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Axions and axion-like particles generically couple to QED via the axion-photon-photon interaction. This 
leads to a modification of Maxwell’s equations known in the literature as axion-electrodynamics. The new 
form of Maxwell’s equations gives rise to a new parametric instability in which a strong pump decays 
into a scattered light wave and an axion. This axion mode grows exponentially in time and leads to a 
change in the polarisation of the initial laser beam, therefore providing a signal for detection. Currently 
operating laser systems can put bounds on the axion parameter space, however longer pulselengths are 
necessary to reach the current best laboratory bounds of light-shining through wall experiments.

Crown Copyright © 2023 Published by Elsevier B.V. This is an open access article under the CC BY 
license (http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

Despite the many successes of the Standard Model, it is thought 
to be incomplete. The strong sector of the Standard Model allows 
CP violation, which is constrained to cancel the electroweak contri-
bution by measurements of the electromagnetic dipole moment of 
the neutron [1,2]. This is known as the strong CP problem, which 
can be solved in an elegant fashion by introducing a new chi-
ral, anomalous U (1)PQ symmetry, as pointed out by Peccei and 
Quinn [3,4]. Such global symmetry, after spontaneously breaking 
at a high scale, dynamically drives the CP violating parameter θ̄ to 
0. The pseudo Nambu-Goldstone boson originating from the sym-
metry breaking process is called the axion [5,6]. It was pointed out 
that axion models can account for the dark matter content of the 
universe [7–9]. Axion-like particles (ALPs) may abundantly arise in 
extensions of the Standard Model, such as the low energy spec-
trum of String Theory [10,11]. In the following we will use the 
term axion to refer to both, the CP restoring QCD axion and ALPs.

Axions generically couple to Standard Model photons via a di-
mension 5 operator

Laγ γ = gaγ γ aE · B, (1)

with a coupling strength parametrized by gaγ γ . The inclusion of 
equation (1) modifies Maxwell’s equations [12]. Axion electrody-
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namics in vacuum has been widely applied to axion detection 
experiments (for a review see, e.g., [13]). A range of phenomena 
like the axion-photon mass mixing in magnetic field backgrounds 
[14,15] or axion sourced birefringence [16] are extensively studied 
in the literature.

The propagation of an intense laser beam receives corrections 
due to the presence of axions. As was investigated by the PVLAS 
collaboration, axions source birefringence [17] of light propagating 
through a strong constant magnetic field. This is a consequence of 
the altered dispersion relation [15]. In this work we extend pre-
vious analyses to look at systems in plane-wave backgrounds. We 
will demonstrate the existence of a new parametric decay instabil-
ity of one photon in the seed pulse into an axion and a secondary 
photon, satisfying

ω0 = ωγ + ωa and k0 = kγ + ka. (2)

Here, subscript γ denotes the scattered photon and a the axion. 
Physically, small fluctuations in the axion field source electromag-
netic fields. Such fields then interact with the pump pulse and 
source the axion field. Hence, a positive feedback is generated 
which leads to the growth of the axion fluctuations. A similar idea 
was investigated in [18] for the case of parametric excitation of ax-
ions, where a different ansatz is used for the time-dependence of 
the fields. Additionally, the stimulated decay of photons (or more 
specifically, plasmons) into axions have been considered in [19]. 
Mixing with electrostatic Langmuir modes can also lead to reso-
nant excitation of axions [20,21]. Another line of investigation aims 
at utilising the very large, quasi static electric fields obtainable by 
ticle under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded 
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laser plasma interactions to perform birefringence measurements 
[22].kb

Decay of a photon into a secondary photon and a massive axion 
in vacuum is not possible because of energy momentum conserva-
tion, however the intense background beam changes the disper-
sion relation thereby allowing such processes. From a field theo-
retic point of view, photons in a background of a highly occupied 
photon beam may decay into massive particles non-perturbatively 
[23].

The polarisation-dependent coupling (1) forces the scattered 
mode to have a polarisation orthogonal to the seed pulse. Hence, 
the laser polarisation depletes. This rate of polarisation change 
scales as gaγ γ , as opposed to the g2

aγ γ scaling of conventional 
birefringence or dichroism experiments [16].

This paper is organised as follows: In section 2 we derive the 
set of equations coupling the axion to electrodynamics in a strong 
pump background and combine them to find the dispersion rela-
tion of the system. In section 3 we solve the dispersion relation. 
For simplicity we limit our analysis to the co-linear limit and leave 
the general treatment for a later paper. In section 4 we comment 
on the significance of this axion-photon instability. Within the pa-
per we employ natural units with h̄ = c = kB = 4πε0 = 1.

2. Axion-photon dispersion relation

The axion-photon vertex (1) introduces a source and current to 
the vacuum Maxwell’s equations [12,14]

∇ · E = gaγ γ (∇a) · B,

∇ · B = 0,

∇ × E = −∂tB,

∇ × B = ∂tE + gaγ γ (E × ∇a − B∂ta) .

(3)

The electric and magnetic fields in the axion photon coupling term 
(1) are defined as

E = −∂tA − ∇φ,

B = ∇ × A.
(4)

We employ Coulomb gauge ∇ ·A = 0, and work in the colinear limit 
where all momenta, are parallel to find the wave equations for the 
gauge potentials(
∂2

t − ∇2
)

A = gaγ γ ∇ × (a∂tA) (5)

and

∇2φ = 0. (6)

In this colinear limit, we may use the residual gauge freedom to 
set φ = 0. The remaining equation of motion for the axion is then(
∂2

t − ∇2 + m2
a

)
a = gaγ γ (∂tA) · (∇ × A). (7)

We perform a linear stability analysis by setting

A = A0 cos (ω0t − k0 · x) + Ã, a = ã, (8)

where Ã, ã � A0. Note that this assumption is only valid for early 
times before the instability turns strongly non-linear. To solve this 
system of coupled partial differential equations, we first perform a 
spatial Fourier transform of all fields

f (k, t) ≡
∫

f (x, t) e−ik·x d3x

(2π)3/2
(9)

to find a coupled set of linearised ordinary differential equations
2

(
−∂2

t − k2
)

Ã (k, t) = −gaγ γ
ω0

2
(k × A0)

(
ã−e−iω0t − ã+eiω0t

)
,

(10)(
−∂2

t − k2 − m2
a

)
ã (k, t)

= gaγ γ

2
A0 · [eiω0t (ω0k+ − ik0∂t) × Ã+

− e−iω0t (ω0k− − ik0∂t) × Ã−
]
, (11)

with subscript ± denoting the dependency on k ± k0.
To analyse the coupled system’s behaviour we make an Ansatz 

for the temporal dependency of the fields

f (k, t) = f (k) e−iω(k)t (12)

which reduces the differential equations (10) and (11) to algebraic 
equations in the fields. They are solved for frequencies satisfying 
the dispersion relation

Da(ω,k) = g2
aγ γ A2

0

4
ω0 (ω0k − ω(k)k0)

(
k−
Dγ

−
+ k+

Dγ
+

)
, (13)

where k = |k|, Da(ω, k) ≡ ω2 −k2 −m2
a , Dγ

± ≡ (ω±ω0)
2 −(k ±k0)

2, 
and functions of (ω ± 2ω0, k ± 2k0) are neglected as off-resonant 
and hence sub-dominant.

The rest of the paper is concerned with an investigation of this 
dispersion relation. The analysis follows the spirit of [24] who are 
investigating parametric instabilities of electromagnetic waves in 
plasma.

3. Growth rate

We would now like to solve equation (13) for real k, while 
allowing complex ω. The dispersion relation is a 6th-order poly-
nomial in ω. Immediately the two real roots ω(k) = k can be dis-
carded in the following as we are interested in unstable modes. 
Such unstable modes are characterised by a complex frequency 
with non-vanishing imaginary part 	 ≡ � (ω) which defines the 
growth rate. We proceed by working with the remaining 4th-
order polynomial and splitting ω into its real and imaginary parts 
ω(k) = ωa(k) + i	(k) for ωa(k), 	 ∈R. The resulting real and imag-
inary equations are linearly independent and must be satisfied 
individually.

The imaginary equation is a cubic polynomial in the growth 
rate 	 with one trivial solution 	 = 0 and two non-trivial ones

	 = ±
√

3kω2
a + 2ω3

a − 4ωaω
2
0 − k3 − m2

a(ωa + k) + g2
aγ γ A2

0kω2
0

k − 2ωa
.

(14)

From our ansatz (12) we know that a positive 	 corresponds to 
growth, hence we focus only on the positive root. We know that 
the axion field grows because of the positive feedback through the 
E · B coupling which feeds energy into the axion mode at the ex-
pense of the seed beam. After substitution of 	 into the real part 
of the equation we are then left with a single algebraic equation 
for ωa(k). Fig. 1 shows that in our case, the frequency ωa(k) is very 
small and thus motivating an expansion in ωa , which we find to 
be

ωa(k) = k
(gaγ γ A0)

2

4

(
(gaγ γ A0)

2

4
−

(
ma

ω0

)2
)

. (15)

Here we dropped terms of order 6 in (gaγ γ A0), (ma/ω0) and k as 
being small. We may then express the growth rate as
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Fig. 1. The plot shows the growing solution to the dispersion relation (13). The blue 
solid curve shows the real part ωa(k) corresponding to the modes frequency while 
the dashed yellow curve depicts the growth rate 	. Note that here we included 
the O(k2) contributions to show the cutoff. As a reference we include the vacuum 
dispersion relation for an axion with the same mass in dotted green. For illustration 
purposes we have chosen ma/ω0 = 10−3 and gaγ γ A0 = 10−3. We see that even for 
such large values, the axion frequency is negligibly small.

	(k) = ω0

√
(gaγ γ A0)2

4
−

(
ma

ω0

)2

−
(

k

k0

)2

, (16)

where we have again dropped higher order terms in (gaγ γ A0), 
(ma/ω0) and (k/k0).

Upon a closer look at (16) the qualitative behaviour of the nu-
merical solution depicted in Fig. 1 is recovered. We find growth 
below a cutoff in k which is defined by

kcutoff = k0

√
(gaγ γ A0)2

4
−

(
ma

ω0

)2

(17)

at which point 	 becomes imaginary and our solution breaks down 
because the two equations we generate from (13), one real and one 
imaginary, are only linearly independent for ωa(k), 	 ∈ R. Once 
the above threshold is passed, the only solution satisfying this 
criterion has 	 = 0 which matches the numerical solution. The 
growth rate is essentially constant in k < kcutoff and in the fol-
lowing we will suppress the dependence of 	. (16) also reveals a 
second cutoff for ma/ω0 > gaγ γ A0 above which no instability is 
found.

From (15) we know the phase velocity of the unstable modes

va = ∂ωa(k)

∂k
= (gaγ γ A0)

2

4

(
(gaγ γ A0)

2

4
−

(
ma

ω0

)2
)

, (18)

which can be much less than the speed of light even for massless 
ma = 0 axions.

4. Discussion and application

A possible search experiment based on the above discussion 
utilises lasers to drive the instability. The frequency of any grow-
ing axion mode is very small and thus does not greatly affect the 
frequency or total energy of the pump beam. The most suitable 
observable is instead the polarisation of the pump beam. By the 
nature of the E · B coupling, any seed-photon which decays into an 
axion, will also produce a photon of opposite polarisation.

The set-up in mind consists of a pump pulse polarised in x̂ and 
a weaker probe with polarisation in ŷ. As long as no axion field is 
3

present, E ·B = 0 for two colinear electromagnetic plane waves. Be-
cause realistic laser fields are focused, there will always be modes 
present with a small but nonzero angle between the momenta. 
Two such modes have a non-zero E · B sourcing an axion field. As 
soon as the axion field is present, the equations of motion for the 
electromagnetic fields are no longer linear and E · B �= 0. The part 
of the axion field propagating co-linear with the two initial laser 
beams is then well described by our equations and participates in 
the instability.kb

The axion field is sourced from the coupling of a mode from 
the seed pulse with frequency ω0 and one from the probe at ω1 =
ω0 +ωa . The axion field’s source at the difference frequency is then 
(7)

gaγ γ ω0A0 ·
[
(k0 + k1) × Ã

]
eiωat−i(k1−k0)·x (19)

where we used the fact that ωa � ω0 and assumed Ã(ω0) =
Ã(ω0 + ωa), an assumption which is justified once again by the 
smallness of ωa . For this axion mode to cross the unstable dis-
persion shown in 1, we require the momentum to fall below the 
threshold (17) which translates into an upper bound for the colli-
sion angle α

|k1 − k0| 	
√

2ω2
0 (1 − cosα) 	 ω0α <

gaγ γ A0ω0

2
. (20)

The upper bound on the collision angle is very small, hence there 
will exist two photons colliding at such an angle in any realis-
tic focused laser even if the focus is very long. Hence, two pho-
tons of appropriate frequency ω0 − ω1 = ωa colliding at an angle 
α < gaγ γ A0/2, source an axion field whose dispersion matches the 
unstable dispersion (15). Because ωa � ω0 the two photons almost 
have the same frequency and if they collide symmetrically, the re-
sulting axion is co-linear with the beam axis. From here our above 
equations apply and describe the growth of this field.

To estimate the change in polarisation we start by defining the 
initial polarisation of the electromagnetic field produced by the 
strong pump and weaker probe beam. The superposed gauge field 
is A0 + Ã± and we define the resulting electric field’s polarisation 
plane to be x̂. The probe field grows with the axion field and there-
fore the polarisation plane, as given by the superposed gauge fields 
at time t ,kb changes to x̂ − εe	t ŷ which is at an angle

ϑ ∼ εe	t (21)

compared to the initial polarisation. Here, ε ∝ (gaγ γ A0)
3, one fac-

tor of the coupling from the source of equation (5), one from the 
axion source (7) and one from the angle α between the seeding 
photons (20). The rest of the functional dependence can in princi-
ple be obtained from the equations of motion, however as will be 
clear below, they do not affect the achievable bounds significantly 
because the most important part is the exponential. The timescale 
of growth t will be set by the laser pulse length τ . The growth rate 
(16) depends on the laser parameters

	 = 3 × 107 s−1
(

gaγ γ

10−8 GeV−1

)(
I

1023 W/cm2

) 1
2

. (22)

The intensity achievable depends on the focal spot size and must 
be maintained for long enough distances to encompass the wave-
length of the unstable axion mode λa ≥ k−1

cutoff. We can estimate 
that distance by

λa ≥ 10 m

(
gaγ γ

−8 −1

)−1 (
I

23 2

)− 1
2

(23)

10 GeV 10 W/cm
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Fig. 2. Axion exclusion plot indicating past experiments and the current work. The 
coloured regions correspond to purely laboratory based experiments while in grey-
scale we indicate astrophysical and dark matter bounds. In yellow results from 
light-shining through wall experiments are shown [29,30]. The dark grey region is 
excluded by the ABRACADABRA collaboration [31] looking for dark matter axions. 
The dashed black line indicates CAST constraints [32]. The lighter grey regions are 
excluded by the Chandra telescope [33], observations made on the SN1987A super-
nova [34], the Fermi LAT collaboration [35] and considerations of a Hot Neutron 
Star in HESS J1731-347 [36]. The solid red line indicates the reach of an experi-
ment as described in the main text with laser intensities of I = 1023 W/cm2 with 
pulselength τ = 10 fs. The dashed red line indicates the laser requirements to reach 
bounds similar to current LSW bounds.

The highest laser intensity currently running systems can generate 
is around I = 1023 W/cm2 and lasts for τ = 10 fs [25]; for a re-
view of current laser technology see [26]. Such intensities would 
correspond to a wavelength of λa = 9 m. Generating and main-
taining long laser focuses might be possible with a variety of ap-
proaches in the future. For example, recent plasma-waveguides are 
capable of maintaining a laser focus over 10 m scales [27,28]. It 
is also worth pointing out that the focus length decreases mildly 
with laser power, hence the problem will become marginally sim-
pler in the future. We will for now assume that a sufficiently long 
focus can be generated to proceed.

The e-folding time is readily found from (22) and must be com-
pared to the pulselength of a I = 1023 W/cm2 pulse which lasts 
for τ ∼ 10 fs. This restricts the couplings we can probe, assuming 
we are capable of measuring a polarisation change ϑ , by inverting 
(21) we find

gaγ γ ≥ 3.4×10−2 GeV−1
(

I
1023 W/cm2

)− 1
2 ( τ

10 fs

)−1
ln

(
ϑ

ε

)
.

(24)

The log gives an O(1) contribution for such large values of the 
coupling; it is not inconceivable to measure polarisation changes 
ϑ < 0.01 therefore ln ∼ 5 here. We also note that the axion wave-
length for such couplings decreases to 3 μm, a length scale which 
is very close to the 1.1 μm spot-size of [25]. We therefore conclude 
that such couplings could be measured today.

The instability cuts off at large masses, hence we are only sen-
sitive to masses satisfying

ma ≤ 2 × 10−8 eV

(
gaγ γ

10−8 GeV−1

)(
I

1023 W/cm2

) 1
2

. (25)

We find that such an approach would reach bounds as indicated 
by the red line in Fig. 2. While the bounds are within the exclu-
sion region of light-shining through wall (LSW)kb experiments it 
is worth stressing that our bounds on gaγ γ grow with laser en-
ergy and pulse length. To reach current LSW exclusion bounds, we 
would need to extend the duration of the high intensity pulse to 
4

10 ns (without increasing the intensity). Such long pulses are pos-
sible, however not currently in combination with high intensities.

It is worth mentioning that this approach can, unfortunately, 
not be used to probe the QCD axion. Here the coupling and mass 
are no longer independent but rather gaγ γ ∝ ma . To reach this we 
would need laser fields above the Schwinger critical field limit.

Another possible application of the axion-photon instability de-
scribed in this paper is within astrophysics. The very long wave-
length of the unstable mode naturally lends itself to macroscopic 
distances as are usually encountered in astrophysics. Possible ap-
plications remain to be investigated.

We would also like to point out that working beyond the per-
fect phase-matching condition (2) may lead to an enhanced sig-
nal. A phase mismatch may allow shorter wavelengths to become 
unstable, thus providing a measurable signal in laboratory exper-
iments, at the expense of a lower growth rate. This possibility is 
left for future work.
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