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Pulsar Timing Array:
The NANOGrav

12.5-year data set
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arXiv:2009.04496
• Evidence of stochastic process
• Not exactly “Hellings-Downs”
• S/N ratio of monopole > HD

arXiv:2109.14706
• Non-Einstein polarizations
• ST > TT correlations 
• Caveats:

➢ Modes on light cone
➢ Pulsars at infinitely far 



Pulsar Timing



Gravitational Wave 
Polarizations

ℎ𝑖𝑗 𝜂, Ԧ𝑥 =

𝐴

න𝑑𝑓න𝑑𝑘 ෨ℎ𝐴 𝑓, 𝑘 𝜺𝒊𝒋
𝑨 𝑒−2𝜋𝑖𝑓 𝜂−𝑣𝑘⋅ Ԧ𝑥
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GW Polarizations: Beyond Einstein
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The ORF of Isotropic SGWB: technical

• ORF 𝛾𝑎𝑏 is given by:

𝛾𝑎𝑏 𝜁 =

𝑙

2𝑙 + 1

4𝜋
𝐶𝑙𝑃𝑙 cos 𝜁

𝐶𝑙
𝐴 =

𝐽𝑙
𝐴 𝑓𝐷𝑎 𝐽𝑙

𝐴∗ 𝑓𝐷𝑏

𝜋

• For polarization 𝐴 (tensor, vector, scalar transverse/longitudinal)

𝐽𝑙
𝐴 = 𝑁𝑙න

0

2𝜋𝒇𝑫𝒗𝑑𝑥

𝑣
𝒆𝒊𝒙/𝒗 𝜕𝑥

𝒑=𝟎,𝟏 𝒋𝒍 𝒙

𝑥𝒒=𝟎,𝟏,𝟐
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Tensor PS and ORF 𝑣 ∼ 1, near luminal
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Tensor PS and ORF 𝑣 = 1/2, half luminal
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Tensor PS and ORF (𝑣 ≪ 1, near static)

Reggie Bernardo, Beyond Einstein nHz GW sky

NCTSFutureIsIlluminating@30June2022
11



Vector PS and ORF 𝑣 ≪ 1, near static



Galileon in the
nHz GW sky
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The covariant Galileon

𝑺𝑮 𝒈𝒂𝒃, 𝝓 = ∫ 𝒅𝟒𝒙 −𝒈 𝟏 +
𝜶𝝓

𝑴𝐏
𝐄𝐇 − 𝚲 − 𝝀𝟑𝝓+𝑿 +

𝑿

𝜿𝟑
𝝏𝟐𝝓+

𝝁𝟐𝝓𝟐

𝟐

• EH = Einstein-Hilbert term

• 𝚲 = cosmological constant

• 𝜿 = braiding -> Vainshtein mechanism/𝜙 suppression at 𝑅 ≪ 𝐿

• 𝝁 = bare mass -> chameleon screening/𝜙 suppression at dense environments

• 𝜶 = conformal coupling -> mixes the tensor and scalar modes

• 𝝀 = tadpole -> self tuning mechanism (2202.08672, Appleby, RCB)
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Galileon polarizations

• Tensor perturbations -> +, x polarizations

• Scalar perturbations satisfy the massive KG eq.

𝐷2𝜓 − ሷ𝜓 − 𝑚eff
2 𝜇, 𝛼, 𝜆 𝜓 = 0

• Brings in scalar transverse (ST) and longitudinal (SL) pols:

ℎ𝐴𝐵 ∝ 𝜺𝑨𝑩
𝐒𝐓 +

1 − 𝑣 𝑚eff
2

2
𝜺𝑨𝑩
𝐒𝐋 × plane wave
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Scalar ORFs 𝑣 = 1/2, half luminal
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Best fit in NG12.5
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Marginalized statistics for the ST, SL, and the Galileon (φ)
constrained by NG12.5. The performance statistics (chi-squared, AIC,
and BIC) are relative to the systematic monopole, or that a positive
value means statistical preference over the systematic monopole.

𝑣 = 0.47 ± 0.22 𝑐 → 𝑚eff ∼ 10−22 eV Galileon



Outlook

In this work, we:

• presented an efficient PS formalism for calculating the overlap reduction function;

• studied the pulsar timing array phenomenology of a generic subluminal metric 
polarizations for finite pulsar distances.

• analysis of tensor polarizations off the light cone;

• alternative gravity constraints;

• anisotropies.
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Extra Slides
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Metric Perturbations

Synchronous gauge:

𝑑𝑠2 = −𝑑𝑡2 + 𝛿𝐴𝐵 − 2𝜓𝛿𝐴𝐵 + 2𝐷𝐴𝐷𝐵𝐸 + 2𝐷(𝐴𝐸𝐵) + 2𝐸𝐴𝐵 𝑑𝑥𝐴𝑑𝑥𝐵

𝜙 = 𝜑 + 𝛿𝜙

Effective mass 𝜔2 = 𝑘2 +𝑚eff
2 :

𝑚eff
2 = 𝜇2

1 −
𝛼𝜆3

𝑀P𝜇
2

1 +
3𝛼2

2
−

𝛼𝜆3

𝑀P𝜇
2
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