169, 228, 352]. Additionally,
PTAs have the potential to detect individual GWs from nearby SMBHB systems [210, 354],
as well as signals from dark matter (DM) candidates [128].

There are currently six major regional PTAs: the Parkes PTA (PPTA) [165, 275, PPTA]
in Australia, the European PTA [235, EPTA], the North American nHz Observatory for GWs
[12, 209, 283, NANOGrav], the Indian PTA [307, 307, InPTA], theMeerTIME PTA [293, 370,
MPTA], and the Chinese PTA [248, CPTA]. These regional PTAs are part of the international
PTA (IPTA) [272, 407], which aims to combine data sets to improve sensitivity to GWs.

As mentioned earlier, PTAsmonitor MSPs over long periods to take advantage of their rota-
tional stability [154]. GWs cause a strain on space-time, which in turn modulates the TOAs of
these MSPs. This effect manifests as an achromatic modulation in the TOAs, with a charac-
teristic power spectrum that depends on the GW frequency [120, 350]. A cosmic population
of nearly circularised SMBHBs would give rise to a stochastic GWB whose power spectrum
follows a steep slope, with a spectral index of γ = 13/3 [323], while flatter spectral indices are
expected for populations of eccentric SMBHBs or for backgrounds generated by cosmological
sources [83] or from exotic sources. However, detecting these signals is challenging due to
noise sources intrinsic to MSPs, interstellar medium (ISM) effects, and errors in observational
models [362, 426]. For instance, interstellar plasma causes delays in radio pulses, and timing
noise from MSPs can obscure the GWB signal. Other factors such as clock errors and inac-
curacies in the Solar System ephemeris (SSE) further complicate detection [392]. Therefore,
distinguishing the GW-induced signal from these various noise sources is a key challenge in
PTA data analysis.

The hallmark of an isotropic GWB, which distinguishes it from other noise processes, are
the spatial correlations between the TOAs of different pulsars, as described by the Hellings–
Downs (HD) function [184]. This function predicts a unique correlation pattern based on the
angular separation between pulsars, serving as a fingerprint of the GWB. However, detecting
these correlations is difficult because the amplitude of the cross-correlations is small, usually
below 0.25. The sensitivity of a PTA to these spatial correlations depends on several factors,
including the number of pulsar pairs and their distribution in the sky [364, 386].

Ultimately, the detection of the GWB, rather than individual GW signals from SMBHBs,
is expected to be the first major achievement of PTA observations [342]. While the stochastic
nature of the GWB makes it difficult to identify as a coherent signal, the accumulation of data
from multiple PTAs will eventually reveal the low-frequency residual power characteristic of
the GWB. Recent results [9, 141, 294, 338, 423] suggest that we are approaching this mile-
stone, although a definitive detection of the HD cross-correlations is still pending. As data sets
grow and our understanding of noise sources improves, the detection of nHz GWs will provide
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unprecedented insights into the population of SMBHBs and other cosmological phenomena,
opening a new window into the GW universe [352, 389].

The first signs of a common-spectrum process, were presented by NANOGrav in their
12.5 year data set, although they did not observe the spatial correlations predicted by the
HD function [29]. Similar results were found by other PTAs, including the PPTA and EPTA,
without clear evidence of cross-correlation [93, 166]. Despite these challenges, the second
data release of the IPTA (IPTA DR2), which combined the data from the three PTAs, showed
stronger evidence for the common-spectrum process [21] than the individual PTAs.

These results were followed in 2023 by four PTA collaborations—NANOGrav,
EPTA/InPTA, PPTA, and CPTA—reporting evidence for a HD spatially correlated process
in their datasets [12, 139, 338, 423], with Bayes-factor support ranging from modest/insig-
nificant in PPTA to significant/decisive in the remaining arrays. In 2024, the MPTA added
an independent analysis based on ∼4.5 yr of data, again indicating strong evidence for HD
correlations [294]. Taken together, the 2023–2024 releases establish a common phenomeno-
logy (quadrupolar spatial correlations with a red spectrum) but differ in strength and modelling
choices; this diversity motivates the modular, comparative approach adopted below.

1.1. Scope, contributions and layout of this review

This review is designed for rapid, modular use and long-term utility. It (1) assembles a con-
cise, pedagogical pathway from pulsar phenomenology to precision timing—dispersion, scat-
tering, template matching, jitter, and TOA formation—culminating in a consistent notation
for the timing model and residuals; (2) lays out the standard PTA inference machinery in
one place—the noise taxonomy, the design–matrix representation, the Gaussian-process like-
lihood, and the strain→redshift→residual response (including the HD kernel)—with typ-
ical prior ranges used in practice; (3) surveys current instrumentation and public datasets
(PPTA/EPTA+InPTA/NANOGrav/MPTA/CPTA/IPTA) and synthesises the 2023–2024 res-
ults indicating a common-spectrum, HD-correlated process, highlighting modelling choices
and points of agreement/disagreement without performing a new reanalysis; and (4) offers
a method-first but practice-oriented treatment of systematics that can mimic or mask a
background—ephemerides, time standards, solar wind and IISM, pulse-profile/mode variabil-
ity, and binary dynamics—with their entry points in the model, array-level diagnostics (mono-
pole/dipole vs. HD), mitigation strategies, and implications for astrophysical/cosmological
interpretation and near-term prospects.

Each subsection is largely self-contained, so readers can jump directly to a theme
and obtain a minimally consistent summary without scanning the entire manuscript. In
scope and emphasis, this work complements and extends prior PTA and GWB reviews by
Manchester [272], Lommen [262], Yunes and Siemens [428], Tiburzi et al [393], Verbiest
et al [409], Verbiest and Shaifullah [408], and Shannon and Cordes on timing system-
atics [362], as well as reviews of SMBHB populations and nHz astrophysics by Burke-
Spolaor et al and Sesana [75, 352]. For cosmological and beyond-Standard-Model back-
grounds, it interfaces with Caprini et al [83, 84] and recent overviews such as Bernardo and
Wang [53], while providing a balanced, side-by-side comparison of PTA-inferred constraints
across models.

For book-length and pedagogical treatments, see Taylor’s monograph [388], the PTA
chapter byVerbiest, Osłowski and Burke-Spolaor in theHandbook of GWAstronomy [406], the
classic pulsar handbooks [264, 267], and the foundational monograph [276]. These resources
provide comprehensive background; here we focus on a compact, comparative synthesis
anchored to the latest PTA data.
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Table 1. Summary of symbols and notation used in this review. Quantities are defined
on first use.

Symbol Meaning Units/notes

c Speed of light 2.9979× 108 ms−1; set c=1 in
some equations

G Gravitational constant 6.674× 10−11 m3 kg−1 s−2

e, me Electron charge, mass 1.602× 10−19 C; 9.109× 10−31

kg
DM Dispersion measure

´
ne dl pccm−3

ν Radio observing frequency GHz (unless stated)
f Fourier/GW frequency Hz
a Dispersion constant e2/(2πmec) 4.1488× 103 sMHz2 cm3 pc−1

τ Timing residual (data−model) s
τTM, τSN, τGW Deterministic, spin-noise, GW

terms
s

∆tDM DM delay s
τsc Scattering broadening s; ∝ DM2.2ν−4.4

U(t) Template pulse profile Normalized to unit area
Wint Intrinsic pulse width s
fJ Fractional jitter amplitude dimensionless
n Pulses averaged per TOA
AX , γX Amplitude, spectral index

(process X)
P(f ), Φ( f) One-sided PSD s2Hz−1

T Design matrix (timing model)
B(θ), N, C(θ) Process, noise, total covariances C= N+ TB(θ)T⊤

Γ ab, ζab HD correlation, pulsar separation ζ rad/deg
h+,× GW strain polarizations dimensionless
hc( f) Characteristic GW strain dimensionless
ΩGW( f) GW energy density per ln f dimensionless fraction of ρc
H0 Hubble constant 67.4 kms−1Mpc−1

ρc Critical density 3H2
0/(8πG) kgm−3

L Pulsar distance pc kpc−1

p̂, Ω̂ Unit vectors (pulsar, GW
direction)

Np Pulsars in array
EI , QI , JI EFAC, EQUAD, jitter (backend

I)
dimensionless/s/s

BI Backend noise block
S/N Signal-to-noise ratio dimensionless
ΦHD HD kernel 3

2x lnx−
x
4 +

1
2 ,

x= (1− cosζ)/2
η Width-efficiency factor

Wint/
√
W2

int +∆t2DM + τ 2
sc

dimensionless

BPTA Bayes factor (background vs
noise)

log10B

The notation and symbols used in this article adopt the most commonly used ones in liter-
ature, however, to avoid confusion for readers arriving here from varying backgrounds, table 1
provides a summary of the most relevant definitions.
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With this context, in the following sections I review the latest results from PTAs, starting
with a review of the properties of pulsars that make them excellent detectors of nHz GWs
in section 2. In section 3 I introduce the fundamental technique that enables the detection
of such faint signals. There I also introduce the different sources of noise that affect pulsar
observations, and the models we utilise in PTA analysis. In section 4.1 I demonstrate the effect
of GWs on a set of pulsar TOAs before discussing the properties of the instruments used to
collect those data and the latest PTA datasets in sections 5 and 6. In sections 5 and 7, I discuss
the GW analysis, and the results obtained by each PTA before discussing the implications of
those results for a background driven by astrophysical sources in section 9, from cosmological
or other exotic sources in section 11. In section 14, I briefly sketch the future of nHz GWs,
focusing on upcoming detection efforts before concluding in section 15.

2. Pulsars and the times of arrival of their pulses

Pulsars are rapidly rotating NSs; massive, compact objects left behind in the aftermath of
the supernovae of massive stars, heavier than 8–10 times the mass of the Sun. As the core
of the supernova collapses, it is believed to acquire angular momentum, setting up an initial
spin which the conservation of angular momentum rapidly boosts. The core itself continues to
collapse freely until it reaches a critical drip point, where the inner layers of the core become
squeezed to form a quantum pasta of fundamental particles [47, 89], leaving behind a thin crust
with a very small fraction of electrons and protons, enveloped in a very rare plasma-sphere.

During this collapse and the subsequent formation of the NS, embedded magnetic fields
shrink and give rise to dense magnetospheres corotating with the star. These fields are so strong
that they strip away electrons from the surface, forcing them into spirals along the ‘frozen-in’
magnetic field lines. Any residual plasma in the tenuous atmosphere is also trapped by the
ordered field. The result is an environment where relativistic particles are confined, interact
collectively, and can in principle give rise to coherent radiation. A diverse range of emission
models have been proposed, and while a thorough review is beyond the scope of this article, a
short summary of the most popular models follows in section 2.3.

While there are contentions as to the exact process for energy extraction from pulsar angular
momentum, a commonly accepted one is that of magnetic dipole radiation, which occurs due
to the misalignment between the pulsar’s strong magnetic field and its spin axis. This misalign-
ment, combined with rapid rotation, produces beams of radiation that sweep through space,
resembling a cosmic lighthouse. When one of these beams sweeps over the Earth, the NS’s
pulses can be detected, and the object is classified as a pulsar. Because of their high rotational
speeds and large moments of inertia, pulsars exhibit highly stable spin rates. Consequently,
the recurrence of the observed pulses is extremely regular. This regularity enables a technique
known as ‘pulsar timing’ [264], which can be used to study the various properties of pulsars
and their companions, the interstellar and interplanetary media, determining planetary masses
and orbital elements [90, 174], and studying the stability of atomic time standards [192, 195].

At present, no single model has achieved consensus. Curvature radiation, plasma instabilit-
ies, maser processes, turbulence, and pair discharges each capture parts of the phenomenology,
but each also faces significant open issues. The challenge remains to establish a predictive and
quantitative theory that can unify the diverse manifestations of radio emission across normal
pulsars, MSPs, and magnetars.

Once the radio emission mechanism operates and the NS rotates nearly freely within its
tenuous atmosphere, its radiation is directed into a beam that sweeps across the observer’s line
of sight (LOS). Each rotation results in energy loss through magnetic braking, with angular

5



Class. Quantum Grav. 42 (2025) 243001 Topical Review

momentum radiated away as electromagnetic emission. The signal is therefore detected as a
periodic sequence of pulses, modulated by the gradual loss of angular momentum.

2.1. The discovery of pulsars

It was such a series of pulses that were first detected by Jocelyn Bell, using the Mullard
Observatory’s then newly built low-frequency, high-speed radio scintillation detector [187]
leading to the portmanteau ‘pulsars’ being coined as the name by which we know such radio-
bright NSs. Although NSs had been previously suggested by Pacini [313], and even explored
theoretically by Gold [163], there was little evidence initially to connect these with the obser-
vations of Hewish et al [188]. In fact, the original proposal by Hewish and Rees modelled
these objects as very rapidly pulsating white dwarfs.

However, apart from their eponymous pulses, the signal of pulsars was used almost imme-
diately to measure the total electron content along the LOS due to the observable frequency
dispersion of pulses observed across widely separated frequencies [327]. This marked the first
use of pulsars as probes of other astrophysical signals of interest, in this case using the delay
between the observed pulse at two frequencies to estimate the electron density of the ionised
ISM.

Electromagnetic waves propagating through a cold plasma obey the dispersion relation

ω2 = ω2
e + c2k2, (1)

where the electron plasma angular frequency is

ω2
e =

4πnee2

me
. (2)

For typical astrophysical conditions (ne ∼ 10−4–104 cm−3), the corresponding plasma fre-
quency is νe ≡ ωe/(2π)≃ 8.98kHz

√
ne/cm−3, well below usual observing bands [126].

Since ωe ≪ ω we may expand the group velocity,

vg (ν)≡
∂ω

∂k
= c

(
1− ω2

e

ω2

)1/2

≃ c

(
1− 1

2

ω2
e

ω2

)
, (3)

so that 1/vg ≃ c−1
(
1+ 1

2ω
2
e/ω

2
)
and the frequency–dependent arrival time to a source at dis-

tance L is

t(ν) =
ˆ L

0

dl
vg (ν)

≃
ˆ L

0

dl
c

(
1+

1
2
ω2
e

ω2

)
=
L
c
+

1
2c

ˆ L

0

ω2
e

ω2
dl. (4)

Using ω = 2πν and ω2
e = 4πnee2/me gives

t(ν)− L
c

≡ τ (ν) =
e2

2πmec
1
ν2

ˆ L

0
ne dl. (5)

Defining the dispersion measure (DM) as the line-of-sight (LOS) integral of the electron dens-
ity with path length in parsecs,

DM≡
ˆ L

0
ne dl with dl in pc and ne in cm−3, (6)

we write the dispersive delay compactly as

τ (ν) = a
DM
ν2

, a ≡
(

e2

2πmec

)
(1pc) . (7)
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Inserting fundamental constants (Gaussian–cgs) yields the widely used numerical forms

a = 4.148808 ms GHz2 cm3 pc−1 = 4.148808× 103 s MHz2 cm3 pc−1. (8)

Accordingly, the excess dispersive delay between two observing frequencies is

∆tDM = aDM
(
ν−2
1 − ν−2

2

)
=

4.148808 ms DM
(
ν−2
1,GHz − ν−2

2,GHz

)
,

4.148808× 103 s DM
(
ν−2
1,MHz − ν−2

2,MHz

)
,

(9)

where frequencies are in GHz (top line, ∆t in ms) or in MHz (bottom line, ∆t in s).
The small expansion parameter ϵ≡ (ωe/ω)

2 ≃ 8× 10−11 (ne/cm−3)(ν/GHz)−2 justifies the
Taylor series used above; searches for the ϵ2 correction have not uncovered a significant
detection [164, 398].

Historically, some authors parameterised equation (7) as DM= Kν2 τ(ν) with
K= a−1 (see [273]), while the Handbook of Pulsar Astronomy adopts a=
4.148808(3)ms GHz2 cm3 pc−1 [263]. Within a given analysis pipeline the specific choice of
a (or K) is absorbed by the fitted DM; however, care is required when comparing published
DMs unless the adopted convention for a (or K) is explicitly stated.

Finally, it was also relatively quickly identified that the pulses appeared to have character-
istic shapes or profiles for each pulsar, and could be searched for by using Fourier transform–
based analysis.

2.2. The population of NSs

Significant improvements in radio astronomy, including the ability to record data in digital
formats and the development of high speed, broadband instrumentation led to a rapid growth
in the number of pulsars being discovered, and a subsequent decrease in the lowest spin peri-
ods observed. This is most easily demonstrated by the figure 1, which shows the number of
pulsars, of both the millisecond and classical types, as a function of time. As of the date of
the preparation of this manuscript, the total number of detected pulsars is greater than∼4300,
including candidate pulsars, as defined in the ATNF pulsar catalogue.

Themarked increase towards the right of the plot is due to amultiplicity of factors, including
but not limited to significant improvements in the computational resources used for pulsar
searching, accompanied by dramatic increases in the sensitivities of radio telescopes used for
pulsar searching, as well as the introduction of new searching techniques.

It is expected that the underlying population of pulsars in the Galaxy ranges between 10 000
to 600 000, a significant fraction of which will only become visible once future telescopes such
as the square kilometre array (SKA) come online towards the later half of this decade.

Pulsars display a diversity of behaviours and can be classified into several distinct groups
based on their observed properties, as summarised in figure 2. The dominant population are
adio pulsars (∼4300), which subdivide into slow pulsars [264] and MSPs [18, 54]. They can
also be grouped into Galactic and globular cluster pulsars [79, 333, GCPs;]. The vast majority
are isolated, while a smaller fraction are found in binaries with a wide range of companions,
including ∼30 known double NSs [74, 147, 383, DNS;].

Depending on their radio detectability, pulsars are often classified as radio-loud or radio-
quiet [291]. Radio-loud pulsars are characterised by regular pulses, though in some cases
these can be intermittently interrupted or absorbed. Transient and intermittency phenomena
include rotating radio transients [284, RRATs;], nulling pulsars [58, NullP;], and the handful
of intermittent pulsars [234, InterP;]. Aminority of objects show no confirmed radio detections
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Figure 1. Plot showing the number of discovered pulsars as a function of time. The light,
dashed histogram represents Classical pulsars, while the dark solid histogram shows
the number of millisecond pulsars discovered per year. The coloured bars and triangles
above show 41 surveys listed in the ATNF pulsar catalogue.

(NRAD), though several credible candidates for radio continuum emission exist [45], even if
none are firmly established [277].

A number of pulsars are also strong high-energy sources, observed inX-rays [48] and γ-rays
[6], and overlapping with rarer magneto-thermal objects such as magnetars [310], anomalous
x-ray pulsars [289, AXP;], soft gamma repeaters [222, SGRs;], and thermally emitting isol-
ated neutron stars [399, XINS;]. In these classes, irregular or transient pulses are particularly
common, often linked to strong magnetic fields or to interactions with surrounding material.

The directed links in figure 2 encode both taxonomic overlap and possible evolutionary
pathways—for example, spin-up in binaries producing MSPs, or magnetar-like activity con-
necting to high-energy subclasses.

Slow or ‘classical’ pulsars are typically several million years old [264, see e.g.]. They pos-
sess inherited spin periods ranging from tenths of a second to about ten seconds [274, 405],
which result from the conservation of angular momentum during the core collapse of the pro-
genitor star. Guided largely by their historical discovery, pulsars are classified by rotation rate
as either ‘slow’ pulsars or millisecond pulsars (MSPs), where the latter rotate at rates much
greater than 100Hz and extend down to sub-millisecond periods [186]. MSPs are thought to
have gained additional angular momentum through the accretion of material from a companion
star [18, 54, 373]. This process produces much shorter spin periods, generally weaker mag-
netic fields, and greater rotational stability. These differences between slow pulsars and MSPs
are commonly displayed via the P–Ṗ diagram (figure 3).
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Figure 2. Directed acyclic graph (DAG) representation of the pulsar taxonomy, showing
the major observational classes and their subdivisions. Node sizes are proportional to the
number of known objects in each class, while edges indicate either taxonomic overlap
or plausible evolutionary connections (e.g. recycling channels leading to millisecond
pulsars, or magneto-thermal evolution linking magnetars and high-energy pulsars). This
schematic highlights both the population statistics and the diversity of phenomenology
within the pulsar zoo. The number counts correspond to the ATNF pulsar catalogue
(v2.6.3) the McGill Magnetar Catalogue Paulo Freire’s globular cluster catalogue and
other common references5.

2.3. The pulsar emission process

As mentioned earlier, the exact process of pulsar emission has yet to be identified. However, a
number of competing models have been proposed, which I describe briefly for completeness
here. Curvature radiation models attribute it to relativistic charges radiating coherently as
they move along curved magnetic field lines. These can account for extreme brightness tem-
peratures (Td ≳ 1028 K), observed polarization geometry, and drifting sub-pulses, although
the physical stability and origin of long-lived charge bunches remain uncertain, and nonlinear
plasma processes are required [287, 299, 345].

5 ATNF pulsar catalogue: www.atnf.csiro.au/research/pulsar/psrcat/, McGill Magnetar Catalogue: www.physics.
mcgill.ca/∼pulsar/magnetar/main.html; Globular Cluster catalogue: www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.
html.
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Figure 3. A comparison of slow pulsars and millisecond pulsars. Slow pulsars are typ-
ically several million years old and have spin periods ranging from tenths of a second
to about ten seconds. In contrast, millisecond pulsars have much shorter spin periods,
often in the millisecond range, and generally weaker magnetic fields.

Plasma-instability models invoke beam–plasma interactions that excite Langmuir waves,
which throughmodulational instability form solitons that radiate curvature emission or convert
into escaping modes [31, 287, 288]. They provide a natural route to bunch formation and are
compatible with emission altitude constraints, but mode conversion into observable radiation
has not yet been demonstrated quantitatively, and growth rates are sensitive to uncertain plasma
parameters.
Cyclotron and Cherenkov maser models instead rely on resonant beam–plasma interac-

tions in the outer magnetosphere, where negative absorption can amplify X-mode radiation.
These mechanisms are attractive for explaining high-altitude or off-pulse emission, giant
micropulses, and auroral-like features [27, 223, 288]. However, they often require finely tuned
plasma distributions, tend to predict narrowband spectra, and may not easily reproduce the
broadband emission seen in most pulsars.

Another proposal is the strong plasma turbulence model, where nonlinear Langmuir tur-
bulence can lead to soliton collapse, producing nanosecond-scale bursts. This mechanism
is strongly supported in the Crab pulsar, where nanoshot timescales align with theoretical
predictions [177, 418]. Its relevance to the broader pulsar population, however, remains uncer-
tain, since the extreme turbulence required has not been clearly identified in ordinary pulsars.

Finally, unsteady pair-discharge models, supported by recent particle-in-cell (PIC) simula-
tions, suggest that time-dependent pair creation in gaps can directly launch coherent O-mode
waves [322]. This approach links emission to the same pair-production physics that governs
global magnetospheric dynamics, and PIC studies reproduce GHz frequencies, polarization,
and luminosities broadly consistent with observations. Nonetheless, such simulations remain
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computationally limited, with scaling relations and extensions to fully realistic 3D conditions
still lacking.

These mechanisms are relevant not only for normal pulsars but also for MSPs, whose
weaker fields require alternative pair-creation channels [178], and for magnetars, where transi-
ent pair cascades triggered by magnetospheric twists can produce radio emission even beyond
the conventional death line [101, 222, 303].

2.4. Pulse emission and profiles

As pulsars rotate, their beamed radio emission sweeps over the Earth, and can be measured
as a rapidly varying electromagnetic field by radio telescopes. The one-dimensional profile of
intensity is called a pulse. The pulse can display long term variations such as those induced by
a relative change in the viewing geometry, or short term variations linked to process described
earlier or due to scattering by the ISM. Further, the profile can also display variations arising
from both the influence of companions, or the effect of nutation and precession, slowly altering
the angle at which the LOS meets the beam. Finally, at a granular level, profiles can also be
decomposed into a number of microstructures [236, 321], including features such as drifting
sub-pulses [46, 127, 419]. Such pulse-to-pulse variations can be effectively modelled as shot
noise processes, which when averaged over several rotations modify each average profile as
well.

Since each individual pulse is an observational trace through the magnetic field and the
trapped ion distribution, and the strong magnetic fields of pulsars imply that at relatively
high altitudes this magneto-ionic configuration is largely frozen in, averaging on a number
of successive pulse averages to a mean or average profile, which is the time averaged global
configuration.

From the standpoint of precision timing, magnetars—with their extremely high surface
magnetic fields (B∼ 1014−1015G)—are generally excluded because their radio emission is
frequently intermittent or transient, their average profiles and polarisation properties undergo
pronounced evolution across both time and frequency, and their long rotation periods with
broad duty cycles limit attainable TOA precision for fixed dwell times; in addition, many reside
in complex environments (e.g. supernova remnants/H II regions) that impose large and some-
times variable dispersion and rotation measures, together with strong multi-path scattering.
Similarly, classical (non-recycled) or slow pulsars are not preferred for high-precision applic-
ations: their longer spin periods and typically wider beams yield poorer radiometer-limited
precision, their profiles often evolve strongly with frequency and may exhibit magnetospheric
mode changes, and sight lines concentrated toward the Galactic plane tend to suffer enhanced
scattering. These considerations motivate a focus on recycled MSPs with short P, narrow and
stable average profiles, and comparatively clean lines of sight.

Figure 4 shows example of the variability of the pulse profile of PSR J1713+0747, one
of the most precisely timed PTA MSPs. Note especially the small range of fluctuations over
almost ∼2500 days in the right panel, as also the fact that high sensitivity observations are
now capable of detecting fluctuations both within each observation (jittering in the left panel)
and temporal profile variations.

Given such high observed stability, we can model each observed pulse as the sum of
Gaussian components:

U(t) =
Nc∑
k=1

Smax,k exp

(
− (t−µk)

2

2σ2
k

)
, (10)

11



Class. Quantum Grav. 42 (2025) 243001 Topical Review

Figure 4. The stability of the pulse profile of PSR J1713+0747, a millisecond pulsar.
The left panel demonstrates the short-term (or pulse-to-pulse or single pulse) variabil-
ity that occurs per rotation. Despite these variations, the centroid of the intensity peak,
represented by the dark blue regions, lies within a window of ≪±1× 10−6 fractional
phase, corresponding to pulse-jitter≃45 ns [315]. The sum of several thousands of rota-
tions recorded at each observing epoch lead to each of the gray average profiles plotted
in the top right panel. These profiles, taken from the NANOGrav 11 year data release
[28], are typically extremely stable. The bottom panel shows the variation of the profile
mapped using units of standard deviation of the average noise in profiles, as a func-
tion of the observing epochs. The standard deviation is calculated using the signals in
the phase bins where the pulse of the profile is not detected. Epochs when the profile
showed significant deviations are marked with yellow, green and blue lines [69]. The
composite figure is made from plots which originally appear in [69, 315].

where Nc is the number of Gaussian components [237, typically fewer than 10], Smax,k repres-
ents the peak intensity of the k-th Gaussian component, µk is the centre of the component, and
σk is its standard deviation. Let us assume this is the template of the observed profiles.

If the voltage time-series collected by the receiver can be timestamped using a high preci-
sion local time standard, the group of photons of the profile can be associated with the time
at which they ‘arrived’ at the telescope. Assuming a fiducial model in which the template is
assigned a reference time, the TOA for any given observation can then be calculated by count-
ing the number of rotations that would separate the template and the observed pulse, assuming
the only shift required to align the template and the profile is an integer number of rotations
and a small offset that can be calculated via the Fourier cross-correlation method [384]. If
∆t≪ P and neglecting second-order terms; the timing offset∆t is determined by minimizing
the phase difference between the observed profile and the template:

∆t=
1
2π

∑
fw( f) · f · Im

[
P̃( f) T̃∗ ( f)

]∑
fw( f) · f 2

, (11)

where w(f ) is a weighting function based on the S/N of each harmonic, Im[·] is imaginary part
of the cross-correlation, P̃( f) is the Fourier transform of the observed profile and T̃∗( f) is the
complex conjugate of the Fourier transform of the template.
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At any given epoch, the total observed profile S(t) consists of the scaled sum of the Gaussian
components, ambient noise, and a constant baseline offset:

S(t) = ĝU(t− ta)+ n(t)+Ns, (12)

where ĝ is a scaling factor for the pulse template of equation (10), ta is the pulse arrival time,Ns
represents the baseline noise, and n(t) accounts for small noise fluctuations. When expanded
around the estimated arrival time t̂a of the group of photons that make up the pulse, the observed
signal becomes:

S(t) = ĝU(τ)+∆gU(τ)− ĝτU ′ (τ)+ N̂s+∆Ns+ n(τ) , (13)

where τ = t− t̂a is the timing residual, ∆g= g− ĝ represents a small deviation in the scaling
factor, and ∆Ns = Ns− N̂s reflects a deviation in the baseline noise. Here, U ′(τ) denotes the
derivative of U(τ) with respect to τ . The timing residual τ is estimated by minimizing the
mean squared error between the observed signal and the template, yielding:

τ ≈
´
U ′ndτ

ĝ
´
(U ′)

2 dτ
. (14)

The uncertainty in the arrival time, σta , depends on the noise variance σ2
n and is given by:

σta =
σn/ĝ[´

(U ′)
2 dτ
]1/2 . (15)

Beyond these effects, both dispersion and scattering in the ISM also affect the observed
pulse profile and must be accounted for in the noise budget. Due to ISM turbulence the
instantaneous value of DM as defined in equation (6) fluctuates around a mean, and this can
further degrade the pulse sharpness and correspondingly, the TOA precision. Rearranging
equation (9); we can obtain an expression for the error in the dispersion value of∆DM, which
would introduce a frequency-dependent smearing, with a smearing time ∆tDM across a band-
width ∆f , given by:

∆tDM = 8.3ms · DM
f3c

·∆f, (16)

where DM is in units of pc cm−3, fc is the centre observing frequency (GHz), and ∆f is the
bandwidth (MHz). This dispersion-induced smearing broadens the pulse and reduces its sharp-
ness, lowering the observed peak intensity Smax.

Scattering, which arises from Kolmogorov turbulence in the ISM, adds an exponential tail
to the pulse profile. The scatter broadening function G(t) is given by:

G(t) =
1
τsc

exp

(
− t
τsc

)
H(t) , (17)

where τsc ∝ DM2.2f−4.4 is the scattering timescale and H(t) is the Heaviside step function
ensuring G(t) is non-zero only for t⩾ 0. The combined effects of dispersion and scattering
can be described by convolving the intrinsic pulse U(t) with the smearing function W(t) (a
boxcar) and the scattering function G(t), resulting in the observed pulse:

Uobs (t) =
ˆ ∞

−∞

ˆ ∞

−∞
U(t ′)G(t− t ′ ′)W(t ′ ′ − t ′) dt ′ dt ′ ′. (18)
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The combined effect of dispersion and scattering reduces the sharpness of the pulse and the
effective Smax. The reduction factor η, which accounts for these effects, is:

η =
Wint√

W2
int +∆t2DM + τ 2sc

, (19)

where Wint is the intrinsic pulse width. The signal-to-noise ratio (SNR) (S/N) of the folded
profile, accounting for this reduction, becomes:

S/N=

∑n
i=1 Smax,i · η√∑n

i=1σ
2
i

. (20)

Pulse Jitter

Pulse jitter refers to the random phase variation of individual pulses relative to a mean phase
aligned with the NS’s rotation. Intrinsic pulse shape variations and the finite number of pulses
received in an observation cause a TOA bias, known as jitter [317, 362]. It requires a dedicated
noise model because its impact depends on pulsar brightness, which varies due to interstellar
scintillation (see below), and because it is correlated over the observing bandwidth [104]. Pulse
jitter affects the precision of TOA measurements by introducing variability in individual pulse
shapes, despite the stability of the average pulse profile. This variation scales with the number
of pulses observed and has a frequency-dependent impact due to varying pulse profiles across
different radio frequencies [105, 182, 242, 243, 317].

Jitter-induced TOA uncertainty is given by:

σJ =

[
f2J
´
U(t) t2dt

n
´
U(t)dt

]1/2
, (21)

where fJ represents the width of the jitter phase PDF in units of the pulse width, n is the
number of integrated pulses, and U(t) is the normalized pulse waveform. Jitter effects scale as
1/
√
n, meaning they become less significant with a large number of integrated pulses but are

important for pulsars with high intrinsic phase instability.
The total timing uncertainty, incorporating noise, dispersion, scattering, and jitter, can be

expressed as:

σ2
total = σ2

ta +σ2
J . (22)

Dispersion and scattering are frequency-dependent, with ∆tDM ∝ f−3
c and τsc ∝ f−4.4

c .
Observing at higher frequencies mitigates their effects but reduces sensitivity. Jitter, on the
other hand, is independent of frequency but depends on the intrinsic stability of the pulsar’s
emission. Mitigation strategies include coherent dedispersion, which removes dispersion
smearing, and long integrations, which reduce the impact of jitter. Together, these effects
influence the observed pulse shape, S/N, and timing precision, requiring careful modelling
and correction for high-precision pulsar timing experiments.

The role of broad- and narrowband radio frequency interference

System noise fluctuations contribute an additional source of timing uncertainty, primarily
arising from variations in the background noise level during observations. These fluctuations
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scale inversely with the SNR (S/N), as higher S/N reduces the relative impact of noise on the
observed pulse profile. The timing uncertainty due to system noise is expressed as:

σsys =
Csys

S/N
, (23)

where Csys is a scaling factor representing the level of system noise. This uncertainty directly
adds to the total TOA precision and becomes significant at lower S/N, where system noise
dominates over other effects like jitter or scattering.

Random, narrow spikes within the pulse profile introduce irregularities that affect timing
precision. These spikes, caused by external interference, add timing uncertainty proportional
to the pulse width and inversely proportional to

√
S/N. The contribution of random spikes to

the TOA uncertainty is modelled as:

σspikes =
CspikesWint√

S/N
, (24)

where Cspikes is a scaling factor representing the relative intensity and frequency of the spikes,
and Wint is the intrinsic pulse width. This effect can significantly degrade timing precision,
particularly in cases where random spikes are frequent or have high amplitude relative to the
pulse profile. When combined with other broadening effects, such as dispersion or scattering,
the presence of spikes further complicates the observed pulse shape. As a result a tremendous
effort in pulsar timing goes into ensuring that the observed profiles are free from the effect of
RFI, ranging from advanced time and frequency domain techniques [247, 301]. However, the
complexity with which RFI appears in data implies particularly strongly affected observations
require careful manual inspection and post-processing, or removal from pulsar timing datasets.

2.5. Polarization calibration errors

Incorrect polarization calibration is another potential source of error. Each observation
involves correcting for differential gain and phase variations in polarization, as well as chan-
ging the parallactic angle. Miscalibration can introduce chromatic noise since polarization
profiles depend on frequency [153, 377].

Each of these effects has a varying degree of impact on the achievable TOA precision, and
naturally reflects a unique combination of the pulsar, the LOS to it, the instruments used to
record the observations and their RFI environment. The commonly used strategy of observing
pulsars for long durations and averaging their pulses has been remarkably successful, although
with the latest generation of telescopes per pulsar optimised strategies must be used. Figure 5
demonstrates the effect each of the sources of error have on the overall timing precision
achieved as a function of the number of individual pulses that have been ‘integrated’ into
the observation. Clearly, pulse jitter, once we are sensitive to it becomes the most important,
implying the need for deeper searches for more stable MSPs, along with the continued mon-
itoring of currently observed pulsars.

3. Pulsar timing

In its essence, pulsar timing is the practice of associating a rotation count with every observa-
tion of a pulsar, relative to an arbitrary ‘zeroth’ pulse [263]. This is achieved by building inter-
polative models fitted against observations, such that the final solution is ‘phase-connected’. In
other words, pulse profiles at successive observations can be aligned to produce a continuous
pulse-train.
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Figure 5. Plot showing the dependence of TOA precision on the S/N of the profile, and
the degradation due to some known effects. The simulated pulse has a period of 1ms
and has a full-width half-minimum of .25 of the rotational phase.

This alignment can be achieved through the process of constructing a pulsar timing model,
where a number of astrophysical and systematic effects can be accounted for, as sketched
in figure 6. For an ideal, isolated pulsar the repetition of pulses is governed solely by the
spin-period (F0) and the rate at which angular momentum is lost as the dipolar magnetic field
converts it into emission, typically only accounted for through the first derivative of the spin-
period (F1). Close to the pulsar’s surface this would be sufficient to predict the emitted pulse-
train. However, the observed pulse train at Earth bears the imprint of a number of possible
sources of deviations from this simplistic behaviour.

Tracing back along the LOS from Earth, these effects include several deterministic effects.
The first of these involves the translation of the pulse’s site arrival time (SAT or Tsite) meas-
ured at the observatory using precise clocks such as hydrogen masers (H-maser) to the Solar
System Barycentre (SSB), which is the nearest and most precisely located inertial frame. This
involves first translating the site arrival time (Tsite) to the arrival time in UTC (TUT ) through any
intermediate reference timing systems (clock0, etc), before removing any propagation delays
due to terrestrial atmosphere (Tropo).

As the emission propagates within the Solar System, the Shapiro delay (∆S⊙) induced by
the gravitational potentials of the massive planets also contribute to the measured time of
arrival, and the Einstein delay (∆E⊙) due to the relativistic frame transformations between
the co-moving Earth and the SSB. These are calculated using SSEs such as those provided
by the Jet Propulsion Laboratory (NASA-JPL) [316]. The most significant terms of this cor-
rection, indicated in the figure 6 include the Shapiro delays from the massive planets Venus,
Jupiter, Saturn and Uranus (Venshap, etc), as well as Roemer and Einstein delays from the Solar
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Figure 6. A schematic representation of the pulsar timing model of the
MSP J1744−1134 pulsar. Since this is an isolated pulsar no binary terms need
to be estimated. The contributions from each of the model terms are calculated relative
to the SSB. Hence, the first step involves translating the pulse arrival time (Tsite) at
Earth measured using high precision observatory clocks to the Barycentric arrival time
(TBary). Subsequently, delays between successive TOAs can be fitted to components
from propagation in the turbulent IISM, a measure of the parallax as well as the
properties of the pulsar itself such as its location and projected motion on the sky,
and its rotational period and rate of angular momentum loss. Each of these delays are
calculated through model fitting to ‘align’ the TOAs as explained in the text, such that
the profiles linked to each TOA would appear in sequence, as they would have close to
the pulsar. See section 3 for an explanation of the various terms and labels.

System and the retardation due to radio-wave propagation in the interplanetary medium (IPM)
(or Solar Wind; SW).

Further corrections for the motion of the Earth (∆R⊙), or those due to the mean electron
content along the LOSwith contributions from the terrestrial ionosphere (∆iono), the SW (∆SW )
and the average electron column density encountered within the IISM (∆iism) can also be fitted
for. The sum total of the delays due to ionised plasmas is then given by:

∆plasma = δiono+ δSW+ δiism ≃ e2

2πmec2

(
1

f 2low
− 1
f 2high

)
DM (25)

where DM represents the line integral of the average electronic content along the LOS per
parsec cm−3;

DM≡
ˆ L

0
nedl.

Although the observedDM includes the contribution of the SW and the ionosphere, since both
the SW and ionosphere have independent measurements,when considering their contributions
as delays these can be split out into the individual contributions [123, 205, 393]. For instance,
most pulsar timing packages model the contribution from the SW using a spherical distribution
centred on the Sun, with an inverse radius-squared density gradient.

Closer to the pulsar, once again a few relativistic effects become relevant—the Einstein
delay due to the pulsar’s own Gravitational potential—affects the pulse propagation. In the
special case that the pulsar has a companion, additional delays such as the Shapiro delay from
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the mass of the companion as well as any possible delays from excess electronic material of
the companion, lying along the line of sight.

The delays due to bound companions in particular is easily factorised into the Keplerian
parameters of the orbit, the orbital period Pb, the semi-major axis a1 sin i, the eccentricity e,
the longitude of periastron ω, the time of periastron passage T0. In case the timing precision is
very high, the timing model can further include the derivatives of the terms above. For some
of MSPs, especially those with massive companions, relativistic effects need to be included as
well. The most commonly used models for pulsar timing assume GR [61, 112], and the timing
of the double pulsar J0737−3039 system, which sets the strongest limit on the validity of GR
at low post Newtonian orders, suggests that this is a sufficient approximation.

Finally, pulsars are among some of the fastest moving astrophysical objects, and the motion
of the pulsar itself can induce a delay in the pulse arrival time. Thus, corrections for the pulsar’s
proper motion (PMRA,DEC), the location of the pulsar, defining the orientation of the LOS and
the parallax (PX), which is a proxy for the distance to the pulsar must all be factored into the
total delay.

3.1. Pulsar timing models

Each of the delays listed above can be connected to a number of physical parameters, whose
values for a given pulsar and the LoS to it can be determined using a pulsar timing model. The
timing model is iteratively improved as more observations are made, and the best-fit values of
the parameters are updated. For an isolated pulsar, the most important constraints include the
spin period P, the period derivative Ṗ, the position of the pulsar on the sky, the proper motion,
and the parallax. For a pulsar in a binary system, the timing model includes the Keplerian
parameters of the orbit, the mass function, and the Shapiro delay parameters. For all pulsars,
the timing model includes the mean DM along the LOS to the pulsar. As more data is acquired,
temporal variations in these parameters can be also modelled as derivatives.

Since the Earth is not an inertial frame, the timing model is referred to the nearest one,
which is the SSB. This requires external knowledge of the masses of Solar System objects
and their orbital parameters, which have been determined to fairly high precision for instance
by the NASA Jet Propulsion Laboratory [316, and references therein] and the l’Institut de
Mecanique Celeste [151, IMCCE]. Pulsar timing models thus include a reference SSE, often
one of the longer term models of the JPL development ephemerides (DEs) (e.g. DE440 for the
latest PTA results.)

The timing model must also include a chain of clock corrections to enable the transfer of
the TOA from the local observatory to the SSB, through an intermediate frame, the geo-centre.
The clock corrections include the observatory clock corrections, the Earth’s rotation, and the
Earth’s orientation in space, usually provided by the international earth rotation and reference
systems service (IERS). To account for the Earth’s orientation, the timing model includes the
earth orientation parameters (EOPs), which are updated regularly by the IERS.

Beyond the parameters connected to the pulsar, its environment and the LOS dependant fea-
tures, a number of additional parameters are required to ‘complete’ the timing model. The first
of this is the necessity to include an additional component for the propagation delay suffered
by the pulses in the Solar Wind. This component is traditionally modelled as a spherically
symmetric distribution, whose density decreases with the square of the inverse of the radial
distance of the LOS, whose properties are controlled through a seed value of the SW density
at 1AU.

Figure 7 shows an example of applying a phase connected timing solution to a set of TOAs
(in the top panel), leaving behind a set of timing ‘residuals’. The timing residuals are the focus
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Figure 7. The top panel shows a sequence of synthetic TOAs generated using the PINT
pulsar timing package, plotted against the rotation count associated with each TOA. The
lower panel shows the timing residuals from the same set of TOAs after it has been fitted
with the timing model.

of all downstream (after successful timing models have been obtained) analysis, since all of
our signals of interest and the other nuisance terms must be modelled within them.

3.2. Extending the pulsar timing model to account for stochastic noise processes

PTAs extend pulsar timing to ensembles (arrays) of pulsars to search for correlated signals
such as low-frequency GWs [184, 350]. The search for a stochastic GWB in pulsar timing
data involves estimating a correlated signal common to the pulse TOAs recorded for different
pulsars. Detecting this faint signal, which injects delays of a typical amplitude in the timing
residuals of ≪100ns, is made even more challenging due to a number of deterministic and
stochastic effects that can mask it.

Following the previous sections, for each pulsar in a PTA, we can now create the timing
model for the observed pulse TOAs (d) that accounts for multiple contributions:

d= τTM + τWN + τSN + τDM + τCN + τGW. (26)

• τTM: The deterministic timing model characterizing the pulsar’s properties as described in
the previous section.

• τWN: Stochastic white noise induced by instrumental thermal noise and intrinsic pulsar noise.
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• τSN: Stochastic red noise due to rotational irregularities or spin noise.
• τDM: Stochastic variations from changes in DM and other plasma along the LOS.
• τCN: Stochastic common noise, such as errors in the SSEs or time standard inaccuracies.
• τGW: The stochastic contribution from the GWB.

3.3. White noise

White noise (<1day time scales) cannot produce GWB-like signals, but it must be modelled
to estimate the precision of timing model parameters. Most analyses use the parameters EFAC
and EQUAD [129, 251] both of which attempt to correct for underestimation of the TOA
error-bars due to the effect of varying system noise in the observing system. These modify the
measurement uncertainty σi of a TOA as:

σ2
ta → EFAC2 (σ2

i +EQUAD2) . (27)

As described in section 2.4, correlated WN across epochs can introduce additional uncer-
tainties in the TOA error-bars. These are often modelled using ECORR parameters. While the
original motivations for the ECORR parameters were to model the effect of jitter on sets of
narrowband TOAs, they can also model other short-timescale correlated processes, such as
RFI or time variable scattering [243, 363]. From equations (22) and (27), the total TOA error
now becomes:

σ2
ta → EFAC2 (σ2

i +EQUAD2)+σ2
J . (28)

As PTA datasets often rely on observations collected with a variety of observing systems
at different telescopes, the white noise parameters can often number in the dozens, especially
for some of the most well-timed pulsars. As a result, these parameters are typically only eval-
uated for each pulsar dataset, and then analytically marginalised over during the searches for
common signals.

3.4. Rotational irregularities (spin noise)

Spin noise, also called timing noise or intrinsic noise, results from changes in the pulsar’s
rotational behaviour, possibly due to interactions between the NSs crust and superfluid core
[215, 286]. It is well known in young, slowly spinning pulsars [191], but is also present in
MSPs with an amplitude that is related to the pulsar spin-down rate [317]. This intrinsic noise
is generally adequately modelled with a power-law spectrum, and represented in data either as
long-term correlations between the TOAs, with a non-diagonal covariance matrix [100, 403],
or using a Fourier expansion with the coefficients constrained to follow the assumed power
spectrum [252].

The spin noise can be modelled using a Fourier basis and described by a two-parameter
power-law model:

ϕSN (ν,ASN,γSN) =
A2
SN

12π2

(
1

1yr

)−3

ν−γSN , (29)

where ASN and γSN are the amplitude and spectral index.
The prescriptions both assume that spin noise originates from a stationary process. This

assumption may be appropriate if such spin noise originates from superfluid turbulence within
the NS [286], or fluctuations within the pulsar magnetosphere, but it may be a poor approxima-
tion if such noise arises from, e.g. switches betweenmetastable equilibria of themagnetosphere
[234, 268, 395].
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3.5. Effects of the ionised ISM

The ionised ISM is turbulent [26] and contains structures that act as lenses [106]. Radio waves
from a pulsar encounter a continually changing electron density and bend proportionally to
the inverse square of the observing radio frequency ν−2. The wide range of observational
consequences includes dispersive delays, strong intensity variations (scintillation), broadening
of pulses due to multipath scattering, and higher-order effects, such as apparent position shifts
[68, 103, 340].

DM variations. As introduced earlier, DM variations are a key frequency-dependent propaga-
tion effect in pulsar timing, occurring when radio pulses travel through the ionised ISM, IPM,
and Earth’s ionosphere. This results in a delay in pulse arrival times that varies with the fre-
quency (ν) of the emission, proportional to the DM divided by ν2. As the Earth, pulsar, and
ISMmove relative to one another, changes in the free electron content necessitate DM estima-
tion for each observation. While dispersive delays are included in pulsar timing models, other
time-dependent propagation effects are not.

DM variation contributes potentially hundreds of degrees of freedom to a pulsar tim-
ing model. One approach uses DMX parameters [118] to tabulate DM measurements from
TOAs within discrete time segments. Another makes use of a constrained stochastic model
for DM(t) (see spin noise above), which has fewer effective degrees of freedom but can only
model stationary DM variations, which is generally insufficient to capture observed variations
[100, 251, 426]. These different approaches to DM modelling can produce discrepant results:
NANOGrav, using DMX [29], and the PPTA, using the stochastic model [337], findmarginally
different values for spin noise for pulsars common to the two PTAs (see below).

Currently, the most successful technique is the use of a constant mean DM term for each
MSP, accompanied by (up to) two time derivatives followed by a Gaussian process model
that absorbs the remaining DM-variations induced noise with an excellent degree of flexibility
[244].

Scattering variations. Multipath propagation introduces additional delays that deviate from
the ν−2 dispersive delay, causing pulse shape distortions. This effect, known as scattering,
broadens the pulse shape with an exponential tail described by the pulse broadening function
(PBF). The broadening generally follows a ν−4.4 scaling, though the exact index depends on
the medium’s properties. Scattering primarily delays the pulse in low-scattering regimes, and
some pulsars exhibit prominent scattering, especially those with high DM or those observed
at lower radio frequencies [185].

Ray path differences at different radio frequencies can cause the signal to traverse different
sets of electrons, leading to slightly different DMs at each frequency. Precise characterization
of this frequency-dependent DM at each epoch requires more precision than current analyses
allow [104].

Refraction from multipath propagation causes the pulsar’s observed sky position to vary,
adding a geometric delay proportional to ν−4. Additionally, variations in the angle of arrival
create delays scaling as ν−2 and are covariant with dispersive delays [154].

Pulsar scintillation. Scintillation results from the interference of multiple ray paths in the
extremely compact pulsar images. It is observed asmodulation of the dynamic spectrum, called
diffractive interstellar scintillation (DISS). The effect is characterised by coherence bandwidth
(∆νd) and coherence timescale (∆td), both inversely proportional to the pulsar’s distance.
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While DISS stochastically changes the PBF, it limits TOA precision, particularly at lower
frequencies [241]. For nearby MSPs, coherence timescales and bandwidths are often similar
to the total observation time (around 30 min) and observing bandwidths, leading to a ‘finite
scintle’ effect. This phenomenon is covariant with pulse jitter but can be disentangled due to
its strong frequency dependence [107, 242]. Although scintillation parameter measurements
could inform the analysis, they are not currently applied.

In summary, the monitoring, measurement, and interpolation of IISM-induced residuals
is an observationally and computationally expensive endeavour and a source of unmodelled
error. Although PTAs have managed to reduce these effects to the ≲ 1µs level, significant
improvements can be achieved by adding sensitive low frequency data [123, 205].

3.6. Solar wind effects

The solar wind, a stream of charged particles from the Sun’s corona, creates an ionised IPM
with an electron density that decreases with distance from the Sun [278]. As Earth orbits the
Sun, the LOS to a pulsar passes through different parts of the IPM, resulting in annual DMvari-
ations. Traditional solar wind modelling involves assuming a spherically symmetric electron
density as a function of the Sun-pulsar separation angle [129].

The solar wind’s impact on DM depends on the pulsar’s proximity to the ecliptic plane, with
those close to the ecliptic showing sharp DM peaks at minimum solar separation [123, 393].
This results in a chromatic and spatially correlated signal among pulsars [392]. However, the
solar wind is not perfectly spherical or static, varying over the 11 year solar cycle [207]. These
variations, along with differences between ‘fast’ and ‘slow’ solar wind densities, render simple
spherical models inadequate at PTA precision levels [180, 270, 378, 393, 394]. Uncorrected
solar wind variations can contribute correlated noise to pulsars [392].

3.7. Pulse profile variations

Pulse profile variations induce apparent variations in TOAs and cannot be easily mitigated.
Observed variations in PSR J1643−1224 [361] and PSR J0437−4715 [311] have been attrib-
uted to a transient magnetospheric reconfiguration, while alterations in the pulse profile of PSR
J1713+0747 may be associated with rapid apparent DM variations and recovery [258]. Mode
changing involves shifts in the average pulse profile between discrete states over varying times-
cales. A dramatic form is ‘nulling’, where a pulsar temporarily ceases emission. Nulling is
mostly observed in slow-period pulsars but not yet in MSPs, likely due to detection challenges
[35, 202]. However, mode changing has been detected in a few MSPs [271, 292, 414]. These
variations contribute noise similar to pulse jitter in timing measurements, and further research
is ongoing to assess their impact on pulsar timing.

3.8. Orbital period variations

Many pulsars observed by PTAs are in binary systems, usually with white dwarf companions
[23, 152]. While these systems generally conform to Keplerian models, some display post-
Keplerian parameters and require more complex modelling due to orbital irregularities.

MSPS in low-eccentricity ‘black widow’ systems [359] experience tidal and wind effects
cause measurable orbital variations. For these, higher-order orbital frequency derivatives can
be detected. Some pulsars also show significant red noise with a shallow spectral index, sug-
gesting minimal mismodelling impact on GW analyses. While many black widow systems
exhibit stable orbits, others show more noise due to irregular angular momentum transfer [38,
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60]. However, the noise has little effect on GW sensitivity since the orbital periods are much
shorter than the GW signal’s timescales [62].

PSR J1024−0719 is in a wide-binary system where a complete orbit cannot be measured.
Its orbital motion is modelled as a second derivative in the pulsar’s spin frequency, but the
presence of red noise implies that unmodelled orbital variations could contribute to the total
noise budget [44, 220].

Lastly, there are two known pulsars in triple systems. One, PSR J0337+1715, is being
timed by NANOGrav and requires higher-order general relativistic effects in its timing model.
Despite its complexity, PSR J0337+1715 shows minimal excess noise beyond template-fitting
uncertainties, indicating the potential significance of triple systems in future PTA studies [25,
332, 391].

3.9. SSEs

TOAs measured at an observatory must be transformed to the quasi-inertial reference frame of
the SSB using a planetary ephemeris. Notable ephemerides include NASA’s DE, most recently
DE441 [316], and the Observatoire de Paris’s INPOP series, most recently INPOP19a [151].
The primary source of uncertainty in these ephemerides arises from inaccuracies in planetary
mass measurements, particularly those of the outer planets, which introduce a sinusoidal sig-
nature in the timing residuals of pulsars. This signature appears as a dipolar signal in PTAs
[392].

The orbital periods of the giant planets range from 11.9 to 164.8 years, corresponding to
frequencies of about 0.4–2.7 nHz. This range overlaps with the frequencies probed by PTAs for
the GWB. Tomitigate the impact of these uncertainties on PTA analyses, the orbital parameters
in the ephemeris are perturbed, and results are compared across different ephemeris models
[93, 402]. These adjustments enable the PTA analyses to produce consistent results, regardless
of the ephemeris version used.

Additionally, PTA data sets have been used to search for non-GW common noise signals
and place limits on the masses of outer planets, large asteroids, and even undiscovered planets
in the outer Solar System [77, 90, 174].

3.10. Full design-matrix construction

Having discussed dominant stochastic processes in PTA datasets, we now build a single
‘design’ matrix per pulsar that spans all deterministic and stochastic basis functions except
white noise, which remains in the covariance. For brevity, the discussion here is very simpli-
fied and readers are encouraged to explore the detailed analyses of van Haasteren [175, 403,
etc], Lentati [254] and Taylor [388]. For pulsar I, we define

TI ≡
[
GC
I FSN

I FDM
I FCN

I FGW
I

]
, (30)

with matching parameter vector

bI =



aI

ϵI

δI

γI

ζI


, (31)
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where

aI : coefficients for the timing-model basis GC
I (τTM) ,

ϵI : amplitudes for the spin-noise basis FSN
I (τSN) ,

δI : amplitudes for the DM-variation basis FDM
I (τDM) ,

γI : coefficients for the common-noise basis FCN
I (τCN) ,

ζI : amplitudes for the GWB basis FGW
I (τGW) .

(32)

The global parameter vector stacks all pulsars:

b=

b1...
bN

 . (33)

Each block produces one of the six τ -terms:

τ
(I)
TM = GC

I aI, τ
(I)
SN = FSN

I ϵI,

τ
(I)
DM = FDM

I δI, τ
(I)
CN = FCN

I γI,

τ
(I)
GW = FGW

I ζI,

(34)

hence

τI = TI bI =
∑

X∈{TM,SN,DM,CN,GW}

FXI b
X
I

(
with FTM

I ≡ GC
I

)
. (35)

Stacking all N pulsars,

T= blockdiag(T1, . . . ,TN) , b=

b1...
bN

 , (36)

so that

τ = Tb. (37)

The white-noise term τWN is not in T but enters through the covariance

N= blockdiag(N1, . . . ,NN) , NI = E2
IWI+Q2

I I+ JI, (38)

where EI (EFAC) rescales formal TOA uncertainties WI, QI (EQUAD) adds quadrature white
noise, and JI (ECORR/jitter) contributes an epoch-correlated white-noise term (block-diagonal
across observing epochs/backends).

3.10.1. Gaussian-process likelihood. We place zero-mean Gaussian priors on the linear
coefficients b:

p(b | θ) =N (0, B(θ)) , (39)

whereB is block-diagonal across processes. For Fourier-sum bases, each block is diagonal with
entries set by the one-sided residual power spectral density (PSD) evaluated at fk = k/Tspan:

B(θ) = blockdiag
(
ΦTM,ΦSN (θSN) ,Φ

DM (θDM) ,Φ
CN (θCN) ,Φ

GW (θGW)
)
. (40)
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For a stationary power law, the residual PSD is

PX ( f; AX,γX) =
A2
X

12π2

(
f
fyr

)−γX
f−3, fyr ≡ 1yr−1, (41)

and ΦX is diagonal with elements PX( fk) (up to a known normalization that depends on the
chosen Fourier convention). For the GWB, spatial correlations enter via the HD overlap-
reduction matrix Γ, so that

ΦGW (θGW) → ΦGW (θGW)⊗Γ, Γab = Γ(ζab) . (42)

The conditional likelihood of the residuals d given b is

p(d | b,M) =
1√
|2πN|

exp
[
− 1

2 (d−Tb)⊤N−1 (d−Tb)
]
. (43)

Analytically marginalizing over b yields the Gaussian marginal likelihood

p(d | θ,M) =
1√

|2πC(θ) |
exp
[
− 1

2 d
⊤C(θ)

−1 d
]
, C(θ) = N+TB(θ) T⊤. (44)

3.10.2. Prior choices and typical PTA ranges. We adopt weakly informative priors on the
hyperparameters θ that follow standard PTA practice. Representative choices are:

• White noise (per backend/receiver): EI ∼ U(0.1,5); log10QI/s∼ U(−9,−5);
log10ECORRI/s∼ U(−9,−5).

• Spin noise (per pulsar): log10ASN,I ∼ U(−20,−10); γSN,I ∼ U(0,7); number of Fourier
modes KSN ∈ [30,50] with fk = k/Tspan.

• DM variations (per pulsar): log10ADM,I ∼ U(−20,−8); γDM,I ∼ U(0,7); chromatic index
fixed to ν−2 in the basis (and optionally a separate ν−4 ‘scattering’ term with an analogous
prior).

• Common processes (clock/ephemeris): common-spectrum red noise (monopole) and/or
BAYESEPHEM-like terms with zero-mean Gaussian priors centered at the reference eph-
emeris andwidths set by published uncertainties; for a phenomenological monopole process,
log10ACN ∼ U(−20,−11), γCN ∼ U(0,7).

• Stochastic GWB: log10AGWB ∼ U(−20,−11) (typical narrower choices: [−18,−12]);
either fix γGWB = 13/3 (SMBHB prior) or set γGWB ∼ U(0,7). The corresponding resid-
ual PSD uses equation (41), and spatial correlations follow Γ (HD).

Priors on linear timing-model parameters aI are taken to be broad Gaussians (or implicit via
generalized least squares), ensuring that deterministic timing fits are absorbed intoGC

I aI before
stochastic inference.

3.10.3. Posterior inference andmodel comparison. Bayes’ theorem gives the joint posterior
over hyperparameters:

p(θ | d,M) =
p(θ |M) p(d | θ,M)

p(d |M)
. (45)

We explore p(θ | d,M) using Monte Carlo samplers (e.g. parallel-tempered Markov-chain-
Monte-Carlo (MCMC) or nested sampling) and report posteriors for amplitudes and spectral
indices of each process. Model evidences p(d |M) enable Bayes-factor comparisons between,
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for example, (i) a common-spectrum, spatially uncorrelated red-noise model and (ii) a HD
correlated GWB model, or between fixed-γGWB = 13/3 and free-γGWB hypotheses.
Notes on implementation. Fourier bases use fk = k/Tspan with k= 1, . . . ,K, low-frequency
cutoff 1/Tspan, and K chosen so that fK spans the band where red power is informative; res-
ults are robust to reasonable choices of K provided convergence diagnostics are satisfied. The
mapping between PSD normalizations and ΦX depends on the precise basis normalization;
our implementation follows the convention that the diagonal entries of ΦX equal the one-sided
residual PSD PX( fk) (up to a known factor that is absorbed consistently into FXI ).

This formalism is readily leveraged to search for signals of interest: the linear coefficients
b are analytically marginalized, leaving an exact Gaussian likelihood in θ; posterior sampling
over θ yields credible intervals for process amplitudes/spectra and Bayes factors for spatial
correlations characteristic of a GWB.

3.11. Pulsar timing packages

Pulsar timing has been greatly simplified as a technique through the development of timing
packages. Typically, these make use of the linearised least squares based fitting to perform
frequentist parameter estimation of the different pulsar timing model terms. Typically linked
with pulsar data processing at individual telescopes, the earliest tools include packages such
as PSRTime6 (used at Jodrell Bank) and Tempo [305]. While Tempo continues to be used by
some timers even today, the most commonly used high-precision timing packages capable of
handling timing residuals of the order of a few tens of nanoseconds at present are Tempo2
[129] and PINT [266].

TEMPO2 [129, 194] is a widely used software package for high-precision pulsar timing. It
was developed as an evolution of the older TEMPO package, with the goal of improving accur-
acy, flexibility, and performance in pulsar timing data analysis. TEMPO2 is primarily written
in C/C++, although some Python interfaces are available to facilitate scripting and integration
with other tools. It implements advanced clock corrections, ephemerides, and timing mod-
els, and it also provides a range of plugins for visualization and extended data analysis. The
software is highly extensible, allowing for incorporation of new timing models and reference
frames as scientific needs evolve. Supported by an international community of pulsar astro-
nomers, TEMPO2 is widely adopted and maintained7, making it a long-standing and trusted
solution. Users have access to public documentation, and the large existing user base provides
additional resources and references for learning and troubleshooting.

PINT is a Python-based pulsar timing package designed to offer a modern, open-source,
and user-friendly framework for analysing pulsar timing data. It integrates seamlessly with
popular Python data-science libraries, such as NumPy, SciPy, and Astropy, and is straightfor-
ward to install (e.g. via pip). PINT is actively developed and tested by collaborations including
the North American nHz Observatory for GWs (NANOGrav). The code features robust unit
tests, continuous integration, and a modular structure that accommodates clock corrections,
parameter modelling, and error propagation. This architecture also facilitates quick adapta-
tion of new timing models and methods for ongoing research. Maintained on GitHub with
frequent updates, PINT benefits from detailed tutorials and thorough documentation, making
it accessible to users seeking a Python-centric scientific workflow.

6 www.jb.man.ac.uk/∼pulsar/observing/progs/psrtime.html.
7 https://bitbucket.org/psrsoft/tempo2/.
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While Tempo2 and PINT are excellent tools for frequentist analysis, and both even offer
additional methods for fitting for stochastic signals, Bayesian analysis to search for the noise
models in each pulsar are often carried out using stochastic sampling (MCMC or Nested
Sampling) based Bayesian analysis. These tools are indispensable and form the core of every
PTA analysis.

TempoNest [253]8 is an extension of the TEMPO2 pulsar timing software package that
incorporates Bayesian inference techniques for parameter estimation. Specifically, it utilises
the MultiNest [149] and PolyChord [176] nested-sampling algorithms to explore high-
dimensional parameter spaces in a more robust and statistically principled manner than stand-
ard least-squares or grid-based approaches. TempoNest aids in deriving posterior distributions
for pulsar and timingmodel parameters, thereby accounting for uncertainties andmodel degen-
eracies. It is written in a mix of C/C++, Python, and Fortran, integrating closely with the
underlying TEMPO2 libraries.

Enterprise (short for ‘Enhanced Numerical Toolbox Enabling a Robust Pulsar Inference
Suite’) [136] is a Python-based software toolkit designed for advanced data analysis and
Bayesian inference. Enterprise is particularly geared toward searching for the stochastic sig-
nals in the timing residuals ofMSPs. Enterprise combines high-level Python functionality with
sophisticated Bayesian sampling methods to enable flexible modelling of pulsar timing data.

It implements a parallel-tempered MCMC (PTMCMC) sampler by default, with optional
interfaces to nested-samplers (e.g. dynesty) for evidence estimation. Crucially, Enterprise
exploits the block-structured covariance of a PTA: each pulsar’s noise contributions form
a diagonal-plus-low-rank matrix while the common-process terms introduce off-diagonal
blocks. By applying the Sherman–Morrison–Woodbury identity and sparse-Cholesky routines,
Enterprise reduces the computational cost of inverting an Ntot ×Ntot residual covariance from
O(N3

tot) to near O(N3
max +N2

tot), where Nmax is the largest single-pulsar TOA count. This
sparse-matrix inverter, coupled with batched likelihood evaluations across tempering chains,
makes joint inference over dozens of MSPs—and their spatially correlated GWB or clock
errors—tractable in high performance computing cluster environments. Unlike TempoNest’s
focus on per-pulsar noise characterization, Enterprise is engineered for PTA-widemodel selec-
tion and signal recovery, offering a library of noise and GW strain models that plug seamlessly
into its sampling workflows.

4. The pulsar timing residual from GWs

Once phase-connected timing solutions and a satisfactory stochastic–noise model are estab-
lished, the inference of a stochastic GWB proceeds from the post-fit residuals. The working
null hypothesis is an astrophysical background from a cosmological population of SMBHBs,
which predicts a power-law characteristic strain (hc( f)!∝!f−2/3) together with the quadru-
polar HD spatial correlation. The inference framework is, however, source-agnostic: the same
linear response and cross-correlation formalism applies to backgrounds of cosmological origin
(inflationary tensors, scalar-inducedGWs, first-order phase transitions, cosmic strings, domain
walls). In the subsections below, we set out the strain field and its mapping to timing redshifts
and residuals, the associated angular correlation kernel, and the relation between strain spectra
and the energy-density parameter (Ωgw( f)); we then specialise to the SMBHB case and briefly
comment on cosmological alternatives.

8 https://github.com/LindleyLentati/TempoNest.
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4.1. GW strain

The GW strain tensor hij(t, x⃗) can be expressed as a superposition of plane waves with different
frequencies f and propagation directions k̂:

hij (t, x⃗) =
∑

A=+,×

ˆ ∞

−∞
df
ˆ
S2
dk̂ hA

(
f, k̂
)
ϵAij

(
k̂
)
e
−2π i f

(
t− k̂·⃗x

c

)
. (46)

For a GW propagating in the ẑ-direction, the polarization tensors are:

ϵ+ =

1 0 0
0 −1 0
0 0 0

 , ϵ× =

0 1 0
1 0 0
0 0 0

 . (47)

In general, for a GW propagating in direction Ω̂, the polarization tensors are:

ϵ+ij = m̂i m̂j− n̂i n̂j, ϵ×ij = m̂i n̂j+ n̂i m̂j, (48)

where m̂ and n̂ are unit vectors orthogonal to Ω̂, forming an orthonormal basis.

4.2. Pulsar timing residuals

The effect of a GW on the pulsar timing residual r(t, ê) is calculated by integrating the redshift
fluctuations z(t, ê):

r(t, ê) =
ˆ t

0
dt ′ z(t ′, ê) , (49)

where t is the observation time and ê is the unit vector pointing from Earth to the pulsar.
The redshift fluctuation z(t, ê) is given by:

z(t, ê) =
1
2

êi êj

1+ k̂ · ê

[
hij
(
t, 0⃗
)
− hij

(
t− L

c

(
1+ k̂ · ê

)
,Lê
)]
, (50)

where L is the distance to the pulsar and hij(t, x⃗) is evaluated at Earth (⃗x= 0⃗) and at the pulsar
(⃗x= Lê).

Substituting the expression for hij and integrating over frequencies and directions, the tim-
ing residual becomes:

r(t, ê) =
∑

A=+,×

ˆ ∞

−∞
df
ˆ
S2
dk̂ hA

(
f, k̂
) 1− e−2π i f

L
c (1+k̂·ê)

2π i f
(
1+ k̂ · ê

) FA
(
ê, k̂
)
e−2π i f t, (51)

where FA(ê, k̂) is the antenna pattern function:

FA
(
ê, k̂
)
=

1
2
êi êjϵAij

(
k̂
)
. (52)

4.3. The Hellings and Downs correlation

For a stochastic GWB, the GW amplitudes satisfy:

⟨hA
(
f, k̂
)
h∗A′

(
f ′, k̂ ′

)
⟩= δAA′δ ( f − f ′)δ2

(
k̂− k̂ ′

) 1
2
Sh ( f) , (53)

where Sh( f) is the one-sided PSD and ⟨· · · ⟩ denotes an ensemble average.
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Figure 8. The ideal correlation response of a uniformly distributed pulsar timing array
to monopolar, dipolar and quadrupolar (GW) signals.

The cross-correlation between timing residuals from two pulsars a and b is:

⟨ra (t)rb (t)⟩=
ˆ ∞

0
df Sh ( f) Γ(ζab)

sin2 (π fT)

(π f)2
, (54)

where T is the observation time, ζab is the angular separation between pulsars a and b, and
Γ(ζab) is the Hellings and Downs correlation function:

Γ(ζ) =
3
2

[
1− cosζ

2
ln

(
1− cosζ

2

)
− 1− cosζ

6
+

1
3

]
. (55)

This function encapsulates the expected quadrupolar correlation between pulsars due to
GWs and is pivotal in detecting the SGWB using PTAs. Figure 8 shows plots of an HD-
correlated process, along with correlations arising frommonopolar or dipolar processes, which
often indicate systematics and other, possible non-GWB sources (see e.g. [392]).

4.4. Phinney’s theorem and GW energy density

Phinney’s theorem [323] relates the GW energy density to the observable background. The
total energy density in GWs is:

Egw = ρcc
2
ˆ

d(ln f) Ωgw ( f) , (56)

where ρc =
3H2

0
8πG is the critical mass density of the universe and Ωgw( f) is the GW energy

density fraction per logarithmic frequency interval.
Considering a population of sources emitting GWs with energy dE/d(ln fr) at source-frame

frequency fr, the observed energy density is:

Egw =

ˆ
dzN(z)

ˆ
d(ln fr)

dE
d(ln fr)

1
1+ z

, (57)
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where N(z) is the comoving number density of sources at redshift z, fr = f(1+ z) relates
observed frequency f to source-frame frequency fr, and the factor 1/(1+ z) accounts for red-
shifted energy.

By equating the two expressions for Egw, we derive:

Ωgw ( f) =
1
ρcc2

ˆ
dzN(z)

dE
d(ln fr)

1
1+ z

. (58)

4.4.1. Application to SMBHBs. For circular SMBHBs, the energy emitted per logarithmic
frequency interval is:

dE
d(ln fr)

=
(πG)2/3

3
M5/3f2/3r , (59)

where M is the chirp mass of the binary. Substituting this into Ωgw( f), we obtain:

Ωgw ( f) =
(πG)2/3

3ρcc2
M5/3f2/3

ˆ
dzN(z) (1+ z)−4/3

. (60)

This shows that Ωgw( f)∝ f2/3 for a population of inspiraling SMBHBs.

4.5. Stochastic GWB from SMBHBs

The most anticipated source of GWs at nHz frequencies is the cosmic population of SMBHBs.
As galaxies merge, the SMBHs at their centres form binary systems (i.e. SMBHBs) that even-
tually coalesce, emitting gravitational radiation. The overall GW signal from these binaries can
be approximated as a stochastic background, dominated by the few nearby, massive sources
[354].

The GW energy density parameter, Ωgw( f), is related to the characteristic strain spectrum,
hc( f), by:

Ωgw ( f) =
2π2

3H2
0

f 2h2c ( f) , (61)

where H0 is the Hubble constant (in units of s−1). The characteristic strain hc( f) is often
modelled as a power law:

hc ( f) = A

(
f
fref

)α
, (62)

where A is the amplitude at a reference frequency f ref, and α is the spectral index. For a
population of inspiraling SMBHBs, α=−2/3, leading to hc( f)∝ f−2/3 and, consequently,
Ωgw( f)∝ f2/3. The amplitude and shape of this background depend on the SMBHB popula-
tion, the Galaxy merger rate, and the dynamics of binary evolution.

The amplitude of theGWBprovides valuable information about themerger history of galax-
ies and the post-merger dynamics of SMBHBs [138, 229, 353]. It can be expressed as:

hc ( f) = AGWB

(
f
fyr

)−2/3

, (63)

where AGWB is the amplitude of the GWB at the reference frequency fyr = 1yr−1. The ‘final
parsec problem’ [297] concerns how these binaries lose sufficient energy to eventually merge.
A confirmed detection of a GWB from SMBHBs would directly indicate that these binaries
do merge, offering insights into their evolution and resolving this problem.
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4.5.1. GWs from the early universe. While SMBHBs are the primary candidate for the
observed signal, several processes occurring in the early universe could also generate a
stochastic GWB at nHz frequencies. One of the most important sources is primordial GWs
from inflation, where quantum fluctuations of the gravitational field were stretched to macro-
scopic scales during the rapid expansion of the universe [170, 344, 374]. The power spectrum
of these GWs depends on the inflationary model and can be written as:

Ph (k) = As

(
k
kref

)nt

(64)

where Ph(k) is the tensor power spectrum, As is the amplitude, k is the wave number, kref is
the reference wave number, and nt is the tensor spectral index. These primordial GWs would
provide direct evidence of the physics of inflation, a period of rapid expansion in the early
universe.

Other early universe processes, such as phase transitions, cosmic strings, and magneto-
hydrodynamic turbulence, can also generate GWs. For example, cosmic strings, predicted by
many grand unified theories (GUTs), would produce a characteristic GW spectrum due to the
formation and decay of string loops [113, 410]. The characteristic strain from cosmic strings
follows a power-law spectrum:

hc ( f)∝ f−7/6 (65)

The detection of GWs from these early universe sources would offer a unique window into
the conditions and physics at the earliest moments of the universe, potentially probing energy
scales far beyond those accessible by particle accelerators.

4.5.2. Ultracompact Dark Matter and other non-GW contributions. In addition to GWs,
other processes can produce correlated timing residuals in pulsar timing data. For example,
imperfections in the SSEs can introduce dipolar correlated noise, while errors in the terrestrial
time standard can result in monopolar noise [392]. These effects need to be carefully accounted
for in PTA analyses.

Another potential source of correlated delays in pulsar timing data is ultralight DM
(ULDM), also known as fuzzy DM. ULDM could form coherent scalar fields that oscil-
late at frequencies proportional to the DM particle mass, leading to harmonic modulations
in pulsar arrival times [227]. The modulation frequency would be related to the mass of the
ultralight boson mϕ as:

fmod ∼
mϕc2

h
(66)

where h is Planck’s constant, and c is the speed of light. The detection of such modulations
could provide direct evidence of the nature of DM and its interaction with baryonic matter.

5. PTAs—the detector

The main objective of PTA experiments so far has been to identify a stochastic GWB using
the spatial correlations between MSPs’ pulse TOAs [184]. As discussed earlier, these GWs
could arise from inspiraling SMBHBs, with the characteristic strain following a f−2/3 power
law [323].

The detection process relies on recovering the HD correlation pattern [184, HD], which dis-
tinguishes it from the pulsar-correlated behaviour of noise sources such as pulsar spin noise,
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Figure 9. The IPTA combines data from the regional PTAs, coloured by the geograph-
ical regions within which their primary telescopes (filled circles) operate.

IISM effects, and SSE errors [392]. The sensitivity of a PTA to spatial correlations depends
on the number and angular distribution of pulsars in the array and their timing stability [364].
Hence PTAs monitor manyMSPs whose deterministic timing models leave residuals typically
≲ 1µs and do not exhibit rapid variations (e.g. glitches or strongly varying orbital configura-
tions).

Multiple collaborations operate long-term MSP monitoring campaigns worldwide.
Currently there are six operational PTAs: the EPTA, NANOGrav, the PPTA, the InPTA, the
CPTA and the MPTA. Because PTAs are tied to specific facilities, they are geographically
constrained (see figure 9). The ‘regional’ PTAs combine data under the aegis of the IPTA. In
the following (section 6) I summarise the latest datasets and per-PTA setup nuances; here I
only provide a compact overview of instrumentation.

5.1. Telescopes and receivers of PTAs

Characterising receivers and backends requires significant effort and computational resources.
While a minimal setup might appear attractive, the noise-model dependence of PTA datasets
means diversity in observing systems is an effective way to detect or rule out systematics and
to separate common red processes from instrument-specific effects. A summary of commonly
used systems is provided in table 2. Detailed, per-PTA configuration and processing choices
are deferred to section 6.

The EPTA employs a heterogeneous set of facilities across Europe, namely Effelsberg
(100m), Lovell (76m), Nançay (94m effective aperture), Westerbork (14×25m dishes), and
the Sardinia 64m telescope. These operate across P-, L-, S- and C-bands with bandwidths ran-
ging from∼100MHz to 500MHz (see table 2). In combination, they form the large European
array for pulsars (LEAP), which provides a coherent aperture equivalent to a single ∼194m
dish, used monthly for ∼20 pulsars. This diversity in systems provides a powerful check
against instrumental systematics. Further detail on the receivers, backends and their calibration
is given in the EPTA DR2 release [139].
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Table 2. Summary of telescopes, receivers, operational centre frequencies, and band-
widths used by the different PTA collaborations.

Center frequency Bandwidth
PTA Telescope Receiver (MHz) (MHz)

EPTA Effelsberg L-band 1350 1100–1600
Effelsberg S-band 2850 2600–3100
Lovell L-band 1500 1300–1700
Nançay L-band 1350 1100–1700
Westerbork P-band 350 310–390
Westerbork L-band 1500 1300–1700
Sardinia L-band 1550 1300–1800
Sardinia C-band 6500 5900–7100

InPTA uGMRT Band 3 400 300–500
Band 5 700 550–850

NANOGrav Green Bank 820 (P-band) 820 700–900
Green Bank 1400 (L-band) 1400 1200–1700
Arecibo 430 (P-band) 430 300–500
Arecibo 1400 (L-band) 1400 1100–1700
VLA L-band 1500 1300–1700

PPTA Murriyang 820 (P-band) 820 700–900
Murriyang 1400 (L-band) 1400 1200–1700

MPTA MeerKAT L-band 1284 856–1712
UHF-band 816 544–1088

CPTA FAST 19-Beam L-band 1250 1050–1450
Ultra-Wideband (UWB) — 250–3000

The InPTA is centred on the upgraded giant metrewave radio telescope (uGMRT) in India,
which consists of thirty 45m dishes operated in phased-array mode. Observations are typic-
ally made in Bands 3 (300–500 MHz) and 5 (550–850MHz), with bandwidths of 200MHz
routinely deployed. These low- and mid-frequency data are particularly effective for track-
ing DM variations, complementing the higher frequency ranges of other PTAs. The InPTA
DR1 publication provides a full description of these observing strategies and backend systems
[382].

NANOGrav relies on three major US facilities: the 100mGreen Bank Telescope, the 305m
Arecibo dish (until its collapse in 2020), and the 27×25m dishes of the Very Large Array
(VLA). Timing is performed mainly at 327, 430, 820 and 1400MHz bands, with bandwidths
that grew from tens of MHz with older backends to several hundred MHz with the later
PUPPI/GUPPI systems (up to 800MHz at the VLA). These systems together supported the 68
pulsars in the NANOGrav 15 year dataset, described in detail in [9].

The PPTA uses the 64m Parkes ‘Murriyang’ telescope, with the ultra–wideband Low
(UWL) receiver providing continuous coverage from 704–4032MHz. This setup eliminates
the need for multiple narrowband systems, though CASPSR and PDFB4 continue to operate
at 820 and 1400MHz for consistency with earlier releases. Typical cadences are three weeks
on 24–30 pulsars, with median RMS residuals at or below ∼1µs. Full details of the receiver
chain and processing are given in the PPTA DR3 release [433].
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The CPTA is based at the Five-hundred-metre Aperture Spherical Telescope (FAST).
Most observations use the central beam of the 19-beam L-band receiver (1050–1450MHz),
providing sub-µs RMS on bright MSPs such as PSR J1713+0747. A wideband receiver cov-
ering 250–3000MHz is also available, extending spectral leverage for profile modelling and
scattering studies. The observing cadence is bi-weekly for most pulsars, with higher-cadence
campaigns for the most stable timers. Receiver and backend details are presented in the CPTA
DR1 paper [423].

Finally, the MPTA makes use of the MeerKAT array in South Africa, comprising
64×13.5m dishes phased for pulsar timing. Pulsars are observed in the L-band (856–
1712MHz) and UHF band (544–1088MHz), with data recorded on the PTUSE backends. The
coherent-dedispersion pipeline delivers sub-banded TOAs with typical uncertainties of∼0.5–
1µs. This infrastructure underpins the expansion of the MPTA dataset to nearly 90 pulsars in
its latest release [294].

6. The latest PTA data releases

This section summarises the major data releases made by the individual PTAs between 2023
and 2025, where each dataset showed significant evidence for an HD-correlated process. As
PTAs tend to have significant variance in the methods used to observe and process the pulsar
data, and in the choices of noise model components and other analysis steps, each data release
is summarised separately. Instrumental specifics are outlined earlier (section 5) and in table 2.

6.1. EPTA (and InPTA) data release 2 (DR2)

The EPTA observatories run heterogeneous recording and processing in complex RFI environ-
ments, requiring extensive data curation and iterative noise modelling. To maximise sensitivity
to a stochastic GWB, a source-selection scheme was adopted using the S/N2

A statistic [342,
369], enhanced by a coupling-matrix formalism [341, 369] to retain discrimination between
HD, dipolar, and monopolar spatial correlations. This yielded 25 pulsars (from 42 in DR1)
able to recover 90%–98% of the full-array sensitivity to a simulated GWB with amplitude
3× 10−15 at 1yr−1 and spectral index γ = 13/3, while retaining ⩾95% sensitivity to mono-
chromatic sources. Instrumentation is summarised in section 5 and table 2.

• Observations and instrumentation: Data from six European facilities were combined,
including LEAP observations (equivalent aperture ∼194m at 1.4GHz).

• Data processing: DR2 incorporated coherent-dedispersion backends, increasing bandwidth
and sensitivity over legacy systems. Telescope-specific pipelines applied calibration and
RFI excision (e.g. ROACH-based backends with polarisation calibration and median-
filter/spectral-kurtosis methods; matrix template matching for Nançay).

• TOA generation and timing: tempo2-compatible ephemerides and TOAs were produced per
telescope and transferred to a central repository. Combination used both standard manual
procedures [119, 407] and a semi-automated scheme. For each pulsar, ‘jumps’ were fitted per
sub-band/backend, using the NUPPI 1420MHz sub-band as reference; discrete time offsets
were corrected via the TIME keyword. Overlaps between legacy/new and LEAP/non-LEAP
data were pruned to avoid duplication while retaining bands constraining DM.

• Outlier removal/cleaning:Automated andmanual checks removed TOAswith residuals bey-
ond 10× the RMS and observations with calibration issues, corrupted polarisation, or sys-
tematic trends.
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6.2. The InPTA data release 1

The InPTA first public release contains data products for 14 pulsars observed from 2018 to
2021, with Tempo2-compatible TOAs and DM variations derived via both narrowband and
wideband techniques. Instrumental context is in table 2.

• Observations and instrumentation: Bi-weekly cadence using uGMRT phased subarrays for
simultaneous multi-band observations. Early cycles used Bands 3/4/5 with 100MHz band-
width; later cycles used Bands 3/5 with 200MHz bandwidth.

• Data processing:Most Band 3/5 data were coherently dedispersed using a real-time pipeline
[117]. GWB data [339] were converted with pinta [379] to partially folded PSRFITS;
folding used IPTA DR2 ephemerides [319]. RFI mitigation used RFIClean [269]. Backend
delays dependent on observation settings were corrected via the be:delay header field and
applied with pat/pptoa.

• TOA/DM estimation and timing: Narrowband—high-S/N templates (cycle 41), iterative
handling of profile evolution and DM; sub-banded ToAs in Bands 3/5 with epoch DM from
DMcalc [238]; final timing with TEMPO2. Wideband—fiducial DM from narrowband ana-
lysis; Band 3 portraits with PulsePortraiture [318] to jointly estimate ToAs/DMs, tuning
eigenprofiles and channelisation for S/N vs. profile evolution.

6.3. The NANOGrav 15 year data set

The NANOGrav 15 year data set includes narrowband and wideband TOAs and parameterised
timing models for 68 pulsars, with configuration files for timing analysis notebooks and addi-
tional support files (e.g. telescope clock offset measurements). Raw telescope data products
and analysis code are also available from the same repository. Instrumentation is summarised
earlier (section 5; table 2).

• Scope: Timing data for 68MSPs (an increase of 21 fromNG12). Pulsars with suitable timing
precision (⩽1µs scatter in daily-averaged residuals) were added to the regular schedule.
Short baselines were excluded as they do not significantly contribute to low-frequency GW
detection.

• Data processing: Standardised steps produced calibrated profiles and TOAs:

(i) Exclusion of corrupted/unusable files.
(ii) Removal of artefacts from the analogue-to-digital converter scheme used by (P/G)UPPI

receivers.
(iii) RFI excision and calibration.
(iv) Time/frequency averaging into 1.6–32MHz channels and sub-integrations up to 30min.

• TOA generation and timing: TOAs were generated via profile–template time-shift measure-
ments; parameterised timing models are provided alongside TOAs.

• Outlier removal/cleaning: Automated outlier identification and removal in residuals, fol-
lowed by additional quality checks. After final cuts, the narrowband data set contained
676 465 TOAs (34.6% cut), and the wideband set contained 20 290 TOAs (21.6% cut).
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6.4. The Parkes PTA

The PPTA Data Release Three (PPTA DR3) includes reprocessed data from previous releases
along with new UWL receiver observations (see table 2). In this release, narrowband pulsar
timing is employed, where TOAs are derived from sub-banded data using frequency-dependent
pulse portraits. This approach allows for the correction of DM variations while accounting for
the intrinsic frequency dependence of the pulse profiles. It also unifies legacy and UWL data.
DR3 includes calibrated pulse profiles and dynamic spectra of recent observations.

The majority of the observations in PPTA DR3 were recorded using the Medusa astronomy
signal processor, which coherently dedisperses the data stream and folds the data at the known
pulsar period. The raw data files produced are relatively large, so they are split into three time
segments for easier archiving. In the data processing pipeline, these segments are combined
back into a single observation file for each observation. When Medusa was not available, leg-
acy backends (CASPSR, PDFB4) were used as fallback systems and to measure timing offsets
relative to UWL for continuity. While 95% of the observations were recorded between MJD
58256 and 58752 (18May 2018 to 26 September 2019), some observations with earlier instru-
ments continued until the end of the dataset, enabling direct comparison of legacy and UWL
data.

• Scope and key features: 25 pulsars described in earlier PPTA papers are included, with one
(PSR J1732−5049) excluded due to high uncertainties. Six new binary pulsars and one sol-
itary pulsar are added after commissioning the UWL receiver.

• Observing and calibration (instrumentation in table 2): The UWL system replaced the
earlier multi-receiver strategy for DM correction. Sessions include calibration with a
nearby reference position and observations of a primary flux calibrator. Data were recor-
ded in PSRFITS and processed primarily with Medusa, with CASPSR/PDFB4 used where
necessary.

• Data processing: PFITS and PSRCHIVE were used for UWL observations. RFI flagging
employed PFITS and MeerGuard. UWL data were split into eight bands to align with pre-
vious releases, each further divided into sub-bands for timing.

• TOA generation and timing: ToAs were formed by cross-correlating idealised profile tem-
plates with each observation. Wideband profiles were generated, and ToAs were measured
using Fourier-domain Monte Carlo (FDM) within PSRCHIVE.

• Outlier removal/cleaning: Median ToA uncertainties range from nanoseconds to micro-
seconds across pulsars. Timing residuals were initially formed using previously published
ephemerides, and observations with poor S/N were excluded.

6.5. CPTA data release 1

TheCPTADR1 contains TOAs and timingmodels for 57 pulsars [423]. The dataset spansApril
2019 to September 2022 with observations using the FAST central L-band beam (see section 5;
table 2). Most MSPs were observed approximately every two weeks; for PSR J1713+0747,
post–MJD 59319 data were excluded due to an abrupt profile-change event [211, 240, 365,
422].

• Observations and instrumentation: FAST central beam in the 1.0–1.5GHz range; cadence
typically fortnightly with higher cadence for the most stable timers.
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• Data processing: Search-mode ROACH2 recording, folded offline into 30 s sub-integrations
with DSPSR [404]; RFI cleaning, polarisation calibration, and integration with PSRCHIVE
[199]. Final products typically have 64 frequency channels (∼7.8MHz); two pulsars were
reduced to 16 channels to manage data volume.

• TOA generation and cleaning: Final profile integrations were usually 20min or < 2.5% of
the binary period. TOAs were generated by cross-matching against standard total-intensity
templates; sub-integrations with S/N < 8 were removed (< 5.2% of total).

6.6. The MPTA data release 2

The MPTA operates under the MeerTime LSP [36, 37], utilising the MeerKAT telescope
(instrumentation in table 2). The dataset spans February 2019 to August 2024 (MJD 58526
to 60157).

• Observations and instrumentation:L-band receiver (856–1712MHz)with PTUSE backends
[37]. Integration times were tuned per pulsar to reach a band-averaged uncertainty of 1µs.
If achievable faster, a standard 256 s integration was used to increase sample size [370],
improving sensitivity to a stochastic GWB [364].

• Data processing: Coherent dedispersion at a nominal DM and folding at the topocentric
period. PSRFITS archives [199]—8 s sub-integrations, 1024 phase bins, four polarisations.
Early data used 928 channels; later 1024. The meerpipe pipeline applied RFI excision via
meerguard (a coastguard variant [247]). For 1024-channel data, the outer 48MHz at each
band edge were discarded to align with 928-channel data and remove bandpass roll-off. All
observations were averaged to 32 frequency channels for this release. Observations longer
than 3000 s were split to match the median length per source to avoid timing-model errors.

• TOA generation and timing: Arrival times were measured with the FDM algorithm in
PSRCHIVE [199], using PulsePortraiture templates [318] at 32-channel resolution.

• Outlier removal/cleaning and release contents: TOAs with S/N < 8 were dropped (∼10%
of measurements). The release expands the sample to 83 pulsars (from 78 in [293]) and
includes 245,907 arrival-timemeasurements with a median sub-banded uncertainty of 3.1µs
(band-averaged ∼0.5µs). Products include Tempo2-compatible TOAs and uncertainties,
IPTA metadata [193], profiles and portraits, and the ephemerides used (DE440; BIPM 2022
TT). Three pulsars were excluded for poor timing precision (PSR J1103−5403—excess
white noise [304]; PSR J1756−2251—strong timing noise [148]; PSR J1705−1903—
orbital phase-dependent noise [302]). Eight new pulsars were added: PSRs J0101−6422,
J1231−1411, J1514−4946, J1804−2717, J1804−2858, J1843−1448, J1911−1114, and
J2236−5527.

6.7. The third data release of the IPTA

Across the individual data releases summarised in table 3, sensitivity at the lowest GW fre-
quencies is set primarily by time span: The EPTA+InPTA DR2 ∼ 24.5 yr of data to reach
fGW, low ≈ 1.3 nHz whereas NANOGrav’s 15.9 yr spans 1.99 nHz and the shorter modern
arrays (InPTA, MPTA) sit at ≳ 7–9 nHz. Sample size varies: CPTA (57), NANOGrav (68)
and MPTA (88) deliver the largest single-PTA pulsar counts, while PPTA DR3 (24) and EPTA
+ InPTA DR2 (25) trade numbers for long, well-calibrated baselines and ultra-wideband cov-
erage. Radio frequency ranges are complementary: PPTA’s UWL (704–4032 MHz) fills the
high-frequency gap, MPTA covers 856–1412 MHz, and InPTA supplies the low-frequency
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Table 3. Summary of PTA datasets, number of pulsars, time spans, gravitational wave
lower frequency limits, and radio frequency ranges.

PTA Dataset PSRs Tspan (years) fGW,low (nHz) f radio (MHz)

EPTA DR2 25 24.5 1.29 283–5107
NANOGrav 15 yr 68 15.9 1.99 302–3988
PPTA DR3 24 18.1 1.75 704–4032
CPTA DR1 57 2.3 13.8 1050–1450
InPTA DR1 15 3.5 9.05 300–1460
MeerKAT DR2 88 4.5 7.04 856–1412
IPTA DR3 121 ∼25 1.29 30–5107

Table 4. Summary of PTA data.

PTA name
Total pulsars
Tspan (yr) Median

Median TOA
precision (µs)

NANOGrav 68 7.6+8.3
−5.2 0.5+2.6

−0.5

EPTA + InPTA 25 16.1+2.5
−8.4 2.8+2.5

−8.5

PPTA 28 26.3+8.4
−1.8 2.4+2.3

−7.7

CPTA 57 2.2+1.1
−1.3 1.0+0.1

−0.2

MPTA 88 3.8+0.7
−0.5 0.8+0.1

−0.6

leverage (300–1460 MHz). Median ToA precisions in table 4 indicate sub-µs performance for
the largest modern sets – NANOGrav, MPTA and the FAST-driven CPTA – with EPTA +
InPTA and PPTA showing ∼ few-µss medians reflecting heterogeneous legacy content and
long baselines. In short, the arrays are complementary: NANOGrav and MPTA contribute
scale and uniformpipelines, PPTA anchors wideband calibration, CPTA provides extreme S/N
on key MSPs, and InPTA supplies low-frequency DM sensitivity.

Leveraging this complementarity to increase PTA sensitivity to unprecedented levels, the
forthcoming third data release of the IPTA(IPTA-DR3) combines the data from each, to obtain
a time span of∼25 yr, with 130 pulsars to reach fGW, low ≈ 1.26 nHz. Along with the long lever
arm (lowest fGW), the IPTA-DR3will combine the differing distributions ofMSPs in each PTAs
shown in figure 10 to maximise the sky coverage obtained.

Across the individual data releases, sensitivity at the lowest GW frequencies is set primarily
by time span: IPTADR3 combines∼25 yr and 121 pulsars to reach fGW,low≈1.29 nHz (match-
ing EPTA’s DR2 lowest bin), whereas NANOGrav’s 15.9 yr spans 1.99 nHz and the shorter
modern arrays (InPTA, MPTA) sit at ≳7–9 nHz. Sample size varies: NANOGrav (68) and
MPTA (88) deliver the largest single-PTA pulsar counts, while PPTA DR3 (24) trades number
for long, well-calibrated baselines and ultra-wideband coverage. Radio frequency ranges are
complementary: PPTA’s UWL (704–4032MHz) fills the high-frequency gap, MPTA covers
856–1412MHz, and InPTA supplies the low-frequency leverage (300–1460MHz). Median
ToA precisions in table 4 indicate sub-µs performance for the largest modern sets (NANOGrav,
MPTA) and FAST-driven CPTA, with EPTA+ InPTA and PPTA showing ∼few-µs medians
reflecting heterogeneous legacy content and long baselines. In short, the arrays are comple-
mentary: IPTA aggregates the long lever arm in time (lowest fGW), NANOGrav and MPTA
contribute scale and uniform pipelines, PPTA anchors wideband calibration, CPTA provides
extreme S/N on key MSPs, and InPTA supplies low-frequency DM sensitivity.

38



Class. Quantum Grav. 42 (2025) 243001 Topical Review

Figure 10. Sky locations of the pulsars currently in the datasets of PTAs.

7. PTA results

In June 2023, 4 PTAs released the strongest evidence till date for the presence of a nHz GWB,
followed by the MPTA in 2025. Figure 11 presents a summary of all published determinations
of the GW strain amplitude, when modelled a simple power law, referred to a frequency of
1/year.

These results, while appealing, require careful interpretation. For instance, all PTAs rely on
modelling the significant noise terms in the individual pulsars as a power law, with or without
chromaticity. This implies that without independent means of confirmation, or in the absence
of sensitive data, the RN and DM noise models can exchange power between them. This is
especially concerning, as portions of the individual pulsar red noise can appear as a common
process [432] although detailed simulations demonstrate that this does not impact the detect-
ability of GWB, only introducing some small biases in the recovered maximum likelihood
estimates of the power laws used to describe the GWB [159].

Further, while the posteriors on the GWB can be compared to some degree, the final estim-
ates reflect many systematic properties unique to the data collecting and processing employed
by each PTA. In other words, while the agreement between PTAs is quite good, interpreting
any differences is difficult as it necessitates disentangling the contributions from difficult to
diagnose PTA-specific systematics.

EPTA and InPTA power-law search and GWB analysis

EPTA+InPTA reported results using the data set named EPTA DR2new+. This set com-
prises 10.3 years of EPTA observations for 25 pulsars, with an additional 3.5 years of InPTA
observations for 10 of these pulsars, spanning a total of about 11 years. Legacy EPTA data
was excluded due to the limitations of narrow radio bandwidths and potential contamina-
tion of GWB signals by the covariance between DM variations and achromatic red noise.
EPTA+InPTA reported a Bayes factor (BF) of about 60 in favour of HD correlated GWB over
common uncorrelated red noise (CURN), corresponding to a false-alarm probability of∼10−3

(3σ). Assuming a power lawwith a fixed spectral index of 13/3, they recovered an amplitude of
(2.5± 0.7)× 10−15 at a reference frequency of 1 yr−1 (median and 90% confidence interval).
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Figure 11. Comparision of the 2D posteriors on the amplitude and spectral of a common,
correlated process in the datasets of five PTAs.

The EPTA conducted a search for a GW signal using their most constraining data, the
DR2new+ dataset. In their analysis, (Lentati et al [252]) they focused on a power-law search,
estimating the amplitude (A) and spectral index (γ) of the signal at a reference frequency of
1/10yr−1. Working at this frequency helps reduce the degeneracy between these parameters,
improving the precision of the constraints.

The team fit their model to the nine most constraining low-frequency bins, comparing the
results to various phenomenological models [342, such as those by]. The study also explored
accretion effects on SMBHBs, examining scenarios of equal Eddington accretion for both
black holes or preferential accretion on the secondary black hole. These scenarios are informed
by empirical relations between galaxies and SMBHBs, [167, 230, 282, such as those by].

In exploring possible SMBHB populations, EPTA trimmed down to around 108 ad-hoc
models, preserving the broad properties of the full set. This allowed for an efficient search
while maintaining consistency with astrophysical observations.

NANOGrav 15 year data set

NANOGrav analysed its 15 year data set, which contains observations of 68 pulsars (excluding
one with less than 3 years of observations). The reported BF was approximately 200 in favour
of HD-correlated GWB over CURN, with a false-alarm probability ranging between 10−3 and
5× 10−5 (3σ–4σ), depending on the background estimation method. Assuming a power law
with a fixed spectral index of 13/3, NANOGrav recovered an amplitude of (2.4+0.6

−0.7)× 10−15

at a reference frequency of 1 yr−1 (median and 90% confidence interval).
The NANOGrav 15 year data set provides evidence for a stochastic GWB based on timing

residuals that were correlated across 67 pulsars. The correlations fit the HD pattern is expected
for such a background. A Bayesian analysis showed overwhelming support for a GWB model
with a power-law spectrum, with a BF exceeding 1014 compared to a model with independent
pulsar noise. When comparing the GWB model to a simpler uncorrelated common power-law
spectrum model, BFs ranged from 200 to 1000 depending on the spectral modelling approach.
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In addition, a frequentist analysis was conducted using a weighted sum of inter-pulsar cor-
relations, yielding p-values between 5× 10−5 and 1.9× 10−4, corresponding to significances
between 3.5σ and 4σ. This further supported the presence of a common correlated signal in
the pulsar timing data.

The inferred GW signal, consistent with a power-law spectrum proportional to f−2/3,
matches the expected signal from a population of SMBHBs. The strain amplitude, when eval-
uated at a reference frequency of 1yr−1, lies within the 90% credible interval predicted for
such a signal. Although this is consistent with astrophysical models for SMBHBs, alternative
cosmological sources cannot yet be excluded.

PPTA DR3 and anisotropic GWB search

PPTA used the third data release of their observations, consisting of 32 pulsars over an 18 year
span. Two pulsars were excluded due to data insufficiency and steep red noise. A BF of approx-
imately 1.5 in favour of HD-correlated GWB over CURN was reported, with a false-alarm
probability of 0.02 (2σ). Assuming a power law with a fixed spectral index of 13/3, PPTA
recovered an amplitude of (2.0+0.2

−0.3)× 10−15 at a reference frequency of 1 yr−1 (median and
68% confidence interval).

The PPTA DR3 was first used to search for an isotropic stochastic GW background.
This involved measuring the characteristics of a common-spectrum process across the
pulsar array. Using only pulsar autocorrelations and the DE440 SSE, the amplitude of the
common-spectrum process was determined to be log10ACRN =−14.51 and the spectral index
γ= 3.87. When marginalizing over possible SSE errors, the amplitude was slightly steeper, at
log10ACRN =−14.56 and γ= 4.02, though evidence for these errors was weak.

For a fixed spectral index of γ = 13/3, the amplitude was found to be log10ACRN =
−14.69± 0.05, translating to a strain amplitude of A= 2.04+0.25

−0.22 × 10−15 for an isotropic
GWB. A new technique analysing only the spatial correlations indicated consistency with an
isotropic GWB at this amplitude, with a false-alarm probability of p≲ 0.014, corresponding
to approximately 2σ significance.

However, some characteristics of this common-spectrum process raise questions under the
assumption of an isotropic GWB. Three pulsars disfavour a γ = 13/3 process at the meas-
ured amplitude, suggesting that the common-spectrum process might not act like a noise floor
typical of a GWB. These pulsars seem to contribute positively to HD correlations when the
common noise is introduced, potentially indicating issues in the pulsar noise models.

Additionally, the amplitude of the common noise appears to vary over time, which cannot
be fully explained by increasing sensitivity. Early parts of the dataset placed upper limits on
the amplitude, which are in tension with the current measurements. Similar nonstationarity
issues have been observed in previous searches by NANOGrav and PPTA, but the significance
of this tension is debated due to differences in datasets and analysis methods.

Furthermore, there is no Bayesian support for HD correlations when both autocorrelations
and cross-correlations are analysed. However, when using cross-correlations alone, there is
some model support (∆ log10LHD

CRN = 1.1) for the HD spatial correlations, with a significance
consistent with the earlier p-value.

Some of these anomalies may be explained by invoking anisotropy in the SMBHB popu-
lation, as simulations suggest significant variance in the GWB spectrum [342]. The recovered
amplitude of the common noise is near the maximum expected for a GWB originating from
SMBHBs [431]. Eccentricity in nearby sources or unresolved local populations may also
explain the apparent nonstationarity in the noise. Further analyses involving larger datasets,
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such as those from the IPTA, may help resolve these questions and strengthen the significance
of any observed spatial correlations.

The CPTA DR1 and GWB search

CPTA inferred a GWB characteristic amplitude of logAc =−14.4+1.0
−2.8 for a spectral index

in the range α ∈ [−1.8,1.5] and logAc =−14.7+0.9
−1.9 when fixing α=−2/3. The statistical

significance of the HD correlation over a constant-value correlation was 4.6σ (P-value of 4×
10−6) around 14 nHz. However, the data could not distinguish between different models of
SMBHB formation and evolution due to the short time span of the CPTA data. A Bayesian
analysis preferred HD correlation with a BF of 66 over a dipole correlation.

The inferred characteristic GWB amplitude is log10Ac =−14.4+1.0
−2.8 for a spectral index in

the range α ∈ [−1.8,1.5], and log10Ac =−14.7+0.9
−1.9 when α is fixed at−2/3. These measure-

ments are consistent with theoretical predictions [285, 352], but due to the short data span, it
is not possible to distinguish between different models of SMBHB formation and evolution.

While the GWB amplitude aligns with signals detected by other PTAs, it appears 0.4–
0.5 dex higher. There is speculation that a single power-law model with α=−2/3 may not
fully describe the GWB, particularly at higher frequencies observed by CPTA, suggesting the
possibility of a spectral ‘bump’ around 10−8 Hz. The statistical significance of the HD correl-
ation is 4.6σ at around 14 nHz, with a p-value of 4× 10−6.

To infer spatial correlations, the authors measured pulsar pairwise correlations at single
frequencies, bypassing assumptions about the GWB spectral shape. This method, which is not
affected by uncorrelated noise or clock errors, shows limited statistical significance due to the
focus on single frequencies. Future work aims to integrate multiple frequencies to improve the
accuracy of the spectral index measurement.

The current analysis cannot completely rule out a dipole origin of the correlations, though
Bayesian methods show a preference for the HD correlation with a BF of 66 in favour of HD
over dipole models. Although the statistical significance of CPTA DR1 is still below the IPTA
detection threshold of 5σ, independent regional PTA results may confirm these findings. The
CPTA plans to join the IPTA in the future, which is expected to improve sensitivity, and the
upcoming CPTADR2 in 2026 should provide more accurate GWB parameter estimates. These
efforts signal the opening of the nHz GW observation window.

Searching for the GWB in the MPTA DR2

The MeerKAT PTA (MPTA) reported varying results depending on noise modelling. When
assuming a common achromatic signal with HD correlations, the recovered amplitude was
log10AHD =−14.28+0.23

−0.30 at a spectral index of γ = 1.00+4.50
−0.93. However, no significant sup-

port for HD correlations was found, with log10 BFs suggesting ambiguity in favouring HD
correlations. Their best-fit signal under the most significant model had an amplitude of hc,yr =
7.5+0.8

−0.9 × 10−15, which decreased when evaluated at α=−2/3.
While the first MPTA data release (Miles et al 2024) found a CURN signal in the

data, with a power-law amplitude log10A
ER
CURN =−14.25+0.21

−0.36 and spectral index γER
CURN =

3.60+1.31
−0.89. A frequentist analysis using the DATA model measured a signal-to-noise ratio

(S/N) of 4.6 for an all-sky angularly correlated signal, with a characteristic strain amplitude
of log10A

DATA
CURN =−14.12+0.04

−0.05. Various models (ER, ALT) provided slightly different results,
but none had high enough S/N for further frequentist analysis.
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Table 5. Summary of Bayes factors and detection significances for various PTAs.

PTA Bayes factor (HD/CURN) Detection significance (σ)

EPTA+InPTA ∼60 3
NANOGrav ∼200 3–4
PPTA ∼1.5 2
CPTA ∼66 (HD/Dipole) 4.6
MPTA <13.4 (upper limit) N/A

7.1. Summary

Taken at face value, the BFs in table 5 show the strongest HD-versus-CURN preference in the
NANOGrav (∼200; 3–4σ) and EPTA+InPTA (∼60; ∼3σ) analyses, with CPTA reporting a
similar strength but for a different comparison (HDversus dipole;∼66; 4.6σ). PPTA’s evidence
is marginal (HD/CURN ∼1.5; ∼2σ), and MPTA is inconclusive (<13.4; no quoted signific-
ance). The heterogeneity matters: the quoted Bayes factors compare different pairs of models
(HD/CURN or HD/dipole) and use PTA-specific processing and priors, so they are not strictly
commensurate. Nonetheless, the pattern is consistent with an emerging HD-correlated process
across multiple PTAs, with significance set by each array’s time span, number of pulsars, and
cleaning choices discussed above.

8. Comparing three PTA results through the IPTA

The results from the three of the PTA collaborations; NANOGrav, EPTA+InPTA and PPTA
were further compared and contrasted under the aegis of the IPTA. As indicated in the resulting
article [390], the analysis makes use of several simplifying assumptions and does not provide
the expected sensitivity of the upcoming third data combination of the IPTA will. Further, this
investigation is built on techniques such as factorised likelihood analyses and ‘simple’ noise
models to allow for a rapid assessment. However, it does allow us to investigate several features
of the results from individual PTA results.

To assess the compatibility of the estimates of the power lawmodel parameters of the GWB,
their posterior distributions have been previously compared using the Mahalanobis distance,
assumingmultivariate Gaussian distributions [21]. However, such distancemeasures often rely
on comparing the one-dimensional histograms of the parameter values leading to a loss of
information and subsequent incorrect estimation of the agreement (or lack thereof) between
the final posteriors. In [390], a more sophisticated tension metric [334], is used to assess the
tension between posterior distributions in a non-Gaussian framework. This method creates a
‘difference distribution’ between posteriors and evaluates the probability that the difference is
zero, converting this into a Gaussian-equivalent σ value.

A comparison of GWB parameters was performed using this method, particularly focusing
on the spectral slope, γ, and the characteristic amplitude, Alog10 . By combining the posterior
distributions from EPTA+InPTA, NANOGrav, and PPTA, improvements in parameter estim-
ation were achieved, albeit without fully accounting for dependencies due to shared pulsars
across PTAs. Visual representations of these posterior distributions, including power-law fits
consistent with the GWB data, confirm a good agreement between the different PTAs, with
tensions measured to be less than 1σ across all comparisons, demonstrating strong consistency.
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When evaluating the sensitivity of each PTA to the GWB, sensitivity curves offer a robust
metric to assess detector performance. These curves, computed using the hasasia package
[179], highlight how each PTA’s sensitivity varies with frequency. NANOGrav, with its larger
pulsar count, exhibits superior mid-frequency sensitivity, while EPTA+InPTA and PPTA, with
their higher observational cadences, show better performance at higher frequencies. The longer
timing baselines of the latter (∼24.5 and∼18 yr, respectively) also allow them to probe slightly
lower frequencies than the NANOGrav 15 yr dataset.

A standardised noise model was applied across all PTAs to facilitate a fair comparison of
GWB properties, focusing on the CURN amplitude. The factorised likelihood method allowed
for efficient parallel analysis of individual pulsars, leading to the posterior distributions for
the amplitude of CURN. The results showed broad agreement across the PTAs, with the new
estimates aligning closely with the previously reported GWB amplitudes.

An additional analysis using dropout factors (DFs) assessed the contribution of individual
pulsars to the common signal. This cross-validation technique revealed that many pulsars had
DFs close to unity, indicating their support for the common signal. However, discrepancies for
some pulsars, driven by differences in observational time baselines, were also noted. Notably,
pulsars like J1744−1134 exhibited tension with the common signal across different PTAs,
raising questions about how noise modelling and observational differences affect results.

Finally, a comparison of inter-pulsar correlations using the optimal statistic method
provided further insights into the detection significance of cross-correlated GWB signals. This
method calculates the SNR (S/N) for GWB-induced inter-pulsar correlations. Across the PTAs,
the results varied slightly due to differences in noise modelling approaches, with NANOGrav
showing an increase in S/N, while EPTA+InPTA experienced a decrease. These variations
highlight the sensitivity of results to noise models and the observational data used.

9. An astrophysical GWB from the cosmic population of SMBHBs

Having discussed the various PTA datasets and the significance of an HD-correlated signal in
their datasets, we can now turn to the impacts of these results, starting with the implications
for an SMBHB driven ‘astrophysical’ GWB. The cosmic population of SMBHBs is one of the
main astrophysical sources expected to generate a nHz GWB detectable by PTAs. The GW
strain squared h2c( f) from the ensemble is derived from the cosmic merger rate as a function
of redshift z, primary mass m1, mass ratio q, and eccentricity e:

h2c ( f) =
ˆ ∞

0
dz
ˆ ∞

0
dm1

ˆ 1

0
dq

d5N
dzdm1 dqdedln fK,r

× dtr
dln fK,r

h2
(
fK,r
) ∞∑
n=1

g
(
n,e
(
fK,r
))

(n/2)2

∣∣∣∣∣
fK,r=

(1+z)f
n

, (67)

where fK,r is the Keplerian orbital GW frequency in the source frame.
Including environmental interactions and eccentricity gives [351]:

h2c ( f) =
ˆ ∞

0
dz
ˆ ∞

0
dm1

ˆ 1

0
dq

d5N
dzdm1 dqdedln fK

h2 ( fK)
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n=1

g(n,e)
(
n
2

)2
. (68)
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For a simplified circular, GW–driven binary population it reduces to [356]:

h2c ( f) =
ˆ ∞

0
dz
ˆ ∞

0
dM d3N

dzdMdln fr
h2 ( fr) , (69)

where M is the chirp mass and fr = (1+ z)f.
Assuming circular binaries driven purely by GW emission (i.e. no environmental coupling)

yields [323]:

h2c ( f) =
4G5/3

3π1/3 c2
f−4/3

ˆ ∞

0
dM
ˆ ∞

0
dz (1+ z)−1/3 M5/3 d2n

dzdM
, (70)

giving the canonical hc ∝ f−2/3 scaling.
Environmental coupling and eccentricity introduce deviations from this power-law. Broken

power-law models calibrated on simulations are in [95, 224, 335, 357].
Typically, efforts group into:

• Self-consistent theoretical models: simulate full SMBHB evolution across cosmic time
[208, 224, 356].

• Empirical models: infer rates from observed galaxy pairs and SMBH–host relations [342,
353].

Of the four PTAs that presented results in 2023, only two [11, 142] have presented further
interpretation of the constraints on the constrained GWB signal. Overall, all the PTAs appear
to detect a GWB that follows a simple power law dependence on the GW frequency. However,
as shown in figure 12, the recovered amplitudes of the GWB are far louder than expected from
theoretical considerations [111, 208, 349, 358, 366]. Similarly, the spectral index for the power
law fit is also flatter than that predicted for a background generated by an ensemble of nearly
circularised SMBHBs. Similarly, the spectral index could also be explained by invoking more
efficient gas accretion processes that lead to a larger number of MBHs with masses greater
than 109M⊙ The observed, mild tension can be explained by invoking a larger fraction of
eccentric binaries. At the same time, the background could also be attributed to a number of
cosmological sources as well as to a variety of exotic physics as the BFs for either choice of
models appear to be roughly equal.

9.1. Astrophysical implications from the EPTA DR2

While the recovered amplitude is somewhat loud and the spectral index flatter than that expec-
ted the EPTA DR2 results are consistent with theoretical predictions of SMBHB populations,
with signals dominated by binaries interacting with their stellar environments and exhibiting
non-circular orbits.

Further, the EPTA DR2 compares predictions from models incorporating environmental
effects, eccentricity, and more realistic accretion scenarios against the detected GWB signals.
Notably, models considering pre-merger accretion and updated black hole-galaxy relations
[230] tend to produce higher GWB amplitudes, matching the observed PTA signal better.

Beyond the standard analysis, the EPTA DR2 has also been used to consider the effect of a
few discrete sources although a search for ‘continuous’ GW CGWs from individual SMBHBs
is inconclusive but suggests that few nearby massive binaries may dominate the GWB sig-
nal. The probability of detecting such sources depends heavily on SNRs (S/N), and further
observations may allow for the detection of these sources.
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Figure 12. Figure shows the estimated GW strain amplitude at a reference frequency of
1/yr, when holding the spectral index of the GW power law fixed at−4.33. Also shown
are predictions from a small number of astrophysical models relying on semi-analytical
approximations using populations predicted by simulations of massive black hole binary
mergers.

Using Bayesian inference, the EPTADR2 has also been used to constrain the SMBHBmass
function. Using the framework developed in [94, 96, 290] ‘agnostic’ and an astrophysically
informed model were tested against the data, to refine our understanding of SMBHB mergers
and their contribution to the observed GWB.

9.1.1. SMBHB population models

1. Agnostic SMBHB Model: This model assumes minimal prior knowledge about the popu-
lation and describes the binary merger rates using a Schechter function for the redshift z
and chirp mass M. The five key parameters in this model include the merger rate ṅ0, and
parameters controlling the distributions of z and M.

2. Astrophysically-Informed Model: This model incorporates more detailed astrophysical
knowledge, including interactions between the binaries and their environment, and allows
for eccentric orbits. It introduces 18 parameters, which describe the galaxy merger rates,
stellar mass functions, and black hole-stellar bulge mass relations, among other aspects.
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9.1.2. Inference results

• Merger rate density: the agnostic model provides weak constraints on ṅ0, while the
astrophysically-informed model shows that the PTA signal favours a higher merger rate
density at the upper edge of the astrophysical prior.

• Chirp mass function: for both models, the PTA signal constrains the mass function of mer-
ging SMBHBs, with the astrophysically-informed model indicating that numerous mergers
have occurred, particularly for massive binaries with chirp masses around 109M⊙.

• Merger timescale and black hole-bulge mass relation: The astrophysically-informed model
provides constraints on the merger timescale, suggesting that the SMBHBs have a relatively
short merger time of less than 1Gyr. Additionally, the PTA signal suggests a high normal-
ization of the SMBH-bulge mass relation, implying efficient orbital decay following galaxy
mergers.

These results suggest that compact SMBHBs are common in the centres of massive galax-
ies, indicating that the so-called ‘final parsec problem’ is solved in nature. The data also
hint at eccentric binary orbits and dense environments, though these factors remain largely
unconstrained.

9.2. The astrophysical implications of the NG 15 yr result

The results from NANOGrav 15 yr dataset have been probed using an extensive suite of sim-
ulations called holodeck. This package allows for selecting between two large classes of
models. The first are phenomenological models which capture features such as the interaction
of the binaries with their environment, variations in the number of SMBHBs contributing to
each frequency bin, or the effects of orbital eccentricity. The second includes models where
the binary evolution is driven by GW emission alone. These are referred to as the Phenom and
GWonly, respectively with uniform (+Uniform) and astrophysically-informed (+Astro) prior.
Similar to the techniques used for the EPTA DR2, holodeck starts from considerations of
the merger rates and SMBHB mass function, and uses the selected model class to synthesise
populations of SMBHBs. However, unlike the EPTA DR2, holodeck uses a Gaussian pro-
cess interpolation scheme to calculate the power spectrum of the GWB [385]. This allows for
a much faster evaluation of the effect of varying galaxy merger rates, governed by the galaxy
stellar-mass function, the galaxy pair formation rate and the galaxy merger timescale. This
also has the advantage that the generated spectrum captures the discrete distribution of the
underlying GW sources, unlike the traditional simple power law approximation.

Combinations of the Phenom and GWonlymodels with the respective prior ranges are used
to generate libraries of GWB spectra, which are then fitted to the spectrum obtained from
the NANOGrav 15 yr ‘free spectrum’ analysis for an HD-correlated or CURN process (HD-
w/MP+DP+CURN) [10]. Despite the broad range of model parameters fitted for, and the
flexibility of the GP interpolation, the NANOGrav results are also broadly consistent with a
background generated by populations of SMBHBs. In particular, the Phenom and GWOnly
libraries both match the 15 yr HD-w/MP+DP+CURN free-spectrum posteriors, although the
GWOnly model, limited to uniform priors, has more trouble matching the highest and lowest
frequency bins. By contrast, Phenom exhibits a noticeable spectral turnover to align better with
the data, especially under astrophysical priors (Phenom+Astro).

The ‘GWOnly’ library spectra, which resemble analytic estimates of SMBH binaries with
γ = 13/3 (i.e. α= 2/3), tend to be steeper than the bulk of the 15 yr data. Meanwhile,
the ‘Phenom’ library’s maximum-likelihood spectra and posterior draws show that a slight
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turnover at low frequencies can better reproduce the 15 yr distributions. Nonetheless, these
results remain consistent with α= 2/3 power-law fits and the standard GW-driven evolution,
indicating that the data neither rule out a turnover nor definitively confirm it.

9.2.1. Inference results.

• Merger rate density: The amplitude of the GWB inferred from the 15 yr data strongly prefers
efficient mergers occurring in high-mass systems. In practice, this manifests as posterior dis-
tributions that push parameters such as the GSMF normalization (ψ0) and the characteristic
galaxy mass (mψ,0) toward higher values to boost the overall merger rate. When the binary
lifetimes (τ f ) are longer, larger fractions of binaries can stall before entering the PTA band,
leading to insufficient GWB amplitudes. Consequently, the data disfavour very long life-
times and favour scenarios where a greater fraction of systems merge in time to contribute
to the nHz GW frequency range. At the population level, the rate of SMBH binary mergers
remains onlyweakly constrained at current sensitivity. Nonetheless, short merger timescales
that elevate the total event rate, plus an abundance of high-mass galaxies in the low-redshift
universe, appear crucial for reproducing the higher amplitudes in the 15 yr GWB spectrum.

• Chirp mass function: The 15 yr data indicate that very massive SMBH binaries (Mtot ≳
108.5M⊙) dominate the GWB signal. At the lowest frequencies (∼2nHz), binaries can reach
Mtot ≳ 1010M⊙. Despite being rare, these high-mass binaries contribute most of the power
in the GWB. Many lower-mass binaries also populate each frequency bin, but the GWB is
disproportionately shaped by the most massive systems: for instance, binaries in the range
109.2–1010.4M⊙ may constitute less than 0.1% of all emitting binaries at low frequencies
yet produce ∼70% of the GWB amplitude there. As frequency increases (up to ∼20nHz),
binaries evolve more rapidly and the typical total mass contributing to the signal decreases.
Even so, the highest-mass tail remains a critical driver of the overall GWB. The data allow
for flat or modestly turned-over spectral shapes at low frequencies, consistent with a range
of mass functions, but always emphasizing the leading role of high-mass SMBH binaries.

• Merger timescale and black hole-bulge mass relation: The posterior distributions strongly
favour short binary lifetimes (τ f ) to achieve the high GWB amplitudes seen in the 15 yr
data. Long-lived binaries would stall at separations above the PTA band, failing to accu-
mulate enough total signal. This preference also drives higher values of galaxy stellar mass
function parameters (ψ0, mψ,0) to ensure sufficient overall mergers. The MBH–Mbulge rela-
tion (with normalization µ and scatter σµ) plays a key role in setting the typical black hole
masses that enter the PTA band. Larger scatter (σµ) effectively increases the occurrence of
ultra-massive SMBHs, contributing extra low-frequency power. Nonetheless, the posterior
distributions remain broad, especially when comparing uniform versus astrophysical priors,
indicating that current data cannot tightly pin down the precise BH–bulge scaling. Because
the lifetime from ∼ nHz frequencies down to coalescence is much shorter than a Hubble
time in most favoured scenarios, a high fraction of SMBH binaries at lower redshifts (i.e.
z≲ 0.25) are expected to merge before the present epoch. In contrast, at higher redshifts, the
fraction of binaries that can fully coalesce by today drops significantly, revealing that mer-
ger timescales—whether driven by environmental effects or GW emission—heavily shape
the overall SMBH population evolution.

9.2.2. Population models and merger rates. SMBHB evolution is shaped by galactic mer-
gers, which bring two SMBHs into close proximity. Different cosmological simulations,
including Illustris, Millennium [371], TNG300, and ASTRID, have been used to model
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SMBHB demographics and predict their gravitational wave contributions. These models sug-
gest that SMBHB mergers peak at redshift z ∼ 2, declining at lower redshifts. Results using
the ASTRID simulation predict that SMBHBs with total masses in the range 109–1010M⊙ at
z ∼ 0.3 contribute the bulk of the SGWB [91], while work based on the TNG300 simulation
estimates that SMBHB mergers contribute 70%–90% of the SGWB at low frequencies and
20%–30% at high frequencies [91]. The SHARK semi-analytical model, which accounts for
gas-driven mergers, predicts a GW strain amplitude of Ayr−1 = (1.20–1.46)× 10−15, which
is about 50% lower than PTA observations [250] The Millennium simulation, incorporating
dynamical friction and black hole interactions, predicts an SMBHB merger rate of ∼10−3–
10−4 per cubic gigaparsec per year [280]. The SMBHB population also includes minor mer-
gers (q< 0.2), which could contribute up to 40% of the total SGWB, a factor previously
underestimated [91].

9.3. Black hole mass distributions and GW spectrum features

Recent PTA studies suggest a deviation from the expected power-law SGWB spectrum and a
spectral break at ∼ 26 nHz indicates a transition from a stochastic background to individual
detectable SMBHB sources [91]. Allowing for an enhanced SMBHB merger rate at z> 4
increases the SGWB amplitude by 30%, aligning with JWST’s discoveries of early massive
galaxies [250].

10. GWs from individual SMBHBs

The SMBHBs in the relatively local universe that are expected to generate the stochastic GWB
are in wide orbits with periods ranging from months to years, are far from merger and evolve
slowly. Further, as discussed in the sections related to the interpretation of the GWB power-
lawmodel recovered from PTAs, the nHz GW spectrum is likely dominated by a few relatively
nearby SMBHBs. Consequently, they emit GWs that are nearly monochromatic and appear as
stationary in time. Thus searches for such CGWsources have also been carried out by a number
of PTAs.

10.1. Detection concept and signal model

The concept of detecting GWs with PTAs was first formulated by Sazhin [350] and
Detweiler [120]. The response of a PTA to a deterministic GW signal can be expressed as:

sa (t,ω) =
ˆ t

0

1
2

p̂iap̂
j
a

1+ p̂a · Ω̂
∆hij (t

′) dt ′, (71)

where p̂a is the unit vector pointing to pulsar a, Ω̂ is the GW propagation direction, and hij
is the GW strain tensor in the transverse-traceless gauge. The response depends on the GW
strain at two distinct times: the time of emission and the time of reception:

∆hij (t) = hij (t− τa)− hij (t) , (72)

with

τa = La

(
1+Ω̂ · p̂a

)
, (73)
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where La is the distance to pulsar a. This time difference corresponds to the light travel time
between Earth and the pulsar, adjusted by a geometrical factor. The timing residuals can thus
be decomposed into two terms:

sa (t) = sp,a (t− τa)− se,a (t) , (74)

where se,a(t) and sp,a(t− τa) are referred to as the Earth term and pulsar term, respectively.
The strain amplitude of a GW produced by a circular binary system is given by:

hij (t,Ω) =
∑

A=+,×
eAij
(
Ω̂
)
hA (t) , (75)

where eAij are the GW polarization tensors, defined as:

e+ij

(
Ω̂
)
= m̂i m̂j− n̂in̂j, (76)

e×ij

(
Ω̂
)
= m̂i n̂j+ n̂i m̂j, (77)

with Ω̂ =−sinθ cosϕ x̂− sinθ sinϕ ŷ− cosθ ẑ, and the unit vectors:

m̂=−sinϕ x̂+ cosϕ ŷ, (78)

n̂=−cosθ cosϕ x̂− cosθ sinϕ ŷ+ sinθ ẑ, (79)

where (θ,ϕ) are the polar coordinates of the GW source’s sky location.
Substituting these expressions into equation (71), the expected timing residuals in PTA data

for a CGW signal from a circular SMBHB are:

sa
(
t, Ω̂
)
=
∑
A

FA
(
Ω̂
)
[sA (t)− sA (t− τa)] , (80)

with:

s+ (t) =
M5/3

dLω (t)
1/3

[
−sin(2Φ(t))
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)
cos2ψ − 2cos(2Φ(t))cos ιsin2ψ

]
, (81)

s× (t) =
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dLω (t)
1/3

[
−sin(2Φ(t))
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1+ cos2 ι

)
sin2ψ + 2cos(2Φ(t))cos ιcos2ψ

]
, (82)

whereM is the chirp mass, dL is the luminosity distance, ω(t) is the orbital angular frequency,
ι is the orbital inclination, ψ is the polarization angle, and Φ(t) is the GW phase.

The antenna pattern functions FA(Ω̂) are given by [34, 131, 355, 386]:

F+
(
Ω̂
)
=

1
2
(m̂ · p̂)2 − (n̂ · p̂)2

1+Ω̂ · p̂
, (83)

F×
(
Ω̂
)
=

(m̂ · p̂)(n̂ · p̂)
1+Ω̂ · p̂

, (84)

where p̂ is the unit vector pointing towards the pulsar.
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Table 6. List of CGW parameters with their respective ranges. Uniform priors are typ-
ically assumed.

CGW Parameter Range

log10 h [−18,−11]
fgw (Hz) [10−9,10−7]
ϕ0 [0,2π]
cos ι [−1,1]
ψ [0,π]
θ [0,π]
ϕ [0,2π]

10.2. Assumptions and simplifications

To make the analysis computationally feasible PTAs several simplifying assumptions, such as:

• Neglecting the pulsar term: The pulsar term is often neglected by considering it as part
of the noise. This is justified if the source has evolved sufficiently over τa to move the
pulsar term off the Earth-term frequency. Including the pulsar term would improve para-
meter estimation but significantly increases the complexity of the likelihood surface and the
dimensionality of the parameter space.

• Non-evolving GW frequency: The evolution of the GW frequency ω(t) over the observa-
tion time is typically neglected, assuming ω(t) = ω0 is constant. This simplification is valid
for sources where the frequency evolution is negligible during the observational timespan.
Neglecting frequency evolution does not prevent detection but may introduce a bias in the
measured GW frequency, potentially overestimating it [320].

• Simplified phase evolution: Under these assumptions, the GW phase simplifies to:

Φ(t) = ω0t+ϕ0/2, (85)

where ϕ0 is the initial orbital phase.
• Amplitude relation: The GW amplitude h is related to the chirp mass M, luminosity dis-

tance dL, and GW frequency fgw by:

h=
2M5/3 (π fgw)

2/3

dL
. (86)

10.3. Parameter space and priors

The model considers a single CGW source characterised by seven parameters, as summar-
ised in table 6. Uniform priors are typically assumed for these parameters when conducting
Bayesian analyses.

10.4. Data analysis methods

PTAs employ both Bayesian and frequentist frameworks to search for CGW signals. Themeth-
ods involve modelling noise components, selecting pulsars, computing detection statistics, and
setting upper limits.
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10.4.1. Bayesian analysis and inference. In the Bayesian approach, PTAs sample the CGW
parameters along with noise parameters for RN andDMvariations.White noise parameters are
often fixed, and the timingmodel and BAYESEPHEM parameters aremarginalised over. Analyses
are conducted both with and without a CRN component to assess its impact on the results.

MCMC samplers, such as PTMCMC [134], Eryn [221], and related implementations are com-
monly used in conjunction with software like ENTERPRISE [135] to construct models and com-
pute likelihoods and priors. Empirical proposals based on prior noise explorations are used to
improve sampling efficiency [14]. In addition, fast likelihood evaluators such as QuickCW [49]
can be employed to accelerate parameter estimation.

10.4.2. Model selection and BFs. To determine whether the data favour the presence
of a CGW signal, PTAs compute BFs comparing the null model (noise only) against a
model including a CGW signal. The product-space (or hypermodel) approach [183] is often
employed, where a hyperparameter indexes the models, and the BF is given by the ratio of the
number of iterations the chain spends in each model:

BA
B =

nA
nB
, (87)

where nA and nB are the counts of samples corresponding to models A and B, respectively. This
method has been shown to yield reliable results [88]. Reversible Jump MCMC (RJMCMC)
can also be used to allow transitions between models of differing dimensionality, ensuring
detailed balance and a proper stationary distribution [50].

10.4.3. Upper limit setting. In the absence of a detection, PTAs proceed to set upper limits
on the GW amplitude. This involves:

• Using MCMC with a uniform prior on logh within specified bounds.
• Computing the marginalised posterior probability distribution for the CGW amplitude p(h).
• Determining the 95% upper limit h95, defined by:

0.95=
ˆ h95

0
p(h) dh. (88)

• Utilizing a grid of frequencies logarithmically spaced between 10−9 and 10−7 Hz.

Analyses are conducted both with and without the inclusion of CRN in the noise model.

10.4.4. Noise modelling. Accurate noise modelling is crucial for CGW searches. The noise
in pulsar timing data is modelled as:

δt=Mϵ+ nWN + nRN + nDM + nSv︸ ︷︷ ︸
PSRN

+ nCRN︸︷︷︸
CommonRedNoise

+ s︸︷︷︸
CGW

, (89)

where:

• Mϵ represents timing model errors.
• nWN is the white noise component, characterised by EFAC and EQUAD parameters.
• nRN, nDM, and nSv represent red noise, DM variations, and scattering variations, respectively.
• nCRN is the common red noise component, which can model uncorrelated noise or an SGWB

with HD correlations.
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• s is the CGW signal.

PTAs often customize noise models for individual pulsars, adjusting the number of frequency
bins and other parameters to best fit the data [88, 140].

10.4.5. Pulsar selection. Not all pulsars contribute equally to CGW sensitivity. PTAs select
subsets of pulsars that recover the majority of the array’s total SNR to CGWs. For example,
selecting 21 pulsars out of 53 can recover approximately 95% of the total SNR [33, 88]. This
reduces computational cost without significantly affecting results.

10.4.6. Frequentist analysis. In addition to Bayesian methods, PTAs employ frequent-
ist approaches using detection statistics like the Earth term-only Fe-statistic [34, 131]. This
statistic is the log-likelihood maximised over ‘extrinsic’ CGW parameters for fixed intrinsic
parameters.

To evaluate the significance of observed Fe values, PTAs may:

• Use the theoretical null distribution of 2Fe, which is a χ2 distribution with four degrees of
freedom under Gaussian noise assumptions.

• Perform sky shuffling, where pulsar positions are randomized to estimate the background
distribution of Fe without assuming specific noise properties.

11. NHz GWB from cosmological sources

Having touched on the likelihood that the observed background and its relative tension with
standard expectations, we might find it natural to discuss cosmological interpretations of the
observed signal, from scenarios like cosmic inflation, scalar-induced GWs, first-order phase
transitions (PTs), cosmic strings, and domain walls. All these models, except for stable cosmic
strings from field theory, can reproduce the signal as observed in PTA data. Comparisons with
the standard model of SMBHBs show cosmological models often yield better fits, with high
BFs. However, these results are contingent on assumptions about the SMBHB population and
should not be seen as definitive evidence of new physics. As a result, constraints on parameter
regions where the predicted GW signal from cosmological sources exceeds the PTA signal can
be derived, independent of the signal’s origin, demonstrating how pulsar timing data constrain
these models. Finally, searches for deterministic signals from ULDM andDM substructures
in theMilkyWay can be also be performed, leading to updated constraints on thesemodels. For
ULDM, these constraints surpass those from torsion balances and atomic clocks for ULDM
coupled to electrons, muons, or gluons.

11.1. Cosmic inflation

Cosmic inflation is a period of accelerated expansion in the early universe that sets up the initial
conditions of standard big bang cosmology [256]. By rapidly stretching spacetime, inflation
explains the size, homogeneity, isotropy, and flatness observed on cosmological scales. It also
sources both scalar and tensor quantum vacuum fluctuations of the inflaton and metric. The
scalar modes provide the seeds for structure formation, reentering the horizon after inflation
as classical density perturbations. Meanwhile, the tensor modes generate a stochastic GWB
once they similarly reenter the horizon during the radiation or matter eras [4, 145, 170, 171,
344, 375, 376].
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These inflationary GWs (IGWs) imprint themselves on the temperature and polarization
anisotropies of the cosmicmicrowave background (CMB) [16, 231, 346, 374]. Their amplitude
is quantified by the tensor-to-scalar ratio, r, which is constrained by current CMB data: for
instance, r< 0.036 [7], r< 0.032 when the standard single-field slow-roll consistency relation
(r=−8nT) is assumed [397], and r< 0.076 with −0.55< nT < 2.54 when that relation is
relaxed [328]. In the simplest slow-roll scenario, nT =−r/8< 0, so the resultingGWspectrum
is slightly red-tilted and falls below the reach of most present and upcoming GW experiments,
including PTAs, Laser Interferometer SpaceAntenna (LISA), and ground-based detectors [83].
Indeed, a nearly flat or red-tilted tensor spectrum generally implies an unobservably small
amplitude at PTA frequencies.

Nonetheless, both CMB and big bang nucleosynthesis (BBN) constraints on the total radi-
ation density permit nonminimal inflationary scenarios that can yield a blue-tilted spectrum
at smaller scales [245]. Such enhancements can arise if there is a stiff component in the post-
inflationary universe (w> 1/3) [66, 162] or via processes during inflation, including particle
production [20, 41, 43, 367], the presence of spectator fields or space-dependent inflation [42,
56, 57, 158], modifications of gravity [198, 368], or enhanced scalar perturbations at small
scales and/or primordial black holes (PBHs). In these scenarios, the resulting GWB could
reach the sensitivity of PTAs, LISA, or ground-based detectors, despite remaining compatible
with CMB measurements. Such a possibility has motivated the IGW interpretation of recent
PTA data sets [52, 239, 401], illustrating that deviations from standard single-field slow-roll
inflation may significantly improve prospects for detecting primordial gravitational waves at
accessible frequencies.

11.2. Cosmological phase transitions

A first-order phase transition in cosmology occurs when a potential barrier separates the true
and false vacua of a scalar field. This phase transition proceeds via bubble nucleation, where
bubbles of the true vacuum appear within the false vacuum [132]. As these bubbles expand
and collide, and as sound waves propagate through the plasma, a primordial GWB is produced
[81, 196, 201, 217, 232, 233, 420].

Several parameters determine the amplitude and shape of this GW signal:

• T∗: The percolation temperature, defined by the point at which roughly 34% of the universe
is in the true vacuum [132].

• α∗: The transition strength, i.e. the ratio of released vacuum energy to the radiation energy
density at percolation [84, 132].

• H∗R∗: The average bubble separation (in Hubble-radius units) at percolation, related to the
nucleation rate β by H∗R∗ = (8π)1/3 vwH∗/β, where vw is the bubble wall velocity.

Bubble collisions and sound waves both contribute to the GW energy density:

Ωb
GW ( f) = Ω̃b

(
H∗R∗

1+H∗R∗

)2(
α∗

α∗ + 1

)2

∆Σb

(
f
fb

)
, (90)

Ωs
GW ( f) = Ω̃s

(
H∗R∗

1+H∗R∗

)2

κ2
s

(
α∗

α∗ + 1

)2

τsw∆Σs

(
f
fs

)
, (91)

where Ω̃b and Ω̃s are numerical prefactors, κs is the efficiency factor for converting vacuum
energy into bulk motion [144], and τsw accounts for sound-wave lifetime.
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11.3. Cosmic strings

Cosmic strings are one-dimensional topological defects that may form during early-universe
symmetry breaking [228]. These strings, characterised by a tension µ, generate a stochastic
GWB through oscillating loops produced when string segments intercommute [114, 197, 400,
411]. The GW energy density from a network of cosmic strings is:

Ωcs
GW ( f) =

8π
3

(Gµ)2
kmax∑
k=1

PkIk ( f) , (92)

where G is the gravitational constant, Pk is the power in the kth harmonic (modelled as Pk =
Γk−q/ζ(q)), and Ik( f) accounts for loop number density and redshifting. The large energy
densities of these strings moving at relativistic velocities makes them natural sources of GWs
arising from bursts from cusps and, kinks and their collisions on the loops [114].

Different values of q (e.g. 4/3 or 5/3) describe whether emission arises predominantly from
cusps or kinks on the loops.
Metastable strings can decay via monopole–antimonopole pair production:

Γd =
µ

2π
e−πκ, (93)

where Γd is the decay rate and κ controls the string lifetime. Cosmic superstrings, predicted
in certain string-theory frameworks, have a lower intercommutation probability P, and their
GWB scales as Ωsuper

GW ( f) = Ωcs
GW( f)/P.

11.4. Domain walls

Domain walls are two-dimensional defects formed when a discrete symmetry breaks spontan-
eously in the early universe [228]. As these walls evolve and eventually decay, they generate
a GWB [190, 331, 412]. The GW energy density is often written as:

h2ΩGW ( f) =
3π2

32
∆ϵΣ( f/fp) , (94)

where ∆ϵ (≈ 0.7) is an efficiency factor from simulations, and Σ(x) is again a broken power-
law function of frequency. The peak frequency fp depends on the decay temperature T∗, with

fp = 1.14nHz
( g∗,s
10.75

)1/3
(

T∗
10MeV

)
. (95)

If domain walls decay into dark radiation (DW-DR), an extra effective number of neutrino
species ∆Neff can be generated, if they decay primarily into Standard Model particles (DW-
SM), T∗ ≳ 2.7MeV is required to preserve standard nucleosynthesis. In both scenarios, the
domain-wall network must decay before dominating the universe’s energy budget in order to
remain consistent with observations.

11.5. Second order GWB from curvature perturbations

Although the scalar, vector and tensor modes of the perturbed metric do not mix at linear
order [257], scalar curvature perturbations can source propagating tensorial modes (i.e. GWs)
at second order [279, 396]. Primordial density fluctuations associated with scalar curvature
perturbations can be shown to arise naturally in the universe and can be constrained by CMB
observations. These perturbations have been constrained to have a quasi-scale invariant power
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spectrum with an amplitude of Aeta ∼ 2× 10−9. The GWB generated would thus be virtually
undetectable at the nHz frequency range with an energy density Ωgw ∼ 10−24 in the standard
scenarios. However, the class of inflationary models [67, 76, 121] can boost the power at small
scales and thus source a GWB detectable in the PTA band. PTA measurements of a second
order GWB from curvature perturbations thus offer an excellent complementarity to the CMB
measurements which probe large cosmological scales by placing strong limits on the predicted
growth rate of the power spectrum from various inflation models.

11.6. Deterministic signals from new physics

Some theories of new physics could leave deterministic imprints in pulsar timing data, such as
small-scaleDM substructures or ULDM. Although no compelling evidence for these signals
is found in PTA datasets, upper limits on their possible strengths from both the NANOGrav
15 yr and EPTA DR2 datasets yield tighter constraints on the models.

11.7. Ultralight DM

DM comprises about 27% of the universe’s energy density, yet its fundamental nature remains
elusive. ULDM models postulate bosonic particles with masses as low as mϕ ∼ 10−23 eV.
Such particles can suppress small-scale structure, potentially addressing challenges in the
standard ΛCDM model [72].

PTAs are sensitive to ULDM in the mass range

10−23 eV ≲ mϕ ≲ 10−20 eV, (96)

because the observed frequency f is related to mϕ via ω = 2π f ∼ mϕ. The timing residual for
the Ith pulsar can be written:

hI (t) =
∑
i

[
AEi (x) sin

(
ωt+ γEi

)
+ AP,Ii (x) sin

(
ωt+ γP,Ii

)]
, (97)

where:

• ω = 2π f is the angular frequency,
• AEi (x) and A

P,I
i (x) are amplitudes corresponding to the Earth and pulsar terms, respectively,

• γEi and γP,Ii are phases,
• i indexes the ULDM field’s polarization.

A key distance scale is the correlation length,

ℓc ≈ 2π
mϕ vϕ

≈ 0.4kpc
(
10−22 eV/mϕ

)
, (98)

where vϕ ∼ 10−3. If ℓc greatly exceeds the pulsar–Earth separation (the ‘correlated’ limit),
both observer and source sample the same DM field, simplifying the signal model.

Several ULDM-induced effects may yield pulsar timing signatures:

(i) Metric fluctuations: Field oscillations alter the stress-energy tensor, producing metric per-
turbations and timing residuals [227, 330].

(ii) Doppler–U(1) forces: Ultralight vector DM can create dark electric fields that act on
baryon number, shifting arrival times [168, 425].

56



Class. Quantum Grav. 42 (2025) 243001 Topical Review

(iii) Pulsar spin fluctuations: Coupling between scalar ULDM and Standard Model fields can
modulate pulsar spin frequencies by changing fundamental constants [219].

(iv) Reference clock shifts: Similar fundamental-constant variations may shift atomic clock
frequencies, introducing common signals across all pulsars [168, 219].

Constraints on scalar ULDM couplings {de,dg,dq} in the Lagrangian,

L ⊃ ϕ

Λ

de eFµνFµν − dg
β3
2g3

Ga
µνG

aµν −
∑

q=u,d,s

dqmq qq

 , (99)

are derived from the absence of detectable signals in the dataset, improving upon past bounds.

11.8. DM substructures

Small-scale DM substructures, such as primordial black holes PBHs, may leave observable
marks in pulsar timing data. PBHs can produce timing residuals through:

• Doppler signals: pulsar accelerations induced by PBH gravity cause long-term changes in
pulsar spin frequencies. The static Doppler signal is

hD (t) = AD,sta

(
t
yr

)2
, (100)

where AD,sta depends on PBH mass and distance.
• Shapiro signals: gravitational time delays from PBHs also produce characteristic timing

shifts:

hS (t) = AS,sta

(
t
yr

)2
. (101)

Monte Carlo simulations [249] were used to derive posterior distributions for the PBH mass
fraction fPBH =ΩPBH/ΩDM over various PBH massesM. The study also considers DM sub-
structures with Yukawa interactions:

Vfifth (r) = α̃
GMMP

r
e− r/λ, (102)

where α̃ is the coupling relative to gravity, λ is the interaction range, andM,MP are masses of
the substructure and the pulsar, respectively. Such interactions increase pulsar accelerations,
affecting the Doppler signal and yielding constraints on α̃ similar to those for PBHs.

11.9. Compatibility of the NANOGrav 15 yr spectrum with early–universe or novel physics
backgrounds

A Bayesian framework built on enterprise, enterprise_extensions and the PTArcade
wrapper examined the NANOGrav 15 yr timing residuals to contrast a purely astrophysical
interpretation with a variety of cosmological GW backgrounds [300].

Inflationary GWs. The inflationary scenario outperforms the SMBHB-only hypothesis with
a BF of 8.8± 0.3, driven by its richer parameter space; including an SMBHB component
reduces this to 7.9± 0.3, demonstrating only marginal gain despite the enlarged prior volume.
Posterior contours satisfy

nt = 0.14 log10 r + 0.58, (103)
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ensuringPt ∼ 10−4 across PTA frequencies. A bimodal structure tracesmodes re-entering dur-
ing radiation (Trh > 1GeV) versus reheating (Trh = 1GeV), with effective tilts nt and nt − 2.
In the limits Trh →∞ or Trh → 0, parameters settle at (nt, log10 r)≈ (−2,−10) or (−4,−20),
reflecting the PTA band’s insensitivity. The choice nt = 2 corresponds to a spectral index
γ= 3, aligning with data. Constraints from BBN and LVK bounds on ∆Neff and fend carve
out the allowed (Trh,nt) region, admitting models up to nt ∼ 3–4, r∼ 10−16, Trh ∼ 10−3GeV
and Nrh ≲ 20.

Scalar-induced GWs. Three models which capture different ways of injecting localized struc-
ture into the primordial power spectrum– a delta spike (DELTA), a Gaussian bump (GAUSS),
or a flat box-shaped enhancement (BOX) in logarithmic k-space — were used. These scalar
induced templates achieve BFs of 44± 2 (DELTA), 57± 3 (GAUSS) and 21± 1 (BOX), all
comfortably surpassing inflationary fits. The DELTA spectrum remains essentially unchanged
by adding SMBHBpower. Departures from simple power laws extend coverage across the PTA
band, yielding lower limits on log10A of roughly −1.55,−1.43,−1.90 (DELTA, GAUSS,
BOX). Frequency posteriors often lie below the NANOGrav sensitivity peak, and regions
excluded by PBH overproduction or a conjectured one-loop no-go theorem further restrict
viable amplitudes.

Phase transitions. Broken power-law forms, Σ(x) = (ax)b

1+(ax) b+c , capture sound-wave (PT-
SOUND) and bubble-collision (PT-BUBBLE) spectra. Posterior intervals favour a strong,
slow transition: PT-BUBBLE requires α∗ > 1.1, H∗R∗ > 0.28 (68%); PT-SOUND requires
α∗ > 0.42, H∗R∗ ∈ [0.053,0.27]. The SMBHB component relaxes these slightly. Peak fre-
quencies align with high-end bins, tails with low end. Inferred temperatures span T∗ ∈
[0.047,0.41]GeV (BUBBLE) and [4.7,33]MeV (SOUND), shifting upward when SMBHB
is included. Correlations follow α∗ ∼ 1/(H∗R∗) (BUBBLE) and H∗R∗ ∝ α12

∗ (SOUND).
Compared to earlier datasets, spectra are bluer, shifting T∗ upward and evading BBN/CMB
limits. The BFs are 18.1± 0.6 (BUBBLE) and 3.7± 0.1 (SOUND), rising to 6.5± 0.3 for
PT-SOUND plus SMBHB.

Cosmic strings. Stable–string models are strongly disfavoured, with BFs in the 0.28–0.38
range, as high tensions flatten the spectrum.Metastable strings fit better (13.4± 0.4, 21.3± 0.8
for META-L/LS), peaking near k∼ 8, log10Gµ∼−7. Superstring networks produce the
strongest support (46± 2, 37± 2 with SMBHB), preferring log10Gµ∼−12 and P∼ 10−3,
though LVK constraints may impinge.

Domain walls. Domain-wall spectra (DW-SM, DW-DR) concentrate power at low frequen-
cies. DW-SM yields T∗ ∈ [110,275]MeV, α∗ ∈ [0.080,0.19] (68%); DW-DR gives T∗ ∈
[79,153]MeV, ∆Neff ≳ 0.32, broadening without an upper bound under SMBHB. The BFs
reach 14.8± 0.5 (DW-SM) and 1.62± 0.05 (DW-DR), rising to 21.1± 0.9 and 2.53± 0.10
with SMBHB.

Ultralight DM and PBHs. Across masses 10−24 ⩽ mf ⩽ 10−20 eV, fits yield Bayes factors
near unity, except a slight 4 nHz Earth-term signal (∼2) atmf ∼ 2× 10−23 eV, conflicting with
Lyα and kinematic limits. Upper bounds on local ULDM density exclude dominance below
10−23 eV, flattening toward 10−26 eV. Coupling constraints to electrons, muons, gravity and
gauge fields align with lab and PPTA bounds under a Rayleigh prior. No PBH background
is found; static Doppler and Shapiro effects set 95% upper limits on fPBH, while dynamic
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Doppler remains undetectable. Fifth-force limits on ã rival equivalence-principle and NS heat-
ing bounds forM≳ 10−12M⊙, thoughBullet Cluster andMICROSCOPE constraints dominate
under full DM coupling.

11.10. Compatibility of the EPTA DR2 spectrum with early–universe or novel physics
backgrounds

A Bayesian framework, analogous to that used for NANOGrav, contrasts an SMBHB inter-
pretation with a suite of cosmological GWBs in EPTA DR2.

Inflationary GWs. IGW-only is slightly disfavoured relative to SMBHB, with a Bayes factor
B = 0.8± 0.2. Adding IGW to SMBHB yields B ≃ 1, i.e. negligible improvement. Posteriors
are broad and show no distinctive inflationary signatures.

Scalar–induced GWs. SIGW fits are weak: DELTA gives B = 1.2± 0.3, GAUSS B = 1.5±
0.4. The amplitude is bounded by log10A≲−1.3 (95%), and the narrow frequency localisation
demanded by PTA sensitivity further squeezes the viable space.

Phase transitions. Broken power-law templates modestly outperform SMBHB only. PT-
BUBBLE achieves B = 2.3± 0.5; PT-SOUND B = 1.8± 0.4. Posteriors favour strong trans-
itions with T∗ ofO(10–102)MeV and α∗ ∼ 0.1. Tension with BBN/CMB bounds persists but
is model-dependent.

Cosmic strings. Stable strings are strongly disfavoured, B = 0.10± 0.02, with Gµ < 10−10.7

(95%). Metastable strings fit better, B = 3.5± 0.7, favouring 10−12≲Gµ≲10−7 and high
decay rates (

√
κ≳ 8). Cosmic superstrings are preferred among string models, B = 5.8± 1.0,

with P∼ 10−3 and Gµ∼ 10−11–10−10; some of this space is under LVK pressure.

Domain walls. DW-SM gives B ≈ 1.1; DW-DR B ≈ 0.9. Posteriors suggest T∗ ∼ 100–
300MeV and α∗ ∼ 0.05–0.2. Adding SMBHB power does not materially change the picture.

Ultralight DM and PBHs. ULDM is disfavoured, with BFs ∼0.5 across the scanned mass
range; the implied density cannot dominate DM under EPTA DR2 assumptions. No separate
PBH background is detected.

Challenging the ULDM paradigm. Using EPTA-DR2Full (24.7 yr, daily–biweekly cadence)
with per-backend white-noise modelling and a CURN process, a deterministic ULDM
sinusoid at f = mϕ/2π is searched in three coherence regimes. Bayesian inference
(enterprise+enterprise_extensions) finds lnBmax < 1 for mϕ ∈ [10−24,10−22] eV;
95% limits on the local density are ρϕ ≲ 0.15GeVcm−3 for 10−24–10−23.7 eV and ρϕ ≲
0.30GeVcm−3 for 10−23.7–10−23.4 eV. A small feature at mϕ ≃ 10−23 eV (lnB∼ 0.1) is
noise-consistent and astrophysically excluded. Thus, in 10−24–10−23.3 eV, ULDM is at most
a subdominant fraction of local DM.

Constraints on conformal ULDM couplings. Allowing universal conformal couplings A(ϕ),
EPTA DR2 constrains FJBD (linear) and DEF (quadratic) cases via ULDM-driven spin-
frequency modulation. For mϕ ≲ 10−21 eV, log10α≲−4.5 globally (tightening to ≲−7 near
10−23 eV), exceeding solar-system and triple-pulsar bounds. Assuming ρϕ = ρDM, DEF yields
−2≲ β ≲ 20 (95%); these weaken roughly linearly if ULDM is only a fraction of DM. No
viable strong equivalence–violating couplings survive in this mass range.
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11.11. Beyond the standard model using the PTA results

The PTA results have generated a very wide range of discussions beyond those presented in
the papers from the PTAs themselves. Given the broad constraints on the spectrum, and the
surprisingly high amplitude recovered for the powerlaw model, the number of models that
can provide plausible fits remains quite large. As such it is virtually impossible to cover all
of the models and their nuances. However, I summarise below a small, representative sample
of papers discussing a variety of models, a significant number of which focus on the beyond
standard model (BSM) physics. A full review of those would extend beyond the scope of this
review, but the connections of the PTA results with single/multifield inflation with large fluc-
tuations, PBHs, and loop corrections have been explored in [99], while their ability to probe
cosmic history, revealing BSM signals have been discussed in [343] and references therein.
Expanding-spacetime corrections to fluid shell collisions which alter the spectral shape of
first order PTs (FOPTs) and make them detectable in the PTA bands can be found in [213].
Junior Iovino [216] reviews PBH formation scenarios and second-order GW constraints from
LIGO and PTA synergy while [343] demonstrates how GWs traverse cosmic epochs trans-
parently, opening a direct window on dark-sector physics, although loop corrections heavily
restrict single-field PBH models unless they are finely tuned [99]. Similarly, summaries of
alternative theories of gravity can be gleaned from [124], where a Chern–Simons-inspired
running vacuum model features a metastable inflationary phase with quantum condensate cor-
rections. Beyond model templates, current PTAs also constrain sky distribution and polar-
izations of the GWB: (1) a 95% limit on broadband anisotropy, (Cℓ>0/Cℓ=0)< 0.2; (2) no
preference for non-tensor correlations—HD vs. scalar-transverse gives Bayes factor ∼2 and
the HD component accounts for essentially all power; (3) no evidence for spectral running,
with β ∈ [−0.80, 2.96] and BRPL/CPL = 0.69± 0.01.

(i) Cosmic strings and topological defects: cosmic strings are one-dimensional topological
defects that can form during early-universe symmetry breaking and generate a stochastic
GWB through loop dynamics, cusps/kinks, and related processes. Variants include meta-
stable strings, superconducting strings, cosmic superstrings (with reduced intercommuta-
tion probability), and hybrid defects such as domain walls bounded by strings.
(a) Metastable cosmic strings and stochastic gravitational Waves: Certain inflation-

ary models predict metastable strings from a two-step symmetry-breaking process.
Although these strings eventually decay, they can still contribute a detectable stochastic
GWB. Representative benchmarks used in the literature include a tension GNµ∼10−5

with a stochastic GWB peaking near f∼10−9 Hz and amplitudeΩGW∼10−10 [40, 98].
(b) Monopole production from metastable cosmic strings: Quantum decay of meta-

stable strings can produce topologically stable monopoles (carrying Dirac and col-
our magnetic charges), with masses Mmono∼108–1017 GeV depending on Gµ [246].
The associated GW signal from monopole-connected string decay peaks at f∼10−8–
10−6 Hz, a target for ET/CE [246].

(c) Superconducting cosmic strings and their unique GW signatures: In BSM settings,
string currents/charges yield superconducting networks with modified scaling across
radiation/matter eras, imprinting a distinct coherence length and condensate equation
of state in the stochastic GWB [108]. Simulations indicate detectable deviations from
standard string spectra, with a characteristic amplitude ΩGW∼10−9 in the 10−6–
10−3 Hz window (LISA band) [108].

(d) Decay into DM and gauge bosons: In some models, strings predominantly radiate
into gauge bosons that subsequently populate DM/radiation sectors. The resulting
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GW spectrum shows a high-frequency power law with ΩGW∼10−12 at f∼10−2 Hz,
offering discrimination prospects with LISA/ET/BBO [97].

(e) Domain walls bounded by cosmic strings: Certain symmetry-breaking patterns pro-
duce hybrid networks where domain walls terminate on strings. Their GW spectrum
exhibits a characteristic inflection between µHz and Hz, with predicted peak amp-
litudes around ΩGW∼10−11 for breaking scales 1012–1015 GeV in U(1)R extensions
[157].

(f) Axion strings and CMB constraints: Axion(-like) string networks can survive to sub-
BBN temperatures, sourcing both GWs and CMB polarization rotation. Current CMB
power-spectrum bounds suggest fa≲1012 GeV remains testable in future surveys; the
GW spectrum from axion strings typically peaks near f∼10−10 Hz with ΩGW∼10−12,
within reach of next-generation PTAs [51].

(ii) Inflationary models and PBHs inflationary models provide a framework to explain the
observed large-scale structure of the universe and generate the primordial fluctuations that
seed cosmic structure. Under certain conditions, these fluctuations can lead to the forma-
tion of PBHs, which in turn serve as a significant source of GWs. The GWB from these
processes provides crucial observational tests for inflationary physics and PBH formation
scenarios.
(a) Inflationary Perturbations and PBH Formation: Inflation generates quantum fluctu-

ations that become classical perturbations as they exit the Hubble horizon. If these per-
turbations are sufficiently large upon reentry, they can collapse into PBHs. The critical
density contrast for collapse is typically given by δc ∼ 0.45 [see e.g.; 427, and refer-
ences therein]. PBH formation is particularly enhanced in models featuring an ultra-
slow-roll phase, where the inflaton potential flattens temporarily, leading to an ampli-
fication of scalar perturbations. The characteristic PBH mass in these scenarios ranges
from 10−15M⊙ to 10−2M⊙, with a corresponding GW spectrum peaking at frequencies
of 10−6—10−2 Hz [203]. Fitting the nHz background with SIGWs typically requires a
narrow bump with Pζ(k∗)≃(1–4)×10−2 at k∗∼106.5±0.5Mpc−1 (i.e. f∗∼3–30nHz),
mapping to MPBH∼10−12–10−11M⊙ if PBHs accompany the peak [417].

(b) Axion-Gauge field interactions and inflationary GWs: In axion inflation models, gauge
field interactions with the inflaton can lead to significant enhancement of GWs. These
interactions produce chiral GWs, leading to potential parity-violating signatures that
could be tested by future space-based detectors [41]. The predicted energy density of
these waves is ΩGW ∼ 10−10 at frequencies around 10 mHz, making them accessible
to experiments like LISA [204].

(c) Multi-Step Inflation and PBH Production: Multi-step inflationary scenarios intro-
duce sharp transitions in the inflaton potential, leading to localized enhancements in
the scalar power spectrum. These transitions can arise from interactions with addi-
tional fields or changes in the effective mass of the inflaton [92]. Recent studies
suggest that such transitions can produce a bimodal PBH mass distribution, with
peaks at∼10−14M⊙ and∼10−4M⊙, leading to multiple sources of gravitational wave
production [430]. The stochastic GW spectrum from these PBHs features peaks in the
nHz and mHz frequency bands, making them prime candidates for detection by PTAs
and LISA [39, 87].

(d) Scalar-Induced GWs from PBH Formation: When PBHs form due to large inflation-
ary perturbations, they also generate secondary GWs through nonlinear couplings
between the enhanced curvature perturbations. These induced GWs can be detected
independently of the PBHs themselves and serve as a direct probe of the primor-
dial power spectrum. The frequency of these scalar-induced GWs is given by fGW ∼
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10−9
(

M
10−12M⊙

)−1/2
Hz, where M is the mass of the forming PBH. Observations of

the stochastic GWB in the nHz band suggest that if PBHs make up all of DM, their
massmust be within 10−12–10−11M⊙ [15]. To be consistent with the current PTA limits
SIGWs needPζ at the few×10−2 level near the nHz peak; broader bumps overproduce
PBHs unless non-Gaussianity or extended spectra are invoked [155, 416].

(e) Observational constraints on inflationary GWs: The latest data from CMB experi-
ments such as Planck and BICEP/Keck provide strong constraints on the inflation-
ary tensor-to-scalar ratio, with an upper bound of r< 0.036 at 95% confidence [7].
Future observations with LiteBIRD aim to improve this sensitivity by an order of mag-
nitude, potentially confirming or ruling out a broad class of inflationary models [160].
Additionally, LISA and DECIGO are expected to probe IGWs with amplitudes down
to ΩGW ∼ 10−12, allowing for direct tests of ultra-slow-roll inflation and axion-gauge
field interactions [43]. Fits to the angular correlation of pulsars pairs as available from
the latest PTA datasets imply vgw/c> 0.87 (95%) and mg ≲ (0.8–1.5)× 10−23 eV,
depending on spectral priors [55, 417, 421].

(f) Primordial black holes asDM candidates: The possibility that PBHs constitute a frac-
tion of DM is a subject of ongoing debate. Microlensing constraints from OGLE
and HSC exclude PBHs in the mass range 10−11—10−6 M⊙ from making up all of
DM [306]. However, recent work suggests that a small fraction (∼10−3) of DM in
the form of PBHs remains consistent with all existing constraints [86]. Observations
of PBH mergers by LIGO-Virgo provide additional constraints. If PBHs dominate
the binary black hole population, the merger rate at redshift z ∼ 1 should be at
least ∼10 Gpc−3 yr−1, which is consistent with current estimates [59]. In the 10−12–
10−11,M⊙ mass window, the PTA-required nHz SIGW amplitude places strong limits
on PBH DM: a fraction fPBH = 1 is disfavoured unless the underlying curvature per-
turbation bump is extremely narrow or highly non-Gaussian [416].

(g) Chain inflation and first-order phase transitions: Chain inflation differs from slow-
roll inflation, as the inflaton tunnels through a series of consecutive vacuum states.
This process results in multiple first-order phase transitions, each contributing to the
stochastic GWB. The predicted GW spectrum exhibits a double-peak structure, with a
faint high-frequency component from inflationary quantum fluctuations and a stronger
low-frequency component marking the transition to radiation dominance [156]. Some
studies suggest chain inflation could explain the recently detected stochastic GWB by
NANOGrav, PPTA, EPTA, and CPTA [156]. PTA fits to the nHz background imply
that for causal FOPTs with fp∼few–30nHz, the corresponding transition temperature
is T∗∼30–300MeV; most PTA-compatible models favour slow completion [8, 84].

(h) Hybrid inflation and preheating-induced gravitational waves: In hybrid inflation,
inflation ends when a secondary scalar field, the ‘waterfall’ field, becomes tachyonic,
triggering rapid particle production (preheating). This tachyonic preheating phase
sources GWs, which may be observable in upcoming experiments [70]. Variations of
hybrid inflation can also lead to topological defects, such as unstable domain walls,
that generate a stochastic GWB [70].

(i) High-frequency primordial GWs from post-inflation dynamics: Some inflationary
models predict high-frequency primordial GWs (PGWs) due to the instantaneous trans-
ition from inflation to radiation dominance. If a stiff post-inflationary phase exists,
PGWs display a characteristic spectral shape of power-law increase followed by expo-
nential decay [326]. A new semi-analytical expression suggests that PGWs at high
wave numbers could be used for signal searches [326].
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(j) Curvaton models and non-gaussianity in PBH formation: In curvaton models, an addi-
tional scalar field dominates the universe after inflation and generates perturbations
that lead to PBH formation. These models predict non-Gaussian primordial fluctu-
ations, significantly affecting the PBH mass function and induced GWs [325]. If the
curvaton-generated perturbations are highly non-Gaussian, PBHs can form without
requiring large inflaton fluctuations [325]. PTA constraints on the nHz SIGWB require
Pζ∼ few×10−2 near k∼106–7Mpc−1; curvaton non-Gaussianity alters the PBH con-
nection but not the PTA-required SIGW peak amplitude [416].

(k) Delayed vacuum decay and PBH formation: PBHs can form through delayed vacuum
decay during slow cosmic first-order phase transitions. The PBH abundance is highly
sensitive to the barrier height of the scalar potential. Studies suggest that this mech-
anism does not require extreme supercooling and can produce PBHs with a mass
spectrum spanning multiple orders of magnitude [218]. The transition duration is a
key factor, and standard nucleation approximations fail to capture the PBH formation
dynamics [218].

(l) Spectator fields and stochastic PBH formation: Some models propose that large
curvature fluctuations leading to PBH formation arise from stochastic fluctuations of
a light spectator field during inflation. These scenarios predict an extended PBH mass
distribution with peaks at the solar-mass scale and provide an alternative explanation
for the stochastic GWB observed by PTAs [372].

(m) Dark sector interactions and PBH production: Certain models explore how PBH form-
ation is influenced by hidden-sector physics, such as asymmetric reheating or dark
radiation. Extended dark-sector models predict unique GW signatures that could be
tested using current and future observatories [63].

(iii) First-order phase transitions first-order phase transitions in the early universe produce
strong GWs through bubble nucleation, sound waves, and turbulence in the primordial
plasma. These transitions occur when a metastable vacuum decays into a lower-energy
state, releasing latent heat that generates characteristic GW signals. The GWB from these
transitions provides a powerful probe of physics beyond the Standard Model and con-
straints on early universe dynamics.
(a) Electroweak phase transitions: Electroweak phase transitions occur when the Higgs

field acquires a vacuum expectation value, breaking electroweak symmetry. If the
transition is strongly first-order, it generates gravitational waves detectable by space-
based interferometers. The peak frequency of these waves is expected to be in the
mHz range, making them ideal targets for LISA [109]. The strength of the transition
depends on the details of the Higgs potential. Extensions of the Standard Model with
extra scalar fields, such as singlet Higgs models, increase the strength of the transition
and enhance GW signals. The predicted GW energy density fraction in these models is
ΩGW ∼ 10−10 [2]. Lattice simulations suggest that bubble wall velocities range from
0.1c to 0.9c, significantly affecting the GW spectrum [189]. More efficient bubble col-
lisions produce stronger GW signals withΩGW ∼ 10−9 [85]. The duration of the phase
transition is another crucial parameter, governed by the nucleation rate Γ∼ e−S(T),
where S(T) is the Euclidean action [259]. Recent studies constrain the reheating tem-
perature associated with electroweak bubbles to the range of 100–300GeV [172].

(b) Supercooled phase transitions: Supercooling extends the duration of the phase trans-
ition, leading to stronger GW signals. These transitions occur when the universe
remains trapped in a metastable phase longer than expected, delaying bubble nuc-
leation. The degree of supercooling is characterised by the nucleation temperat-
ure Tn, estimated in recent studies to range from 10GeV to 100 TeV [314]. The
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amplitude of GWs from supercooled transitions is significantly higher than from
standard electroweak transitions, with ΩGW reaching values of 10−8 [133]. The
peak frequency of these waves falls between 0.01–1Hz, making them detectable by
DECIGO and BBO [161]. Recent studies show that prolonged supercooling affects
entropy release and baryogenesis mechanisms, altering the phase transition’s role in
generating the matter-antimatter asymmetry [84]. PTA fits to the nHz background
favour peak frequencies fp∼3–30nHz, corresponding to T∗∼30–300MeV via fp ≃
1.1nHz(g∗/10.75)1/6(T∗/10MeV), with slow/strong transitions (H∗R∗∼0.05–0.3,
α∗≳0.3) preferred [8, 84].

(c) Chiral phase transitions in quantum chromodynamics (QCD): Chiral symmetry break-
ing in QCD can also generate GWs. These transitions occur at temperatures around
150MeV and play a crucial role in early-universe evolution. The peak GW frequency
from QCD transitions is estimated to be 10−7 Hz, making them a potential source
for PTA-detectable stochastic GWB [429]. Lattice QCD simulations indicate that the
equation of state during the QCD phase transition strongly influences the GW spec-
trum. The energy density fraction of GWs produced in these transitions is estimated at
ΩGW ∼ 10−12 [420]. Observations of net baryon number fluctuations suggest that first-
order QCD phase transitions can enhance the GW amplitude by up to two orders of
magnitude [80]. More recent work suggests that the peak frequency of QCD-generated
GWs could range from 10−9 Hz to 10−6 Hz, depending on the speed of sound in the
hadronic phase [281]. Experimental constraints from heavy-ion collisions at RHIC and
LHC provide further insight into QCD phase transition dynamics. A first-order QCD
transition may also lead to detectable GWs from early-universe turbulence [82, 206].
PTA-compatible broken–power-law fits to the nHz background point to T∗∼0.05–
0.4GeV with slow completion (H∗R∗≳0.05), while remaining consistent with BBN
and CMB bounds [8].

(d) GW Signatures of first-order phase transitions: The detectability of GWs from first-
order phase transitions depends on the peak frequency and amplitude of the signal.
Current and future GW detectors provide complementary coverage across different
frequency bands—at nHz frequencies, PTAs can probe QCD phase transitions and
certain supercooled scenarios [109], while at the mHz band, LISA is sensitive to elec-
troweak phase transitions [85]. DECIGO/BBO covers the Hz range, making them
optimal for detecting highly supercooled transitions with ΩGW ∼ 10−9 [115]. LIGO-
Virgo-KAGRA detects GWs in the kHz range but is less sensitive to cosmological
phase transitions [324]. In the nHz band, constraints for first-order transitions come
through the broken–power-law peak and amplitude; viable QCD/supercooled scen-
arios require fp in the few–30nHz range with model-dependent mapping to T∗ and
duration [85, 109].

(e) Implications for beyond standard model physics: GWs from first-order phase trans-
itions provide a unique probe of physics beyond the Standard Model. Many theor-
ies, including supersymmetry, extra dimensions, and dark sector interactions, predict
phase transitions in the early universe that could generate detectable GW signals [428].
Recent studies suggest that phase transitions associated with DM interactions could
leave a distinct imprint on the GW spectrum, with potential correlations to direct detec-
tion experiments [73]. The interplay between GWs and particle physics experiments
provides an exciting avenue for future research.

(f) Non-standard first-order phase transitions: In some scenarios, the energy from the
phase transition is not converted into thermal plasma but instead into dark radiation,
affecting the dark radiation energy density parameter ∆Neff [71]. Certain non-thermal
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first-order phase transitions begin during inflation but complete only after reheating,
leaving a distinct imprint in the CMB power spectrum. Constraints on ∆Neff derived
from CMB+BAO data suggest a limit of ∆Neff ≲ 10−5(T∗/Trh)

−4, which is stronger
than the standard adiabatic assumption [71].

(g) Leptogenesis and baryogenesis from phase transitions: The breaking of B−LB-L sym-
metry at the GUT scale during a first-order phase transition can generate a stochastic
GWB that aligns with PTA observations [130]. Additionally, CP-violating interactions
in the StandardModel can lead to baryogenesis through a meson-mediated decay scen-
ario, producing a GW signature detectable by PTAs [137].

(h) Turbulence and magnetic fields in first-order phase transitions: Beyond bubble colli-
sions and sound waves, turbulence in the plasma can significantly contribute to GW
production. Late-stage turbulence dominates the GW spectrum, altering the spectral
slope and duration of the signal [213]. Magnetic fields generated during the phase
transition influence turbulence dynamics, leading to distinct spectral modifications.
The magnetohydrodynamic (MHD) turbulence signatures of first-order phase trans-
itions may be detected in upcoming experiments [213].

(i) Strongly coupled first-order phase transitions: In strongly coupled scenarios, tradi-
tional field-theoretic approaches face challenges, necessitating the use of holographic
dual theories. Recent simulations have revealed universal scaling relations between
the phase pressure difference and bubble wall velocity, allowing for precise analytical
predictions [413]. These holographic approaches suggest that the wall pressure dif-
ference scales quadratically with the terminal wall velocity, regardless of the bubble
geometry [413].

(j) GW spectrum beyond standard model phase transitions: Beyond-Standard-Model
phase transitions, such as those involving radiative symmetry breaking in a dark sec-
tor, produce unique GW signatures. Some models predict a fast reheating phase facil-
itated by non-minimal gravity couplings, resulting in a distinct signal detected by
PTAs [347]. Symmetry breaking events can also generate domain walls, which decay
through quantum gravity-suppressed operators, emitting GWs detectable in future
interferometers [347].

(iv) Alternative gravity theories alternative theories of gravity extend beyond GR and often
introduce modifications to gravitational wave properties, including altered dispersion rela-
tions, additional polarization states, or modified propagation speeds. These theories aim to
explain outstanding cosmological problems such as dark energy, cosmic acceleration, and
quantum gravity effects. GW observations provide a powerful means to test these theories
and constrain deviations from GR.
(a) Parity-violating gravity and GW birefringence: Parity-violating modifications to GR

introduce asymmetries in the propagation of left- and right-handed GW polarizations.
These modifications are common in models incorporating Chern–Simons gravity or
certain effective field theories. GW birefringence arises as a natural consequence of
such parity violation, where the two polarization modes travel at different speeds,
leading to measurable phase shifts [78]. Recent observational constraints from LIGO-
Virgo-KAGRA suggest that GW birefringence is limited to deviations at the 10−2 level
[64]. If confirmed, this effect would provide one of the first observational signatures of
parity-violating interactions in gravity. Theoretical predictions suggest that birefrin-
gence effects should be more pronounced at high frequencies (f > 10Hz), making
next-generation detectors such as Cosmic Explorer and Einstein telescope (ET) ideal
for testing these theories.
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(b) Scalar-tensor theories and modified GW polarizations: Scalar-tensor theories intro-
duce an additional scalar degree of freedom in gravity, modifying the propagation
of tensor perturbations. These modifications result in additional polarization modes
beyond the standard plus and cross polarizations of GR. The energy density fraction
of GWs in scalar-tensor models can be amplified to values ΩGW ∼ 10−9 [85]. Some
models predict that scalar-induced secondary GWs should peak in the frequency range
of 0.01Hz to 1Hz, making them detectable by space-based interferometers such as
LISA and Taiji. However, constraints from PTAs suggest that certain scalar-tensor
models are viable explanations for the nHz GWB observed by NANOGrav and other
collaborations [116]. PTA polarization searches show that HD-like tensor correlations
fit best; scalar-transverse modes add little support (BFs ∼1–2), implying any non-
tensor contribution is subdominant [10].

(c) Chern–Simons gravity and chiral GWs: Chern–Simons modified gravity introduces
parity-violating corrections to the Einstein–Hilbert action, leading to chiral GWswhere
one polarization is preferentially amplified over the other. The degree of chiral asym-
metry is parametrized by the Chern–Simons coupling constant ξCS, which has been
constrained observationally to ξCS < 10−3 [260]. Recent Bayesian analyses using
LIGO-Virgo data have placed upper limits on Chern–Simons modifications at the
10−8 level, indicating that significant deviations from GR are unlikely in the currently
observable frequency range [298]. Future GW detectors will further tighten these con-
straints, allowing for sub-percent level tests of parity violation in gravity.

(d) Einstein–Gauss–Bonnet (EGB) Gravity and GWs: Einstein–Gauss–Bonnet gravity
introduces higher-order curvature corrections to the Einstein–Hilbert action. These
corrections arise naturally in low-energy limits of string theory and modify the GW
spectrum at cosmological scales [308]. Recent work suggests that EGB gravity can
produce a blue-tilted IGW spectrum when the Gauss–Bonnet coupling function satis-
fies ξ ′ ′(ϕ∗)V(ϕ∗)> 0 at first horizon crossing [308]. The characteristic spectral tilt of
tensor modes in these models provides a potential observational signature for distin-
guishing EGB gravity from standard inflationary models. Additionally, EGB gravity
can amplify primordial tensor perturbations, leading to enhanced gravitational wave
signals at mHz frequencies, making them detectable by LISA [30].

(e) Horndeski gravity and secondary GWs: Horndeski gravity represents the most gen-
eral scalar-tensor theory with second-order field equations, providing a broad frame-
work for modified gravity models. In the context of GWs, Horndeski gravity predicts
enhancements in secondary (induced) GWs due to nontrivial scalar field interactions
[122]. A key prediction of Horndeski gravity is that higher derivative interactions
can dominate the source term for induced GWs, leading to stronger resonances and
enhanced amplitude growth on subhorizon scales. The maximum amplitude of these
waves is found to scale as ΩGW ∝ Pζ , differing from the standard quadratic depend-
ence in GR. Recent studies indicate that Horndeski-induced GWs could be observable
even without enhancement of the primordial curvature spectrum, opening new detec-
tion possibilities for upcoming GW experiments.

(f) Massive gravity and frequency-dependent dispersion relations: Massive gravity theor-
ies propose that the graviton has a small but nonzero mass, leading to modifications
in GW dispersion relations. The presence of a graviton mass introduces a frequency-
dependent group velocity, altering the arrival times of GWs at different frequencies.
Current bounds on the graviton mass from LIGO-Virgo observations suggest mg <
1.2× 10−23 eV [3]. These constraints are expected to improve significantly with future
observations of inspiraling binary black holes at cosmological distances. The energy
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density of GWs in massive gravity models is modified due to altered damping rates in
the cosmic expansion. Recent work suggests thatΩGW could be suppressed or enhanced
by an order of magnitude compared to standard GR predictions, depending on the inter-
action strength of the massive graviton [259]. PTA angular-correlation fits constrain
massive-gravity models, giving vgw/c> 0.87 (95%) and mg ≲ (0.8–1.5)× 10−23 eV
across reasonable priors [55, 415, 421].

(g) Testing Alternative Gravity Theories with Future Observatories: GW observations
provide a unique testing ground for alternative gravity models, with current and future
detectors offering complementary sensitivities:
1. LIGO-Virgo-KAGRA: Strong constraints on deviations from GR at frequencies

above 10Hz [121].
2. LISA: Optimal for detecting parity-violating effects and scalar-tensor modifications

at mHz frequencies [15].
3. PTAs: NHz observations of the stochastic GWB can test massive gravity and scalar-

tensor effects.
4. Cosmic explorer and Einstein telescope: Future detectors capable of probing high-

frequency deviations in birefringence and dispersion relations [428].
(h) Implications for fundamental physics: Alternative gravity theories provide a pathway

to understanding unresolved problems in cosmology, such as the nature of dark energy
and quantum gravity effects. Observational tests of these theories have the potential
to distinguish between different high-energy extensions of GR and probe fundamental
physics at unprecedented scales [19, 309]. Certain deviations from GR, such as mod-
ified dispersion relations and additional polarization states, could serve as indirect
probes of string theory-inspired models of quantum gravity [24]. The synergy between
GW astronomy and particle physics experiments will be crucial in the next decade for
advancing our understanding of fundamental interactions.

12. Is the nHz GWB anisotropic?

Anisotropy in the GWB would indicate that the signal is dominated by a small number of
bright sources or by spatial clustering of the underlying population, rather than by a fully dif-
fuse ensemble. PTA analyses have traditionally assumed isotropy, but decomposiing the meas-
ured GWB sky onto a spherical-harmonic basis allows this assumption to be relaxed. Current
datasets are beginning to probe the level of anisotropy expected from SMBHB populations,
though evidence remains inconclusive. Below we summarise recent results from NANOGrav
and the MPTA.

12.1. The spherical-harmonic basis

An anisotropic GWB can be described through an angular power distribution P(Ω̂), where Ω̂
denotes sky position. This distribution is expanded in real spherical harmonics Yℓm(Ω̂) as

P
(
Ω̂
)
=

ℓmax∑
ℓ=0

ℓ∑
m=−ℓ

cℓmYℓm
(
Ω̂
)
, (104)
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with coefficients cℓm to be inferred from PTA data [387]. The ℓ= 0 monopole corresponds
to an isotropic background, while higher multipoles (ℓ > 0) encode anisotropic contributions.
The angular power spectrum is then defined as

Cℓ =
1

2ℓ+ 1

ℓ∑
m=−ℓ

|cℓm|2, (105)

and the fractional anisotropy is characterised by Cℓ>0/C0.
In the PTA context, the expected correlation between pulsar timing residuals a and b is

given by the ORF,

Γab =
3
8π

(1+ δab)

ˆ
S2
dΩ̂P

(
Ω̂
) ∑
q=+,×

F q
a

(
Ω̂
)
F q

b

(
Ω̂
)
, (106)

where F q
a are the antenna response functions. The isotropic HD curve emerges as the special

case with c00 ̸= 0 and cℓm = 0 for ℓ > 0.

12.2. NANOGrav results

The NANOGrav 15 yr dataset was analysed in this framework [13]. Posterior distributions for
cℓm are consistent with isotropy, with a Bayesian 95% upper limit of

Cℓ>0

C0
< 0.2, (107)

across ℓ= 1–6. Map reconstructions show low-significance features (e.g. excess power near
RA ∼3h), but the global BF in favour of anisotropy is ∼2. Frequentist optimal-statistics tests
yield p≃ 0.05 for anisotropic components, values expected from noise fluctuations.

12.3. MPTA results

TheMPTA applied the same formalism to its 4.5 yr dataset [173]. Using ℓmax = 8, correspond-
ing to an angular resolution of∼23◦, the recovered spherical-harmonic maps in frequency bins
f = 7–21 nHz are consistent with isotropy. A hotspot at f = 7 nHz has nominal significance

p= 0.015, (108)

but this vanishes once look-elsewhere corrections are applied. No evidence for point-like aniso-
tropy is found in radiometer maps.

12.4. Summary

NANOGrav and MPTA data constrain anisotropy in the nHz GWB to ≲ 20% of the mono-
pole component, in agreement with expectations for a stochastic SMBHB population. The
spherical-harmonic formalism provides a unified framework in which isotropy is a special
case, but current datasets show no statistically significant departure from it. Larger arrays with
greater sky coverage (e.g. SKA) will be required to detect anisotropy with confidence.

13. Is the currently detected GWB non-stationary?

An unusual feature of recent PTA results is that newer datasets tend to show stronger support
for the presence of a HD correlated process. For example, the EPTADR2New/+ configuration,
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which uses only the most recent ∼10 yr of data, returns a much higher BF for the HD model
than the DR2Full/+ configuration, which extends the same dataset back to ∼24 yr. Similarly,
the NANOGrav 15 yr dataset, covering a shorter timespan, yields a much higher BF than the
longer EPTA and PPTA datasets, while the CPTA dataset (∼2.5 yr) achieves the highest detec-
tion significance. To compound this tension, the deepest upper limit on the GWB amplitude
from the PPTA in 2015 [360] lies significantly below the amplitudes recovered currently. A
trivial explanation would be that the GWB itself is not stationary, contrary to standard assump-
tions. However, it is also possible that non-stationary noise in individual pulsars drives varying
sensitivity across datasets of different spans.

13.1. PPTA results

The PPTA analysed their dataset using sliding windows of 6 and 9 years with a fixed spectral
index γ = 13/3. In early windows no common red process was detected and only 95% upper
limits were obtained. In later windows detections were recovered with 95% credible intervals.
The bounds increase with time, consistent with previous limits [28, 360, e.g.].

Early observations used less sensitive backend systems, giving higher limits due to reduced
bandwidth and digital artefacts [226, 275]. In 2010–2012 no common red process was found,
with

ACRN <
(
1.2× 10−15

)
−
(
1.5× 10−15

)
, (109)

below the full-dataset value,

ACRN = (2.0± 0.2)× 10−15. (110)

The first 9 year slice (ACRN < 1.2× 10−15) agrees with earlier limits [28, 360]. The most
recent 6 year slice gives

ACRN =
(
2.7+0.7

−0.8

)
× 10−15, (111)

consistent with the full span. Using fewer pulsars [360] can underestimate limits [214], but
this does not explain the variation, since all pulsars were included in each slice with consistent
priors and noisemodels. The first three 9 year slices remain incompatible with later amplitudes.
The uncorrelated common-spectrum amplitude,

log10ACRN =−14.69, (112)

lies at the 99.8th percentile of reweighted samples from the first 9 year window. Some vari-
ability is expected for a stochastic background [181], but the variation reported is larger than
anticipated.

13.2. EPTA results

The EPTA carried out a similar analysis [143] of the DR2full dataset spanning 24.7 yr [139].
The GWB was modelled as a power-law process with HD spatial correlations [17, 184], and
pulsar models included red and dispersion-measure noise [140] using enterprise [135]. A
time-slice analysis [146] gave broad posteriors in the earliest slice and tighter constraints in
later slices. The latter agree with recent results [141]. A small reduction in γ was noted, but
uncertainties in the first slice prevent interpretation.
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To test for non-stationarity, the EPTA introduced a time-dependent spectrum,

log10A(t)≈ log10A(t0)+ a
t− t0
T

,

γ (t)≈ γ (t0)+ b
t− t0
T

,
(113)

with Gaussian priors N (0,1) on a and b. The recovered parameters [146] were

log10A(t0) =−14.35+0.20
−0.23,

γ (t0) = 3.72+0.46
−0.47,

a= 0.0+0.3
−0.3,

b=−0.7+0.7
−0.6,

with BF BSNS = 1.5, indicating no evidence for non-stationarity. The mild trends are consistent
with changes in data quality rather than intrinsic evolution.

Individual pulsars were also tested [141]. Most showed no support for non-stationarity
(log10B

S
NS ⩽ 2). J1713+0747 yielded log10B

S
NS = 4.3, but this reduced to −0.6 once expo-

nential dip events were included, consistent with stationarity.
Simulations showed that eccentric binaries with e≳ 0.4 can mimic non-stationarity, produ-

cing systematic shifts in a and b and BFs favouring non-stationarity [146, 380, 386]. No such
evidence is present in the EPTA data. The results are therefore consistent with a stationary
GWB, as in the PPTA analysis.

14. A new era of operational low-frequency GW detectors

As exciting as the PTA results are, the next few years and decades promise to rapidly expand
our view of the low-frequency GW universe through a number of experiments, from the sub-
nHz to the µHz. While the adoption of the LISA by the European Space Agency guarantees a
new probe of the mHz regime, the nHz regime will be intensely probed by the upcoming SKA
PTA. MPTA, which is a precursor instrument for the SKA-mid (frequency) instrument already
shows the great promise that even the currently promised configurations of the SKA hold.
Further, the gamma ray PTA (GPTA) [1] seeks to remove one of the most challenging issues
of radio PTAs—the challenge of removing the noise from DM variations. As demonstrated by
Ferranti and collaborators [150] the lack of adequate DM sensitivity can significantly degrade
the sensitivity of a PTA, by exchanging power between chromatic DM process and achromatic
red noise processes. Beyond time-domain techniques, the availability of very high precision
astrometry of stars using optical surveyors such as Gaia has led to a revival of interest in the
astrometric techniques of Book and Flannagan [65], offering a possible commentary probe of
the nHz regime. In the following sections I summarise the features and possibilities of these
experiments.

14.1. Gamma ray PTA

The large area telescope (LAT) on the Fermi Gamma-ray Space telescope has been surveying
the sky between 30MeV and 1TeV since August 2008 [32]. One of its early achievements
was the detection of γ-ray pulsations from a population of known MSPs [5]. Since then, radio
searches for pulsations in unassociated LAT sources have been particularly effective in dis-
covering new MSPs, leading to a population of over 100 γ-ray MSPs [336].
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Because Fermi continually monitors these pulsars, its data set effectively functions as a
γ-ray PTA [1, GPTA]. Using 35 of the γ-brightest MSPs and about 12.5 year of LAT data
(GPTA DR1), this leads to a 95% upper limit on the GWB strain of 1.0× 10−14 at a frequency
of 1 yr−1, with this limit scaling as T−13/6

obs , meaning that longer observation times improve
constraints.

Pulsar spin noise and propagation effects, such as DM variations, could mimic GWB sig-
nals. However, γ-ray observations eliminate most ISM effects seen in radio observations.

In the latest analysis of 14.5 year of data [225], two methods were used to analyse the
data: photon-by-photon analysis with microsecond precision and TOA analysis, both of which
yielded consistent results. Upper limits on the GWB strain were derived from both approaches.

The photon-by-photon GWB analysis uses maximum likelihood techniques, incorporating
degrees of freedom for spin noise and GWB into the likelihood expression:

logL=
∑
i

[log(wi f(ϕ [ti,λ,β])+ (1−wi))]−
1
2

∑
k,l

βkC
−1
kl βl−

1
2
logdet(C) (114)

where βk are Fourier coefficients representing potential noise signals. The phase model
ϕ(t,λ,β) includes the spin frequency ν, and the analysis constrains the GWB amplitude Agwb

by marginalizing over nuisance parameters.
Using the new dataset and both the old (energy-independent) and new (energy-dependent)

pulse profilemodels, the unbinned analysis from [1] was repeated to estimate a 95% confidence
limit on the GWB amplitude, Agwb. Depending on the specific details of the noise modelling,
a range of upper limits are obtained. With the old models

Agwb < (6.9− 7.5)× 10−15,

while with the new energy-dependent models

Agwb < (6.4− 7.0)× 10−15.

with the mid-range value, Agwb < 6.7× 10−15, providing a characteristic limit. This approach
only constrains common noise processes and does not use correlation information.

The DR1 limit, Agwb < 10× 10−15, was expected to scale to 7.3× 10−15 simply by increas-
ing the dataset from 12.5 to 14.5 years. The DR2 results that used the old pulse profile models
align closely with this expectation. Since the preliminary analysis did not incorporate spatial
information (HD correlations), the additional pulsars in the sample did not contribute signi-
ficantly to the improvement. In general, the cross-spectrum of pulsar timing residuals can be
written as

Sij ( f)≡ ⟨r̃i ( f) r̃∗j ( f)⟩=
Γij

12π2f 2
Sh ( f) , (115)

where Sh( f) is the one-sided strain PSD and Γ ij is the HD overlap reduction function:

Γij (ζij) =


3
2
x lnx− 1

4
x+

1
2
, i ̸= j ,

1 , i = j ,
x≡

1− cosζij
2

, (116)

with ζ ij as the angular separation between pulsars i and j.
With this scaling alone, the GPTA sensitivity should reach the level of the GWB candidate

signal by 2030. Including energy dependence in the pulse profile modelling improves the sens-
itivity by nearly 10%. A final analysis of the GPTA DR2 data will include spatial correlations,
which are expected to enhance the sensitivity by an additional 10%–15%.
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14.2. Astrometric approaches to nHz GW detection

Astrometry, the precise measurement of star motions, offers a complementary method to PTAs
for detecting low-frequency GWs by measuring the spatial deflection of photons induced by
them. Future missions like Gaia, Theia, and the Nancy Grace Roman space telescope (Roman)
could not only validate PTA findings but also explore the frequency gap between PTAs and
LISA.

Astrometric techniques are expected to remain sensitive to GW-induced strain over a broad
range of frequencies between 10−18 s−1 ≲ f ≲ 10−8 s−1, offering a bridge between cosmic
microwave background polarization measurements and the frequencies probed by PTAs and
LISA.

Astrometric data, such as that from Gaia and extragalactic radio sources, already place
an upper limit on the energy density of the stochastic GWB (SGWB) of Ωgw( f)< 0.011 for
frequencies 6× 10−18 s−1 ≲ f≲ 10−9 s−1. Future missions are expected to improve this sens-
itivity. Due to the larger number of observed ‘detectors’ and the concentration of pulsars and
stars toward the Galactic Center, astromteric techniques are likely to bemore sensitive to aniso-
tropy of the nHz GWB than PTAs. Additionally, the presence of parity-odd correlations among
astrometric observables, or cross-correlations between PTAs and astrometry, could reveal the
chirality of the SGWB, thereby constraining modified theories of gravity. These correlations,
represented by generalized HD curves, adding additional layers of information for SGWB
detection.

For both PTA and astrometric detection of the SGWB, GWs perturb photon geodesics,
resulting in shifts in either photon arrival times (measured by PTAs) or the proper motion of
sources (measured by astrometry). These perturbations can be described by the GW strain,
hij(t), which is a sum over frequency modes:

hij (t) =
ˆ ∞

−∞
df
ˆ

d2Ω̂
∑
P

hP
(
f, Ω̂
)
ϵPij

(
Ω̂
)
e2π i f t, (117)

where f is the frequency, Ω̂ the incoming direction, and P the polarization mode. The observ-
able response in either PTAs (photon redshift δz) or astrometry (proper motion δx) is given by
the integral:

X( f) =
ˆ
S2
d2Ω̂

∑
P

hP
(
f, Ω̂
)
ϵPij

(
Ω̂
)
RXij
(
Ω̂, n̂

)
, (118)

where RXij represents the response function for either PTAs or astrometry.
The correlation functions for GW-induced redshifts (PTAs) or proper motions (astrometry)

can be expressed using generalized Hellings-Downs curves, which account for both intensity
I(f ) and circular polarization V(f ):

⟨Xa ( f)X
∗
b

(
f ′
)
⟩= δ ( f − f ′)

∑
P,P ′

PP
′

P ( f) ΓXX
′;PP ′

ab , (119)

where PP
′

P ( f) is the power spectrum of the GWB, and the correlation functions Γ for redshift
and proper motion are known as the generalized HD curves [200].

ΓXX
′;PP ′
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ˆ

d2Ω̂ ϵPij

(
Ω̂
)
ϵP

′

kl

(
Ω̂
)∗

RX,ij
(
Ω̂, n̂a

)
RX

′,kl
(
Ω̂, n̂b

)
. (120)

For astrometry, these generalized HD functions describe how correlations in stellar proper
motions depend on angular separation, and they reduce to the familiar PTAHD form in the red-
shift case. Their structure encodes more than geometry: parity-odd contributions, for instance,
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would signal a chiral GW background [255]. While astrometric data provide a direct testbed
for such effects, similar polarization-sensitive correlations could also be exploited in other
experiments targeting the nHz band [348].

14.3. Pulsar polarisation arrays

Pulsar polarisation arrays (PPAs) are a recently proposed observational approach that parallels
PTAs, but focuses on polarisation signals rather than pulse arrival times [261]. While PTAs
detect GWs through correlations in the timing residuals of multiple MSPs, PPAs search for
correlated variations in pulsar polarisation, potentially revealing novel astrophysics or funda-
mental physics.

PPAs target cosmic birefringence induced by ultralight axion-likeDM (ALDM), causing
oscillations in the polarisation angle (PA) of photons traversing the Galaxy [424]. Detecting a
common, coherent oscillation in PA across pulsars would indicate ALDM-induced birefrin-
gence. Theoretical studies indicate that PPAs can probe axion-photon couplings as small as
10−17 GeV−1 for axion masses in the range 10−27–10−21 eV.

14.4. Theoretical motivation and formulation

ALDM can be modeled as a classical, oscillating scalar field permeating the Galaxy [329]. It
couples to the electromagnetic field via a Chern–Simons term, leading to cosmic birefringence:
a rotation in the plane of linear polarisation of photons traversing the field. The predicted
rotation angle ∆Ψ for a pulsar’s radio emission is given by:

∆Ψ(t) =
gaγ
2

[a(temit, pulsar)− a(trecv, Earth)] , (121)

where gaγ is the axion-photon coupling constant, and a(t) is the ALDM field amplitude.
Assuming a monochromatic ALDM field a(t)∝ cos(mat+ϕ), where ma is the axion mass,
this induces an oscillatory, frequency-independent rotation of the PA with frequency fa ≈
ma/(2π).

14.5. Observations and data products

The Parkes PPA study analysed polarisation data from 22MSPs over 2004–2022 [424]. Stokes
parameters (I, Q, U, V) were calibrated using standard procedures [261], and Faraday rotation
due to the ISM and Earth’s ionosphere was corrected [424]. A standard position angle (PA)
profile was subtracted from each observation to extract residual PA offsets∆PAp(tn), yielding
time series for each pulsar suitable for detecting time-variable effects.

The EPTA study similarly analysed polarisation data from 12 MSPs in the EPTA dataset,
selecting those with high linear polarisation [329].

14.6. Noise modelling

The observed PA residuals are modelled as:

∆PAp (t) = Sp (t)+ Ip (t)+Wp (t)+Rp (t)+Dp (t) , (122)

where Sp(t) is the potential ALDM signal, Ip(t) residual ionospheric Faraday rotation,Wp(t)
white noise (includingmeasurement and jitter noise),Rp(t) red noise (e.g. ISM or systematics),
and Dp(t) deterministic trends (polynomial terms for long-term drifts). However, the Rp(t)
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contribution is expected to be far below the RM sensitivity of current telescopes and can be
ignored in realistic analyses.

As in PTAs, red noise is modelled as a power-law Gaussian process with spectrum P( f)∝
f−γ . Additional white-noise terms account for excess scatter beyond formal measurement
uncertainties.

14.7. Common ALDM signal model

An ALDM-induced signal produces correlated PA oscillations across the pulsar array. The
signal covariance matrix C(ma,gaγ) encodes both temporal and spatial correlations between
pulsars, derived from the theoretical two-point correlation function of the ALDM field [329].

For nearby pulsars (Lp ≪ Lcoh), where Lcoh is the ALDM coherence length, both Earth
and pulsar terms in Sp(t) contribute coherently, enhancing inter-pulsar correlations. The signal
model predicts a nearly common oscillation across the array, with frequency fa = ma/(2π) and
amplitude proportional to gaγ .

14.8. Statistical inference approach

The Parkes PPA study employs a Bayesian Gaussian-process framework. The total covariance
Cov= N+A2C combines noise (N) and ALDM signal covariance (C), with A proportional
to gaγ . Marginal likelihoods over A are computed for each axion mass hypothesis ma, yielding
95% credible upper limits on gaγ [424].

Bayes factors compare models with and without a common ALDM signal. In the Parkes
analysis, no significant preference for a signal model was found [424].

The EPTA study applied both Bayesian and frequentist methods. Lomb–Scargle periodo-
grams searched for periodicities, and a Bayesian sinusoidal model accounted for known sys-
tematics (e.g. annual ionospheric effects). No significant common signal was detected [329].

Both studies set competitive upper limits on gaγ , with the Parkes PPA placing the most strin-
gent constraints to date in the mass range 10−22–10−21 eV, reaching gaγ ≲ 10−13.5–10−12.2

GeV−1 [424].

14.9. First PPA limits with PPTA

The first practical implementation of PPAs used PPTA data from 22 pulsars [424]. The analysis
searched for correlated oscillations in PA residuals analogous to timing residual analysis in
PTAs. No ALDM signature was detected, resulting in the first observational limits on axion-
photon coupling:

gaγ ≲ 10−13.5–10−12.2GeV−1, for ma = 10−22–10−21 eV, (123)

assuming a local DM density ρ0 = 0.4GeV/cm3 [424]. These represent the strongest astro-
physical constraints in this axion mass window, emphasizing cross-correlations among pulsars
as key discriminants against noise.

14.10. EPTA polarisation search results

The EPTA independently analysed polarisation data from 12 pulsars, employing both frequent-
ist (Lomb–Scargle periodogram) and Bayesian analyses [329]. Initially, a common oscillation
between 10−8 and 2× 10−8 Hz was detected but subsequently attributed to residual Faraday
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rotation in Earth’s ionosphere rather than ALDM. Correcting for ionospheric effects, no
axion-like signal remained, allowing the EPTA to place upper limits on gaγ :

gaγ ≲ 10−13–10−12GeV−1, for ma = 6× 10−24–5× 10−21 eV, (124)

which align with existing astrophysical bounds [329]. The EPTA analysis identified signi-
ficant challenges from ionospheric and calibration systematics, suggesting improved multi-
frequency observations and additional pulsars could enhance sensitivity.

14.11. Conclusion

PPAs offer a novel approach to constrain axion-photon coupling via correlated polarisation
rotations and their current sensitivities have reached gaγ ∼ 10−13–10−12GeV−1, rivalling
established methods. The potential of PPAs with upcoming searches using SKA-precursor
datasets promises to deepen these limits significantly and the SKA era will herald the deepest
searches and likely detection of such signals. However, in a very classical sense, achieving
those remarkable results requires not only improvements in radio astronomical techniques but
also in our understanding and modelling of ionospheric phenomena.

15. Closing remarks

The strong evidence for a spatially correlated signal that has emerged in various PTA datasets
marks a turning point for nHz frequency GW research. It is challenging to fairly summarise the
many different impacts these results have already had, and even more challenging to predict
the future of the field. However, the under the umbrella of the IPTA all the PTAs are coming
together to put together the largest PTA dataset produced till date. Although this dataset will be
replaced by larger and more sensitive datasets within the next few years, the significant boost
to signal sensitivity has encouraged a vast diversity of research that is being attempted with
IPTA scale datasets.

Scientifically, the many themes reported in this review are being actively pursued by groups
within the IPTA as well as independent groups. At the same time, technically and in terms of
the scientific culture, the IPTA is starting to become the driver of PTA research. While this
presents several challenges, from coordinating work at individual group level across the world
to optimise the scientific returns to figuring out the details of providing access to the data
archives from all major radio observatories in the world governed by diverse institutional,
national and regional regulations to a set of globally distributed collaborators, this also marks
a rapid growth in the scientific endeavour of PTA research. The IPTA is seeing a remarkable
growth, from pulsar timing and radio astronomical experts globally coordinating their expertise
to dig deep into the very fundamental instruments, tools and techniques used for high-precision
pulsar timing to improve our ability to model the various sources of nuisance terms in PTAs to
serious efforts to uncover the underlying signal—not only as a contrast between ‘astrophysical’
SMBHB inspiral driven GWs, cosmologically sourced GWBs or signals arising from ‘new
physics’ but also as possibly a combination of these.

In each of these several difficulties must be overcome. PTA observers must understand the
implications of GW and other stochastic signals in their data at unprecedented precision, while
improving our ability to connect statistically derived noise models with an increasing know-
ledge of the physics of NSs, their emission and the behaviour of the ISM, the solar wind and the
terrestrial ionosphere. Much of this will only happen by incorporating approaches and results
from communities beyond traditional PTA research, such as the heliophysics and geophysics
communities as well as improving techniques using input from closely related communities
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such the NSs magnetosphere and emission physics community. At the same time, the PTA
community must also interact far more closely with external groups to improve our searches
for signals. These include incorporating the efforts and involvement of the black hole phys-
ics community through dedicated simulation efforts constrained by the latest and future elec-
tromagnetic surveys; the cosmology community through improved modelling of those back-
grounds; and the particle physics community through increased efforts to deepen searches for
exotic signals.

However, the GW window is expanding fast and the prospect of observing the GW uni-
verse from sub-nHz up to MHz will be key to unravelling several regimes of physics that
cannot be probed through singular experiments. Simultaneously, this multiband effort will
require regular multi-messenger astronomy, requiring key support from current and proposed
EM observatories to continue their impressive growth in sensitivity and speed. At the centre
of this explosive growth and key to the success of this field lie early career researchers, whose
personal and collaborative scientific success and growth is required by the field for its own
growth and success. These are truly exciting times.

The emerging PTA detection era is naturally complementary to forthcoming space- and
ground-based interferometers such as LISA and the ET. PTAs probe the nHz GW regime,
providing population-level constraints on the early inspiral phases of SMBHBs and the low-
frequency tail of any stochastic background. LISA will access millihertz frequencies, track-
ing individual massive binaries through their late inspiral, while ET will reach the kilohertz
band relevant to stellar-mass mergers. Together, these facilities will establish a continuous,
multi-decade frequency baseline—from ∼10−9 Hz to ∼103 Hz—linking the dynamical evol-
ution of compact objects across cosmic time. Coordinated analysis between PTAs, LISA,
and ET will enable genuine multi-band GW astrophysics, constraining binary demographics,
environmental coupling, and potential deviations from general relativity in a single, coherent
framework.
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