
Unveiling Ultralight Axion-like Dark Matter 
— A PTA-PPA Exploration 

Tao LIU  
(The Hong Kong Univ. of  Science & Technology)

Axion Dark Matter: Theory and Phenomenology 
Qingdao, May 2025



Pulsar Timing Array (PTA) 

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

data that would indicate a common origin of GWs.

Credit: WWW 

 A network of widely distributed and well-timed MSPs  
 A galactic timing interferometer to detect ~nanoHz 
gravitational waves (GWs) [Sazhin, Sov. Astron., 22, 
36 (1978); Detweiler, Atrophy’s. J. 234 (1979)] 



Pulsar Timing Array (PTA) 

Milestone for GW astronomy  
and roaring success for PTA programs

[CPTA: 2306.16216][PPTA: 2306.16215]

[NANOGrav: 2306.16213] [EPTA: 2306.16214]

Polarization data collected for 
calibration of pulsar observation



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 



Ultralight Axion-like Dark Matter (ALDM)
[Aaron Chou, Snowmass 2021]

Most powerful wave in the Universe?

Galactic halo can be described as uncorrelated 
superposition of particle waves [Foster, et. al., 
Phys. Rev. D 97 (2018)]

“Fuzzy” DM: ma ~ O(10^-21 - 10^-22) eV   
=>  

Oscillation period 2*pi/ma ~ O(0.1 - 1) yr,  
 with a de Broglie wavelength 2*pi/ma v ~ O(100) pc 

=> 
Strong wave properties on astronomical scales



Ultralight ALDM — PTA-PPA Detection?

Question 1: What imprints can the ultralight ALDM leave on 
the timing and polarization data of individual pulsars?   

  
Question 2: How can we know the observed anomalous 

signals are caused by the ultralight ALDM?



Question 1 - Timing Signals  

Pulsar term Earth term

Oscillating halo density => Oscillating gravitational potential  

=> Oscillating timing residual
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Determined by pulsar + Earth terms; 
depends on the ALDM field quadratically. 
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Pulsar term Earth term

✦ 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]

Question 1 - Polarization Signals 
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Determined by pulsar + Earth terms; depends on the ALDM field linearly. 



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

130 (2023) 12]

Trigonometric functions describes temporal correlations of the ALDM 
signals and sinc functions account for their spatial correlations  



Comparison with the SGWB PTA Detection

Timing residuals caused by stochastic GW background
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Pulsar term Earth term

SGWB (PTA) ALDM (PTA+PPA)

Earth-Earth Term
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) 

h�Tp�Tqi h�✓p�✓qiSignal covariant matrix: h�Tp�Tqi

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.  



✦ 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 Parkes PTA Team)
[Xue, Dai, Luu, TL, et al. (PPTA collaboration); [arXiv:2412.02229 [astro-ph.HE]]]



Mock Response of PPA to ALDM Signals

Signal waveform  
could be well-

resolved

Signal waveform 
can not be fully-

resolved

Enhanced median and 
variance as the signal 

strength increases

Null signal 
case



Parkes PPA Limits on Ultralight ALDM
01234
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✦ Best global limits for the mass range of ``fuzzy’’ dark 
matter (                             )  

✦ Sharp peaks on time scales of one day and below 

sharp peaks in Bayes curve of full correlation 
against null signal 
approximate flatness for Bayes curve of full 
correlation against auto-correlation-only  
=> no significant ALDM signal signature 

✦ Highlights the value of pulsar cross-correlation in 
recognizing the nature of anomalous signals

⇠ 10�22 � 10�21 eV

⇢0 = 0.4GeV/cm3



Existing Radio 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   



Outlook 

Extend the analysis of Parkes PPA to other active PTA 
programs, and also from MSPs to normal pulsars 

In addition to Fermi-LAT PTA analysis, apply the pulsar 
cross-correlation techniques to the timing data of other 
active PTA programs  

Correlate PTA and PPA to strengthen their capability of  
recognizing signal nature. 

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

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

[PTA-PPA work team, in preparation; see Ximeng Li’s talk]

Non-Gaussian statistics



Outlook 

XExtend the analysis of Parkes PPA to other active PTA 
programs, and also from MSPs to normal pulsars 

In addition to Fermi-LAT PTA analysis, apply the pulsar 
cross-correlation techniques to the timing data of other 
active PTA programs  

Correlate PTA and PPA to strengthen their capability of  
recognizing signal nature. 

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

Timing and polarization noises: uncorrelated or 
correlated but with a different pattern 
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[PTA-PPA work team, in preparation; see Ximeng Li’s talk]



Take-Home Messages

To extend physical reach of pulsars as a precision astronomical tool, we have developed the 
methodology of pulsar polarization array recently 

PTA and PPA offer complementary approaches to detect the ultralight ALDM as a common signal, 
through gravitational potential perturbation and non-gravitational CB effect, respectively  

Because of its strong wave nature on astronomical scales, the timing and polarization signals of 
the ultralight ALDM are both correlated across the pulsars  

The first PPA and PTA analyses, with two-point correlation functions implemented, have been 
performed, using PPTA polarization data and Fermi-LAT gamma-ray data respectively. The crucial 
role of pulsar cross-correlation in identifying the nature of anomalous signals was recognized 

PPA (polarization data) and PTA (timing data) could be correlated to synergistically enhance their 
capability in recognizing signal nature  

Anticipate this PTA-PPA methodology to be applied to broad sets of data (PPTA, EPTA, 
NANOGrav, CPTA, etc.). Stay tuned … …     



Thank you!
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