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Introduction to Axion

» Landscapes of dark matter candidates:
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» QCD Axion—neutron EDM~ 0. STt

maf, ~ (100 MeV)?.
Minimal misalignment:

m, ~ peV — relic abundance.

» Extra dimensions—
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» Astro and terrestrial probes.



Axion Coupling to the Standard Model

» Axion-Fermion coupling: 8ua1ny“75w/fa,

Goldstone mode of chiral global symmetry.

> Axion-Gluon coupling: x 2 G, G"* /f,,

Typical of QCD axion.

> Axion-Photon coupling: = F,, F*" /f,,

Mixing with 7o /anomaly diagram.



Wave-like Axion Dark Matter

» Ultralight axions (m, < 1 eV) form a coherent classical field

a(t,x) = ag cos(wt — k-x), W~ m,.

Galactic Axion Dark Matter Halo

vy~ 1073

» Virialized Galactic halo: e

Vy ~ ].0_37 AUJ/UJ ~ 10_6. Coherent Axion Field

‘ a(t,x) = ag cos(wt — k-x), w=m,

. . . - - ‘
» Axion couplings induce oscillating Observable: Narrow-band Signal

signals in SM observables. PSD‘ j\im
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Axion-Photon Coupling and Haloscope

» Axion-photon coupling: FWI:_‘“’,

a---- Y
» Effective current under By [sikivie 83]: #—Fﬂvri:;;’y

Bo
Jerr(t) < BoO: (83 + ~0: + w?f) E = 0 den(2).

> e.g. resonant cavity: ADMX, HAYSTAC, CAPP, ORGAN - --
LC circuit: ABRACADABRA, DM radio ---

Frequency [MHz]
10*

10°

8a79| [GeV~1]

po=045GeV em 3

11!"5 I(l"‘
g [eV]



Axion-Photon Coupling and Haloscope

» Axion-photon coupling: aFWI:"“’,

» Effective current under By [sikivie 83]:

Joar(t) o Bodea (af + 70 + wff) E = O:Jer(t).

» e.g. Geomagnetic field: GPEX.
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[GPEX 25]



Axion-Photon Coupling and Haloscope

» Axion-photon coupling: aFWI:'W,

» Effective current under By [Sikivie 83]:

Jcﬁ(t) X Boata (8? + ’y@t + wff) E = Bthﬁ(t)

> e.g. Levitated magnetometer: PHOENIX.
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[PHOENIX 26]




Axion-Photon Coupling and Haloscope
» Axion-photon coupling: aFWF_“”, a---- ¥

» Effective current under By [Sikivie 83]: Bo

Jesr () < BoOra (83 +v0: + wff) E = 0:Jex(t).

» Under preparation for By: APEX, SHANHE (SRF), USTC/ZJU
(dielectric) - - -

[SHANHE]



Coupling and Birefring

> Axion-photon coupling: o aF,, F**,

» Photon propagating in background:

Birefringence Ay ~ —

Stokes | [cgs]

» e.g. pulsars [Liu, Zhao, Ren et al, PRD 20, PRL 23 26 |,

black hole image [Chen, Shu, Xue, Yuan, Zhao et al, PRL 20, Nature. Astron. 22].



Axion-Photon Coupling and Light-Shining through Wall

» Axion-photon coupling: aFWI:"‘”,

» Light-shining through Wall:

Magnet Magnet

]
Mﬂﬂ(

Production Side Regeneration Side

> e.g. ALPS I&ll, Wakefield LSW - - -

B~1000Tesla

255PW laser system

Single photon generation from axion
interaction with magnets



Axion-Fermion Coupling and Magnetometer

» Axion-fermion coupling:

o 8ua1/7’y“75'¢ —Va- G-

P> Axion gradient Va triggers spin precession

[Graham, Rajendran, Budker et al].
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> e.g., Sapphire [Nature Phys. 21, Nature 26], ChangE [Commun.Phys. 24, Rept.Prog.Phys. 25].



Axion Emission from Stars

» Thermal production in stellar interiors:
» Cooling constrains via excess energy loss.

» Solar axions — direct detection experiments.

(c) Primakoff Axion
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e.g., PandaX [prL 17, 25}, CDEX [PRD 20].
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Probing Axions with Black Hole Superradiance
» Gravitational atoms form around black holes: “

» Superradiance: exponential growth around Kerr BHs when axion
wavelength ~ BH horizon [Penrose, Zeldovichi, Starobinsky, Damour et al, Brito et al review].

xz plane

Log,(Mcioud/MBH

» BH spins and GWs constrain high-f, axions.

€.g., [Bao, Zhang et al PRD 22].

» Birefringence and oscillating fundamental constants.

€.g., [Chen et al JCAP 26].



Strong-Field Limit of Axion

» Strong field frontier: field value ap ~ f, < 10'° GeV.

Strong-field limit : More is
different?

¢ — ¢ <1010Gev
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Axion Emission from Stars

» Accreting axion cloud produces discrete fluxes;
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[Li, Zhong, Chen, Zhao, Cardoso, Omiya, to appear soon].



Summary

» Axions: among the best-motivated hypothetical particles.

» Complementary terrestrial and astro searches.

» New frontier: black holes as axion detectors.
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