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We introduce the QCD axion     through the Lagrangian terms: 

The QCD theta term is minimized dynamically to
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The QCD Axion: foundations
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This makes the neutron electric dipole moment (EDM) vanish

QCD axion mass [Weinberg 1978]

PQ mechanism [Peccei & Quinn 1977; Wilczek 1978; Weinberg 1978]
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The QCD Axion: foundations
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Effective Lagrangian below QCD, e.g. [Georgi+ 1986]:
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The coupling depends on color & EM anomalies     :
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Axion Miniclusters in the Milky Way
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Axion miniclusters (when             )

In post-inflation symmetry breaks, fluctuations are         for
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Typical minicluster mass:

After MR, miniclusters merge hierarchically 
to form halos with NFW-like profiles [Vaquero+ 2019]

[Hogan & Rees 1988; Kolb & Tkachev 1994]

Power-law density profile from collapse:
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AMC overdensity function

Buschmann+ 1906.00967
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Marginal distribution from numerical simulations  
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AMC mass function

Everything can be recast for different distributions of  or equivalently !(MAMC, δ) (MAMC, ρAMC)

[Eggemeier et al., 1911.09417]
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(Set by the Jeans mass 
 for )ma = 20 μeV

[Fairbairn et al., 1707.03310]

Extend down to MAMC ∼ 10−19 M⊙ Extend up to MAMC ∼ 10−5 M⊙
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Milky Way Setup

Caveat: we do not deal with concurrent structure formation,  
              stellar formation & AMC distruption

[McMillan, 1102.4340]
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Monte Carlo procedure

But! Need to know the response of an AMC to stellar perturbations…

Sample interaction properties ( ) and perturb AMCvrel, b

Compute number of stellar interactions: 

N = ∫
TMW

0
dt n⋆(t)VAMC(t) ⋅ πb2

max

Generate sample of AMCs (with correct density 
distribution but log-flat mass function)

Collect surviving AMCs and 
reconstruct true propertiesRemove AMC from simulation

Sample orbital parameters ( , ) e ψ

AMC disrupted

AMC not  
disrupted
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Axion miniclusters abundance today

The abundance of miniclusters in galaxies is assessed via Monte Carlo 
simulations of tidal stripping
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<latexit sha1_base64="KuK9Bea9xYmC3bSUbxve9mVpjkI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjNZ1GPQi8cEzALJEHo6NUlrz0J3jxCGfIEXD4p49ZO8+Td2khFU9EHB470qqup5seBK2/aHlVtZXVvfyG8WtrZ3dveK+wcdFSWSYZtFIpI9jyoUPMS25lpgL5ZIA09g17u7mvvde5SKR+GNnsboBnQccp8zqo3UksNiyS7bZ9VqxSaGLGBIzak7TpU4mVKCDM1h8X0wilgSYKiZoEr1HTvWbkql5kzgrDBIFMaU3dEx9g0NaYDKTReHzsiJUUbEj6SpUJOF+n0ipYFS08AznQHVE/Xbm4t/ef1E+xduysM40Riy5SI/EURHZP41GXGJTIupIZRJbm4lbEIlZdpkUzAhfH1K/iedStmpleutWqlxmcWRhyM4hlNw4BwacA1NaAMDhAd4gmfr1nq0XqzXZWvOymYO4Qest08Jwo0b</latexit>

V

<latexit sha1_base64="pfzaLRa2n0XI2AG73t0H3+ajtrM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftUmM4g==</latexit>

See also [Tinyakov+ 1512.02884; Dokuchaev+ 1710.09586]

Axion stars nucleation: see Yin & LV 2403.18610

Kavanagh+ (with LV), 2011.05377

https://arxiv.org/abs/1512.02884
https://arxiv.org/abs/1710.09586
https://arxiv.org/abs/2403.18610
https://arxiv.org/abs/2011.05377
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Observational Consequences
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[Hook et al., 1804.03145; Safdi et al., 1811.01020]

[Battye et al., 1910.11907; Leroy et al., 1912.08815]

Assuming a Goldreich-Julian model for the NS magnetosphere, emitted radio power:

Plenty of uncertainties on magnetosphere properties, conversion probabilities, anisotropy…

Transient enhancements to  from AMC encountersρc

<latexit sha1_base64="2/DP/WG2xuctrhTRwYQ3g8WECwE="></latexit>
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g2a��B
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Rc
3
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ma

Luca VisinelliAxion-photon conversion in NS magnetospheres

Look for axion-photon conversion from an individual NS
Edwards+ (with LV) 2011.05378

https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/1912.08815
https://arxiv.org/abs/2011.05378
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Axion-photon conversion in NS magnetospheres
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<latexit sha1_base64="iklIUSDHGJwCLmJR22fuWxEhfY4="></latexit>

S =
1

BW

1

4⇡s2
dPa

d⌦

Based on velocity dispersion of AMC, expect an incredibly narrow line. 
Instead, fix bandwidth BW = 1 kHz (based on telescope resolution).

<latexit sha1_base64="aTG/eB8BrP/Jh6v+EGk5E4gZvSM=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4Wna1rXorevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2baCij4YeLw3w8y8MOFMG8/7cJaWV1bX1gsbxc2t7Z3d0t5+S8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfJ377XuqNIvlnZkkNBB4KFnECDa51EtGrF8qe+5ljjM0J7WceBXf86vId70ZyrBAo1967w1ikgoqDeFY667vJSbIsDKMcDot9lJNE0zGeEi7lkosqA6y2a1TdGyVAYpiZUsaNFO/T2RYaD0Roe0U2Iz0by8X//K6qYkugozJJDVUkvmiKOXIxCh/HA2YosTwiSWYKGZvRWSEFSbGxlO0IXx9iv4nrVPXr7nV20q5frWIowCHcAQn4MM51OEGGtAEAiN4gCd4doTz6Lw4r/PWJWcxcwA/4Lx9Aq60jrE=</latexit>
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Edwards+ (with LV) 2011.05378

https://arxiv.org/abs/2011.05378
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Can we pick up this signal in radio?

2 grant proposals accepted 
by the Green Bank Telescope. 
We have observed Andromeda

2022: X-band observation (8-12 GHz)

Expected spectral flux densities (SFDs) from NS-AMC encounters

2023: C-band observation (4-8 GHz)
(10 GHz                )<latexit sha1_base64="b4n6i1w044wgcD8B0oRxAN4waak=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCCykzUqrLohuXFewDOkPJpJk2NMmEJCOWoW78FTcuFHHrX7jzb0zbWWjrgQuHc+7l3nsiyag2nvftLC2vrK6tFzaKm1vbO7vu3n5TJ6nCpIETlqh2hDRhVJCGoYaRtlQE8YiRVjS8nvite6I0TcSdGUkSctQXNKYYGSt13cMASamSB1jxskDx4AwGPIWkOe66Ja/sTQEXiZ+TEshR77pfQS/BKSfCYIa07vieNGGGlKGYkXExSDWRCA9Rn3QsFYgTHWbTD8bwxCo9GCfKljBwqv6eyBDXesQj28mRGeh5byL+53VSE1+GGRUyNUTg2aI4ZdAkcBIH7FFFsGEjSxBW1N4K8QAphI0NrWhD8OdfXiTN87JfLVdvK6XaVR5HARyBY3AKfHABauAG1EEDYPAInsEreHOenBfn3fmYtS45+cwB+APn8wcqJpYU</latexit>⇡ 40µeV

Walters+ (with LV) 2407.13060

https://arxiv.org/abs/2407.13060
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Approximate sensitivity assuming a
single NS-AMC encounter (with d = 10)
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PRELIMINARY!!!

Can we pick up this signal in radio?

Walters+ (with LV) 2407.13060

https://arxiv.org/abs/2407.13060
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PRELIMINARY!!!

Can we pick up this signal in radio?

Walters+ (with LV) 2407.13060

https://arxiv.org/abs/2407.13060


Luca Visinelli

17

Direct searches: Haloscope

<latexit sha1_base64="06KllZtfW/5H+i4LNPqTCl2ehI8="></latexit>
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The axion-photon coupling modifies Maxwell’s equations [Sikivie 83; 85]

Recall the effective Lagrangian below QCD:

Courtesy of ADMX collaboration

<latexit sha1_base64="w//A9l3A9lBFezY4kxJyygnMDJk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiwcPCZoHJEuYnXSSIbOzy8ysEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HbqN59QaR7JRzOO0Q/pQPI+Z9RY6aHWve8WS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+APxjjZ4=</latexit>
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Quality factor

Magnetic field
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Cnml

Cavity volume

Geometric factor

Significant enhancement when
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2⇡⌫c = ma ±ma/QL

http://10.1103/PhysRevLett.51.1415
http://10.1103/PhysRevD.32.2988
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Direct searches with INFN-LNF FLASH

Cavity search in Frascati (Rome)
FLASH cavity search with 

Claudio Gatti’s group (INFN-LNF) 

Alesini+ (with LV) 2309.00351

Partial overlap with BabyIAXO reaches 
when used as a haloscope [2306.17243]

See also the proposal by the RADES collaboration
[Díaz-Morcillo+  2021]

https://arxiv.org/abs/2309.00351
https://arxiv.org/abs/2306.17243
https://doi.org/10.3390/universe8010005
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Ciaran O’Hare, AxionLimits: https://cajohare.github.io/AxionLimits/

Summary of axion-photon coupling bounds
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https://cajohare.github.io/AxionLimits/
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XENONnT bound on (                   ) [2207.11330]<latexit sha1_base64="n4ld2Fp31DMHD/oNoYbDn6cRYGM=">AAAB/XicbVDLSgMxFM34rPVVHzs3wSK4scyIr2XRjcsK9gFtKXfSdBqaZIYkI9Rh8FfcuFDErf/hzr8x085CWw9cODnnXnLv8SPOtHHdb2dhcWl5ZbWwVlzf2NzaLu3sNnQYK0LrJOShavmgKWeS1g0znLYiRUH4nDb90U3mNx+o0iyU92Yc0a6AQLIBI2Cs1CvtB70EOgEIASk+wdmLpr1S2a24E+B54uWkjHLUeqWvTj8ksaDSEA5atz03Mt0ElGGE07TYiTWNgIwgoG1LJQiqu8lk+xQfWaWPB6GyJQ2eqL8nEhBaj4VvOwWYoZ71MvE/rx2bwVU3YTKKDZVk+tEg5tiEOIsC95mixPCxJUAUs7tiMgQFxNjAijYEb/bkedI4rXgXlfO7s3L1Oo+jgA7QITpGHrpEVXSLaqiOCHpEz+gVvTlPzovz7nxMWxecfGYP/YHz+QP2xpTs</latexit>ga� � gae

Previous results “XENON1T excess” [2006.09721]

See also Vagnozzi+ (with LV) 2103.15834
20

Solar axions scattering with electrons

Scalar field production in the Sun 
The parameter space is constrained by energy 
considerations

T. O’Shea+ (with LV) 2406.01691

https://arxiv.org/abs/2207.11330
https://arxiv.org/abs/2006.09721
https://arxiv.org/abs/2103.15834
https://arxiv.org/abs/2406.01691
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Summary

• Lasting days to years 
• Within reach of current & future searches 
• Expect O(1) bright event on the sky at all 

times 
• Concentrated towards the Galactic 

Centre

AMC-NS radio transients Missing ingredients

• Concurrent structure formation & 
disruption 

• Realistic input to Monte Carlo simulations 
(e.g. density profiles, ) 

• Understanding axion star formation at the 
low-mass end

P(M, δ)

Thank you!
Please re-cast the results and re-use the code!

2011.05377, 2011.05378 
github.com/bradkav/axion-miniclusters 

Luca Visinelli

See Walters+ (with LV) 2407.13060

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
https://github.com/bradkav/axion-miniclusters
https://arxiv.org/abs/2407.13060
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Assumption: The PQ symmetry broke after inflation,
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<latexit sha1_base64="lagS1LqKaFruXc/8U1758LRBnWc=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9gVX8egl3iLYB6QhGV2MpsMmZldZmYDYcmfePGgiFf/xJt/4yTZgyYWNBRV3XR3hQln2njet1NYW9/Y3Cpul3Z29/YP3MOjpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6H7mt8ZUaRbLJzNJaE/ggWQRI9hYKXDdKMCoy6nWmglUCx4Ct+xVvDnQKvFzUoYc9cD96vZjkgoqDeFY647vJaaXYWUY4XRa6qaaJpiM8IB2LJVYUN3L5pdP0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa67WVMJqmhkiwWRSlHJkazGFCfKUoMn1iCiWL2VkSGWGFibFglG4K//PIqaV5U/OvK1eNluXqXx1GEEziFc/DhBqpQgzo0gMAYnuEV3pzMeXHenY9Fa8HJZ47hD5zPH6PZkwc=</latexit>

fa . HI

The PQ field embedding the QCD axion field
<latexit sha1_base64="8CXlC5IxETk4WKMh9GeUAWN9DYI="></latexit>

� =

✓
r +

fap
2

◆
e��/v

[For the opposite limit              see e.g. LV & Gondolo, PRD 2009, PRD 2010]<latexit sha1_base64="VB/HBOONMizKnokCc/cu/tp1bBY=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqM+FoW3dRdBfuAdhgyaaYNTTJDkhFq6Ze4caGIWz/FnX9j2s5CqwcCh3PO5d6cKOVMG8/7cgorq2vrG8XN0tb2zm7Z3dtv6SRThDZJwhPVibCmnEnaNMxw2kkVxSLitB2NbmZ++4EqzRJ5b8YpDQQeSBYzgo2VQrcchxj1BsYmBKqHt6Fb8areHOgv8XNSgRyN0P3s9ROSCSoN4Vjrru+lJphgZRjhdFrqZZqmmIzwgHYtlVhQHUzmh0/RsVX6KE6UfdKgufpzYoKF1mMR2aTAZqiXvZn4n9fNTHwVTJhMM0MlWSyKM45MgmYtoD5TlBg+tgQTxeytiAyxwsTYrkq2BH/5y39J67TqX1TP784qteu8jiIcwhGcgA+XUIM6NKAJBDJ4ghd4dR6dZ+fNeV9EC04+cwC/4Hx8A9g8kpM=</latexit>

fa & HI

Figures from Steen Hannestad

http://dx.doi.org/10.1103/PhysRevD.80.035024
http://dx.doi.org/10.1103/PhysRevD.81.063508
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Assumption: The PQ symmetry broke after inflation,

EoM for the PQ field:

<latexit sha1_base64="lagS1LqKaFruXc/8U1758LRBnWc=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9gVX8egl3iLYB6QhGV2MpsMmZldZmYDYcmfePGgiFf/xJt/4yTZgyYWNBRV3XR3hQln2njet1NYW9/Y3Cpul3Z29/YP3MOjpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6H7mt8ZUaRbLJzNJaE/ggWQRI9hYKXDdKMCoy6nWmglUCx4Ct+xVvDnQKvFzUoYc9cD96vZjkgoqDeFY647vJaaXYWUY4XRa6qaaJpiM8IB2LJVYUN3L5pdP0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa67WVMJqmhkiwWRSlHJkazGFCfKUoMn1iCiWL2VkSGWGFibFglG4K//PIqaV5U/OvK1eNluXqXx1GEEziFc/DhBqpQgzo0gMAYnuEV3pzMeXHenY9Fa8HJZ47hD5zPH6PZkwc=</latexit>

fa . HI

The PQ field embedding the QCD axion field
<latexit sha1_base64="8CXlC5IxETk4WKMh9GeUAWN9DYI="></latexit>

� =

✓
r +

fap
2

◆
e��/v

[For the opposite limit              see e.g. LV & Gondolo, PRD 2009, PRD 2010]<latexit sha1_base64="VB/HBOONMizKnokCc/cu/tp1bBY=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqM+FoW3dRdBfuAdhgyaaYNTTJDkhFq6Ze4caGIWz/FnX9j2s5CqwcCh3PO5d6cKOVMG8/7cgorq2vrG8XN0tb2zm7Z3dtv6SRThDZJwhPVibCmnEnaNMxw2kkVxSLitB2NbmZ++4EqzRJ5b8YpDQQeSBYzgo2VQrcchxj1BsYmBKqHt6Fb8areHOgv8XNSgRyN0P3s9ROSCSoN4Vjrru+lJphgZRjhdFrqZZqmmIzwgHYtlVhQHUzmh0/RsVX6KE6UfdKgufpzYoKF1mMR2aTAZqiXvZn4n9fNTHwVTJhMM0MlWSyKM45MgmYtoD5TlBg+tgQTxeytiAyxwsTYrkq2BH/5y39J67TqX1TP784qteu8jiIcwhGcgA+XUIM6NKAJBDJ4ghd4dR6dZ+fNeV9EC04+cwC/4Hx8A9g8kpM=</latexit>

fa & HI

Figures from Steen Hannestad

<latexit sha1_base64="lvyC7LU5XLUyGzpmgSiBGqV1Pe8="></latexit>

�̈� 1

a2
r2�+ 3H�̇+ 2��

✓
|�|2 � f

2
a

2

◆
= 0

http://dx.doi.org/10.1103/PhysRevD.80.035024
http://dx.doi.org/10.1103/PhysRevD.81.063508
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Misalignment mechanism

Large occupation number:
<latexit sha1_base64="4NR2SAxQlPPzRnzDVbTG21fWtME="></latexit>

N ⇠ ��3
c (⇢DM/ma) ⇡ 1027(µeV/ma)4

We are dealing with a classical field

Equation of motion in a FLRW background:
<latexit sha1_base64="cM6TRJk5ou4iT92UvRhHwaymnZk="></latexit>

�̈� 1
a2r2

�+ 3H�̇+ @V (�,T )
@� = 0

<latexit sha1_base64="jG3zJUJQYifbdbNiUPXkWWjoyVE=">AAACCXicbVDLSsNAFJ3UV62vqks3Q4vQopRE8LEpFLtxWaFNC00Ik+mkHTp5MDMRQujWjVs/w40LRdz6B+76N07TLrT1wIXDOfdy7z1uxKiQuj7VcmvrG5tb+e3Czu7e/kHx8MgUYcwx6eCQhbznIkEYDUhHUslIL+IE+S4jXXfcnPndB8IFDYO2TCJi+2gYUI9iJJXkFKFZsaIRPYftul6FdWg6qcV92Gy1J5lRdYplvaZngKvEWJByo2SdPU8bScspfluDEMc+CSRmSIi+oUfSThGXFDMyKVixIBHCYzQkfUUD5BNhp9knE3iqlAH0Qq4qkDBTf0+kyBci8V3V6SM5EsveTPzP68fSu7FTGkSxJAGeL/JiBmUIZ7HAAeUES5YogjCn6laIR4gjLFV4BRWCsfzyKjEvasZV7fLeKDduwRx5cAJKoAIMcA0a4A60QAdg8AhewBt41560V+1D+5y35rTFzDH4A+3rB3vMmqw=</latexit>

V (�, T = 0) = VCPT(�)

Finite temperature, QCD instantons effectively couple the axion to the plasma
<latexit sha1_base64="2+8X4cbXNJmfa7CsYqmO9az6wHU="></latexit>

m2
a(T ) ⇡ min

⇣
m2

a,
⇤4

f2
a (T/⇤)n

⌘
[Gross+ 1981]

The exact assessment comes from lattice QCD computations [Borsanyi+ 2016]

Zero temperature: [Di Vecchia & Veneziano 1980]
See the talk by Grilli di Cortona

https://doi.org/10.1103/RevModPhys.53.43
http://dx.doi.org/10.1038/nature20115
https://www.sciencedirect.com/science/article/abs/pii/0550321380903703
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Assumption: The PQ symmetry broke after inflation,

String energy per unit length:
<latexit sha1_base64="YtkYuu58VEiX1vWV766x19zIDJg="></latexit>

µ ⌘
Z

d2xH = ⇡f
2
a ln(

p
2�fa/H)

Figures from [Buschmann+ 2020]
Before QCD PT During QCD PT After QCD PT

<latexit sha1_base64="5AAere4XsFjLVDnh/zY405Opu8o=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtB1Sax/LejBP0IzqQPOSMGivddR95r1xxq+4M5C/xclKBHPVe+bPbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmySp+EsbIlDZmpPycyGmk9jgLbGVEz1IveVPzP66QmvPQzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl/+S5onVe+8enZ7Wqld5XEU4QAO4Rg8uIAa3EAdGsBgAE/wAq+OcJ6dN+d93lpw8pl9+AXn4xtfJY3f</latexit>

⇠

String network quickly enters a scaling regime with
<latexit sha1_base64="4nlxSWtiN+887StNLCutzwJpiO8=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiKknFa0GqYGEsEn1ITYgc12mt2k5kO4gq6srCr7AwgBArf8DG3+C2GaDlSFc6Oude+94TJowq7TjfVmFhcWl5pbhaWlvf2Nyyt3eaKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYWDq7HfuidS0Vjc6mFCfI56gkYUI22kwIae7MdB5kkOFUbmld4IXkDvgUKPp0f6rhrYZafiTADniZuTMshRD+wvrxvjlBOhMUNKdVwn0X6GpKaYkVHJSxVJEB6gHukYKhAnys8ml4zggVG6MIqlKaHhRP09kSGu1JCHppMj3Vez3lj8z+ukOjr3MyqSVBOBpx9FKYM6huNYYJdKgjUbGoKwpGZXiPtIIqxNeCUTgjt78jxpVivuaeXk5rhcu8zjKII9sA8OgQvOQA1cgzpoAAwewTN4BW/Wk/VivVsf09aClc/sgj+wPn8AWBiZeA==</latexit>

⇢scaling = ⇠µ/t2

<latexit sha1_base64="lagS1LqKaFruXc/8U1758LRBnWc=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9gVX8egl3iLYB6QhGV2MpsMmZldZmYDYcmfePGgiFf/xJt/4yTZgyYWNBRV3XR3hQln2njet1NYW9/Y3Cpul3Z29/YP3MOjpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6H7mt8ZUaRbLJzNJaE/ggWQRI9hYKXDdKMCoy6nWmglUCx4Ct+xVvDnQKvFzUoYc9cD96vZjkgoqDeFY647vJaaXYWUY4XRa6qaaJpiM8IB2LJVYUN3L5pdP0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa67WVMJqmhkiwWRSlHJkazGFCfKUoMn1iCiWL2VkSGWGFibFglG4K//PIqaV5U/OvK1eNluXqXx1GEEziFc/DhBqpQgzo0gMAYnuEV3pzMeXHenY9Fa8HJZ47hD5zPH6PZkwc=</latexit>

fa . HI

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161103
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Various groups work on axion string simulations: no agreement
<latexit sha1_base64="l8VmbG/6nRRGEM+Q9ciRWkzgKUg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVTJq1WXRjSupYB/QjiWTZtrQTBKSTLEM/RM3LhRx65+4829MHwutHrhwOOde7r0nUpwZi9CXl1taXlldy68XNja3tnf83b26kakmtEYkl7oZYUM5E7RmmeW0qTTFScRpIxpcT/zGkGrDpLi3I0XDBPcEixnB1kkd37+FbayUlo+wjBB6OO34RVRCU8C/JJiTIpij2vE/211J0oQKSzg2phUgZcMMa8sIp+NCOzVUYTLAPdpyVOCEmjCbXj6GR07pwlhqV8LCqfpzIsOJMaMkcp0Jtn2z6E3E/7xWauPLMGNCpZYKMlsUpxxaCScxwC7TlFg+cgQTzdytkPSxxsS6sAouhGDx5b+kflIKzkvlu7Ni5WoeRx4cgENwDAJwASrgBlRBDRAwBE/gBbx6mffsvXnvs9acN5/ZB7/gfXwDV+ySLw==</latexit>

N ⇡ 50003

<latexit sha1_base64="VeaE1vGD0Ts+0Y6Do6IModNG6eI=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJRK3LohuXFewDmhAm00k7dDITZiZiiV34K25cKOLW33Dn3zhts9DqgQuHc+7l3nvChFGlHefLKiwsLi2vFFdLa+sbm1v29k5LiVRi0sSCCdkJkSKMctLUVDPSSSRBcchIOxxeTfz2HZGKCn6rRwnxY9TnNKIYaSMF9p7HRL8SBcg71kceShIp7mHNCeyyU3WmgH+Jm5MyyNEI7E+vJ3AaE64xQ0p1XSfRfoakppiRcclLFUkQHqI+6RrKUUyUn03vH8NDo/RgJKQpruFU/TmRoVipURyazhjpgZr3JuJ/XjfV0YWfUZ6kmnA8WxSlDGoBJ2HAHpUEazYyBGFJza0QD5BEWJvISiYEd/7lv6R1UnXPq2c3p+X6ZR5HEeyDA1ABLqiBOrgGDdAEGDyAJ/ACXq1H69l6s95nrQUrn9kFv2B9fAN7EZUf</latexit>

log(fa t) ⇡ 70Yet                          needed

[Gorghetto+ 2018, 2021]

Credits: Ed Hardy

<latexit sha1_base64="sA+9RH/3KcrnqVWS0VeaB4VpRPU=">AAACK3icbVDJTsMwFHTKVspW4MjFokLiVCWI7ViVC8ci0UVqSuS4TmvFiY3tIFVR/ocLv8IBDiziyn/gtBVLy0iWRjPv6XnGF4wqbdtvVmFhcWl5pbhaWlvf2Nwqb++0FE8kJk3MGZcdHynCaEyammpGOkISFPmMtP3wIvfbd0QqyuNrPRKkF6FBTAOKkTaSV667gUQ4dQWSmiIGXTnkHsp+hPCb6Qy6QnKhOZwsOVka3txmXrliV+0x4DxxpqQCpmh45Se3z3ESkVhjhpTqOrbQvTQ/gxnJSm6iiEA4RAPSNTRGEVG9dJw1gwdG6cOAS/NiDcfq740URUqNIt9MRkgP1ayXi/953UQH572UxiLRJMaTQ0FiYnOYFwf7VBKs2cgQhCU1f4V4iEwP2tRbMiU4s5HnSeuo6pxWT66OK7X6tI4i2AP74BA44AzUwCVogCbA4B48ghfwaj1Yz9a79TEZLVjTnV3wB9bnF87wqUM=</latexit>

@⇢a
@k@t

/ 1

kq
Energy spectrum 
of emitted axions

<latexit sha1_base64="X2ln12e47X1r0E3xLabvRwtQILI=">AAAB8XicbVDLTgIxFL2DL8QX6tJNIzFxRWaMryXRDUtM5BFhQjqlQEOnbdqOkUz4CzcuNMatf+POv7HALBQ8yU1Ozrk3994TKc6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWhA3lTNC6ZZbTltIUxxGnzWh0O/Wbj1QbJsW9HSsaxnggWJ8RbJ30MOpgpbR8QtVuseSX/RnQMgkyUoIMtW7xq9OTJImpsIRjY9qBr2yYYm0Z4XRS6CSGKkxGeEDbjgocUxOms4sn6MQpPdSX2pWwaKb+nkhxbMw4jlxnjO3QLHpT8T+vndj+dZgyoRJLBZkv6iccWYmm76Me05RYPnYEE83crYgMscbEupAKLoRg8eVl0jgrB5fli7vzUuUmiyMPR3AMpxDAFVSgCjWoAwEBz/AKb57xXrx372PemvOymUP4A+/zB08xkLE=</latexit>

k ⇡ H

<latexit sha1_base64="M/K+Tfw9KfNgwFodONpjes+QkUY=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUnFa6xgYSwSfUhNFN04TmvVeWA7iCrqwsKvsDCAECv/wMbf4LYZoOVIlo7OuUfX9/gpZ1JZ1rexsLi0vLJaWiuvb2xubZs7uy2ZZILQJkl4Ijo+SMpZTJuKKU47qaAQ+Zy2/cHV2G/fUyFZEt+qYUrdCHoxCxkBpSXPPBhgB9JUJA/YkXdC5TWH63QAo9ADz6xYVWsCPE/sglRQgYZnfjlBQrKIxopwkLJrW6lycxCKEU5HZSeTNAUygB7tahpDRKWbT64Y4SOtBDhMhH6xwhP1dyKHSMph5OvJCFRfznpj8T+vm6nwws1ZnGaKxmS6KMw4VgkeV4IDJihRfKgJEMH0XzHpgwCidHFlXYI9e/I8adWq9ln19OakUr8s6iihfXSIjpGNzlEdXaMGaiKCHtEzekVvxpPxYrwbH9PRBaPI7KE/MD5/AI1zmKE=</latexit>

k ⇡
p
2�fa

“Effective Nambu–Goto string”  
 leads to more axions and a higher DM mass

<latexit sha1_base64="n5K2bdU8uvleWamV7mcSDGUHqeU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvXiMaB6QLGF2MkmGzM6uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnJLyyura/n1wsbm1vZOcXevbqJEM15jkYx0M6CGS6F4DQVK3ow1p2EgeSMY3kz8xhPXRkTqAUcx90PaV6InGEUr3T9eeZ1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+np47JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/ST4WKE+SKzRb1EkkwIpO/SVdozlCOLKFMC3srYQOqKUObTsGG4M2/vEjqJ2XvvHx2d1qqXGdx5OEADuEYPLiACtxCFWrAoA/P8ApvjnRenHfnY9aac7KZffgD5/MH0hKNgg==</latexit>

q > 1

<latexit sha1_base64="GGnyThBJV7NyyGX+PgTYEGdlJgw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxonlAsoTZySQZMju7zvQKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbEUBl3328ktLa+sruXXCxubW9s7xd29uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDPxG09cGxGpBxzF3A9pX4meYBStdP945XWKJbfsTkEWiZeREmSodopf7W7EkpArZJIa0/LcGP2UahRM8nGhnRgeUzakfd6yVNGQGz+dnjomR1bpkl6kbSkkU/X3REpDY0ZhYDtDigMz703E/7xWgr1LPxUqTpArNlvUSyTBiEz+Jl2hOUM5soQyLeythA2opgxtOgUbgjf/8iKpn5S98/LZ3Wmpcp3FkYcDOIRj8OACKnALVagBgz48wyu8OdJ5cd6dj1lrzslm9uEPnM8f0I2NgQ==</latexit>

q = 1 “Collapsing loops” with            . 
<latexit sha1_base64="fjU/4OHQPZA4qiiKhog7RAhsG7I=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7hNnJbDJkdnacmQ0JS77DiwdFvPox3vwbJ8keNLGgoajqprsrlJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6CRVhNZJwhPVCrGmnAlaN8xw2pKK4jjktBkO7qZ+c0iVZol4NGNJgxj3BIsYwcZKgT9iyMdSqmSEvE6p7FbcGdAy8XJShhy1TunL7yYkjakwhGOt254rTZBhZRjhdFL0U00lJgPco21LBY6pDrLZ0RN0apUuihJlSxg0U39PZDjWehyHtjPGpq8Xvan4n9dOTXQTZEzI1FBB5ouilCOToGkCqMsUJYaPLcFEMXsrIn2sMDE2p6INwVt8eZk0ziveVeXy4aJcvc3jKMAxnMAZeHANVbiHGtSBwBM8wyu8OUPnxXl3PuatK04+cwR/4Hz+ABUSkao=</latexit>

⇠ ⇡ 1

[Davis 1985, 1986; Battye & Shellard 1994a, 1994b]
<latexit sha1_base64="XxDwY9tPgPq5hdJwU1qnUJNGpuk=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7htlJJxkys7vMzCphyX948aCIV//Fm3/jJNmDJhY0FFXddHeFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaIdUoeIR1w43AVqKQylBgMxzeTPzmIyrN4+jejBIMJO1HvMcZNVZ68DWXJPOVJBIb406p7FbcKcgi8XJShhy1TunL78YslRgZJqjWbc9NTJBRZTgTOC76qcaEsiHtY9vSiErUQTa9ekyOrdIlvVjZigyZqr8nMiq1HsnQdkpqBnrem4j/ee3U9K6CjEdJajBis0W9VBATk0kEpMsVMiNGllCmuL2VsAFVlBkbVNGG4M2/vEgapxXvonJ+d1auXudxFOAQjuAEPLiEKtxCDerAQMEzvMKb8+S8OO/Ox6x1yclnDuAPnM8fK2SSUA==</latexit>

⇠ meV
An IR spectrum is also found in [Hiramatsu+ 2011]

[Harari & Sikivie 1987; Hagmann+ 1999]
Supported recently by [Buschmann+ 2020, 2022]

https://link.springer.com/article/10.1007/JHEP07(2018)151
https://scipost.org/10.21468/SciPostPhys.10.2.050
doi:10.1103/PhysRevD.32.3172
https://www.sciencedirect.com/science/article/abs/pii/037026938690300X
https://doi.org/10.1016/0550-3213(94)90573-8
doi:10.1103/PhysRevLett.73.2954
doi:10.1103/PhysRevD.83.123531
doi:10.1016/0370-2693(87)90032-3
doi:10.1016/S0920-5632(98)00506-4
https://doi.org/10.1103/PhysRevLett.124.161103
https://doi.org/10.1038/s41467-022-28669-y
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Predictions for the DM mass of the QCD axion

Ciaran O’Hare, AxionLimits: https://cajohare.github.io/AxionLimits/

<latexit sha1_base64="hk33cBhCrX+ov58bd+SHo9kYSGQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQUoiUl0W3bisYB/QhDCZTtqhM5MwMxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feEyaMKu0431ZpbX1jc6u8XdnZ3ds/sA+rXRWnEpMOjlks+yFShFFBOppqRvqJJIiHjPTCye3M7z0SqWgsHvQ0IT5HI0EjipE2UmBXeeAlY+qd1zNPcki6+Vlg15yGMwdcJW5BaqBAO7C/vGGMU06ExgwpNXCdRPsZkppiRvKKlyqSIDxBIzIwVCBOlJ/Nb8/hqVGGMIqlKaHhXP09kSGu1JSHppMjPVbL3kz8zxukOrr2MyqSVBOBF4uilEEdw1kQcEglwZpNDUFYUnMrxGMkEdYmrooJwV1+eZV0Lxpus9G8v6y1boo4yuAYnIA6cMEVaIE70AYdgMETeAav4M3KrRfr3fpYtJasYuYI/IH1+QPqH5O6</latexit>

m� (eV)

https://cajohare.github.io/AxionLimits/

