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Aim of this talk: explain this busy plot 

python code and constraints .txt format can be found at cajohare.github.io/AxionLimits/



The axion, or axion-like particle (ALP)?

Minimal working definition: New light pseudoscalar, with coupling to 
photons and/or derivative couplings to fermions

+ a few model-dependent assumptions
→ Usually pseudo NG boson of spontaneously broken U(1)PQ

→ Could solve strong CP problem (= QCD axion)
→ Could be galactic DM
→ Could be produced in astrophysical environments
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Minimal working definition: New light pseudoscalar, with coupling to 
photons and/or derivative couplings to fermions

+ a few model-dependent assumptions
→ Usually pseudo NG boson of spontaneously broken U(1)PQ

→ Could solve strong CP problem (= QCD axion)
→ Could be galactic DM
→ Could be produced in astrophysical environments
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Coupling to the photon

L = �1

4
ga�a(x, t)Fµ⌫ F̃

µ⌫ = ga�a(x, t)E ·B
<latexit sha1_base64="v+oNkm9DjOBckAhf56aVoExkwFA="></latexit>
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Coupling to the photon

•Typically stronger signal
•Relies on a source of axions 
(introducing some model dependence)

•Model independent test of theory
•Weak/ambiguous signal: relies on photon 
disappearance, or some oscillations due to 
axion-photon mixing
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[1801.08127]

Sun

Relic supernova axions

Dark matter

Dark radiation

Betelgeuse (SN)

Axion → PhotonPhoton → Axion

a

Wall

a

B-field B-field

DetectorLaser

See also: collider searches for 
heavy ALPs 

(I won’t talk about these)
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QCD axions

O(1)
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Two popular UV completions

•KSVZ (or Hadronic) models: New heavy 
quark(s) charged under U(1)PQ , E/N = 0

•DFSZ models: SM quarks charged under U(1)PQ  
+ two Higgs doublets, E/N = 8/3 or 2/3
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  [1705.05370]

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

representations under SU(3)cxSU(2)IxU(1)Y 
satisfying various theoretical conditions

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

E/N ∈ [5/3,44/3]

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>



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

eV
°

1 ]

KSVZ

DFSZ

Photophobic axions 
e.g. accidental cancellations

 (can happen if  [1705.05370])𝒩Q > 1

Photophilic axions 
Several models of varying contrivance
[1611.09855] [1709.06085]
[1802.10093] [2102.00012]
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The only truly model-independent test of the axion
ALPS/OSQAR: long magnet, light-shining through a 
wall
CROWS: resonantly enhanced photon regeneration
PVLAS: rotation of photon polarisation due to axion-
photon mixing with  (vacuum dichroism and 
birefringence)

E∥
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Axions ruled out by stellar physics

Solar luminosity bound: Primakoff energy 
loss requires enhanced nuclear energy 
generation to keep solar luminosity the same
Horizontal branch: Hot/low density helium 
burning stars. Lifetimes sensitive to Primakoff 
emission
White dwarfs: initial-final mass relation 
[2102.00379]
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CAST: Solar axions converting into 
X-rays inside long B-field
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QCD axion 
sensitivity
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Light ALP-photon oscillations in astrophysical B-fields
(Galaxies, galaxy clusters, and the Milky Way) 
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Photon-axion mixing in a B-field Raffelt & Stodolsky 1988
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Photon-axion conversion probability 
For very light axions,  is negligible compared to 

→   eV for typical astrophysical plasmas  cm-3 
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Sensitivity with future telescopes
 e.g. ATHENA, Lynx
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Cosmology: Primarily constraining thermally produced 
ALPs, which can then decay into two photons

•BBN/Neff: ALP decays can alter element abundances 
and contribute to  [2002.08370]

•Ionisation fraction: ALP decays can ionise neutral 
hydrogen [1110.2895]

•EBL: photon line at  in the extragalactic 
background light [1110.2895]

•X-ray: photon line in X-ray data [1110.2895]
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Supernova 1987A: Production of 
~MeV ALPs would have altered the 
neutrino and -ray emission 
[2109.03244]
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γ

Telescopes: Dark matter ALPs 
inside galaxy halos, decaying into 
photons. eV ALPs → optical
 [astro-ph/0611502], [2009.01310]
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Dark matter axions
behave like a classical field : a(x, t) ⇡

p
2⇢a
ma

cos (!t� p · x+ ↵)

! ⇡ ma

Oscillating at the axion mass

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

@µF
µ⌫ = J⌫ � ga� eFµ⌫@µa
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<latexit sha1_base64="XQ+qyJdHD1ihpZimM+lJrOOprA8=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwYUtSBd0IrSK4rGBboQllMp20QyeTMDMRSshPuPFX3LhQxK3gzr9x0kbQ1gMDh3PuvXPv8SJGpbKsL6OwsLi0vFJcLa2tb2xumds7bRnGApMWDlko7jwkCaOctBRVjNxFgqDAY6TjjS4zv3NPhKQhv1XjiLgBGnDqU4yUlnrmkRMgNfT85CqF57DicOQxBBs9C1ag0w9V8uM30hT2zLJVtSaA88TOSRnkaPbMTz0DxwHhCjMkZde2IuUmSCiKGUlLTixJhPAIDUhXU44CIt1kclUKD7TSh34o9OMKTtTfHQkKpBwHnq7MdpSzXib+53Vj5Z+5CeVRrAjH04/8mEEVwiwi2KeCYMXGmiAsqN4V4iESCCsdZEmHYM+ePE/atap9XK3dnJTrF3kcRbAH9sEhsMEpqINr0AQtgMEDeAIv4NV4NJ6NN+N9Wlow8p5d8AfGxzcr7Z2V</latexit>

B = r⇥A
<latexit sha1_base64="fq0HguUMip1tLAkONiqQZW/GOYw=">AAACDnicbVBNS8NAEJ3Ur1q/qh69LJaCp5JUQS9CrRePFewHNKFstpt26WYTdjdCCf0FXvwrXjwo4tWzN/+N2zaCtj4YeLw3w8w8P+ZMadv+snIrq2vrG/nNwtb2zu5ecf+gpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/dD312/dUKhaJOz2OqRfigWABI1gbqVcsuyHWQz9I6xN0iVyBfY6Rq1lIFfqxria9Ysmu2DOgZeJkpAQZGr3ip9uPSBJSoQnHSnUdO9ZeiqVmhNNJwU0UjTEZ4QHtGiqw2eels3cmqGyUPgoiaUpoNFN/T6Q4VGoc+qZzeqFa9Kbif1430cGFlzIRJ5oKMl8UJBzpCE2zQX0mKdF8bAgmkplbERliiYk2CRZMCM7iy8ukVa04p5Xq7VmpVs/iyMMRHMMJOHAONbiBBjSBwAM8wQu8Wo/Ws/Vmvc9bc1Y2cwh/YH18A4E4m8U=</latexit>



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>

Ampere’s law



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>

Ampere’s law



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>

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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→ Depends on size of Compton wavelength  relative to 
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(1/ma)
𝒪

What kind of experiment do we need to measure this?
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< eV: Compton wavelength long relative to experiment. DC magnetic field 
induces oscillating magnetic field
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~1-100 eV: Compton wavelength similar scale to experiment. Axion sources 
oscillating E&M-fields → couple to an EM mode inside a cavity
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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 
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Microwave/RF range:
Most experimental 

activity, but also strong 
theory motivation for 

DM in this range 
(pre/post inflationary axions)
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Rochester-Brookhaven-Fermilab 
and University of Florida 

early O(litre) cavity experiments

Phys. Rev. Lett. 59, 839 (1987)
Phys. Rev. D 42, 1297 (1990)
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ADMX (U. Washington)

Only expt. probing DFSZ
First result: [astro-ph/9801286] from 1998,
easy to forget there is >20 years of work 
represented here
→ Sensitivity scales as  , and 
you need to scan!

gaγ ∼ T−1/4
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HAYSTAC  (Yale)
2008.01853

Main innovation is to put a 
microwave EM-field in a 

“squeezed state” which allowed 
them to overcome a fundamental 

quantum noise limit
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CAPP (Centre for axion and 
precision physics, Korea)

2012.10764, 2008.10141, 2001.05102

Investigating various high-
mass designs, including 

multi-cell cavities
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ORGAN
(UWA)

Currently has sensitivity at 
the highest frequencies
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RADES (CERN)
Multi-cell cavity placed inside of the 

CAST magnet

QUAX (Frascati)
Superconducting cavity

Non-tunable cavities
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DM axions in neutron star magnetospheres
DM axions fall in to magnetar (B~1010 T) 
and resonantly convert at a radius when 
plasma freq. = axion mass 
→ eV axions observable via sharp RF line μ
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DM axions in neutron star magnetospheres
DM axions fall in to magnetar (B~1010 T) 
and resonantly convert at a radius when 
plasma freq. = axion mass 
→ eV axions observable via sharp RF line μ
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Heavy uncertainties from
• DM density around NS
• Magnetic field model
• Physics of axion-photon conversion 

in turbulent B-field/plasma
   See e.g. [2107.07399], [2104.07670]

Pshirkov & Popov [0711.1264] 
Huang et al. [1803.08230] 
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Searches for radio 
lines from axions 

falling into NS 
magnetospheres

Darling/Battye et al.
[2008.11188], [2008.01877], 
[2107.01225]
Jansky VLA data on 
magnetar PSR J1745-2900 at 
galactic centre

Foster et al.
Green bank/Effelsberg 
observations of galactic 
centre & isolated NSs
[2004.00011]
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For another time: Constraints on other axion couplings
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