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|dn| < 1.8⇥ 10�26 e cm (90% CL)

) ✓ . 10�10
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Fermi (Galactic SN)
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Topological defects in the axion fifl



Topological 
defects produce 

relativistic axions

Axions free-
stream until 

non-relativistic

Ultra-small scale 
structures 
collapse

Axion 
miniclusters 

form



Tidal disruption?
→ About ~60% of the miniclusters should be 
disrupted at the solar position (big uncertainty on 
density profi
→ Disruption should re-fi


Indirect signals?
→ Collision of miniclusters with neutron 
stars, observe in radio [2011.05378]

→ Some miniclusters may be concentrated 
enough to microlense [2204.13187]

Not the end of the story…
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Axions



Hard to get large-
enough samples of spin-

polarised materials to 
compete with a star

Why? 

Spin-
dependent

Back to axions… fermion couplings, e.g. neutron
→ Hard to beat astrophysical bounds



Back to axions… fermion couplings, e.g. neutron
→ Hard to beat astrophysical bounds
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Pure laboratory tests of axion-fermion fi
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<latexit sha1_base64="qmiiR79O5mCP4a62EfL+q8ssgEc="></latexit>

Key point: any SM or BSM CP-violation (could be e.g. size of Jarlskog invariant of CKM matrix) could shift 
axion vev and generate CP-violating axion-fermion couplings in addition to the CP-conserving ones 

Monopole-monopole
(Spin independent)

Monopole-dipole
(Spin dependent)

Dipole-dipole
(Spin dependent)
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→ e.g. tests of inverse 
square law/WEP

→ Spin-mass forces e.g. 
ARIADNE/QUAX

→ Forces between spin-
polarised samples
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Monopole-dipole searches

Challenge: stellar bounds tightly constrain gp, and spin 
independent fifth force tests easily constrain gs: so Astro x 

Lab bound on these coupling combos are very strong

(Latest QUAX result 2011.07100)

ARIADNE QUAX

Conceptually similar, spin an unpolarised source mass near to a spin-polarised target 

Constrains: gp gs (nucleon-nucleon) Constrains: gp gs (electron-nucleon) 



Pure laboratory tests for monopole-dipole axion-mediated forces

Electron-nucleon coupling Nucleon-nucleon coupling

Hard to beat the astrophysical bounds, but ARIADNE projects that it will 

O’Hare & Vitagliano [2010.03889]
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Dark matter axions
behave like a classical fi a(x, t) ⇡

p
2⇢a
ma

cos (!t� p · x+ ↵)

! ⇡ ma

Oscillating at the axion mass

B-field



Axion electrodynamics

•Rewrite Maxwell’s equations 
with :J → J + Ja

r ·E = ⇢� ga�B ·ra

r ·B = 0

r⇥E = �@B

@t

r⇥B =
@E

@t
+ J� ga�

✓
E⇥ra� @a

@t
B

◆

<latexit sha1_base64="vlq8t/KukAP0D2Md1gTQFatSo+s="></latexit>

L = �1

4
Fµ⌫F

µ⌫ � JµAµ � ga�
4

Fµ⌫
eFµ⌫a

<latexit sha1_base64="LE6+zV0uArWSYTdc1YxenFtv9+0="></latexit>

•EL equation for photon shows we can interpret 
axion as the source of an effective current:

@µF
µ⌫ = J⌫ � ga� eFµ⌫@µa

<latexit sha1_base64="MrX8FpRb051zxrlB6IxGi1PSjzg="></latexit>

Jµ
a = ga�(�B ·ra, �E⇥ra+ @taB)

<latexit sha1_base64="+RJvfAc6VFEXaONMPXWLjzOFoUw="></latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ
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E = �rA0 � Ȧ
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B = r⇥A
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r ·B = 0
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Usually not important unless experiment larger than 
λdB ∼ (∇a)−1 ∼ (mav)−1 ∼ 103λc

(Most experiments are actually around  or smaller)λc ∼ 1/ma

Ampere’s law
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<latexit sha1_base64="i8iIiNi74OJBRLKe6oWI5WayTJc="></latexit>Axion-induced 
magnetic fi Axion-induced 

electric fi

Oscillating 
axion fi

Ampere’s law

→ Depends on size of Compton wavelength  relative to 
the size of some instrument, say (metres)

(1/ma)
𝒪

What kind of experiment do we need to measure this?



Haloscope strategies
< eV: Compton wavelength long relative to experiment. DC magnetic fi
fi

μ

r⇥Ba =
@Ea

@t
� ga�B0

@a

@t

~1-100 eV: Compton wavelength similar scale to experiment. Axion sources 
oscillating E&M-fi

μ

r⇥Ba =
@Ea

@t
� ga�B0

@a

@t

r⇥Ba =
@Ea

@t
� ga�B0

@a

@t

eV: Compton wavelength short relative to experiment. Axion 
generates radiation → arrange experiment to have constructive interference
≳ 100 μ
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Cavity haloscopes
Most well-developed technique. High-Q cavity 
with modes that couple to the axion giving strong 
narrow-band signal, a range of axion masses can 
be scanned using tuning rods
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ABRACADABRA/DMRadio [2102.06722]
→ essentially an LC-circuit. Axion effective 
current sources a B-field inside a pickup loop. 
Broadband and resonant capabilities
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MADMAX “Dielectric haloscope” [2003.10894]
Constructively add axion-induced radiation 
emitted by a series of dielectric surfaces. 
Tuneable via disk-spacing 



But there’s a complication: what about ?∇θ

 Cosmic strings from 
axion fi


⇒

2π ✓
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<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

⇡
<latexit sha1_base64="MMfoOZUbGzRkaB76umvTEWj+CN8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBRC43R</latexit>

String
 Domain walls 

between true/false 
vacuum (0 and )

⇒

π ⇡
<latexit sha1_base64="MMfoOZUbGzRkaB76umvTEWj+CN8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBRC43R</latexit> ✓
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String StringWall

θ1 θ2 θ3 Different causal patches take on 
different initial angles 
→ Field gradients!

<latexit sha1_base64="22kLej/ZHL8DfL5VCo0V0Keh4wc="></latexit>
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What do we need to do?
→ simulate

Evolve the 
axion fi

…on an 
expanding 

lattice…

…to measure the 
relic abundance of 

axions…

…and predict its 
present day 
distribution



The axion potential 

�(x) ⇠ |�(x)|ei✓(x)
<latexit sha1_base64="/P8KdXb7Z7gpev2jmiEhDPvMfKk=">AAACKnicbVBNS8NAEN3U7/oV9ehlsQh6KUkV9Fj14rGCVaGpZbOdtEs3H+xOxJL293jxr3jxoBSv/hA3NQetPhh4vDfDzDw/kUKj40ys0tz8wuLS8kp5dW19Y9Pe2r7Rcao4NHksY3XnMw1SRNBEgRLuEgUs9CXc+oOL3L99AKVFHF3jMIF2yHqRCARnaKSOfeYlfXHghQz7fpA9jg+pp0VIR7PyiMJ9JqiHfUD20xh37IpTdaagf4lbkAop0OjYr1435mkIEXLJtG65ToLtjCkUXMK47KUaEsYHrActQyMWgm5n01fHdN8oXRrEylSEdKr+nMhYqPUw9E1nfqOe9XLxP6+VYnDazkSUpAgR/14UpJJiTPPcaFco4CiHhjCuhLmV8j5TjKNJt2xCcGdf/ktualX3qFq7Oq7Uz4s4lsku2SMHxCUnpE4uSYM0CSdP5IW8kXfr2Xq1JtbHd2vJKmZ2yC9Yn19RH6fT</latexit>

Wine bottle Tilt

Radial dof: “saxion” 
Sets string width

�(x) ⇠ |�(x)|ei✓(x)
<latexit sha1_base64="/P8KdXb7Z7gpev2jmiEhDPvMfKk=">AAACKnicbVBNS8NAEN3U7/oV9ehlsQh6KUkV9Fj14rGCVaGpZbOdtEs3H+xOxJL293jxr3jxoBSv/hA3NQetPhh4vDfDzDw/kUKj40ys0tz8wuLS8kp5dW19Y9Pe2r7Rcao4NHksY3XnMw1SRNBEgRLuEgUs9CXc+oOL3L99AKVFHF3jMIF2yHqRCARnaKSOfeYlfXHghQz7fpA9jg+pp0VIR7PyiMJ9JqiHfUD20xh37IpTdaagf4lbkAop0OjYr1435mkIEXLJtG65ToLtjCkUXMK47KUaEsYHrActQyMWgm5n01fHdN8oXRrEylSEdKr+nMhYqPUw9E1nfqOe9XLxP6+VYnDazkSUpAgR/14UpJJiTPPcaFco4CiHhjCuhLmV8j5TjKNJt2xCcGdf/ktualX3qFq7Oq7Uz4s4lsku2SMHxCUnpE4uSYM0CSdP5IW8kXfr2Xq1JtbHd2vJKmZ2yC9Yn19RH6fT</latexit>
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<latexit sha1_base64="Y/RIZZbm8rVTpfPfE0mh4ivpKHc="></latexit>

Angular dof: “axion” 
Sets domain wall width

✓(x) = a(x)/fa
<latexit sha1_base64="BPeQmwXu4ni4egEASpt+4aDIxok=">AAACD3icbVC7SgNBFJ2Nrxhfq5Y2g0GJTdyNgjZC0MYygnlANoTZyWwyZPbBzF0xLPkDG3/FxkIRW1s7/8bZZAuTeGDgzDn3cu89biS4Asv6MXJLyyura/n1wsbm1vaOubvXUGEsKavTUISy5RLFBA9YHTgI1ookI74rWNMd3qR+84FJxcPgHkYR6/ikH3CPUwJa6prHDgwYkJLjExi4XvI4PsFXeOZ/6nVJ1yxaZWsCvEjsjBRRhlrX/HZ6IY19FgAVRKm2bUXQSYgETgUbF5xYsYjQIemztqYB8ZnqJJN7xvhIKz3shVK/APBE/duREF+pke/qynRNNe+l4n9eOwbvspPwIIqBBXQ6yIsFhhCn4eAel4yCGGlCqOR6V0wHRBIKOsKCDsGeP3mRNCpl+6xcuTsvVq+zOPLoAB2iErLRBaqiW1RDdUTRE3pBb+jdeDZejQ/jc1qaM7KefTQD4+sX5gyb7g==</latexit>
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Evolution of the axion fi
 in the post-infl

String network scaling

Domain walls attached to strings
→ network collapses

Inhomogeneous distribution of 
axions free streams until non-

relativistic  

Seeds of structure 
gravitationally collapse 

into halos

QCD

zeq

π−π

Λ4
QCD

V(θ)

Symmetry 
breaking



Large numbers of high-density 
oscillating lumps are seeded 

towards the end of the 
simulation

“Axitons”



Axitons

1710.08910

Dense branch (unstable)

Dilute branch
(Need gravity)

Axitons (aka oscillons)
• Quasi-stable solutions of the Sine-Gordon equation 

with a growing mass 
• Can also be thought of as the unstable transition 

between dilute and dense axion stars
• Size = 1/
• Eventually dissipate once the axion mass stops 

growing as 

m2
a(T) ∝ T−n

ma(T)

T → 0

Axion mass increasing with time 



Gravitational collapse

Initial conditions 
from 

fi

WKB approx. + 
Schrodinger-Poisson 

system for linear growth

N-body methods for 
non-linear gravitational 

collapse



Gravitational collapse of seeds 
left over by the axitons leads to 
the formation of ~AU sized 
clumps of axions with masses 

 

→ axion miniclusters

M ∈ [10−15,10−9] M⊙



Miniclustersz = 3400
<latexit sha1_base64="RTmz7olhYWFNSAORxdmvUf+Koi8=">AAACGHicdVDLSgMxFM34rPU16tJNsAguZJxpC20XQtGNywr2AdOhZNJMG5p5kGSEOvQz3Pgrblwo4rY7/8bMdASfB0IO59x7c3PciFEhTfNdW1peWV1bL2wUN7e2d3b1vf2OCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6bqTy9Tv3hIuaBjcyGlEHB+NAupRjKSSBvpZ0s+G2HzkOolp1M0Up7/I7O68UlXXQC+ZRiMDXJBaNScNC1pGVmyWQI7WQJ/3hyGOfRJIzJAQtmVG0kkQlxQzMiv2Y0EihCdoRGxFA+QT4STZTjN4rJQh9EKuTiBhpn7tSJAvxNR3VaWP5Fj89FLxL8+OpVd3EhpEsSQBXjzkxQzKEKYpwSHlBEs2VQRhTtWuEI8RR1iqLIsqhM+fwv9Jp2xYFaN8XS01L/I4CuAQHIETYIEaaIIr0AJtgME9eATP4EV70J60V+1tUbqk5T0H4Bu0+QfPMpve</latexit>

z = 270
<latexit sha1_base64="dLNgd/d0ZIKShT71+7OkxqN/WGA=">AAACF3icdVBLS8NAGNz4rPUV9ehlsQgeJCS10PYgFL14rGAfkIay2W7apZsHuxuhhvwLL/4VLx4U8ao3/42bNILPgYVhZr7db8eNGBXSNN+1hcWl5ZXV0lp5fWNza1vf2e2KMOaYdHDIQt53kSCMBqQjqWSkH3GCfJeRnjs9z/zeNeGChsGVnEXE8dE4oB7FSCppqBvJIL/E5mPXSUyjYWY4/kXSm9Nq3UyHesU0mjngnNRrBWla0DLyrFkBBdpD/W0wCnHsk0BihoSwLTOSToK4pJiRtDyIBYkQnqIxsRUNkE+Ek+QrpfBQKSPohVydQMJc/TqRIF+Ime+qpI/kRPz0MvEvz46l13ASGkSxJAGeP+TFDMoQZiXBEeUESzZTBGFO1a4QTxBHWKoqy6qEz5/C/0m3algnRvWyVmmdFXWUwD44AEfAAnXQAhegDToAg1twDx7Bk3anPWjP2ss8uqAVM3vgG7TXD1fXm6Y=</latexit>

0.05 pc/h
<latexit sha1_base64="pLHj6R1kbrKxesy2DFqd8b56bIg=">AAACInicdVBLSwMxGMz6rPVV9eglWAQPsmZrpe2t4MVjBfuA7VKyabYNzT5IskJZ1r/ixb/ixYOingR/jNltBZ8DgWHmm+TLuBFnUiH0ZiwsLi2vrBbWiusbm1vbpZ3djgxjQWibhDwUPRdLyllA24opTnuRoNh3Oe26k/PM715TIVkYXKlpRB0fjwLmMYKVlgalRtLPL7HFyHUSZNZRhuNfJEUmOruBSV/4MCLpyTgdlMrIbOSAM1KrzknDgpaZx1AZzNEalF76w5DEPg0U4VhK20KRchIsFCOcpsV+LGmEyQSPqK1pgH0qnSTfLoWHWhlCLxT6BArm6tdEgn0pp76rJ32sxvKnl4l/eXasvLqTsCCKFQ3I7CEv5lCFMOsLDpmgRPGpJpgIpneFZIwFJkq3WtQlfP4U/k86FdM6NSuX1XKzMa+jAPbBATgCFqiBJrgALdAGBNyCe/AInow748F4Nl5nowvGPLMHvsF4/wBPB5/Z</latexit>

0.01 pc/h
<latexit sha1_base64="qttcxeDerjlZq+aZlpXiFai7528=">AAACInicdVBLSwMxGMzWV62vVY9egkXwIGu2Ftq9Fbx4rGAf0C4lm6ZtaPZBkhXKsv4VL/4VLx4U9ST4Y8xuK/gcCAwz3yRfxos4kwqhN6OwtLyyulZcL21sbm3vmLt7bRnGgtAWCXkouh6WlLOAthRTnHYjQbHvcdrxpueZ37mmQrIwuFKziLo+HgdsxAhWWhqYTtLPL+mJsecmyKqjDCe/SIosZN/ApC98GJH0dJIOzDKynBxwTmrVBXFsaFt5DJXBAs2B+dIfhiT2aaAIx1L2bBQpN8FCMcJpWurHkkaYTPGY9jQNsE+lm+TbpfBIK0M4CoU+gYK5+jWRYF/Kme/pSR+rifzpZeJfXi9Wo7qbsCCKFQ3I/KFRzKEKYdYXHDJBieIzTTARTO8KyQQLTJRutaRL+Pwp/J+0K5Z9ZlUuq+WGs6ijCA7AITgGNqiBBrgATdACBNyCe/AInow748F4Nl7nowVjkdkH32C8fwBIw5/V</latexit>

Minivoids

Miniclusters contain >80% of 
the axions but make up <1% of 

the volume

Experiments travel about 
0.2 mpc per year so are much 

more likely to sample the 
minivoids than the miniclusters 



Typical density in the 
minivoids is ~0.085 of the 

mean density of dark matter

→ the miniclusters are no 
longer growing at the fi





→ Not a nice conclusion, but it 
could have been much worse!

Implications for haloscopes
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•Want to simulate larger than the causal horizon
L ∼ 1/H

•Whilst also resolving string cores 
Δx ∼ 1/ms = ( λfa)−1

•For a realistic model e.g.  GeV 
 →  

•With current resources  grid points, can 
only simulate 

fa = 1011

ms/H ∼ 1028

≲ 81923

ms/H ∼ 103−4

•Might be okay since this parameter enters as 
 in the string tension but still needs to 

be checked, e.g. with AMR [2108.05368]
log ms/H

Problem 2: String radiation and the dynamical range



Key issues to be resolved
Axion dark matter abundance/axion mass
→ Current simulations cannot study the string 
scaling regime in full due to high required dynamical 
range, see e.g. [2007.04990]
→ Not clear if the spectrum is dominated by IR 
modes (meaning large overproduction) or UV modes 
(Important for predicting the axion mass, see 
[2108.05368] for recent work with AMR)

Implications of an inhomogeneous axion distribution
→ Formation of gravitationally bound structures “axion 
miniclusters”
→ Do miniclusters survive to present day? Could be 
important for direct and indirect searches 
→ Can stable axion stars form inside miniclusters? 
Could there be signals of these e.g. fast radio bursts? 
May need to solve full SP system to understand this.
[1804.05857]



Schematic of a parameter space for an ultralight boson
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Wave-like dark matter experiments
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How light can dark matter be if it is made of fermions?

Dwarf galaxy

r ~ 2.5 kpc

M ~ 107 M⊙

Sphere of degenerate fermions

<latexit sha1_base64="er6NPlFzSSXtv3yvPf5E8gMmwdo=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVXLUzWtRlURE3QgXbCp06ZNK0DU0yQ5IplGFewI2v4saFIm7du/NtTC+Itv4Q+PjPOZycP4gYVdpxvqzM3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShvAuQIowKUtVUM3IXSYJ4wEg96J0P6/U+kYqG4lYPItLkqCNom2KkjeXbe33/EnqKcijuE7d4lPqJJzm8uE6L/Ad9O+8UnJHgLLgTyIOJKr796bVCHHMiNGZIqYbrRLqZIKkpZiTNebEiEcI91CENgwJxoprJ6JoU7hunBduhNE9oOHJ/TySIKzXggenkSHfVdG1o/ldrxLp92kyoiGJNBB4vascM6hAOo4EtKgnWbGAAYUnNXyHuIomwNgHmTAju9MmzUDssuMeF0k0pXz6bxJEFO2AXHAAXnIAyuAIVUAUYPIAn8AJerUfr2Xqz3setGWsysw3+yPr4Bn7bmpU=</latexit>

vF ⇠ n1/3
DM/mDM

 km/svesc ≈ 10
vF < vesc

“Tremaine-Gunn bound”: Pauli exclusion principle prevents you 
from cramming fermions lighter than ~100 eV into dark matter halos

⇒ mχ ≳ 100 eV



Bosonic “wave-like” dark matter
Occupation number:

Classical fieldN ⇡ 1032
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Macroscopically 
occupied 

ground state
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N ⇡ (⇢DM/m)⇥ �3
dB

m = 1 eVμ



Wave-like dark matter mass range

Particle 
DM

neV eVμ meVpeVfeVaeV eVzeVyeV

“Fuzzy dark matter”
Wave-like effects on 

scales λdB ≳ pc

“Black hole superradiance”
Build up of boson cloud around 

BHs sucks their spins away
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To calculate any experimental signal of dark matter we need to know
1. How much dark matter there is around the Earth, 
2. How fast it’s moving, v

ρ

Frequency: 
<latexit sha1_base64="o1RGbqTRgfJkWOrV9xAcZY0NO5Q="></latexit>

! = ma +
1

2
mav

2

⇡ ma(1 + 10�6)

For wave-like dark matter 
these correspond to:

Amplitude:
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A =

p
2⇢a
ma

Direct detection



Photon-axion mixing in a B-field Raffelt & Stodolsky 1988
 (https://inspirehep.net/literature/253874)
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Linearised wave 
equation for 

photon-axion mixing

��a =
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Mixing element Axion mass element Photon mass element
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Photon-axion mixing in a B-field
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Axion only mixes with  so rotate into new 
basis and solve like neutrino oscillations:

A∥

Probability for photon to convert to axion 
after travelling distance z:

|h�(0) | a(L)i|2 = Pa!� = sin2(2✓) sin2
✓

�

cos(2✓)

◆

<latexit sha1_base64="1qRya4mY1SjtNJ3zTLmUIq6hJNM="></latexit>

� =
|m2

a � !2
pl|L

4!
<latexit sha1_base64="tV/7IlFqj0xjdMXpg2/PJvBNW/0=">AAACHnicbVBNS8NAEN34WetX1aOXxSJ4sSRV0Ysg6sGDhwpWhaaWyXZSF3eTsLsRSswv8eJf8eJBEcGT/hu3NQe/Hgy8fW+GnXlBIrg2rvvhjIyOjU9MlqbK0zOzc/OVhcUzHaeKYZPFIlYXAWgUPMKm4UbgRaIQZCDwPLg+GPjnN6g0j6NT00+wLaEX8ZAzMFbqVLb8QxQGdv1QActu5WW9A3Sd+rHEHthH5itJE5Hf0uM82yz0vFOpujV3CPqXeAWpkgKNTuXN78YslRgZJkDrlucmpp2BMpwJzMt+qjEBdg09bFkagUTdzobn5XTVKl0axspWZOhQ/T6RgdS6LwPbKcFc6d/eQPzPa6Um3GlnPEpSgxH7+ihMBTUxHWRFu1whM6JvCTDF7a6UXYENythEyzYE7/fJf8lZveZt1Oonm9W9/SKOElkmK2SNeGSb7JEj0iBNwsgdeSBP5Nm5dx6dF+f1q3XEKWaWyA84759FnKH2</latexit>

✓ =
1

2
arctan

✓
2��a

�pl ��a

◆

<latexit sha1_base64="++lFh/J9txyBNHmZ9mSA6FJve5w="></latexit>

Where,

B⊥



Photon-axion conversion probability 
For very light axions,  is negligible compared to 

→   eV for typical astrophysical plasmas  cm-3 

ma ωpl
ma ≲ 10−12 ne = 10−3
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