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Pulsar Timing Arrays
pulsar = rapidly rotating neutron star
=⇒ cosmic lighthouse

pulsar timing arrays (PTAs)
GW detection via correlations in timing
residuals =⇒ f ∼ nHz

operating PTAs:
collaboration NP Tobs ref.
EPTA 25 25 yrs [A&A 2023]

NANOGrav 67 15 yrs [APJL 2023]

PPTA 30 18 yrs [PASA 2023]

InPTA 14 3.5 yrs [PASA 2022]

CPTA 57 3.5 yrs [in prep.]

IPTA 65 20 yrs [MNRAS 2019]

rotation
axis radiation

beam

radiation
beam

[Credit: T. Klein, NANOGrav; modified]
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PTA Signal
since Sept. 2020:
strong evidence for common red-noise
process
[NANOGrav (APJL 2020); PPTA (APJL 2021); EPTA (MNRAS 2021);
IPTA (MNRAS 2022)]

since June 28, 2023:
strong evidence for Hellings-Downs
correlations
[NANOGrav (APJL 2023); EPTA (A&A 2023); PPTA (APJL 2023);
CPTA (RAA 2023)]

=⇒ GW background

consistent with expected SGWB from
SMBHBs:
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Primordial Sources of SGWBs

phase transitions, cosmic strings, domain walls, bosonic instabilities, inflation, . . .

frequency: f0 ∼
a0
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=⇒ for PTAs: T∗ ∼ few MeV, Ωsource & 0.1
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Cosmological Phase Transitions
thermal corrections typically restore
spontaneously broken symmetries at
high temperatures
=⇒ symmetry breaking phase transition
can be crossover or first-order
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Gravitational Wave Spectrum
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]c , a = 2.41, b = 2.42, c = 4.08
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Coleman-Weinberg Model

classically scale-invariant gauged U(1)
model [Coleman, Weinberg (PRD ’73)]
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PTA fit - PhT in CW Model
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Reheating

reheating: ∆V −→ ρR =⇒ requires Γφ & Hrh ∼
T 2
rh

Mpl
& 4× 10−20 MeV

Higgs portal: L ⊃ λp |φ| 2 |H|2 −→ mixing

• λp ∼ 10−4 =⇒ ∆m2
φ ∼ λpv2

H ∼ GeV2

• violates scale invariance

direct coupling to e, γ: L ⊃ ce
|φ|2

Λ2 LHē+ cγ
|φ|2

Λ2 FµνF
µν 3

• does not violate scale invariance
• φ→ e+e−, γγ searches e.g. at MESA
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Domain Walls

from spontaneously broken discrete symmetry
(e.g. Z2) after inflation

DWs stretched to horizon size if friction negligible

=⇒ scaling regime: ∼ 1 DW/Hubble

ρDW ∝
σR2

R3 ∼ σH

DW domination: ΩDW = ρDW
3M2

plH
2 ∼

σ

MplT 2 =⇒ Tdom ∼
√
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need to decay =⇒ add bias Vb

=⇒ DWs annihilate when Vb ∼ σ
R

=⇒ Tann ∼ 20 MeV
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ALP Domain Walls
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breaks U(1) spontaneously
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⇒ DW stable if N ≥ 2

wall tension: σ = 8 m
2
a f

2
a

ma

} size of potential barriers
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PTA Fit – ALP DWs
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Aligned Axion [Higaki et al. (JHEP 2016)]
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=⇒ (N − 1) heavy axions + massless QCD axion
DWs anomalous =⇒ Vb ∼ Λ4
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effective decay constant for QCD axion: feff ∼
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annihilation: σ ∼ maf
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=⇒ decay before BBN, no Neff constraints
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PTA Fit – Aligned Axion DWs
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Primordial Black Hole Production

DWs can collapse to PBHs if
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Bosonic Instabilities: Audible Axions

+

Misaligment Mechanism

coupling to dark photon

L ⊃ 1
2∂µφ∂

µφ− V (φ)

− 1
4XµνX

µν − α

4
φ

fa
XµνX̃

µν

=⇒ φ̈+ 3Hφ̇+m2
aφ = 0

1

1

2

1

2

3

1

2

3

1

2

3

1. H � ma: axion pinned by Hubble friction.

2. H ∼ ma: axion starts to roll

3. H � ma: axion oscillates

=⇒ dark photon production during phase 2 (and 3)
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Dark photon production
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first tachyonic helicity dominates
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Gravitational Wave Spectrum
GWs generated at t∗ around the time when the tachyonic band closes:
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Fits to NANOGrav 15-year dataset
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Conclusion

Cosmological sources of a SGWB in PTA data:

phase transition: Coleman-Weinberg model 4 (at least for 12.5-year dataset)

domain walls: ALP or aligned axion 8 (PBH overproduction)

bosonic inst.: audible axion 8 (∆Neff, except for tiny region)

cosmic strings: global ALP strings 8 (∆Neff)

scalar-induced: single-field w/ inflection point 8 (CMB)
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PTA Fit – Global ALP Strings
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PTA Fit – Scalar-Induced GWs
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Triangle Plots I
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Triangle Plots II
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Triangle Plots III
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Single-field Inflation with Inflection Point
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NANOGrav 15-year dataset: Bayesian Evidence

intrinsic pulsar 
noise only (IRN)

common-
spectrum red 
noise (CURNγ)

HD-correlated, 
common spectrum 

red noise (HDγ)

1012.1±0.1 226 ± 70

HDγ + dipole

HDγ + monopole

0.6 ± 0.2

dipole

monopole

HDγ + sin
0.78 ± 0.09

(965 with 5 freqs.)

< 10–7

< 10–8

0.48 ± 0.01

[NANOGrav (APJL 2023)]

https://doi.org/10.3847/2041-8213/acdac6


NANOGrav 15-year dataset: Bayes Factors
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