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Some Basics of Pulsars 

Antony Hewish 
(Physics, 1974, 

shared with Ryle)

“… … for his decisive role in the 
discovery of pulsars”
                  — www.nobelprize.org

 Pulsating radio stars - remnants of stellar 
evolution (e.g., neutron stars, white dwarfs) 
 Misaligned spin and magnetic axes =>  
Send pulses with extremely high regularity



Pulsar Timing Array (PTA) 

 A network of widely distributed and well-timed MSPs,  
proposed to detect nanoHz gravitational waves (GWs) 
[Hellings and Downs, Atrophys. J. 265 (1983)] 

[Wavy timing signal; 
credit: Bruce Allen] 



Pulsar Timing Array (PTA) 

Hellings-Downs Curve  
Encodes exactly the cross-correlation of pulsar timing 

data that would indicate a common origin of GWs.



Leading PTA Programs in the World

Chinese PTA 
China

NANOGrav 
Canada and 

USA

European PTA 
Europe

 Parkes PTA 
Australia



A Milestone for GW Astronomy

Milestone for GW astronomy and roaring success for PTA programs

[NANOGrav: 2306.16213]

[PPTA: 2306.16215]

[EPTA: 2306.16214]

[CPTA: 2306.16216]



Astronomical Source for Linearly Polarized Light

Polarization of pulsars has been monitored for 
decades for calibrating pulsar observation 
Timing residuals can be determined by phase 
profile of Stokes parameters



Pulsar Polarization Array (PPA) 

Can we correlate (existing and expected) 
polarization data of different pulsars, as 

done for timing data, to explore 
astrophysics and fundamental physics?

PTA: suited for revealing physics with a 
common correlated timing signal  

PPA: suited for revealing physics with a 
common correlated polarization signal 



Pulsar Polarization Array (PPA) 

One scientific task for both PPA and PTA  
— Detection of ultralight axion-like dark matter (ALDM)

Can we correlate (existing and expected) 
polarization data of different pulsars, as 

done for timing data, to explore 
astrophysics and fundamental physics?



Wave Dark Matter

Wave Dark Matter (WDM): Bosonic and m << 30 eV  
=> Large occupation number per de Broglie volume (NdB >> 1) in a Milky-Way-like environment  

=> Galactic halo ~ uncorrelated superposition of particle waves   

[Aaron Chou, Snowmass 2021]



[Aaron Chou, Snowmass 2021]

Ultralight ALDM (Fuzzy DM) [Hu, et. al., Phys.Rev.Lett. 85 (2000)]  
ma ~ O(10^-21 - 10^-22) eV => Strong wave properties on galactic scales:  

Oscillation period ~ 2*pi/ma ~ O(1) yr and de Broglie wavelength 2*pi/mav ~ O(100) pc  

Ultralight Axion-like Dark Matter (ALDM)



Ultralight ALDM — PTA-PPA Detection

The ALDM halo as an astronomical background can: 

Because of the wavy nature of ultralight ALDM, the generated residuals in both cases are correlated among pulsars! 
=> Particularly suited for the PPA and PTA detections! [TL, Lou and Ren, Phys.Rev.Lett. 130 (2023) 12]  

Perturb Galactic gravitational potential => 
Yield oscillating timing residuals to pulsar light 
[Khmelnitsky and Rubakov, 1309.5888]

Couple to pulsar light through Chern-Simons coupling => 
Yield oscillating position angle residuals to its linearly 
polarized component [TL, Smoot and Zhao, 1901.10981]                                                             



✦ Two-point correlation function of ALDM-induced timing residuals [Luu, TL, et. al., Astrophys. J. Lett. 963, 
no.2, L46 (2024)]
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✦ Two-point correlation function of ALDM-induced PA residuals (pulsars: p, q; epochs: n, m) [TL, Lou and 

Ren, Phys.Rev.Lett. 130 (2023) 12]



✦ Construct PA residual time series 
• Polarization data of 22 MSPs from PPTA data release 3 (2023) 
• Maximal observation time span: 18 years from 2004 to 2022 

✦ Build noise model for the observed PA residual time series 

✦ Search for pulsar cross correlation   
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First PPA Detection (In Collaboration with PPTA Team)



Mock Response of PPA to ALDM Signals

BF1: Full-correlation vs. Null  
BF2: Full-correlation vs. Auto-correlation only

The strength of injected signals, together with 
pulsar noise parameters, can be recovered with a 

precision ~ O(10%). 



Parkes PPA Limits on Ultralight ALDM
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For the mass range of Fuzzy DM - 
The world-leading limits on the 
ALDM Chern-Simons coupling!  

Sharp peaks on several time scales  

The cross-correlation of ALDM 
signals is not favored by Bayes 
factor 

Highlights the value of pulsar cross-
correlation in recognizing the nature 
of anomalous signals 
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Existing PTA Detections  

Pulsar cross-correlations have been 
overlooked in all of these efforts!



PTA Detection with Pulsar Cross-Correlation 



PTA Detection with Pulsar Cross-Correlation 

Pipeline for the PTA analysis including pulsar cross correlation was built, 
and applied to two Fermi-LAT pulsars with the “best” quality   



More Progress and Summary 
PPA detection of ultralight ALDM 

PPTA collaboration published its first results in 2026 Jan [Xue, Dai, Luu, TL, Ren, et al. (PPTA collaboration);     
Phys.Rev.Lett. 136 (2026) 1, Editors’ Suggestion] 

NANOGrav and CPTA collaborations are preparing their first results 

One team in South Africa is extending the PPA construction from millisecond pulsars to regular pulsars, 
using the data of MeerKAT Thousand-Pulsar Program 

PTA detection of ultralight ALDM 

We published first analysis with pulsar cross-correlation in 2024, using the Fermi-LAT gamma-ray data 
[Luu, TL, et. al., Astrophys. J. Lett. 963, no.2, L46 (2024)] 

PPTA  and NANOGrav collaborations are preparing their new analyses by cross-correlating pulsar data   

Timing and polarization data could be further correlated to enhance the pulsar-array’s capability of  
recognizing signal nature (2024)] [Li,… …, TL, Ren and Wu, [arXiv:2506.04871 [astro-ph.CO]] 

Signals: gravitational (timing) VS. non-gravitational (polarization) 

Timing and polarization noises: uncorrelated or correlated but with a different pattern  

Stay tuned … …



Thank you!

CRF under Grant No. C6017-20G  
 



Square Kilometer Array (SKA)-PTA 

Over 80 MSPs have been monitored by the global PTA network over a 
timespan of years. Future observations (SKA/FAST) can increase this number 

to O(100 - 1000), with higher timing precision

https://www.skao.int/https://www.skao.int/

SKA radio telescope - international radio 
telescope project (to be launched ~ 2027)



Timing Signals  

Pulsar term Earth term

Oscillating halo density => Oscillating gravitational potential  

=> Oscillating timing residuals
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✦ Position Angle (PA) residual caused by the ALDM - determined by boundary terms of light path

ALDM

✦ Cosmological birefringence (parity-violating effect) [Carroll, Field and Jackiw, Phys. Rev. D41 (1990) 1231]

Polarization Signals 
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Comparison with the SGWB PTA Detection

Timing residuals caused by stochastic GW background
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quadrupolar correlation (Hellings-

Downs curve)  monopolar correlation

Pulsar-Pulsar Term spatial correlation greatly 
suppressed (dB wave length~1/w)

spatial correlation degrades much 
slower (dB wavelength ≫1/w) 
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For the nanoHz SGWB PTA detection, Earth-Earth term plays a leading role.  
For the ultralight ALDM PTA/PPA detections, all terms could be relevant at leading order.  

Pulsar term Earth term



Mock Response of PPA to ALDM Signals

BF1: Full-correlation vs. Null  
BF2: Full-correlation vs. Auto-correlation only

Data

Signal Model 1 Signal Model 2

Bayes factor


