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Axions in plasmas 

From the lab to astrophysics 
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CP Symmetry 
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CP-symmetry is the combination of two discreet symmetries

Particle Anti-particle

Charge conjugation 
(C-symmetry)

Parity conjugation 
(P-symmetry)
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CP Violation 

H. Terças | Apr 2026

In physics: CP-symmetry relates particle/anti-particle symmetries 
and left/right handedness 

P

CCP
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The strong CP Problem
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There is a tiny angle in QCD (i.e. in the strong force theory)

Lθ = θ
αs

8π
GµνaG̃a

µν

The angle violates CP-symmetry! 

Experiments of neutron electric dipole moment 
(nEDP) restrict the CP-angle value (strong CP-
problem)

dn < 1.8⇥ 10�26 e.cm =) ✓  10�10
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Peccei-Quinn mechanism
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PQ solution to the strong CP-problem: dynamical cancelation of 

Allow    to swing in a Mexican hat (spontaneous symmetry breaking)

✓

✓

L✓ ! LPQ =
↵s

8⇡

✓
✓ � '

f

◆
Gµ⌫aG̃a

µ⌫

Axion field '
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Extending SM
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The Peccei-Quinn solution extends the Standard Model

Peter Higgs

Gauge 
invariance



7

Modified Electromagnetism
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The Peccei-Quinn Lagrangian modifies the electromagnetism

LEM = �1

4
Fµ⌫F

µ⌫ + jµA
µ +

g

4
'Fµ⌫ F̃

µ⌫

| {z }
�g'E ·B

r · (E+ g'B) = ⇢

r · (B� g'E) = 0

r⇥ (E+ g'B) = � @

@t
(B� g'E)

r⇥ (B� g'B) =
@

@t
(E+ g'B) + J

Axial Maxwell’s equations
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LEM = �1

4
Fµ⌫F

µ⌫ + jµA
µ +

g

4
'Fµ⌫ F̃

µ⌫

| {z }
�g'E ·B

r · (E+ g'B) = ⇢

r · (B� g'E) = 0

r⇥ (E+ g'B) = � @

@t
(B� g'E)

r⇥ (B� g'B) =
@

@t
(E+ g'B) + J

Axial Maxwell’s equations

+@µ'@
µ'⇤ �

m2
'

2
|'|2

Klein-Gordon equation

�
⇤+m2

'

�
' = gE ·B

Modified Electromagnetism

The Peccei-Quinn Lagrangian modifies the electromagnetism
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Axion detection I. Passive schemes
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Current searches of axions rely on axion-photon conversion

' ' g

Conversion probability

P'!� ' g2B2
0L

2

4
⇠ 10�35 � 10�32
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Passive scheme: CAST (Cern Axion Solar Telescope)

Axion detection I. Passive schemes
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Passive scheme: CAST (Cern Axion Solar Telescope)

Integration time: 2 years!
d�'

dE
⇠ 1010 cm�2s�1keV�1Predicted flux: 

Axion detection I. Passive schemes
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Axion detection I. Passive schemes
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Passive scheme: CAST (Cern Axion Solar Telescope)

Integration time: 2 years!

d�'

dE
⇠ 1010 cm�2s�1keV�1Predicted flux: 

No signal to date!



13 H. Terças | Apr 2026

Active scheme: Any Light Particle Search (ALPS) | DESY

Axion detection I. Active schemes
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ALPS @ Desy
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Active scheme: Any Light Particle Search (ALPS) | DESY

Laser power: 150 kW
Integration time: 15 days 

ALPS II
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Axions in plasmas
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Photons  
(non-resonant)

Plasmons 
(resonant)

Why bothering with plasmon conversion?
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PART I 

Axions in homogeneous plasmas
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Axions in plasmas
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Switching on plasma electrodynamics

@ne

@t
+r · (neu) = 0

me

✓
@

@t
+r · u

◆
u = �e(E+ u⇥B)� rP

ne

r · (E+ g'B) = ⇢,

r · (B� g'E) = 0,

r⇥ (E+ g'B) = � @

@t
(B� g'E) ,

r⇥ (B� g'E) =
@

@t
(E+ g'B) + Je,
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Axions in plasmas
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Looking for parallel modes (natural units)

(
ω2 → ω2

p → S2
ek

2
)
ñ→ ig

eB0

me
kn0ε̃ = 0,

(
ω2 → m̃2

ω → k2
)
ε̃+ ig

eB0

k
ñ = 0

(
ω2 → ω2

pl

) (
ω2 → ω2

ω

)
→ !4 = 0

Secular equation

Rabi frequency 

! =
√

gB0ωp

B0

E1

k
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The dispersion relation contains two modes

19

Axions-plasmons polaritons

ω2
U,L =

1

2

(
ω2
ω + ω2

pl ±
√(

ω2
pl → ω2

ω

)2
+ 4!4

)
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Axion-plasmons polaritons
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Quantization of the theory: Rotating-wave approximation [RWA]
(
ω2 → ω2

pl

)
ñ = (ω → ωpl) (ω + ωpl) ñ ↑ 2ωpl(ω → ωpl)ñ

(
ω2 → ω2

ω

)
ε̃ = (ω → ωω) (ω + ωω) ε̃ ↑ 2ωpl(ω → ωω)ε̃

Inverse Fourier transform
(
i
ω

ωt
→ εpl

)
ñ→ ig

B0

2εp
kn0ϑ̃ = 0,

(
i
ω

ωt
→ εω

)
ϑ̃+ ig

B0

kεp
ñ = 0



21

Axion-plasmon polaritons
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Creation and anihilation operators for axions and plasmons (canonical quantization)

ñ(x) =
∑

k

Ak

(
âke

ikx + â†ke
→ikx

)
, ω̃(x) =

∑

k

Bke
ikxb̂k

[
ĉk, ĉ

†
q

]
= ωk,q (ĉk = {âk, b̂k})

Hamiltonian formalism

Ĥ =
∑

k

ωplâ
†
kâk +

∑

k

ωωb̂
†
k b̂k + !

∑

k

â
†
k b̂k + h.c.
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Decay rates
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Second quantisation is practical: decay rate via Fermi’s Golden rule

!ω→pl = 2ω
∑

k,q

|Mk,q|2ε (ϑω → ϑpl)

Mk,q = !
∑

p

→k|(â†pb̂p + âpb̂
†
p)|q↑

Matrix elements (amplitudes for each mode k)

Axion-plasmon decay rate

!ω→pl → ω
”2 (1 + na(εp))√

ε2
p + m̃2

ω

Primakoff decay  
axion-photons in vacuum

!ω→εε =
g2m3

ω

64ω

ω
ω

ω

ω p

⊗
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Strong coupling condition
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Strong coupling is achieved for ! → ”ω→pl

gB0 ↭ ωp

B0 = 3 T

HT et al, PRL 120 (2018)
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Active production: beam-plasma
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Our idea: an active search of axions with plasmas  
(getting inspiration from ALPS)
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Dispersion function
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We modify the beam-plasma dispersion function with the axion susceptibility  

ω(k,ε) = 1→
ε2
p

ε2
→ f

ϑ3
0

ε2
p

(ε → ku0)2
→ !4

ε2(ε2 → ε2
ω)

→ f

ϑ3
0

!4

(ε → ku0)2(ε2 → ε2
ω)

axion-plasma axion-beam
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The axion-plasmon conversion probably is much higher

0.1 1 10 100 1000 104
10- 26

10- 21

10- 16

10- 11

10- 6

Without plasma  
(ALPS)

Active production: beam-plasma
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Projected sensitivity in our “plasma” ALPS scheme

m' ! !p !p ⇠ THz

Beam-plasma sensitivity projection

Mendonça et al, PRD 
101 (2020)



28

Metamaterials (under construction)
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We make use of metamaterials (artificial plasmas) to tune the plasmas

0 1 2 3 4 5
0.0

0.5

1.0

1.5

2.0
2D plasma

MM optical mode

MM acoustic mode

d
a

L

k d

ω
���
ω

 �

F̃
µ⌫ = ✏

µ⌫↵�
F↵� is the dual electromagnetic ten-

sor and g is the coupling parameter. The other term
L' is the axion Lagrangian, which is discribed by
Eq.3.

L' = @µ'
⇤
@
µ
'� |'|2

m
2
'

2
, (3)

where ' is the axion field.
Since we are only interested in working with mag-

netostatic systems, we will consider that J
⌫
m = 0,

and if we solve Euler-Lagrange equations for this al-
tered Lagrangian we obtain Eqs. 4, the modified
Maxwell equations.

r · (E + g'B) = ⇢,

r · (B � g'E) = 0,

r⇥ (E + g'B) = � @

@t
(B � g'E),

r⇥ (B � c'E) =
@

@t
(E + g'B) + Je, (4)

and also, we can get the Klein-Gordon equation,

(⇤+m
2
')' = gE · B, (5)

where ⇤ = @
2
t �r2 is the D’Alembert operator.

In a plasma, after ionization, if the electrons, with
mass m, density ne and charge e, are slightly dis-
placed from the almost static ions, electric fields
will be generated in such a direction so that the
electrons are pulled back to their original positions
around which they will oscillate [5]. The frequency
of those oscillations is called plasma frequency, is
denoted by !p and it is given by

!p =

s
nee

2

✏0m

✏0 ! 1
=

r
nee

2

m
(6)

In a plasma, both Maxwell Equations (Eqs.4) and
the Klein-Gordon Equation (Eq.5) have to be consis-
tent with the equations for the sources, whose charge
density is ⇢ = �e(ne�ni), ni is the ion density, and
velocity field is u = �Je/(ene). Henceforth, we get
the motion equations in a plasma, that are Eqs. 7

@tne +r · (neve) = 0,

m(@tve) = er�. (7)

III. THIN WIRE MATERIALS

Restating the introduction, the axion-photon cou-
pling is very weak, which increases the difficulty
of detecting axions. As an alternative, since the
surface plasma modes of metallic conductors inter-
act strongly with incident charged particles, we will
turn our attention to the coupling of axions to sur-
face plasmons of metallic wires. Moreover, the fact
that metallic materials can be operated at cryogenic
temperatures also contributes to the success of ax-
ion detection, since it controls the Signal to Noise
ratio (S/N) of the experimental results.

Whereas metals may look appealing, they are not
an option as it is not possible to induce magnetic
fields in the interior of a metallic object. We need
to find a material that preserves the wanted char-
acteristics of metals, but where we can create and
control a static magnetic field. If we use a lattice of
parallel thin wire conductors of radius r, evenly dis-
tributed with spacing a, such that log(a/r) >> 1, as
exemplified in Fig.1, they will operate as an effective
medium with dielectric constant [6, 7].

r

a

a

I

I

I

I

I

I

I

I

Figure 1: Evenly spaced wire conductors with ra-
dius r and spacing a. The arrows represent the cur-
rent that is flowing through part of the conductors.
The different coloring also highlights that not all the
wires are electrified.

There is also another advantage associated with
these metamaterials; their plasma frequencies are
lower than those of discharge plasmas and can be
manipulated, allowing us to tune our axion masses.

Since we are constraining our electrons to move
in thin wires there are some effects that have to be
taken in consideration. Firstly, the electron density
in the metamaterial has to be changed by a geomet-

2

!B

!B

!p =
c

a

s
2⇡

ln(a/r)

(0.1 — 10 THz)

Stacked 
(C. Alfisi | EPJP - accepted) 

Metaplasma 
(Under construction)
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PART II 

Axions in inhomogeneous plasmas
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The plasma in the atmosphere of magnetars is inhomogeneous

Goldreich-Julian

B(r) = B0

(r0
r

)3
f(ω, ωm,ε)

ωE+
1

c
J→B = 0

n(r) =
2ωB0

2ε

(r0
r

)3
f(ϑ, ϑm,ϖ)
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Axion dark matter may convert into photons

ω
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Axion-photon conversion in NS

H. Terças | Apr 2026

Adiabatic conversion of axions into photons

mω → ωp

Photon conversion radius 

rc,ω = r0

(
ωp

mε

)1/3

f1/3
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Axion-photon conversion in NS

dPω

d!
→ 1

2

g2B2
c,ω

mε
ω(DM)
c,ω Vc,ω

Radiated power per solid angle

Telescope flux density at Earth

Sω =
1

d2!ω

dPω

d”
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Projected sensitivity
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Signal-to-noise ratio (SNR)

Sω,min = SNRmin
SEFD√

npol!ωεobs

Estimations for a magnetar 
SGR J1745-2900

ω d = 8.5 kpc

ω ε = 3.76 s

ω B0 = 1.6→ 109 T

ω εp → 10→3 eV

ω εobs = 100 h

10 7 10 6 10 5 10 4

10 16

10 14

10 12

10 10

m eV

g
G

eV
1

QCD

Hook et al.

CAST

AD
M

X

ADMX

(proj.)

Hook et al, PRL 120 (2018)
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The plasmon case…
Plasmons (longitudinal photons) do not radiate: do they count?

Landau 
damping

Investigate axion-plasmon polaritons near resonance

r = rc + ω, k = kc + ε

ω2!

ωε2
+

(
ϑ +

1

2
→ ε2

4

)
! = 0

Weber equation
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Plasmon conversion radius
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Plasmon transmission coefficient 
Landau-Zener

Tplasmon = 1→ Taxion = 1→ exp

(
ωg2B2

c

2aωbe

)

Landau 
damping

Plasmon conversion radius 

rc,p → r0

(
4ω2

p ↑ g2B2
0

4m2
ω

)1/6

f1/3

Tplasmon = 1
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Non-radiative correction

Corrected power (non-radiative channel)

37

dP(corr)
ω

d!
→ dPω

d!

[
1↑

(
1↑ g2B2

0

4ω2
p

)1/2
]

10 7 10 6 10 5 10 4
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10 14

10 12

10 10

m eV

g
G

eV
1

QCD

Hook et al.

THIS WORK

CAST

AD
M

X

ADMX

(proj.)

Terças, Mendonça, Bingham, PRL 135 (2025)

Important sensitivity decrease 
towards  

EXCLUDED REGIONS
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What could go wrong?
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1. Strong-field effects

LEuler→Heinsenberg = ω

[
F2 +

7

4
G2

]
+ ε [(ϑµF

µω)(ϑεF
ε
ω )→ Fµω↭Fµω ]

2. Electron-positron pair production 

Im!L =
m4

e

8ω

→∑

n=1

(→1)n

n2

[
nωE

B
coth

(
nωB

E

)]
exp

(
→nωm2

e

|e|E

)
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Pretty much nothing!
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Corrections to the local plasma frequency are negligible

0.1 1 10 100 1000 104
1.000

1.002

1.004
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1.008

1.010

B0 /Bc

ω
p/
ω
p
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What’s next

• Investigate EM instabilities with axions (Weibel) 

• PIC simulations with axions (HELP NEEDED!) 

• Look for active production of axions in “meta-plasmas” 

• Understand the axion-electrodynamics controversy

Lstandard → gωF̃µωF
µω vs. Ldual → gω

(
Fµω F̃

µω +GµωG̃
µω
)

Visinelli, MPL A 28 (2013)
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Thank you! 

(And thank you, Thomas!)


