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Introduction
ALPs: strong CP problem, string axiverse, etc.

Detection typically relies on ALP couplings:

Strong magnetic fields are especially useful

Neutron stars have the strongest magnetic fields

Also lots of data



Helioscope

• fig06

CAST (2017)



Main Idea

Hard X-rays

Heyl/Lai (2006)

Perna et. al. (2012)
Soft X-rays

Radio Waves
Pshirkov/Popov (2007)
Hook/Kahn/Safdi (2018)



Probability  
of  

Conversion 



ALP Wave Equation

axion mass term mixing term

Euler-Heisenberg term

magnetic field

Raffelt/Stodolsky (1988)

Schwinger (1951), Adler (1971), Heyl/Hernquist (2010)

linearized wave equation

photon wavelength much smaller than magnetar radius



Mixing Angle

Mixing angle:



Impossible?

Raffelt/Stodolsky (1988)



Solution: n-body
general n-body oscillation problem

coefficients



Solution: 2-body



Conversion Probability



Probability Dependences



Parameter Scan



Semi-analytic Treatment



Production 
in  

Core 



total axion number: just subdominant to neutrino cooling

Photon Luminosity

Sedrakian (2017), Balantekin et. al. (2017),…



ALP Production

Raffelt (1996)

Iwamoto (1984)

modified Urca production

Brinkmann/Turner (1988)



Neutrino Cooling
direct Urca

modified Urca

Cooper pair cooling

Beloborodov (2017)



Core Temperature

Beloborodov/Li (2017)



Total Photon Luminosity



Comparison 
with  

Observations 



Non-thermal Emission

Beloborodov (2012)



SGR 1806-20
1200

Kaspi (2016)

Sunyaev et. al. (2004)



Results



Polarization



X-mode Domination

Electron cyclotron frequency: 

Description in terms of X-mode and O-mode

Most of the thermal radiation is X-mode

Lai/Ho (2003), Heyl/Lai (2007) 



QED Effect

QED contribution Plasma contribution

electron density electron fraction

mass density proton mass



Vacuum Resonance



X-modes in Hard X-rays
Beloborodov (2012)

Net 75% polarization in X-mode

Baring (2017)



X-modes in Hard X-rays
Beloborodov (2012)

- Relativistic plasma ejected 
from magnetar; Large Lorentz 

factors.

- Resonantly scatters with thermal keV photons 
Photon energy in e rest frame = Landau energy

- Photons get tremendous energy boost. Parallel modes 
convert into e+e- pairs via pair production; perp modes 
undergo photon splitting for energies above 1 MeV. The 

two produced photons have parallel polarization and split 
into e+e-. Both modes thus reprocessed into e+e-; 

trapped. 

- When B < 0.01B_crit, photons escape. Pink region. Mostly perpendicular modes. 
- Photon of energy E is emitted where For our case, x ~ 8 

modes
mostly



Polarization Radius
Heyl (2016)

surface

13% 70%



O-Modes from ALPs

axion O-mode

X-mode



ALP-O-mode Evolution
ALP + O-mode evolution

Sum of phases:

X-mode evolution



Initial Conditions

Uncorrelated ALP+O-mode states

Intensities:

axion O-mode X-mode

Free initial conditions:

integrate over



Averaged Stokes Parameters

Phase-averaged intensities at position x:

axion O-mode

Stokes parameters

Closed analytic form?



Q Behavior

X-mode O-mode Conversion 
probability

Initial 
condition

(if there are no O-modes at the surface)

assume only X-modes produced astrophysically

no ALPs to limit from luminosity



Q Behavior



Q Behavior



Radius of Conversion



Future 

Exciting time  
for  

ALP searches!

generally, I expect the interface between X-ray astronomy and 
axion physics to be a fruitful area in the future



Future 

spectral analysis

polarization signals in hard X-rays

generalized initial states

other signals?

generally, I expect the interface between X-ray astronomy and 
axion physics to be a fruitful area in the future

Fortin, KS, (arXiv:1807.10773)

populations of magnetars?



Plasma Effects

plasma important at 

-



Hard X-Ray Telescope
HXMT (20-250 keV) - 2018



Urca Processes



Neutrino Production

Graham et. al. (2017)



Initial Conditions



Magnetar Spectra

Kuiper et. al. (2004)

Beloborodov (2012)

Harotg et. al. (2008)



Axion Emissivity (pair breaking)
Keller/Sedrakian (2012)



Axion Emissivity (pair breaking)



Comparing Neutrino and Axion Emissivity
Keller/Sedrakian (2012)



Comparing Neutrino and Axion Emissivity
Keller/Sedrakian (2012)



Light Species

There’s a lot of interest  
in light BSM  

particles these days



Light Species

UV models: ALPs/dark photons in string theory

Cosmological/astrophysical probes

Direct detection techniques: interferometers,  
light shining through wall, haloscope, etc.

Probes at the LHC/HL-LHC etc.

Probes using atomic/molecular physics

Lots of new experimental ideas/proposals!



Why Axions?



Neutron EDM

Historically, the strong CP problem motivated axions

The classical version is visually intuitive:
credit: Hook (Brookhaven 2018)

electric dipole moment of the neutron

measured to be tiny!

hep-ex/0602020

How about the theory calculation?



An Unnaturally Small Angle

An example of fine-tuning

As far as we know, no “anthropic” reason
Kaloper et. al. (2017)



A Dynamical Angle

In chemistry, a similar question is resolved by making 
the angle itself dynamical

Axions are the dynamical degree of freedom



A Dynamical Angle

Axions are the dynamical degree of freedom



The Axiverse



String Theory

The most important prediction of 
string theory is  

the existence of extra dimensions

These extra dimensions are compactified

What are the generic features?

- Extra scalar fields: Moduli (gravitationally coupled)

- Hundreds of pseudoscalar fields: Axion-like Particles (ALPs)



String Axiverse

axion decay constant: depends on internal CY geometry

Witten (1985)

} Free, independent parameters for us 

axion mass: mechanism of PQ breaking

Arvanitaki et. al. (2012)
Cicoli et. al. (2012)



ALP Detection



WIMP Detection Strategies



ALP Detection Strategies
emission/conversion

LHC/lepton collider studies



Collider Prospects

Lian-Tao Wang et. al. (2017)
A. Alves, KS (2017)

Bauer/Neubert (2018)



Collider Prospects
Bauer/Neubert (2018)



Strategy:

1. Photons/ALPs travel from A to B

3. Photon-ALP interconversion happens

4. Photon spectrum at B shows changes

Conversion as ALP Detection Tool

2. There’s a magnetic field between A and B



Astrophysical Probes of Conversion

Supernova dimming with ALPs

ALPs from AGNs giving X-rays
Csaki et. al. (2001)

Conlon et. al. (2014)

Fig.: John Terning

mixing strength

Conversion Probability

follows directly from 
Maxwell’s equations

Constant B field, simple 
analytic solution



Strong QED

Strong

Euler-Heisenberg Lagrangian:

Weak field limit: 
Heyl/Hernquist (2012)



Why Neutron Stars?

Strong magnetic fields are especially useful

Magnetars have the strongest magnetic fields

Also lots of data

Formal side:

Non-constant magnetic field, interesting equations

Strong magnetic field, so non-linear QED effects



Full QED Lagrangian

QED effects can change the spectrum from magnetars

Studied extensively by astrophysics community
Heyl, Ho, Perna, Taverna, Turolla, etc.



Refractive Indices

Perpendicular (X-mode)

Parallel (O-mode)

Heyl/Hernquist (2012)


