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Strong-  and AxionsCP
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PQ Mechanism Peccei & Quinn (1977)

PQ Mechanism: V(a)
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Potential dynamically relaxes  
axion to  conserving value.  CP

Plenitude of “axion-like” particles are predicted in string theory with couplings to the SM.
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Axion-Photon Parameter Space



Axion-Photon Parameter Space



Light Shining through Walls
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Executive Summary

E ⋅ B(x, t) ≠ 0

B0

γ



Pulsar Basics

Rotating Neutron Stars 

Large magnetic fields Extremely stable periods Neutron star

Pulsars are excellent laboratories for tests of new physics

(108 G − 1016 G) | ·P/P | ∼ 10−16 Hz GMns /Rns ∼ 0.2

Credit:  
Michael Kramer 



à la Goldreich & Julian 
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Charges flow freely  
along magnetic field lines: 

ΔΦ ⟺ E ⋅ B = 0*

ρGJ = ∇ ⋅ E = −
2Ω ⋅ B

1 − Ω2r2 sin2 θ

Force-Free Magnetosphere



Constructing the Magnetosphere
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Magnetosphere Dynamics
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E ⋅ B = 0

Closed Field 
Line

Open Field 
Line

Co-rotation not sustained for 
 R > RLC = c/Ω



Co-rotation not sustained for 
 R > RLC = c/Ωe+e−

e+e−

e+e−

E ⋅ B = 0

E ⋅ B ≠ 0

Figure from Timokhin & Harding (2018)

Closed Field 
Line

Open Field 
Line

Particle acceleration is  
responsible for high-energy  

and radio emission. 

Polar Cap

Magnetosphere Dynamics



2D PIC Simulations [arXiv:2108.11702]



Axion Spectrum from Simulations
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Gap-Sourced Axion Population
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Beaming

θ = 0, θ = π/2
Orders of magnitude 

denser than DM near NS! 
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Executive Summary

B0

γ

Hook et al. (2018), Safdi et al. (2019), Leroy et al. (2019),  
Battye et al. (2020), Fortin & Sinha (2018, 2019, 2021), Witte et al. (2021) 



Axion-Photon Conversion

⊗
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Credit: CAST Collaboration 



Helioscope (CAST)

L a
pp

≃
(δ

k a
)−

1

Pa→γ ∝ g2
aγγB2

extL2
app,

Pa→γ ∝ g2
aγγB2

ext
ω2

m4
a

,



Helioscope (CAST)
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Resonant enhancement  
when ma = mγ



Pulsar Plasma

Pulsar magnetosphere gives  
the photon a spatially-varying 

mass

ℏωp ≈ mac2

rc

a

NS  
Surface

Raffelt & Stodolsky (1988) 
Hook, Kahn, Safdi, Sun (2018)



Neutron Star Targets: Magnificent Seven

High magnetic fields ( ).1013 − 1014 G

Magnificent Seven

Very nearby to Earth (120-500 pc).

Undetected pulsed radio emission 
( ).≲ 10 μJy

Pulsar Bs (1013 G) P (sec) Distance (pc)

RX J0420.0–5022 1.0 3.45

RX J0720.4–3125 2.4 8.39

RX J0806.4–4123 2.5 11.37

1RXS J1308.8+2127 3.4 10.31

RX J1605.3+3249 ~7.4 3.39

RX J1856.5–3754 1.5 7.06

1RXS J2143.0+0654 2.0 9.43

360+170
−90

∼ 345

240+10
−5

≲ 410

76 − 380

123 ± 13

≳ 250

Minimum detectable 
 frequency  (FAST),  

 (SKA1-Low)
≈ 70 MHz

≈ 50 MHz



Neutron Star Targets: Magnetars

Very high magnetic fields ( ).≳ 1014 G

Magnetars

Very nearby to Earth (120-500 pc).

Undetected pulsed radio emission 
( ).≲ mJy

 Gap formation?? Reason for absence of radio emission  
crucial to understanding  production 

and axion production!
e+e−



Noise and Backgrounds

SEFD(ν) =
2(TR(ν) + Ta(ν) + Tns(ν) + ⋯)

Aeff

Aeff = ηAphysAeff = A0 N(N − 1)

(Interferometer) (Single-dish)



Noise and Backgrounds

SEFD(ν) =
2(TR(ν) + Ta(ν) + Tns(ν) + ⋯)

Aeff

Aeff = ηAphysAeff = A0 N(N − 1)

(Interferometer) (Single-dish)

Ta = (24.1 ± 2.1)  K ( ν
310 MHz )

−2.599±0.036

Haslam et al (1982)

ARCADE2 (2011)

Galactic Synchrotron 
Emission



Sensitivity

SGR 1806 − 20 (θ = 0∘)

SGR 1806 − 20 (θ = 90∘)

J1856 − 3754 (θ = 0∘)
J1856 − 3754 (θ = 90∘)



Conclusions & Future Directions

Axions are efficiently produced in particle acceleration gaps 
( ) in pulsar  magnetospheres. E ⋅ B ≠ 0

Axions can resonantly convert to photons in the pulsar 
magnetosphere  broadband radio signals. ⟹

Dedicated observation with FAST or SKA sensitive to  orders 
of magnitude lower than astrophysical constraints. 

gaγγ

Axion production in additional magnetosphere gaps (slot gap, 
outer gap, current sheet), other astrophysical settings (BHs?).

Understand gap dynamics and pair production in magnetars.

More sophisticated axion conversion computation including 
ray-tracing, plasma effects, signal time-dependence.



Thank you! 


