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ALPs? Axions sterile

ν WIMPs PBH?

log10 (mDM/eV)

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!

Effects (DM in radio astronomy):  
• Produce radio waves that are measurable by radio telescopes

• Produce enough perturbations to change the CMB power spectrum

• Change the timing and polarisation signal of pulsars which are measurable with radio telescopes

    (wavy dark matter)



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



dν

μν

σν



∼ g2
aγγm5/3

a B5/3
0 P4/3ρ∞MNSv−1

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



Neutrino(-like) sector

• Absolute mass scale

• Mass ordering

• (Dirac/Majorana and CP violation)

•  Additional (sterile) neutrinos or 

relativistic particles

CMB-S4 Science Book

Outstanding issues:

Cosmology           

Ne↵
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Neff = 3.046 in standard model
(see also Aich, YZM, Dai, Xia 2020, PRD)

∑ mν > 0.058 eV ∑ mν > 0.105 eV



Neutrino constraints
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck

TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, c

EE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
c

EE

100

⌘
EE fit

= 1.021;
⇣
c

EE

143

⌘
EE fit

=

0.966; and
⇣
c

EE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E

spectra,
⇣
c

EE

100

⌘
TE fit

= 1.04,
⇣
c

EE

143

⌘
TE fit

= 1.0, and
⇣
c

EE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-

7
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if we add CMB lensing, since the lensing measurements restrict
the lensing amplitude to values closer to those expected in base
⇤CDM.

The combination of the acoustic scale measured by the CMB
(✓MC) and BAO data is su�cient to largely determine the back-
ground geometry in the ⇤CDM+

P
m⌫ model, since the lower-

redshift BAO data break the geometric degeneracy. Combining
BAO data with the CMB lensing reconstruction power spectrum
(with priors on ⌦bh

2 and ns, following PL2015), the neutrino
mass can also be constrained to be
X

m⌫ < 0.60 eV (95 %, Planck lensing+BAO+✓MC). (61)

This number is consistent with the tighter constraints using the
CMB power spectra, and almost independent of lensing e↵ects
in the CMB spectra; it would hold even if the AL tension dis-
cussed in Sect. 6.2 were interpreted as a sign of unknown resid-
ual systematics. Since the constraint from the CMB power spec-
tra is strongly limited by the geometrical degeneracy, adding
BAO data to the Planck likelihood significantly tightens the neu-
trino mass constraints. Without CMB lensing we find

X
m⌫ < 0.16 eV (95 %, Planck TT+lowE+BAO), (62a)

X
m⌫ < 0.13 eV (95 %, Planck TT,TE,EE+lowE

+BAO), (62b)

and combining with lensing the limits further tighten to

X
m⌫ < 0.13 eV (95 %, Planck TT+lowE+lensing

+BAO), (63a)

X
m⌫ < 0.12 eV (95 %, Planck TT,TE,EE+lowE

+lensing+BAO). (63b)

These combined constraints are almost immune to high-` po-
larization modelling uncertainties, with the CamSpec likelihood
giving the 95 % limit

P
m⌫ < 0.13 eV for Planck TT,TE,EE

+lowE+lensing+BAO.
Adding the Pantheon SNe data marginally tightens the bound

to
P

m⌫ < 0.11 eV (95 %, Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon). In contrast the full DES 1-year data prefer a
slightly lower �8 value than the Planck ⇤CDM best fit, so DES
slightly favours higher neutrino masses, relaxing the bound toP

m⌫ < 0.14 eV (95 %, Planck TT,TE,EE+lowE+lensing+BAO
+DES).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly↵ forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly↵ is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our

0.0 0.1 0.2 0.3 0.4

�m� [eV]

60

62

64

66

68

70
H

0
[k

m
s�

1
M

p
c�

1
]

NH NH or IH

TT,TE,EE+lowE+lensing

+BAO
+Ne�

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

�
8

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck

TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

95 % limit of
P

m⌫ < 0.12 eV starts to put pressure on the in-
verted mass hierarchy (which requires

P
m⌫ >⇠ 0.1 eV) indepen-

dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046, slightly
larger than 3 since the three standard model neutrinos were
not completely decoupled at electron-positron annihilation
(Mangano et al. 2002; de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g

"
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if we add CMB lensing, since the lensing measurements restrict
the lensing amplitude to values closer to those expected in base
⇤CDM.

The combination of the acoustic scale measured by the CMB
(✓MC) and BAO data is su�cient to largely determine the back-
ground geometry in the ⇤CDM+

P
m⌫ model, since the lower-

redshift BAO data break the geometric degeneracy. Combining
BAO data with the CMB lensing reconstruction power spectrum
(with priors on ⌦bh

2 and ns, following PL2015), the neutrino
mass can also be constrained to be
X

m⌫ < 0.60 eV (95 %, Planck lensing+BAO+✓MC). (61)

This number is consistent with the tighter constraints using the
CMB power spectra, and almost independent of lensing e↵ects
in the CMB spectra; it would hold even if the AL tension dis-
cussed in Sect. 6.2 were interpreted as a sign of unknown resid-
ual systematics. Since the constraint from the CMB power spec-
tra is strongly limited by the geometrical degeneracy, adding
BAO data to the Planck likelihood significantly tightens the neu-
trino mass constraints. Without CMB lensing we find

X
m⌫ < 0.16 eV (95 %, Planck TT+lowE+BAO), (62a)

X
m⌫ < 0.13 eV (95 %, Planck TT,TE,EE+lowE

+BAO), (62b)

and combining with lensing the limits further tighten to

X
m⌫ < 0.13 eV (95 %, Planck TT+lowE+lensing

+BAO), (63a)

X
m⌫ < 0.12 eV (95 %, Planck TT,TE,EE+lowE

+lensing+BAO). (63b)

These combined constraints are almost immune to high-` po-
larization modelling uncertainties, with the CamSpec likelihood
giving the 95 % limit

P
m⌫ < 0.13 eV for Planck TT,TE,EE

+lowE+lensing+BAO.
Adding the Pantheon SNe data marginally tightens the bound

to
P

m⌫ < 0.11 eV (95 %, Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon). In contrast the full DES 1-year data prefer a
slightly lower �8 value than the Planck ⇤CDM best fit, so DES
slightly favours higher neutrino masses, relaxing the bound toP

m⌫ < 0.14 eV (95 %, Planck TT,TE,EE+lowE+lensing+BAO
+DES).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly↵ forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly↵ is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck

TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

95 % limit of
P

m⌫ < 0.12 eV starts to put pressure on the in-
verted mass hierarchy (which requires

P
m⌫ >⇠ 0.1 eV) indepen-

dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046, slightly
larger than 3 since the three standard model neutrinos were
not completely decoupled at electron-positron annihilation
(Mangano et al. 2002; de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
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Figure 15: Left–The evolution of g⇤ and g⇤,S coe�cients as a function of cosmic radiation temperature.
Figure is reproduced from [72]. Right–Contributions of a single thermally-decoupled Goldstone boson, Weyl
fermion or massless gauge boson to the e↵ective number of relativistic species, �Ne↵ , as a function of its
freeze-out temperature TF . The drop in �Ne↵ by about one order of magnitude around TF ⇠ 0.15GeV is
due to the QCD phase transition, which is denoted by a vertical gray band as is neutrino decoupling. The
dotted lines denote some of the mass scales at which SM particles and anti-particles annihilate. Figure
taken from [71].

Figure 16: The Standard Model of Particle Physics with SU(3)⇥SU(2)⇥U(1) symmetry. The U(1) sym-
metry gives rise to a particle that behaves exactly like a photon. SU(2) symmetry gives the W and Z
bosons while the SU(3) symmetry gives the gluons. Photons, W and Z bosons and gluons are force carriers.
Photons are the force carriers for the electric field, W/Z bosons for the Weak Force and gluons for the
Strong Force. These carrier particles, together with quarks and leptons form the standard model.
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Neff = 3.046 in standard model

See also Snowmass white

paper (including Y.-Z. Ma)

arXiv: 2203.08024



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.


• CMB is placing interesting upper limits on neutrino masses, which can lead to 
the final determination if neutrino mass hierarchy in the next few years.

gaγγ < 6 × 10−11 [GeV−1] ma = μeV

μ+μ−, τ+τ−, bb̄



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.


• The Pulsar Timing Array (PTA) and Polarisation Array (PPA) can be used to 
detect the axion-like WDM as a common correlated signal. This approach forms 
a great complementarity with the CMB measurement. 


• Primordial black holes induced by small-scale scalar perturbation may not 
constitute a significant fraction of DM due to the relativistic constraints ( ).  

gaγγ < 6 × 10−11 [GeV−1] ma = μeV

μ+μ−, τ+τ−, bb̄

Neff



Back up



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

Aich, YZM, Dai, Xia, 2020, PRD

Cang, Gao, YZM, 2023, ApJ

• Delaying matter-radiation equality

• Adding anisotropic stress

• Changing sound horizon



k* = a*H*

Cang, Gao, YZM, 2023, ApJ

• Exclude PBH with peak mass  as the major DM candidates


• Limits on  for 


• Future CMB-S4 can expand the mass range to 

M∙ = [5 × 105,5 × 1010] M⊙

Pℛ(k) k = [10,1022] Mpc−1

[10−5,5 × 1010] M⊙


