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It is a huge scale to search!

You don’t know where to look, so you have

to work hard and look everywhere.

       —Nobel Telephone Interview of James Peebles

                                      (October 2019)
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ALPs? Axions sterile 
ν WIMPs PBH?

log10 (mDM/eV)

It is a huge scale to search!

Tools:  
• Neutron Stars Observations

• Radio Observations of dwarf galaxies

• Pulsar Timing Array

• Cosmic Microwave Background Radiation




• Axions ( ) 
        — Direct Observations of Radio Quiet Neutron Star 
             Zhou, Houston, Jozsa, Chen, YZM, Yuan et al., 2022, Phys. Rev. D 

• WIMP ( ) 
—Radio Observations of dwarf galaxies 

          Guo, Li, Huang, YZM, Beck et al., 2023, Phys. Rev. D 

• Axion-Like Particles ( ): 
—Pulsar Timing Array and Pulsar Polarisation Array 

• Primordial Black Holes ( )          
—CMB constraints on relativistic degrees of freedom 
       Cang, YZM, Gao, 2023, ApJ

ma ∼ μeV

mX ∼ 10 GeV

ma ∼ 10−22 eV ≪ μeV

mX ∼ 1015 eV



Converting Axions into photons

Axion “a”
 (photon)γ

 (magnetic field)B

gaγγ

ℒ = gaγγa ⃗E ⋅ ⃗B

DM Axions

Radio waves

Neutron Star

Peccei & Quinn 1977

Weinberg 1978

Wilcezk 1978

Svrcek & Witten 2006 



How to calculate this flux?

NS

• Input: Standard dark matter density, velocity 
distribution. From Liouville’s theorem:





• Conversion: Use a GJ model for the NS 
magnetosphere, with  Gauss dipole 
magnetic field. 


• Solve EOMs to find axion/photon oscillation probability, 
maximised at the critical radius    when photon 
plasma frequency  axion mass 


• Output: Use geodesic equations to propagate photons 
from critical surface to Earth, ideally accounting for NS 
rotation, gravitational and plasma effects


• First explored in Pshirkov et al, J.Exp.Theor.Phys. 108 
(2009), arxiv: 0711.1264. However this was mostly 
ignored until Hook et al, Phys.Rev.Lett. 121 (2018), 
arxiv: 1804.03145. Since then  theory/
observational papers

B0 ∼ 2 × 1013

rc
≃

𝒪(20)

rc

https://arxiv.org/abs/0711.1264
https://arxiv.org/abs/1804.03145


Putting everything together. Final Step

Radiated power:








Average flux density in channel :





(assuming a Gaussian spectrum with width  )
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UHF Band MeerKAT 
Target: neutron star RX J0806.4-4123

frequency range: 544-1,088 MHz

Axion mass range: 2.5-5 

Frequency resolution: 16 kHz

Area observed: 

Time resolution: 8 seconds

μeV

19 arcmin × 14.9 arcmin

Allocated time: 10 hours (Priority A)

Qiang Yuan (PMO), Yin-Zhe Ma (UKZN)  
Yunfan Zhou, Nick Houston (BUT), Chandreyee Sengupta, Xiaoyuan Huang, Fujun Du, 
Yogesh Chandola (PMO), Ran Ding (AnHui), Gyula Jozsa (SARAO), Hao Chen (UCT)

MeerKAT 2020 Open Time call for proposal



The Square Kilometre Array (SKA) in South Africa





SARAO SDP Pipeline

x

y

ν

Data Cube



Spike  
feature

Zhou, Houston, Jozsa,

Chen, YZM, Yuan et al.


2022, Phys. Rev. D
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∼ g2
aγγm5/3

a B5/3
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0

Mapping Data to Theory

Zhou, Houston, Jozsa, Chen, YZM, Yuan et al. 2022, Phys. Rev. D



Zhou, Houston, Jozsa,

Chen, YZM, Yuan et al.


2022, Phys. Rev. D



Dwarf spheroidal galaxy (e.g. Coma Berenices)

χ + χ → γ + γ

DM Synchrotron 

Radiation

Guo, Li, Huang, YZM, Beck 
et al., 2023, Phys. Rev. D



L-Band FAST 
Target: dwarf galaxy Coma Berenices 

Frequency: 1000-1500 MHz

Observational Time: 2020-12-14 7am-8:50am

WIMP mass range: 

Frequency resolution: 7.6 kHz

Beam: 19

Observed both ON & OFF mode

10 GeV − 103 GeV



Excluded 99% C.L.

Guo, Li, Huang, YZM, 
Beck et al., 2023, Phys. 
Rev. D



Axion-Like-Particles: Cosmic Birefringence (CB) effect with PTA & PPA 
Carroll & Field, 1991, PRD
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Observational signature:

Polarisation angle rotation



k* = a*H*

k* = a*H*



k* = a*H*
Pℛ Ψ =

dΩGW

d ln k
∼ P2

ℛ
Scalar-Induced


Gravitational Waves

ΔNeff = 8.3 × 104 ΩGW
Constrained Cℓ

Cang, Gao, YZM,

2023, ApJ



Summary: 

• Axion decay constant  for 3.1-4.5  from 
10-hour MeerKAT time, of observing a radio-quiet pulsar.


• WIMP decaying into leptons can cascade to synchrotron radiation, which can 
be probed by radio telescope. Using FAST, we placed stringent constraint on 
DM decaying into , which excludes GCE best-fitting values at 
99% C.L.

gaγγ < 6 × 10−11 [GeV−1] ma = μeV

μ+μ−, τ+τ−, bb̄


