
M.C. DAVID MARSH 
STOCKHOLM UNIVERSITY


MITP VIRTUAL WORKSHOP "SHOOT FOR THE STARS, AIM FOR THE AXIONS"

PROBING  
AXION-LIKE PARTICLES 

WITH  
X-RAY ASTRONOMY

7/11, 2022



Axel Brandenburg

C
am

br
id

ge

James Matthews Julia Sisk-Reynes Christopher Reynolds Helen Russell

St
oc

kh
ol

m

Pierluca Carenza Eike MüllerRamkishor Sharma

Main collaborators



Motivation

Axions are among our best guesses for what can lie beyond the SM. 

Astrophysics can be extremely sensitive to axions: 
we already reach into well-motivated territory where axions may live.

The Standard Model (SM) of particle physics is incomplete.

It’s conceivable that we will see mounting evidence for ALPs from astrophysics: 
may provide clear experimental target.



Outline

1. What I didn’t know that I didn’t know about axion-photon conversion  
 

2. Where we are, and where we are going, with X-ray constraints on ALPs



in a magnetised plasma

<latexit sha1_base64="v+5vEWvkvPVlmBxaIeN/YOLCWEI="></latexit>

i
d

dz
 (z) = (H0 +HI) (z) ;

<latexit sha1_base64="c64tgkQbr0vS74Li659sRNwwgzY="></latexit>

 (z) =

0

@
Ax

Ay

a

1

A

<latexit sha1_base64="a0JMo7tboAg8Nz+o9Ka79JIEJ4Q="></latexit>

H0 = � 1

2!

0

@
!pl(z)2 0 0

0 !pl(z)2 0
0 0 m

2
a

1

A

<latexit sha1_base64="WuJb/7RCFtztsY6Fyhg8+ziFOOU="></latexit>

HI =
ga�

2

0

@
0 0 Bx

0 0 By

Bx By 0

1

A ;

Classical ALP-photon mixing

Schrödinger-like equation 
for relativistic ALPs
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Classical field theory:

[Raffelt, Stodolsky]



Perturbative formalism
Small amplitude oscillations motivate perturbative solutions.

Simplest case: <latexit sha1_base64="3OcV2n3Nt4f0D8ePi43ImhQ0IRA="></latexit>

ma > !pl
<latexit sha1_base64="CMNoOQZHVWLFAsgulnc6U+8AGCI="></latexit>

P�a(⌘a) =
g2a�
4

|B̃i(⌘a)|2
<latexit sha1_base64="hmUiHXcdQHFz3ZrSt1mNkgYrxb8=">AAACG3icbZDPihNBEMZ7ou7GqGtWjyI0GwRPYSYs6mUhrBePEcwfyGSHmk5N0qR7ZuiuWQjDnHwOH2Cv7iPsTbzuYZ/A17Dz52ASP2j4+KqKqv7FuZKWfP/Bqz16/OTouP608ez5i5OXzdNXA5sVRmBfZCozoxgsKplinyQpHOUGQccKh/Hi86o+vEZjZZZ+o2WOEw2zVCZSALkoar4NkSCCCx4mBkSpI7jqVGUnzDTOoIqaLb/tr8UPTbA1LbZVL2r+CaeZKDSmJBRYOw78nCYlGJJCYdUIC4s5iAXMcOxsChrtpFx/o+LvXDLlSWbcS4mv038nStDWLnXsOjXQ3O7XVuH/auOCkk+TUqZ5QZiKzaKkUJwyvmLCp9KgILV0BoSR7lYu5uB4kCO3syU2sECqGg1HJtjncGgGnXbwoX3+9bzVvdwyqrM37Iy9ZwH7yLrsC+uxPhPsO7thP9mt98O78355vzetNW8785rtyLv/C2PsoT0=</latexit>

⌘a =
m2

a

2!
<latexit sha1_base64="SpOwwIce4VvQleWLMBiqV2+ofeY="></latexit>

B̃i(⌘a) =

Z L/2

�L/2
dz Bi(zẑ)e
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[DM et al.]
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Magnetic field Amplitude

ProbabilityAutocorrelation
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[Gianotti’s talk]
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The general case for 
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[DM et al.]
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Useful?

Yes!

Conceptually: what really matters for axion-photon conversion

Computationally: the first F in FFT stands for fast



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 (~Mpc). 
 
Magnetised (μG).


Long coherence lengths (~kpc).


 
 
 
Unsuppressed conversion ratios: 



X-ray searches for ALPs

Improvements over past decade:

[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.]

[Wouters, Brun]  1. Better data 

2. More sources (analysed by several groups) 

3. Better stat. methods 

4. Better magnetic field models 

5. ML techniques explored



Precision spectra

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

Chandra observation 
of NGC 1275

Amplitude of hypothetical oscillations must be ≲5%

Diffraction grating spectroscopy using Chandra

(cf. quasar H-1821: ≲2.5%).



[Sisk Reynes et al.] 

Strongest limits by an order of magnitude

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



Perturbative formalism: applicability

[Matthews et al.]



Plasma density of the intracluster medium (ICM)

4 J.S. Sanders, A.C. Fabian and R.J.H. Dunn

Figure 2. (Top) Abundance map of the cluster with radio contours over-
laid. The 1-σ statistical uncertainties on the abundances range from around
0.06 Z! in the centre to 0.1 Z! at the outside. The radio map was taken us-
ing the VLA in A configuration at 330 MHz for 21-ks (programme AP001).
The radio contours are between 0.003 and 8 Jy beam−1 in 6 logarithmic
steps, with a beam width of 6.25× 6.25 arcsec. (Bottom) Abundance map
detail using bin accretion technique. The uncertainty of the metallicity of
each region on the edge of the rim is around 0.1 Z!. The map is smoothed
with a Gaussian of width 6 arcsec. The scale below each graph shows the
full range of values in the data, but the colours have been chosen to highlight
the high abundance shell.

Figure 4. Hα image of the south of the core of the Perseus cluster (Con-
selice et al 2001). This image was taken using the Wisconsin-Indiana-Yale-
NOAO (WIYN) telescope . The large and small filaments are indicated with
the box and circle, respectively.

Figure 5. Smoothed full band X-ray image showing the regions used to
generate the profiles in Fig. 6.

Sanders et al (2004), truncating it at 0.3 Z! above 120 kpc. Using
these profiles, we simulated a ∼ 600×600×1000 arcsec3 volume
(∼ 220×220×360 kpc3; where the z direction is along the line of
sight) of the cluster. In regions of ∼ 4×4×8 arcsec we generated
a simulated spectrum for the plasma at that radius using MEKAL,
PHABS and XSPEC. We extracted the photons which made up each
spectrum, randomising their position on the cuboid projected on
the sky. Using these photons, we populated an event file suitable
for analysis with the CIAO tools. We added X-ray background pho-
tons from a faked spectrum generated using a three-powerlaw fit to
the Chandra blank-sky background spectrum.

In Fig. 8 (top), a radial profile shows the average measured

c© 0000 RAS, MNRAS 000, 000–000

Sanders et al. 2005

Status: ALP searches so far only used smooth analytic 
model from de-projection.

Churazov et al. 2003
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The ICM is turbulent: Kolmogorov-like spectrum of fluctuations, moderate-to-high 
Reynolds number

Perseus



Cluster magnetic fields
Coherence lengths: kpc 

Field strengths: 1-25 μG at centre

Taylor et al. 2006
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Full magnetic field not knowable — must marginalise over.  
Construct models consistent with Faraday RMs.

Rotation measures



Modelling the magnetic field

Status: standard practice for ALP 
searches (& Faraday RM studies)

One dimensional cell models



<latexit sha1_base64="nCWAX8JOGwTHS/lDx3FIjzCUOcA=">AAACEHicbVBLSgNBEO2Jvxh/Y1y6aQyCqzAjii6DblxGMImQCUNNp5M06e4ZunskYZhLeAC3egR34tYbeAKvYeezMIkPCh7vVVFVL0o408bzvp3C2vrG5lZxu7Szu7d/4B6WmzpOFaENEvNYPUagKWeSNgwznD4mioKIOG1Fw9uJ33qiSrNYPphxQjsC+pL1GAFjpdAt18Ms6IMQEI5wYGIMeehWvKo3BV4l/pxU0Bz10P0JujFJBZWGcNC67XuJ6WSgDCOc5qUg1TQBMoQ+bVsqQVDdyaa35/jUKl3ci5UtafBU/TuRgdB6LCLbKcAM9LI3Ef/z2qnpXXcyJpPUUElmi3opx/bHSRC4yxQlho8tAaKYvRWTASggxsa1sCVSMKQmL5VsMv5yDqukeV71L6ve/UWldjPPqIiO0Qk6Qz66QjV0h+qogQgaoRf0it6cZ+fd+XA+Z60FZz5zhBbgfP0CuL+cmA==</latexit>

P�x!a

Magnetic field Amplitude

ProbabilityAutocorrelation
<latexit sha1_base64="70zSGccaRQTnTuEq7h2zU9n0IlU=">AAACHHicbVDLSgMxFM1YH3V8tbp0EyyCqzIjoi5L3bisaB/QlpJJ79QwSWZIMkoZ5hPc6s6vcSduBf/G9LGwrQcSDufcy733BAln2njej7NWWN/Y3Cpuuzu7e/sHpfJhS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPoZuK3n0BpFssHM06gL8hIspBRYqx0Twf1QaniVb0p8Crx56SC5mgMyk6hN4xpKkAayonWXd9LTD8jyjDKIXd7qYaE0IiMoGupJAJ0P5vumuNTqwxxGCv7pMFT9W9HRoTWYxHYSkHMo172JuJ/Xjc14XU/YzJJDUg6GxSmHJsYTw7HQ6aAGj62hFDF7K6YPhJFqLHxLEwJFInA5K7bk/BMYyGIHGa9IMoz+4c4yq3l2tj85ZBWSeu86l9WL+4uKrX6PMAiOkYn6Az56ArV0C1qoCaiaIRe0Ct6c96dD+fT+ZqVrjnzniO0AOf7F+FzoC8=</latexit>cB

<latexit sha1_base64="0Fk7Cun6CP4WdYDzPBZJ2ko44r0=">AAACIXicbVBNSwMxEM367fpV9eglWARPZVdEPYqCeFSwttAtZTad1bBJdkmySln2T3jVm7/Gm3gT/4xp7UFbHyQ83pthZl6cC25sEHx6M7Nz8wuLS8v+yura+kZtc+vWZIVm2GSZyHQ7BoOCK2xabgW2c40gY4GtOD0f+q0H1IZn6sYOcuxKuFM84Qysk9plxEDQi6pXqweNYAQ6TcIxqZMxrnqb3mzUz1ghUVkmwJhOGOS2W4K2nAms/KgwmANL4Q47jiqQaLrlaOGK7jmlT5NMu6csHam/O0qQxgxk7Col2Hsz6Q3F/7xOYZOTbslVXlhU7GdQUghqMzq8nva5RmbFwBFgmrtdKbsHDcy6jP5MiTWkaCvfjxQ+skxKUP0yitOqdH9C08pZvostnAxpmtweNMKjxuH1Yf30bBzgEtkhu2SfhOSYnJJLckWahBFBnsgzefFevTfv3fv4KZ3xxj3b5A+8r2/kZqJH</latexit>F

<latexit sha1_base64="uiafwt5YcoruB01BgaDlKTrBOf0=">AAACJXicbVDLSsRAEJz4Nr716GVwETwtiYh69HHxqOC6wmaVzmxHh8xMwsxEWWJ+w6ve/BpvInjyV5x9HNzVgm6Kqm66qTgX3Ngg+PImJqemZ2bn5v2FxaXlldW19SuTFZphg2Ui09cxGBRcYcNyK/A61wgyFtiM09Oe33xAbXimLm03x7aEO8UTzsA6KXoqIwaCHldPN7u3q7WgHvRB/5JwSGpkiPPbNW8y6mSskKgsE2BMKwxy2y5BW84EVn5UGMyBpXCHLUcVSDTtsv90Rbed0qFJpl0pS/vq740SpDFdGbtJCfbejHs98T+vVdjksF1ylRcWFRscSgpBbUZ7CdAO18is6DoCTHP3K2X3oIFZl9PIlVhDirby/UjhI8ukBNUpozitStcTmlbO8l1s4XhIf8nVbj3cr+9d7NWOToYBzpFNskV2SEgOyBE5I+ekQRjJyTN5Ia/em/fufXifg9EJb7izQUbgff8AHrSj8g==</latexit>

|A|2

<latexit sha1_base64="0Fk7Cun6CP4WdYDzPBZJ2ko44r0=">AAACIXicbVBNSwMxEM367fpV9eglWARPZVdEPYqCeFSwttAtZTad1bBJdkmySln2T3jVm7/Gm3gT/4xp7UFbHyQ83pthZl6cC25sEHx6M7Nz8wuLS8v+yura+kZtc+vWZIVm2GSZyHQ7BoOCK2xabgW2c40gY4GtOD0f+q0H1IZn6sYOcuxKuFM84Qysk9plxEDQi6pXqweNYAQ6TcIxqZMxrnqb3mzUz1ghUVkmwJhOGOS2W4K2nAms/KgwmANL4Q47jiqQaLrlaOGK7jmlT5NMu6csHam/O0qQxgxk7Col2Hsz6Q3F/7xOYZOTbslVXlhU7GdQUghqMzq8nva5RmbFwBFgmrtdKbsHDcy6jP5MiTWkaCvfjxQ+skxKUP0yitOqdH9C08pZvostnAxpmtweNMKjxuH1Yf30bBzgEtkhu2SfhOSYnJJLckWahBFBnsgzefFevTfv3fv4KZ3xxj3b5A+8r2/kZqJH</latexit>F

high η low η

Smooth v Regular



Gaussian random fields

Status: ‟state-of-the-art”[Carenza et al.] [Angus et al.] 

B P



GRF v cell-models

[Matthews et al.]
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Structure and phases

[Maron, Goldreich] Is ALP-photon conversion independent of MHD structure?



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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Statistics at fixed energy
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Analytic probability distribution for GRF using ergodic theorem: 

Want: statistical properties from ensemble of trajectories 



Heavy-tailed MHD distributions
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Analytic GRF prediction for

GRF: 
 
S = 2 
K = 9

Skewness & kurtosis:

MHD:
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Holds for arbitrary masses, polarisations
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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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Same for MHD and GRF

Larger conversion from MHD 
— suggest existing limits conservative 



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.

Observational prospects good: next-generation missions will be more sensitive; 
make new ways to constrain ALPs possible.


