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Motivation
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Pulsar timing signal

Wave-like DM → oscillation energy momentum tensor

Timing signal: Δ𝑡 ∝ 𝑃𝐷𝑀 ∝ 𝑎2

Oscillation redshift  

Polarization angle signal: ΔPA ∝ 𝑎

Pulsar polarization signal

CP-odd wave-like ALDM → non-trivial dispersion relation

Oscillation polarization  
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Random phase: 
uniform distribution in [0, 2𝜋)

Standard halo model (SHM)Rayleigh 
distribution: 𝛼 = 2

CLT: The axion field 𝑎: 
Gaussian distribution with zero mean

Timing signal: Δ𝑡 ∝ 𝑃DM ∝ 𝑎2 Polarization angle signal: ΔPA ∝ 𝑎

Gaussian distributionNon-Gaussian distribution



Questions

1. The influence of the non-Gaussianity for 
data analysis? 

2. How to describe the Δ𝑡 − ΔPA cross-
correlation?
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Correlation of the signal
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Auxiliary Gaussian parameter 𝑋, one signal with zero mean

Encode space-time 
information in Gaussian 
parameter

I. Polarization signal

Spatial correlation 
between two pulsars

The covariance matrix
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Quadratic form of Gaussian distribution with zero mean

II. Timing signal

Cross-correlation 
between two pulsars

Anti-symmetry

High-order correlation
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A comparison between ALDM PTA and SGWB

PTA SGWB

Spectrum Monotonic, 2π𝑓 ≈ 2𝑚𝑎 Power law

Coherent length Non-relativistic, ~kpc Relativistic, ~pc

Signal strength Pulsar term, enhanced with 

large 𝜌psr

Only earth term

Space correlation Depend on pulsar positions Depend on pulsar angular 

separations (H-D curve)
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III. Δ𝑡 − ΔPA correlation

No two-point correlation Three Gaussian variables

LO: three-point correlation

The product of two 
exponential factors

Correlation between PA 
and timing!



Data analysis framework
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I. Non-Gaussian timing signals: quadratic forms

(1) 𝜌psr ≫ 𝜌e limit

(2) 𝜌psr ≈ 𝜌e limit

Obtain PDF by Fourier transform
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The non-Gaussianity as small correction

Expand case (1) PDF with Gauss-Hermite series

LO: Gaussian

Hermite polynomials: orthogonal 
and complete basis

Gaussian function

Non-negative truncated series

Smaller non-Gaussianities, converge at large 𝑛

Process the timing signal under 
Gaussian limit?



Difficulties
1. Popular methods (e.g. Copula) 

dependent on models
2. Numerical methods (e.g. MCMC): cost 

too much

2025/5/10 12

II. PTA analysis under Gaussian limit

Assume: Gaussian noise

Deterministic noise

ALDM signal

Gaussian approximation

Likelihood

First approach: Δ𝑡~ Gaussian distribution



Marginalized the Gaussian likelihood for 𝜌𝑒 ≪ 𝜌𝑝

By taking small-signal limit, the Gaussian likelihood 

Δ𝑡𝑎 = 𝑐1𝑋𝑌
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LO: Gaussian NLO: 2-point correlation: Δ𝑡Δ𝑡

Another approach: realistic distribution, but small-signal limit

The same LO!
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Uncorrelated white noise

Correlated (between pulsars) red noise

ALDM timing signals

The noise matrix

2D-DFT

In practice, combine ALDM signal and red noise
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II. PTA-PPA analysis

Core concept: PTA and PPA are independent.

Approach II: integrate out the auxiliary Gaussian parameters

Approach I: Gaussian likelihood
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With

Two-point function

Three-point function

Gaussian likelihood



Summary

◆ ALDM-induced polarization and timing signals display distinct spatial and temporal 
dependencies

◆Polarization: multivariate Gaussian distribution; first PPA limits on ALDM 
established with the PPTA collaboration

◆ Timing: non-Gaussian behavior due to quadratic dependence on Gaussian 
variables; however, a Gaussian approximation remains a good starting point for PTA 
data analysis (analysis ongoing with the PPTA collaboration)

◆ Polarization-timing: 1st non-trivial correlation is the three-point functions 
ΔPA ΔPA Δ𝑡 , which determines the LO correction to the marginalized likelihood in 

combined PTA-PPA analysis
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Thanks for your attention
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