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The Axion (or ALP) Photon System 

is described by the action 

 

 



Then we want to consider two 

types of external fields 
• 1. An external Magnetic Field, we will see 

that the theory build on small perturbations 

will describe axion-photon oscillatons, 

beam spitting beautifully described by an 

effective scalar QED like formalism 

• 2 . An external Axion Field, space or time 

dependent. For a time dependent axion, a 

cosmological application is found, leads to 

tachyonic mass generation for the photon.  



This could be related to a 

variety of effects, including 
Baryogenesis in the early universe and 

Lorentz violating effects. 

For a space dependent axion, there is 

anisotropic mass generation for the photon 

Can be applied in heavy ion collisions or 

effects in the boundary of a neutron star, 

which could afect the cooling properties, if 

the axion condensate exists near the 

surface of such star for example. 

 



We consider a strong external 

magnetic field in the x direction  

 

 

 

 

Consider an external magnetic field pointing in the x direction 

with magnitude B(y,z).   

 For small axion and photon 

perturbations which depend only on y, 

z and t,  consider only up to quadratic terms in 

the perturbations. 

Then the axion photon interaction is 



• Considering also only x polarizations of 

the photon, since only this polarization 

couples to the axion and to the external 

magnetic field, we obtain that (A 

represents the x-component of the vector 

potential) 



Ignoring integration over x (since everything is taken to be 

x-independent), we obtain the effective 2+1 dimensional 

action 



Neglecting the mass of the axion, which gives O(2) symmetry in the 

kinetic term between photon and axion, performing an integration by 

parts in the interaction part of the action that gives the O(2) symmetric 

form for the interaction in the case the external magnetic field is static 



In the infinitesimal limit there is an Axion Photon duality 

symmetry (0rdinary rotation in the axion photon space), 

here epsilon is an infinitesimal parameter 



Using Noether`s theorem, we get a 

conserved charge out of this, the 

charge density being given by 



Defining a complex scalar field 



We see  the to first order in the external field the axion 

photon system interacts with the charge density which is 

like that of scalar electrodynamics 



In the scalar QED language, the complex scalar creates particles with 

positive charge while the complex conjugate creates antiparticles with 

the opposite charge. The axion and photon fields create however linear 

contributions of states with opposite charges since 



The Scalar QED Picture and its consequences  

 

1. gB(y,z) couples to the “density of charge” like an external 
electric potential would do it. 

2. The axion is a symmetric combination of particle 
antiparticle, while the photon is the antisymmetric 
combination. 

3.If the direction of initial beam of photons or axions is 
perpendicular to the magnetic field and to the gradient of 
the magnetic field, we obtain in this case beam splitting 
(new result). 

4. Known results for the cases where the direction of the 
beam is orthogonal to the magnetic field but parallel to 
the magnetic field gradient can be reproduced easily.  



For  present experiments for axion 

detection, B=B(z),axion and photon 

= f (t,z) (for example CAST) 
• This situation is not related to spitting, it is a problem in a potential 

with reflection and transmission. Here the particle and antiparticle 

components feel opposite potentials and therefore have different 

transmission coefficients t and T. 

• Represent axion as (1,1) and photon as (1, -1). 

• Then axion = (1,1) after scattering goes to (t,T). 

• (t,T)=a(1,1)+b(1,-1), a=(t+T)/2, b=(t-T)/2= amplitude for an axion 

converting into a photon 

• For initial photon=(1,-1) we scatter to (t, -T)=c(1,1)+ 

d(1,-1), so we find that c= b=(t-T)/2, d= a=(t+T)/2. Notice the 

symmetries: amplitude of axion going to photon = 

amplitude of photon going to axion and amplitude for photon staying 

photon = amplitude for an axion staying an axion. 

 



First order scattering amplitudes 

for a particle in an external electromagnetic field is  

(  Bjorken&Drell) 



In our case the analog of the e x (zeroth component of 4- vector 

potential) is gB(y,z), no spatial components of 4-vector potential exist 

• x independence of our potential  ensures conservation of 

x component of momenta (that is, this is a two spatial 

dimensions problem) 

• t independence ensures conservation of energy 

• the amplitude for antiparticle has opposite sign, is -S 

• Therefore an axion, i.e. the symmetric combination of 

particle antiparticle (1,1) goes under scattering to      

(1,1) +(S, -S), S being the expression given before. So 

the amplitude for axion going into photon (1,-1) is S,  this 

agrees with a known result obtained by P. Sikivie many 

years ago for this type of external static magnetic field. 

 



The “Classical” CM Trajectory 

• If we look at the center of a wave packet, it  
satisfies a classical behavior (Ehrenfest). In this 
case we get two types of classical particles that 
have + or – charges. 

• In the presence of an inhomogeneuos magnetic 
field, these two different charges get segregated. 

• This can take place thermodynamically or  
through scattering (to see this effect clearly one 
should use here wave packets, not plane 
waves!). 



Thermodynamic Splitting 

• In the  classical limit the particles have a 

kinetic energy and a potential energy gB 

• The antiparticles have the same kinetic 

energy but a potential energy –gB 

• The ratio of particles to antiparticle 

densities at a given point is given by the 

corresponding ratios of Boltzmann factors, 

that is      exp(-2gB(y,z)/kT). 



Splitting through scattering 

• From the expression of photon and axion in terms of 
particle and anti particle, we see that in the “classical” 
limit these two components move in different directions. 

• If the direction of the initial beam is for example 
orthogonal to both the magnetic field and the direction of 
the gradient of the magnetic field, we obtain splitting of 
the particle and anti particle components 

• There appears to be a radical difference between the 
case where spitting takes place, as opposed to the 
“frontal” case: in the splitting case, because the final 
momenta are different, the relative phases of particle 
and antiparticle grow even after we come out of 
interaction region.  



The Extreme Far Region 

• In fact if we take the particle antiparticle splitting 

picture seriously, and consider even a very small 

splitting angle, in any case we can take the 

Extreme Far Region, 

• In this limit the particle and antiparticle 

components will be separated, each of these 

components is 50% axion, 50% photon, so by 

going very far we get an effect of order 1!. New 

effect, not present in one dimensional 

experiments 



Example of some Estimates 

• Beam splitting, take distance between the 
beams of order de Broglie wave length, then for 
a magnetic field gradient of 1Tesla/cm, acting 
10cm  in the direction orthogonal to beam, we 
get splitting at L=1000,000km, for g close to 
upper bound from CAST. 

• 1/L , -1/L are the momenta aquired  

• Splitting represents O(1) effect, so what is 
obtained for smaller distances?.  This is an 
interesting quantum mechanical scattering 
problem that has been studied, but not subject of 
this talk. 



Cosmic Stern Gerlach experiment 

for ALPS 



Eigenstates  



Optics analogy 



Beam splitting from magnestar 



And its observable signature 



Sensibility for ALPS photon 

coupling 



 CLAIM OF AXIONS FROM 

THE SUN, FRASER ET. AL.   







Frazer et al say (quoting ) : 

  



However Fraser et. al. really go 

beyond what our calculations 
can justify assuming the magnetic fields in 

space are smooth, the big scattering angles 

that they assume may be are a 

consequences of in-homogeneities at small 

scales of the magnetic fields that the axions 

from the sun. Fraser et. al. claim that 

assuming these  almost isotropic angle 

distribution of the scattering, that this 

produce a very good fit with the data.   



Historically there was a situation  

where large scattering angles were 

observed, but the expectations, based on 

the favorite smooth models of the atom,  

predicted something very different, that was 

the discovery of Rutherford, are Fraser et. 

Al. up to something similar?   



Conclusions concerning Part 1. 

• Axion Photon interactions with an external magnetic field 
can be understood in terms of scalar QED notions. 

• Standard, well known results corresponding to 
experiments that are running can be reproduced. 

• Photon and Axion splitting in an external inhomogeneous 
magnetic field is obtained. 

• By  observing at large distances from interaction region, 
effect can be amplified.    

• Stern Gerlach type splitting from magnestars is possible, 
giving high sensibility for ALPS photon coupling. 

• New claims of AXIONS FROM THE SUN, where the 
phenomenon of beam splitting plays essential role 

 



 





Part 2. Consider now the Axion 

external Fields case 



 





Relation to baryogenesis 





Mass generation from space-

like axion background 
• Considering both the effect of an explicit 

mass term for the photon, axion-photon 

coupling and  a space-like dependent 

external field of the form 

 

 

 



We obtain 3 different dispersion 

relations for 3 diferent polarizations 

  



Representing anisotropic mass 

generation, the generation of  
space dependent axion, or pion field has 

been considered in nuclear collisions and 

near the surface of neutron stars has been 

considered by different authors, for example. 

Recently the effect of such pseudoscalar 

condensation on the cooling of neutron stars 

has been considered.   
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