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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
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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

So far we have not assumed anything about any 
couplings to the SM other than via gravity.



What can it couple to?

For more, see cajohare.github.io/AxionLimits/ → Now lists results from ~300 publications!
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Schematic of a parameter space for an ultralight boson
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Wave-like dark matter experiments
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→ Tiny mass related to the energy scale  at which axion is created as a 
pseudo-Goldstone boson

fa

The axion

some angled ∝

The “QCD axion” is the explanation for why the neutron doesn’t have an EDM

π−π

Λ4
QCD

E(a/fa)

a
fa

Some angle → New fi



All couplings suppressed by high energy scale: 

Small couplings  dark matter
Small couplings and small mass  wave-like dark matter

g ∼ f −1
a

⇒
⇒

Axion-photon

a
γ

B

Axion-fermion

∂μa
f

f̄
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cajohare.github.io/AxionLimits/

Constraints on an the existence of an axion coupled to the photon
(Nothing assumed about dark matter)
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Constraints on an the existence of an axion coupled to the photon
(Nothing assumed about dark matter)
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Constraints on an the existence of an axion coupled to the photon
(Nothing assumed about dark matter)
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Searches that do assume axions are dark matter
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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:

<latexit sha1_base64="hP4ThzzMZAhk5SoQaQhrc3n59ts=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUqqCliQCiyMRaIPqYkqx3Vaq44dbAepijKy8CssDCDEyiew8Te4bQZoOdK9OjrnXtn3BDGjSjvOt1VYWl5ZXSuulzY2t7Z37N29lhKJxKSJBROyEyBFGOWkqalmpBNLgqKAkXYwup747QciFRX8To9j4kdowGlIMdJG6tmHlxBeQC+UCKeeupc6rXpyKHooy9LI9J5ddirOFHCRuDkpgxyNnv3l9QVOIsI1ZkipruvE2k+R1BQzkpW8RJEY4REakK6hHEVE+en0kAweG6UPQyFNcQ2n6u+NFEVKjaPATEZID9W8NxH/87qJDs/9lPI40YTj2UNhwqAWcJIK7FNJsGZjQxCW1PwV4iEyoWiTXcmE4M6fvEha1Yp7Wqnd1sr1qzyOIjgAR+AEuOAM1MENaIAmwOARPINX8GY9WS/Wu/UxGy1Y+c4++APr8wdMY5mS</latexit>

A =

p
2⇢a
ma

Direct detection



Oscillations are coherent for  cycles, but most haloscopes 
observe over much longer timescales

106

Wave-like dark matter “lineshape”
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Axion haloscopes
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Axion haloscopes RADES (CERN)

QUAX (Legnaro)
ORGAN (UWA)

CAPP (IBS)

HAYSTAC (Yale)
GrAHal (Grenoble)
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neV eVμ meV

MHz GHz THz

ADMX-EFR

ALPHA BREAD

MADMAX

2210.00017
DM-Radio

2204.13781

2203.14923 2003.10894

2111.12103

Dark-SRF
2207.11346

LAMPOST
2110.01582



Dark matter new initiative 
(DMNI)

Snowmass ’21

US putting $ into
→ ADMX-EFR (high mass)
→ DM-Radio m  (low mass)3

2209.08125



gaγ ∝ T−1/4
Sensitivity:

However, if we knew the 
correct mass, the axion could 

be found tomorrow

Biggest challenge right now is 
clearly that we don’t know 

the axion mass
→ Too much space to cover

cajohare.github.io/AxionLimits/
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Axion cosmology: the misalignment mechanism

Axion is the phase of a complex scalar fi
Initial angle ✓i

Axion fi


Amount of DM  ∝ θ2
i

V (�)

✓i
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Just right

Too little 
dark matter

Too much 
dark matter



We should be able to do better than this.
But there are two big problems…

Pre-infl


Post-infl

θi



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



Gravitational collapse of 
inhomogeneities left over after 
QCD phase transition leads to 
the formation of ~AU sized 
clumps of axions with masses 

 

→ axion miniclusters

M ∈ [10−15,10−9] M⊙

Eggemeier, O’Hare, Pierobon, Redondo, Wong [in prep.]



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

We travel at about 
0.2 mpc per year through the 

galaxy so are much more likely 
to be in the minivoids than the 

miniclusters 

Eggemeier, O’Hare, Pierobon, Redondo, Wong [in prep.]



Typical density in the 
minivoids is ~0.085 of the 

mean density of dark 
matter

→ Not a nice conclusion, 
but it could have been 

much worse!

Implications for haloscopes
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Enough axions



Vector wave-dark matter: 
Dark photons
SU(3)c ⇥ SU(2)L ⇥U(1)Y ⇥ U(1)0

<latexit sha1_base64="1VhJTZOhgrRayW5cHaXVnyrK7sU="></latexit> with some 
gauge boson Xμ

Extend SM gauge group:

Need a mass-generation mechanism, but that’s it
→ Very minimal model. Can be a mediator to a dark sector coupled via 

millicharge, or a wave-like DM candidate in and of itself

Below 
EW

“Kinetic mixing” 
with SM photon
quantified by χ
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Dark photon electrodynamics versus Axion electrodynamics
Axions source an effective current in a similar way, but only in the presence of an 
applied B-field, meaning DPs can searched for with exactly the same techniques 

→ no B-field required!

DP
limit

Axion 
limit

X γ
a γ

B
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Enough photons



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

CASPEr-wind



An easier path… Scalar dark matter

Interaction looks like a mass term
→ e.g. time-varying electron mass

ϕ(x, t)



Scalar dark matter constraints
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→ hard to beat 
laboratory fi


→ A “natural” 
theory with a UV 
cutoff at  must 
have:

ΛNat

Two problems:



Summary

• Wave
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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]



CP violation and the neutron electric dipole moment

Theory: Vacuum structure of QCD 
(instantons) generates a term
 

Some angle, not fi
 so presumably 𝒪

LQCD = . . .� ↵s

8⇡
✓QCDGµ⌫a

eGµ⌫
a
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Experiment:  observable but 
bundled with phase from quark 
masses

θQCD

Where it sets the electric dipole 
moment of the neutron
dn = (2.4± 1.0)✓̄ ⇥ 10�3 e fm
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✓̄ = ✓QCD + ✓q
<latexit sha1_base64="JY8jtDa2O5qnAHZdSWDVx4zB/ek=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCKJSkCroRinXhsgV7gSaUyXTSDp1cnDkRSug7uPFV3LhQxK0bd76N0zaCtv4w8PGfczhzfi8WXIFlfRkLi0vLK6u5tfz6xubWtrmz21BRIimr00hEsuURxQQPWR04CNaKJSOBJ1jTG1TG9eY9k4pH4S0MY+YGpBdyn1MC2uqYx45HZOpAnwEZ4Us8pU7qyADXKtcjfPJj3XXMglW0JsLzYGdQQJmqHfPT6UY0CVgIVBCl2rYVg5sSCZwKNso7iWIxoQPSY22NIQmYctPJTSN8qJ0u9iOpXwh44v6eSEmg1DDwdGdAoK9ma2Pzv1o7Af/CTXkYJ8BCOl3kJwJDhMcB4S6XjIIYaiBUcv1XTPtEEgo6xrwOwZ49eR4apaJ9WizVzgrlqyyOHNpHB+gI2egcldENqqI6ougBPaEX9Go8Gs/Gm/E+bV0wspk99EfGxzfJOp10</latexit>

Put some spin-
polarised neutrons 

in E, B fi

Measure spin 
precession 
frequencies

⌫± = 2|µnB ± dnE|
<latexit sha1_base64="2ifclS8+pCoAka63joMz12+PMtg=">AAACB3icbZDLSgMxFIYzXmu9jboUJFgEV2WmCroRSkVwWcFeoDMMmUzahiaZIckIZdqdG1/FjQtF3PoK7nwb03YW2vpD4Mt/ziE5f5gwqrTjfFtLyyura+uFjeLm1vbOrr2331RxKjFp4JjFsh0iRRgVpKGpZqSdSIJ4yEgrHFxP6q0HIhWNxb0eJsTnqCdol2KkjRXYR55Ig8xL+PiqMvJ4GghYg+YKI0M3o8AuOWVnKrgIbg4lkKse2F9eFOOUE6ExQ0p1XCfRfoakppiRcdFLFUkQHqAe6RgUiBPlZ9M9xvDEOBHsxtIcoeHU/T2RIa7UkIemkyPdV/O1iflfrZPq7qWfUZGkmgg8e6ibMqhjOAkFRlQSrNnQAMKSmr9C3EcSYW2iK5oQ3PmVF6FZKbtn5crdealay+MogENwDE6BCy5AFdyCOmgADB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2R9/gC3AJiN</latexit>

Calculate
 neutron EDM

dn = (2.4± 1.0)✓ ⇥ 10�3e fm
<latexit sha1_base64="tEUt/kTw6Lj9U0xD8VLM2RFPKGI="></latexit>

Measure
Fundamental 

parameter of SM

✓̄ = ✓QCD + ✓q
<latexit sha1_base64="JY8jtDa2O5qnAHZdSWDVx4zB/ek=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCKJSkCroRinXhsgV7gSaUyXTSDp1cnDkRSug7uPFV3LhQxK0bd76N0zaCtv4w8PGfczhzfi8WXIFlfRkLi0vLK6u5tfz6xubWtrmz21BRIimr00hEsuURxQQPWR04CNaKJSOBJ1jTG1TG9eY9k4pH4S0MY+YGpBdyn1MC2uqYx45HZOpAnwEZ4Us8pU7qyADXKtcjfPJj3XXMglW0JsLzYGdQQJmqHfPT6UY0CVgIVBCl2rYVg5sSCZwKNso7iWIxoQPSY22NIQmYctPJTSN8qJ0u9iOpXwh44v6eSEmg1DDwdGdAoK9ma2Pzv1o7Af/CTXkYJ8BCOl3kJwJDhMcB4S6XjIIYaiBUcv1XTPtEEgo6xrwOwZ49eR4apaJ9WizVzgrlqyyOHNpHB+gI2egcldENqqI6ougBPaEX9Go8Gs/Gm/E+bV0wspk99EfGxzfJOp10</latexit>



Recent measurement [2001.11966]

Conclusion: The strong interaction seems to be 
conserving CP when it generically shouldn’t

→ The strong CP problem

G. Pignol

|dn| < 1.8⇥ 10�26 e cm (90% CL)

What do they see?

) ✓ . 10�10
<latexit sha1_base64="vAcwKXfpGexm4rsKAZMeM8CA0Sw=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVHwYpiJgh6DXjxGMQtkYujpVJImPQvdNUoY8gNe/BUvHhTx6t2bf2NnOWjig4LHe1VU1fNjKTQ6zreVWVhcWl7JrubW1jc2t+ztnaqOEsWhwiMZqbrPNEgRQgUFSqjHCljgS6j5/cuRX7sHpUUU3uIghmbAuqHoCM7QSC37wLsR3R4ypaIH6mEPkFFPgtZaBNR17tJj1xm27LxTcMag88SdkjyZotyyv7x2xJMAQuSSad1wnRibKVMouIRhzks0xIz3WRcahoYsAN1Mx98M6aFR2rQTKVMh0rH6eyJlgdaDwDedAcOenvVG4n9eI8HOeTMVYZwghHyyqJNIihEdRUPbQgFHOTCEcSXMrZT3mGIcTYA5E4I7+/I8qRYL7kmheH2aL11M48iSPbJPjohLzkiJXJEyqRBOHskzeSVv1pP1Yr1bH5PWjDWd2SV/YH3+AFTNmw8=</latexit>

The real problem: why are two completely 
unrelated numbers cancelling each other < ppb?



The solution, a la Peccei-Quinn
QCD vacuum energy density already has a minimum at  (Vafa-Witten 

theorem). However  is just a parameter, there is no mechanism to cause it to 
want to minimise energy

θ = 0
θ

π 2π−π−2π

Λ4
QCD

E(θ)

PQ mechanism: what if there was?

θ



•Introduce fi 


•QCD vacuum implies a potential for the axion and thus a small mass

a ∝ (a/fa) GG̃
⟨a⟩ = 0

The axion

π 2π−π−2π

Λ4
QCD

E(a/fa)

V (a) ⇡ ⇤4
QCD


1� cos

✓
✓̄ +

a

fa

◆�

<latexit sha1_base64="x/TpnU/2CGwHqgUYK9CwjdKGaKM="></latexit>

ma '
⇤2
QCD

fa
' 6meV

✓
109GeV

fa

◆

<latexit sha1_base64="o+XtutlJhvwlI/mXKGnTH0HfToQ="></latexit>

a
fa
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“QCD band”
  [1705.05370]

→ KSVZ-like models with 1 new heavy quark. 
Band covers all possible representations under 

 satisfying various 
theoretical conditions

(no Landau poles below Planck scale and the 
quark itself is not cosmologically stable) 

E/N ∈ [5/3,44/3]

SU(3)c × SU(2)I × U(1)Y

ga� ⌘ ↵

2⇡fa

✓
E

N
� 1.92

◆

<latexit sha1_base64="tX9R6fteZuer2XBdpwDKyZm9FTk="></latexit>

QCD axions

O(1)
<latexit sha1_base64="wldkilN3jAGIQxcWX9Ej5ZhP+bM=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpgi6LbtxZwT6gjWUynbRDJ5MwM1FK6H+4caGIW//FnX/jpM1CWw8MHM65l3vm+DFnSjvOt1VYWV1b3yhulra2d3b37P2DlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb98XXmtx+pVCwS93oSUy/EQ8ECRrA20kMvxHpEME9vpxX3tG+XnaozA1ombk7KkKPRt796g4gkIRWacKxU13Vi7aVYakY4nZZ6iaIxJmM8pF1DBQ6p8tJZ6ik6McoABZE0T2g0U39vpDhUahL6ZjJLqRa9TPzP6yY6uPRSJuJEU0Hmh4KEIx2hrAI0YJISzSeGYCKZyYrICEtMtCmqZEpwF7+8TFq1qntWrd2dl+tXeR1FOIJjqIALF1CHG2hAEwhIeIZXeLOerBfr3fqYjxasfOcQ/sD6/AHI35IJ</latexit>

cajohare.github.io/AxionLimits/
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Photophobic axions 
e.g. accidental cancellations

 (can happen if  [1705.05370])𝒩 

Photophilic axions 
Several models of varying contrivance
[1611.09855] [1709.06085]
[1802.10093] [2102.00012]
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No oscillations

B ⇠ µG
<latexit sha1_base64="DrO/2loMaRd/j0OB7Kb/hmihQJw=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq6LHUgx4r2A9oQtlsN+3S3STsbsQS8le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tks75d29/YND+6jSUXEqCW2TmMeyF2BFOYtoWzPNaS+RFIuA024wuZn53UcqFYujBz1NqC/wKGIhI1gbaWBXmshTTCBPpCjzpEC3+cCuOjVnDrRK3IJUoUBrYH95w5ikgkaacKxU33US7WdYakY4zcteqmiCyQSPaN/QCAuq/Gx+e47OjDJEYSxNRRrN1d8TGRZKTUVgOgXWY7XszcT/vH6qw2s/Y1GSahqRxaIw5UjHaBYEGjJJieZTQzCRzNyKyBhLTLSJq2xCcJdfXiWdes29qNXvL6uNZhFHCU7gFM7BhStowB20oA0EnuAZXuHNyq0X6936WLSuWcXMMfyB9fkDl7eTgg==</latexit>

ne ⇠ 10�3 cm�2
<latexit sha1_base64="rbCZqvsdzXE7WKpQdImwfbEKwOw=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgMUCUtEowVLIxFog+pCZHjOq1V24lsB6mKsrLwKywMIMTKH7DxN7htBmg50pWOz7lXvveECaNKO863tbS8srq2Xtoob25t7+zae/ttFacSkxaOWSy7IVKEUUFammpGuokkiIeMdMLR9cTvPBCpaCzu9DghPkcDQSOKkTZSYEMREOgpyqHr3Gdn9dw7hZknOcQ8N+9aHtgVp+pMAReJW5AKKNAM7C+vH+OUE6ExQ0r1XCfRfoakppiRvOyliiQIj9CA9AwViBPlZ9NLcnhslD6MYmlKaDhVf09kiCs15qHp5EgP1bw3Ef/zeqmOLv2MiiTVRODZR1HKoI7hJBbYp5JgzcaGICyp2RXiIZIIaxNe2YTgzp+8SNq1qluv1m7PK42rIo4SOARH4AS44AI0wA1oghbA4BE8g1fwZj1ZL9a79TFrXbKKmQPwB9bnD/pOmJ0=</latexit>

L ⇠ 50 kpc
<latexit sha1_base64="k69Is96+XiULGqtoivYdfHEpwU4=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEIHqQkVdFj0YsHDxXsBzShbLabduluEnY3Qok9+Fe8eFDEq3/Dm//GbZuDtj4YeLw3w8y8IOFMacf5thYWl5ZXVgtrxfWNza1te2e3oeJUElonMY9lK8CKchbRumaa01YiKRYBp81gcD32mw9UKhZH93qYUF/gXsRCRrA2Usfev0WeYgKdO8g7QZknBRokZNSxS07ZmQDNEzcnJchR69hfXjcmqaCRJhwr1XadRPsZlpoRTkdFL1U0wWSAe7RtaIQFVX42uX+EjozSRWEsTUUaTdTfExkWSg1FYDoF1n01643F/7x2qsNLP2NRkmoakemiMOVIx2gcBuoySYnmQ0MwkczcikgfS0y0iaxoQnBnX54njUrZPS1X7s5K1as8jgIcwCEcgwsXUIUbqEEdCDzCM7zCm/VkvVjv1se0dcHKZ/bgD6zPH3i5lHo=</latexit>

Light ALP-photon oscillations in astrophysical B-fi
(Galaxies, galaxy clusters, and the Milky Way) 

γ a γ a

z
B⊥



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

γ a γ a

z
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@! +
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�pl 0 0
0 �pl ��a
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A� i@z
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|A?i��Ak
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|ai

1

A = 0

<latexit sha1_base64="W1smALiTxa1XZ3WZGAkcndptOSU="></latexit>

Linearised wave 
equation for 

photon-axion mixing

��a =
ga�B?

2<latexit sha1_base64="lslHJPC/2JN4KU/0pQcu3cC8eR0=">AAACGnicbVBNS8NAEN34WetX1aOXxSJ4KkkV9CKIevBYwX5AU8JkO6mLu0nY3Qgl5Hd48a948aCIN/Hiv3H7cdDqg4HHezPMzAtTwbVx3S9nbn5hcWm5tFJeXVvf2Kxsbbd0kimGTZaIRHVC0Ch4jE3DjcBOqhBkKLAd3l2M/PY9Ks2T+MYMU+xJGMQ84gyMlYKK51+iMBDk/gCkBAoFPaV+pIDlgyCHiVrQ88BPUaVFXi+CStWtuWPQv8SbkiqZohFUPvx+wjKJsWECtO56bmp6OSjDmcCi7GcaU2B3MMCupTFI1L18/FpB963Sp1GibMWGjtWfEzlIrYcytJ0SzK2e9Ubif143M9FJL+dxmhmM2WRRlAlqEjrKifa5QmbE0BJgittbKbsFm4uxaZZtCN7sy39Jq17zDmv166Pq2fk0jhLZJXvkgHjkmJyRK9IgTcLIA3kiL+TVeXSenTfnfdI650xndsgvOJ/fOGCg/w==</latexit>

�pl = �
!2
pl

2!
<latexit sha1_base64="npH5t0uGRmtcOICLtsSA1ff11Nw=">AAACHnicbZDLSsNAFIYnXmu9VV26GSyCG0tSFd0IRV24rGAv0NQymZ60Q2eSMDMRSsiTuPFV3LhQRHClb+O0DaitPwz8fOcczpzfizhT2ra/rLn5hcWl5dxKfnVtfWOzsLVdV2EsKdRoyEPZ9IgCzgKoaaY5NCMJRHgcGt7gclRv3INULAxu9TCCtiC9gPmMEm1Qp3DiXgHXpJO4UuCIp+eHri8JTdxQQO8H3yXlNE3KeILTTqFol+yx8KxxMlNEmaqdwofbDWksINCUE6Vajh3pdkKkZpRDmndjBRGhA9KDlrEBEaDayfi8FO8b0sV+KM0LNB7T3xMJEUoNhWc6BdF9NV0bwf9qrVj7Z+2EBVGsIaCTRX7MsQ7xKCvcZRKo5kNjCJXM/BXTPjHxaJNo3oTgTJ88a+rlknNUKt8cFysXWRw5tIv20AFy0CmqoGtURTVE0QN6Qi/o1Xq0nq03633SOmdlMzvoj6zPbxxIoxk=</latexit>

Mixing element Axion mass element Photon mass element

�a = �m2
a

2!
<latexit sha1_base64="BQr05q2W8Vd5hJb9bPsUMOJabCw=">AAACDHicbVC7SgNBFJ31GeMramkzGAQbw24UtBGCWlhGMA/IxnB3cjcOzuwuM7NCWPYDbPwVGwtFbP0AO//GyaPwdWDgcM653LknSATXxnU/nZnZufmFxcJScXlldW29tLHZ1HGqGDZYLGLVDkCj4BE2DDcC24lCkIHAVnB7NvJbd6g0j6MrM0ywK2EQ8ZAzMFbqlcr+OQoDvQxyekL3/VABy2QPrqt5VvVjiQPIbcqtuGPQv8SbkjKZot4rffj9mKUSI8MEaN3x3MR0M1CGM4F50U81JsBuYYAdSyOQqLvZ+Jic7lqlT8NY2RcZOla/T2QgtR7KwCYlmBv92xuJ/3md1ITH3YxHSWowYpNFYSqoiemoGdrnCpkRQ0uAKW7/StkN2D6M7a9oS/B+n/yXNKsV76BSvTws106ndRTINtkhe8QjR6RGLkidNAgj9+SRPJMX58F5cl6dt0l0xpnObJEfcN6/APcFmvE=</latexit>
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@µa@

µa� 1

2
m2

aa
2 � 1

4
Fµ⌫F

µ⌫ + ga�aE ·B
<latexit sha1_base64="+7cyi7eAqaWq8DtmJtLZKsMQIf4="></latexit>

https://inspirehep.net/literature/253874


Photon-axion mixing in a B-field
γ a γ a
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◆

<latexit sha1_base64="fcK3aNHpSC2+RLsWwaUXka530HY="></latexit>

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>
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◆

<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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B ⇠ µG
<latexit sha1_base64="DrO/2loMaRd/j0OB7Kb/hmihQJw=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq6LHUgx4r2A9oQtlsN+3S3STsbsQS8le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tks75d29/YND+6jSUXEqCW2TmMeyF2BFOYtoWzPNaS+RFIuA024wuZn53UcqFYujBz1NqC/wKGIhI1gbaWBXmshTTCBPpCjzpEC3+cCuOjVnDrRK3IJUoUBrYH95w5ikgkaacKxU33US7WdYakY4zcteqmiCyQSPaN/QCAuq/Gx+e47OjDJEYSxNRRrN1d8TGRZKTUVgOgXWY7XszcT/vH6qw2s/Y1GSahqRxaIw5UjHaBYEGjJJieZTQzCRzNyKyBhLTLSJq2xCcJdfXiWdes29qNXvL6uNZhFHCU7gFM7BhStowB20oA0EnuAZXuHNyq0X6936WLSuWcXMMfyB9fkDl7eTgg==</latexit>

ne ⇠ 10�3 cm�2
<latexit sha1_base64="rbCZqvsdzXE7WKpQdImwfbEKwOw=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgMUCUtEowVLIxFog+pCZHjOq1V24lsB6mKsrLwKywMIMTKH7DxN7htBmg50pWOz7lXvveECaNKO863tbS8srq2Xtoob25t7+zae/ttFacSkxaOWSy7IVKEUUFammpGuokkiIeMdMLR9cTvPBCpaCzu9DghPkcDQSOKkTZSYEMREOgpyqHr3Gdn9dw7hZknOcQ8N+9aHtgVp+pMAReJW5AKKNAM7C+vH+OUE6ExQ0r1XCfRfoakppiRvOyliiQIj9CA9AwViBPlZ9NLcnhslD6MYmlKaDhVf09kiCs15qHp5EgP1bw3Ef/zeqmOLv2MiiTVRODZR1HKoI7hJBbYp5JgzcaGICyp2RXiIZIIaxNe2YTgzp+8SNq1qluv1m7PK42rIo4SOARH4AS44AI0wA1oghbA4BE8g1fwZj1ZL9a79TFrXbKKmQPwB9bnD/pOmJ0=</latexit>

L ⇠ 50 kpc
<latexit sha1_base64="k69Is96+XiULGqtoivYdfHEpwU4=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEIHqQkVdFj0YsHDxXsBzShbLabduluEnY3Qok9+Fe8eFDEq3/Dm//GbZuDtj4YeLw3w8y8IOFMacf5thYWl5ZXVgtrxfWNza1te2e3oeJUElonMY9lK8CKchbRumaa01YiKRYBp81gcD32mw9UKhZH93qYUF/gXsRCRrA2Usfev0WeYgKdO8g7QZknBRokZNSxS07ZmQDNEzcnJchR69hfXjcmqaCRJhwr1XadRPsZlpoRTkdFL1U0wWSAe7RtaIQFVX42uX+EjozSRWEsTUUaTdTfExkWSg1FYDoF1n01643F/7x2qsNLP2NRkmoakemiMOVIx2gcBuoySYnmQ0MwkczcikgfS0y0iaxoQnBnX54njUrZPS1X7s5K1as8jgIcwCEcgwsXUIUbqEEdCDzCM7zCm/VkvVjv1se0dcHKZ/bgD6zPH3i5lHo=</latexit>
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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]


