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Axion-like particles
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— from negligible to large

[cf. Francesc’s talk]

How can we use astrophysics to 
probe this theory?



in a magnetised plasma
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Classical ALP-photon mixing

Schrödinger-like equation 
for relativistic ALPs



The photon disappearance channel
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[Sikivie],  
[Raffelt, Stodolsky]



Galaxy clusters are ideal axion-photon converters
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Largest gravitational bound objects (~100s kpc). 
 
Magnetised (μG).


Long coherence lengths (~kpc).


Luminous sources (AGNs, quasars).  
 
 
Unsuppressed conversion ratios: 



Precision spectra

[Reynolds, DM, et al.]  
[Sisk-Reynes et al.]

Chandra observation 
of NGC 1275

Amplitude of hypothetical 
oscillations must be ≲2.5%.



[Sisk Reynes et al.] 

Strongest limits by an order of magnitude

[Reynolds et al.] 
[Marsh et al.] 
[Wouters, Brun] 



10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

g
|[

G
eV

°
1 ]

KSVZ

DFSZ

X-rays

Ionisation
fraction

BBN
+N

effEBL

COBE/FIRAS

Globular clusters

Solar n

W
hi

te
dw

ar
fs

A
D

M
X

H
A

Y
STA

C

SHAFT

O
R

G
A

N

R
B

F+U
F

C
A

PP

Q
U

A
X

B
A

SE

A
D

M
X

SLIC

CAST

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe

DSNALP

Hydra

M87

Mrk 421

FermiStar

clu
ste

rs

Chandra
SN1987A

HESS HAWC

MWD X-rays

MWD
Polarisation

SN1987A (g)

SN1987A
(n)

M
U

SE V
IM

O
S

XMM-Newton

Leo T

Neutron stars

ABRA
10 cm

Context

[cajohare.github.io/axionlimits/] 

[Wouters, Brun],  
[Conlon et al.],  

[Berg et al.],  
[DM et al.],  

[Reynolds et al.],   
[Chen, Conlon],  

[Day, Krippendorf],  
[Sisk Reynes et al.], 

[Matthews et al.], 
[Schallmoser et al.]



Magnetic field models

Status: standard practice

Status: ‟state-of-the-art”



How robust are these limits?

[Matthews et al.]



Dedicated MHD simulations: time-evolution

L3 = (200 kpc)3  
#lattice points = 5123  
periodic bc, external forcing 
Dynamo-enhanced, 
turbulent magnetic field [Carenza et al.]



GRF v MHD
Red:
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|B| > 3Brms
(same power spectrum)



Heavy-tailed MHD distributions

<latexit sha1_base64="EiJ4vCf8Q9SmCchnZd25ICieDgU=">AAACHXicbZDPSiNBEMZ7/LNq1DWrRw82GwRPYSYE9bIgevGoYFTIZIeaTk1s0j0zdNcIYZijz+EDeHUfYW/iVXwCX8NOzMF/HzR8fFVFVf/iXElLvv/szczOzf9YWFyqLa+s/lyr/1o/t1lhBHZEpjJzGYNFJVPskCSFl7lB0LHCi3h4NK5fXKOxMkvPaJRjT8MglYkUQC6K6lshEkTA//CQEgOi1BH8bVVlK8w0DqCK6g2/6U/Ev5pgahpsqpOo/hL2M1FoTEkosLYb+Dn1SjAkhcKqFhYWcxBDGGDX2RQ02l45+UjFt13S50lm3EuJT9L3EyVoa0c6dp0a6Mp+ro3D72rdgpL9XinTvCBMxduipFCcMj6mwvvSoCA1cgaEke5WLq7A8SDH7sOW2MAQqarVHJngM4ev5rzVDHab7dN24+BwymiRbbLfbIcFbI8dsGN2wjpMsBt2x+7ZP+/W++89eI9vrTPedGaDfZD39AqshqHl</latexit>

⌘a = m2
a

2!

Re
la

tiv
e 

fre
qu

en
cy

Conversion ratio

Analytic GRF prediction for

GRF: 
 
S = 2 
K = 9

Skewness & kurtosis:

MHD:
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Result generalises for arbitrary ALP mass



Non-Gaussianity

Mask large coherence lengths Mask high peaks

Two possible sources:



Non-Gaussianity
Typical predictions essentially set by average:
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Heavy tails come from larger-than-Gaussian higher-order correlations, i.e.
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4i etc.

Same for MHD and GRF

Larger conversion from MHD 
— suggest existing limits conservative 



Quantum ALP-processes 

ALPs that don’t couple to photons at tree-level still 
acquire an effective coupling from loops: 

Primakoff/inverse Primakoff
Coalescence/decay
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[Ferreira, Marsh, Müller]



Momentum-dependent coupling



Two applications

ALP dark matter decay Decay and cooling bound  
from SN1987A

[Ferreira, Marsh, Müller] 
Phys.Rev.Lett. 128 (2022) 22

[Ferreira, Marsh, Müller] 
arXiv:2205.07896 



Conclusions

Astrophysical probes can be very sensitive to ALPs.

MHD models will be the next state-of-the-art for ALP-photon conversion.

MHD structure suggests new observables.

Quantum processes can dominate — and have drastic consequences. 


