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My group at TDLI
• 2022 - now:  Michael Zantedeschi (Postdoc) GW theory and detection strategies

• 2024 - now:  Hong-Yi Zhang (Postdoc) Soliton formation

• Ziwen Yin 尹孜文 (PhD student, SJTU)  Axion star formation

• Hanyu Cheng 程涵宇 (PhD student, SJTU) Cosmic strings & GWs

• Xinhui Chu 褚鑫慧 (PhD student, SJTU) GW detection

• Yongzhi Tan 唐勇智 (PhD student, SJTU)  Axion dark matter theory

• Qixuan Xu 许启炫 (Visiting student) Light scalar fields and BH superradiance

Past supervision:
1. 2022-23 — Kratika Mazde (MSc 2023, Now PhD at AIP-Sorbonne)
2. 2019-20 — Nicklas Ramberg (MSc 2020, now Postdoc at SISSA)
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Many positions are now available at TDLI

Postdocs:
•Theory:           https://academicjobsonline.org/ajo/jobs/28241
•Experimental:   https://academicjobsonline.org/ajo/jobs/28240

Faculty positions:
•General ads:             https://academicjobsonline.org/ajo/jobs/28235
•Trident ads:              https://academicjobsonline.org/ajo/jobs/28236
•Collider ads:             https://academicjobsonline.org/ajo/jobs/28237
•Multimessenger ads:  https://academicjobsonline.org/ajo/jobs/28238
•Lattice QCD ads:      https://academicjobsonline.org/ajo/jobs/28239

Astro-related positions to appear soon…

https://academicjobsonline.org/ajo/jobs/28241
https://academicjobsonline.org/ajo/jobs/28240
https://academicjobsonline.org/ajo/jobs/28235
https://academicjobsonline.org/ajo/jobs/28236
https://academicjobsonline.org/ajo/jobs/28237
https://academicjobsonline.org/ajo/jobs/28238
https://academicjobsonline.org/ajo/jobs/28239
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Outline

• Axion Miniclusters in the Milky Way 

• Axion-photon conversion in NS magnetospheres 

• Axions from the Sun 

• Direct detection of the axion at INFN Frascati National Labs

See the talk by Maurizio Giannotti for the review on the QCD axion
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Axion Miniclusters in the Milky Way
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Axion miniclusters

In post-inflation symmetry breaks, fluctuations are            for
<latexit sha1_base64="btuLcWb1kRS6KJKM56o0/LVe98s=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5oUX8uiGxcuKtgHNCFMppN06MwkzEyEErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JU0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKskkJk2csER2QqQIo4I0NdWMdFJJEA8ZaYeD67HffiBS0UTc62FKfI5iQSOKkTZSYO8PoBfHsOal9OQ2yD3JYaLwKLArTtWZAM4TtyAVUKAR2F9eL8EZJ0JjhpTquk6q/RxJTTEjo7KXKZIiPEAx6RoqECfKzyf3j+CRUXowSqQpoeFE/T2RI67UkIemkyPdV7PeWPzP62Y6uvRzKtJME4Gni6KMQZ3AcRiwRyXBmg0NQVhScyvEfSQR1iaysgnBnX15nrRqVfe8enZ3WqlfFXGUwAE4BMfABRegDm5AAzQBBo/gGbyCN+vJerHerY9p64JVzOyBP7A+fwCkbZU/</latexit>

k � 2⇡/Losc

<latexit sha1_base64="cHU2yjTbF+bNgrqLxo5YZlXJHXY=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyURX8uiG3dWsA9oY5lMJ+3QySTMTJQS8h9uXCji1n9x5984abPQ1gMDh3Pu5Z45XsSZ0rb9bRWWlldW14rrpY3Nre2d8u5eS4WxJLRJQh7KjocV5UzQpmaa004kKQ48Ttve+Drz249UKhaKez2JqBvgoWA+I1gb6aEXYD0imCe3adU57pcrds2eAi0SJycVyNHol796g5DEARWacKxU17Ej7SZYakY4TUu9WNEIkzEe0q6hAgdUuck0dYqOjDJAfijNExpN1d8bCQ6UmgSemcxSqnkvE//zurH2L92EiSjWVJDZIT/mSIcoqwANmKRE84khmEhmsiIywhITbYoqmRKc+S8vktZJzTmvnd2dVupXeR1FOIBDqIIDF1CHG2hAEwhIeIZXeLOerBfr3fqYjRasfGcf/sD6/AHK0ZIP</latexit>

O(1)
<latexit sha1_base64="lZoJQYFtKjncmPYLjaogAs26Rgw=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExPxtSy66cJFhb4gCWEynbZDZ5IwMxFK6F+48VfcuFDEre78G6dtoNp64MKZc+5l7j1hwqhUtv1tLC2vrK6tFzaKm1vbO7vm3n5TxqnApIFjFot2iCRhNCINRRUj7UQQxENGWuHgduy3HoiQNI7qapgQn6NeRLsUI6WlwLTugswTHMYSj6AnKYfOqYtmWrVcnz1O/MAs2ZY9AVwkTk5KIEctML+8ToxTTiKFGZLSdexE+RkSimJGRkUvlSRBeIB6xNU0QpxIP5vcNYLHWunAbix0RQpO1N8TGeJSDnmoOzlSfTnvjcX/PDdV3Ws/o1GSKhLh6UfdlEEVw3FIsEMFwYoNNUFYUL0rxH0kEFY6yqIOwZk/eZE0zyzn0rq4Py9VbvI4CuAQHIEycMAVqIAqqIEGwOARPINX8GY8GS/Gu/ExbV0y8pkD8AfG5w+jup79</latexit>

Losc ⇠ 1/[aoscH(Tosc)]
<latexit sha1_base64="6wywPspbgXEjlb0gIA4+pj0rcy8=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAILrQkvpdFNy4r2Ac0sUym03boTBJmJkIJAX/FjQtF3Pod7vwbp20WWj1w4XDOvdx7TxBzprTjfFmFufmFxaXicmlldW19w97caqgokYTWScQj2QqwopyFtK6Z5rQVS4pFwGkzGF6P/eYDlYpF4Z0exdQXuB+yHiNYG6lj73iKCeQ69+nRSZZ6UniHMck6dtmpOBOgv8TNSRly1Dr2p9eNSCJoqAnHSrVdJ9Z+iqVmhNOs5CWKxpgMcZ+2DQ2xoMpPJ+dnaN8oXdSLpKlQo4n6cyLFQqmRCEynwHqgZr2x+J/XTnTv0k9ZGCeahmS6qJdwpCM0zgJ1maRE85EhmEhmbkVkgCUm2iRWMiG4sy//JY3jinteObs9LVev8jiKsAt7cAAuXEAVbqAGdSCQwhO8wKv1aD1bb9b7tLVg5TPb8AvWxzcT8JTx</latexit>

⇠ 10�3 pc

Typical minicluster mass:
<latexit sha1_base64="2NDpqEv8gwbRxoZSTatanozsonA="></latexit>

Mmc =
4⇡

3
L3
osc⇢DM ⇠ 10�16 M�

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

[Hogan & Rees 1988; Kolb & Tkachev 1994]

<latexit sha1_base64="i6XOkJWRYCNrc/lpW8//fqXKw2s=">AAACCnicbVC7TsMwFHV4lvIqMLIYKqQyUBJUXlsFC2OR6ENqQuS4TmvVjiPbQaqiziz8CgsDCLHyBWz8DW6bAVqOZOnonHt1fU4QM6q0bX9bc/MLi0vLuZX86tr6xmZha7uhRCIxqWPBhGwFSBFGI1LXVDPSiiVBPGCkGfSvR37zgUhFRXSnBzHxOOpGNKQYaSP5hT1X9oSfupJDjocleQjdWIpYCyjv06PL48rQLxTtsj0GnCVORoogQ80vfLkdgRNOIo0ZUqrt2LH2UiQ1xYwM826iSIxwH3VJ29AIcaK8dBxlCA+M0oGhkOZFGo7V3xsp4koNeGAmOdI9Ne2NxP+8dqLDCy+lUZxoEuHJoTBh0CQd9QI7VBKs2cAQhCU1f4W4hyTC2rSXNyU405FnSeOk7JyVT28rxepVVkcO7IJ9UAIOOAdVcANqoA4weATP4BW8WU/Wi/VufUxG56xsZwf8gfX5A9sCmbo=</latexit>

⇢mc(r) / r�9/4Density profile from collapse:
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https://doi.org/10.1088/1475-7516/2019/04/012
https://doi.org/10.1016/0370-2693(88)91655-3
https://doi.org/10.1103/PhysRevD.50.769
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AMC mass function

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

[Eggemeier et al., 1911.09417]

<latexit sha1_base64="bLEQnZZmNTKHevOF4BPBaeLXmtM="></latexit>

dP

d logMAMC
⇠ MAMC

�0.7

[github.com/bradkav/axion-miniclusters]

(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⊙

<latexit sha1_base64="pbZ0GIzwiSYrG/hmwuR5Mmn62F8="></latexit>

M0 ⇡ 10�11M�(1 + �)

✓
20µeV

ma

◆1/2

(Growth of hierarchical structure 
 to today)

https://arxiv.org/abs/1911.09417
https://github.com/bradkav/axion-miniclusters/
https://arxiv.org/abs/1707.03310
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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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<latexit sha1_base64="mAjMP8+TI+uSW7ljH62zbx6P+e4=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgaZlNjNncgl48RjExkCxhdjKbDJl9MDMrhCV/4MWDIl79I2/+jZOHoKIFDUVVN91dfiK40hh/WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMSy4xPFBI9YS3MtWCeRjIS+YHf++HLm390zqXgc3epJwryQDCMecEq0kW7KpF8sYbtac516HWHbOcdlt2YIdirVioscG89RgiWa/eJ7bxDTNGSRpoIo1XVwor2MSM2pYNNCL1UsIXRMhqxraERCprxsfukUnRhlgIJYmoo0mqvfJzISKjUJfdMZEj1Sv72Z+JfXTXXgehmPklSziC4WBalAOkazt9GAS0a1mBhCqOTmVkRHRBKqTTgFE8LXp+h/0i7bTtXG12elxsUyjjwcwTGcggM1aMAVNKEFFAJ4gCd4tsbWo/VivS5ac9Zy5hB+wHr7BK4yjXg=</latexit>

2a

<latexit sha1_base64="BiTDBMIYkXB62QdDpAd1QbMeFrQ=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZlNIom3oBePCZgHJEuYnfQmY2YfzMwKYckXePGgiFc/yZt/42wSQUULGoqqbrq7vFhwpQn5sHJr6xubW/ntws7u3v5B8fCoo6JEMmizSESy51EFgofQ1lwL6MUSaOAJ6HrT68zv3oNUPApv9SwGN6DjkPucUW2klhwWS8Qm1UqNlDGxK06F1KuGEFK5dBzsGJKhhFZoDovvg1HEkgBCzQRVqu+QWLsplZozAfPCIFEQUzalY+gbGtIAlJsuDp3jM6OMsB9JU6HGC/X7REoDpWaBZzoDqifqt5eJf3n9RPt1N+VhnGgI2XKRnwisI5x9jUdcAtNiZghlkptbMZtQSZk22RRMCF+f4v9Jp2w7FzZpVUuNq1UceXSCTtE5clANNdANaqI2YgjQA3pCz9ad9Wi9WK/L1py1mjlGP2C9fQIla40r</latexit>r

<latexit sha1_base64="+47CFrqIn80fG9AMWyIFb2yYuhY="></latexit>

nAMC(r) = fAMC
⇢DM(r)

hMAMCi
<latexit sha1_base64="oEoK4zh8s5OzhgoeuUky0Q3jl6A="></latexit>

fAMC ⇡ 100%

hMAMCi ⇡ 10�14 M�

Luca Visinelli

https://arxiv.org/abs/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

Kavanagh, Edwards, LV, Weniger, PRD 2020
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<latexit sha1_base64="9BLSbhAEuStR309S6pIflTE4+BM=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjLa2rqrduNGqGIfMB1KJk3b0GRmSDJCGfoZblwo4tavceffmE5HUNEDFw7n3Mu99/gRZ0oj9GHllpZXVtfy64WNza3tneLuXluFsSS0RUIeyq6PFeUsoC3NNKfdSFIsfE47/qQx9zv3VCoWBnd6GlFP4FHAhoxgbST3tp/0pIAX141Zv1hC9uk5QhUEkY1SpOSsWjuFTqaUQIZmv/jeG4QkFjTQhGOlXAdF2kuw1IxwOiv0YkUjTCZ4RF1DAyyo8pL05Bk8MsoADkNpKtAwVb9PJFgoNRW+6RRYj9Vvby7+5bmxHta8hAVRrGlAFouGMYc6hPP/4YBJSjSfGoKJZOZWSMZYYqJNSgUTwten8H/SPrGdsl25KZfql1kceXAADsExcEAV1MEVaIIWICAED+AJPFvaerRerNdFa87KZvbBD1hvn8JVkO4=</latexit>

b

<latexit sha1_base64="F86MsJSdBp4PIjYXi3g7wi+Fpi8=">AAAB6HicbVBNT8JAEN3iF+IX6tHLRmLiqWkRUrwRvXiERD4SaMh2GWBlu212tyak4Rd48aAxXv1J3vw3LtCDoi+Z5OW9mczMC2LOlHacLyu3sbm1vZPfLeztHxweFY9P2ipKJIUWjXgkuwFRwJmAlmaaQzeWQMKAQyeY3i78ziNIxSJxr2cx+CEZCzZilGgjNYNBseTYTtmrXXnYscvOdc2rGuIsgd2MlFCGxqD42R9GNAlBaMqJUj3XibWfEqkZ5TAv9BMFMaFTMoaeoYKEoPx0eegcXxhliEeRNCU0Xqo/J1ISKjULA9MZEj1R695C/M/rJXpU81Mm4kSDoKtFo4RjHeHF13jIJFDNZ4YQKpm5FdMJkYRqk03BhOCuv/yXtMu2W7GrzUqpfpPFkUdn6BxdIhd5qI7uUAO1EEWAntALerUerGfrzXpfteasbOYU/YL18Q0cR40o</latexit>

r

<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]

https://doi.org/10.1103/PhysRevD.104.063038
https://arxiv.org/abs/1512.02884
https://arxiv.org/abs/1710.09586
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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>

dPa

d⌦
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g2a��B

2
0
RNS

6

Rc
3

⇢c
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>

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

�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

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
Axion mass                   .        and AMC mass

Simulate 20 encounters with NS of                         and
 

Signal lasting min to hour

<latexit sha1_base64="T2Py6Ikt91gt1m0OSwPYfJDRoB4="></latexit>

MAMC = 10�10 M�
<latexit sha1_base64="0Je8TaNSYq6Q1nFvis7haFolgrU=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgQkpSytguhFIXuqxgH9DWkknTNjTzIMkIw1B/xY0LRdz6Ie78GzNtBRU9cOFwzr3ce48bCq40Qh9WZmV1bX0ju5nb2t7Z3bP3D1oqiCRlTRqIQHZcopjgPmtqrgXrhJIRzxWs7U4vUr99x6TigX+j45D1PTL2+YhToo00sPP1ATrH6DbB5VnSk17v9HI2sAuoiAwcB6YEVxA2pFqtlEpViOcWQgWwRGNgv/eGAY085msqiFJdjELdT4jUnAo2y/UixUJCp2TMuob6xGOqn8yPn8FjowzhKJCmfA3n6veJhHhKxZ5rOj2iJ+q3l4p/ed1Ijyr9hPthpJlPF4tGkYA6gGkScMglo1rEhhAqubkV0gmRhGqTV86E8PUp/J+0SkXsFJ3rcqFWX8aRBYfgCJwADM5ADVyBBmgCCmLwAJ7As3VvPVov1uuiNWMtZ/LgB6y3Tysvk90=</latexit>

B0 = 1014 G
<latexit sha1_base64="tmThof707IeV4WXUit1CC0U4eVE=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4kJIpMrYLoejGZQX7gJmhZNK0DU0yQ5IRytDPcONCEbd+jTv/xkxbQUUPXDiccy/33hMlnGmD0IdTWFldW98obpa2tnd298r7Bx0dp4rQNol5rHoR1pQzSduGGU57iaJYRJx2o8l17nfvqdIslndmmtBQ4JFkQ0awsZLfunSzQIngTM/65QqqIgvPgzlx68i1pNGo12oN6M4thCpgiVa//B4MYpIKKg3hWGvfRYkJM6wMI5zOSkGqaYLJBI+ob6nEguowm588gydWGcBhrGxJA+fq94kMC62nIrKdApux/u3l4l+en5phPcyYTFJDJVksGqYcmhjm/8MBU5QYPrUEE8XsrZCMscLE2JRKNoSvT+H/pFOrul7Vuz2vNK+WcRTBETgGp8AFF6AJbkALtAEBMXgAT+DZMc6j8+K8LloLznLmEPyA8/YJALmRHA==</latexit>

P = 1 s

<latexit sha1_base64="fhTbp+z3oxjZMiLYXZbeMxhgNTw=">AAAB/HicdVBNS8NAEN3Ur1q/oj16WSyCBymbUmJ7EIpePFawrdCEstlu26W7SdjdCCHUv+LFgyJe/SHe/Ddu2goq+mDg8d4MM/OCmDOlEfqwCiura+sbxc3S1vbO7p69f9BVUSIJ7ZCIR/I2wIpyFtKOZprT21hSLAJOe8H0Mvd7d1QqFoU3Oo2pL/A4ZCNGsDbSwC6LAT6vo8yTwjv1RAJpdzawK6iKDFwX5sRpIMeQZrNRqzWhM7cQqoAl2gP73RtGJBE01IRjpfoOirWfYakZ4XRW8hJFY0ymeEz7hoZYUOVn8+Nn8NgoQziKpKlQw7n6fSLDQqlUBKZTYD1Rv71c/MvrJ3rU8DMWxommIVksGiUc6gjmScAhk5RonhqCiWTmVkgmWGKiTV4lE8LXp/B/0q1VHbfqXtcrrYtlHEVwCI7ACXDAGWiBK9AGHUBACh7AE3i27q1H68V6XbQWrOVMGfyA9fYJ5XyUUw==</latexit>

ma = 40µeV

https://arxiv.org/abs/2407.13060
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single NS-AMC encounter (with d = 10)
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Can we pick up this signal in radio?

Walters+ (with LV) 2407.13060

https://arxiv.org/abs/2407.13060
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Can we pick up this signal in radio?

Walters+ (with LV) 2407.13060

https://arxiv.org/abs/2407.13060
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Indirect searches for the axion: lensing

Microlensing by point-like or extended DM substructures
Fairbairn+ 1707.03310; Sugiyama+ 2108.03063; Fujikura+ 2109.04283; Croon + 2002.08962

Fairbairn+ 1707.03310

https://arxiv.org/abs/1707.03310
https://arxiv.org/abs/2108.03063
https://arxiv.org/abs/2109.04283
https://arxiv.org/abs/2002.08962
https://arxiv.org/abs/1707.03310
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Indirect searches for the axion: lensing

We have recently revisited microlensing constraints from axion stars

10-6 10-4 10-2 100 102

100

10-1

10-2

[Yin, LV 2403.18610]

Axion stars nucleation: Current work with Zi-Wen Yin (SJTU)

https://arxiv.org/abs/2403.18610
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Axions from the Sun

For exhaustive lists of experiments see 
[Irastorza & Redondo 2018]

Axion production in the Sun

Searched for in CAST and in proposed (Baby)-IAXO

These are relativistic axions, not the DM!
<latexit sha1_base64="I7BEVnTw0+wpfH8y7qfalEp8o6c=">AAACFXicbVA9SwNBEN3zM8avqKXNYhAsJNyJX2XQxjKCiYFcOOY2k7hk9/bY3RPDkT9h41+xsVDEVrDz37iJKdT4YODx3gwz8+JUcGN9/9ObmZ2bX1gsLBWXV1bX1ksbmw2jMs2wzpRQuhmDQcETrFtuBTZTjSBjgddx/3zkX9+iNlwlV3aQYltCL+FdzsA6KSrth0piDyKgoeGSXkV5qCVlSuOQhpCmWt3RsdTHxjAqlf2KPwadJsGElMkEtaj0EXYUyyQmlgkwphX4qW3noC1nAofFMDOYAutDD1uOJiDRtPPxV0O665QO7SrtKrF0rP6cyEEaM5Cx65Rgb8xfbyT+57Uy2z1t5zxJM4sJ+17UzQS1io4ioh2ukVkxcASY5u5Wym5AA7MuyKILIfj78jRpHFSC48rR5WG5ejaJo0C2yQ7ZIwE5IVVyQWqkThi5J4/kmbx4D96T9+q9fbfOeJOZLfIL3vsXJiye1Q==</latexit>

!a ⇠ Tcore ⇡ keV

[Redondo 2013]

Figure from Ben Safdi

https://doi.org/10.1016/j.ppnp.2018.05.003
https://iopscience.iop.org/article/10.1088/1475-7516/2013/05/010
https://doi.org/10.1088/1475-7516/2013/12/008
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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: Vagnozzi, LV Brax, Davis, Sakstein [2103.15834]
20

New exploration frontier: 
Scalar field production in the Sun 

We have considered solar chameleon 

See the talk by Tom O’Shea 
(This afternoon, first parallel session) 

O’Shea, Davis, Giannotti, Vagnozzi, LV, Vogel 
[2406.01691] (To appear on PRD)

Axions from the Sun

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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New exploration frontier: Scalar field production in the Sun 

We have considered solar chameleons produced from

Axions and scalars from the Sun

<latexit sha1_base64="LHB2SgCAFGRUR9ivz+8UGJDlAjM="></latexit>

Ve↵(�) = Vself(�) +
�m

MPl
⇢m�+

��

MPl
�
1

4
Fµ⌫Fµ⌫

<latexit sha1_base64="Sd8te/VVkOcIC6fkZCo8uyue+Qs="></latexit>

S =

Z
d4x

p
�g


�1

2
(@µ�)(@

µ�)� Ve↵(�) +
1

M4
�

(@µ�)(@⌫�)T
µ⌫
�

�
+ SSM

See the talk by Anne Davis right after mine

<latexit sha1_base64="1bdNfGJ6TyMZ2ME1Qy0A4W3nGBM=">AAACA3icdVDNS8MwHE3n15xfVW96CQ7B02jHqNtt6MWDhwnuA9Za0izdwpK2JKkwysCL/4oXD4p49Z/w5n9juk1Q0QeBx3u/l+T3goRRqSzrwygsLa+srhXXSxubW9s75u5eR8apwKSNYxaLXoAkYTQibUUVI71EEMQDRrrB+Dz3u7dESBpH12qSEI+jYURDipHSkm8edPzMFRzqG8KpKymH7qVOD9BNzTfLVsXScByYE7tu2Zo0GvVqtQHtmWVZZbBAyzff3UGMU04ihRmSsm9bifIyJBTFjExLbipJgvAYDUlf0whxIr1stsMUHmtlAMNY6BMpOFO/JzLEpZzwQE9ypEbyt5eLf3n9VIV1L6NRkioS4flDYcqgimFeCBxQQbBiE00QFlT/FeIREggrXVtJl/C1KfyfdKoV26k4V7Vy82xRRxEcgiNwAmxwCprgArRAG2BwBx7AE3g27o1H48V4nY8WjEVmH/yA8fYJvYuXnQ==</latexit>

Vself ⇠ ⇤4
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New exploration frontier: Scalar field production in the Sun 

We have considered solar chameleons produced from

Axions and scalars from the Sun

O’Shea, Davis, Giannotti, Vagnozzi, LV, Vogel 
[2406.01691] (To appear on PRD)

<latexit sha1_base64="LHB2SgCAFGRUR9ivz+8UGJDlAjM="></latexit>

Ve↵(�) = Vself(�) +
�m

MPl
⇢m�+

��

MPl
�
1

4
Fµ⌫Fµ⌫

<latexit sha1_base64="Sd8te/VVkOcIC6fkZCo8uyue+Qs="></latexit>

S =

Z
d4x

p
�g


�1

2
(@µ�)(@

µ�)� Ve↵(�) +
1

M4
�

(@µ�)(@⌫�)T
µ⌫
�

�
+ SSM

See the talk by Tom O’Shea
(This afternoon, first parallel session)

See the talk by Anne Davis right after mine

<latexit sha1_base64="1bdNfGJ6TyMZ2ME1Qy0A4W3nGBM=">AAACA3icdVDNS8MwHE3n15xfVW96CQ7B02jHqNtt6MWDhwnuA9Za0izdwpK2JKkwysCL/4oXD4p49Z/w5n9juk1Q0QeBx3u/l+T3goRRqSzrwygsLa+srhXXSxubW9s75u5eR8apwKSNYxaLXoAkYTQibUUVI71EEMQDRrrB+Dz3u7dESBpH12qSEI+jYURDipHSkm8edPzMFRzqG8KpKymH7qVOD9BNzTfLVsXScByYE7tu2Zo0GvVqtQHtmWVZZbBAyzff3UGMU04ihRmSsm9bifIyJBTFjExLbipJgvAYDUlf0whxIr1stsMUHmtlAMNY6BMpOFO/JzLEpZzwQE9ypEbyt5eLf3n9VIV1L6NRkioS4flDYcqgimFeCBxQQbBiE00QFlT/FeIREggrXVtJl/C1KfyfdKoV26k4V7Vy82xRRxEcgiNwAmxwCprgArRAG2BwBx7AE3g27o1H48V4nY8WjEVmH/yA8fYJvYuXnQ==</latexit>

Vself ⇠ ⇤4

https://arxiv.org/abs/2406.01691
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Direct searches: Haloscope

<latexit sha1_base64="06KllZtfW/5H+i4LNPqTCl2ehI8="></latexit>

L � 1

2
@µ�@

µ�� V (�) +
1

4
ga���F̃µ⌫F

µ⌫ + ce
@µ�

2fa
ē�µ�5e+ cN

@µ�

2fa
N̄�µ�5N

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>

QL

<latexit sha1_base64="Bf1VVEH9eNUI03g++rNyi6FsGzY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2OIF48RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFKr53EU4QiO4RQ8uIIa3EIDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xu7GY1z</latexit>

B0

<latexit sha1_base64="gOSrysxRhc4KZFy1ypoHpUpnPAY="></latexit>

Psig = (g2a��na)⇥
�
QLB

2
0V Cnml

�

Quality factor

Magnetic field

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V
<latexit sha1_base64="JSrVgSFEQv8rqCKfnXvQrir5GUk=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2WxG5cV7APaoWTSTBuaZEKSEcrQj3DjQhG3fo87/8a0nYW2HrhwOOde7r0nUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61TJJqQpsk4YnuRNhQziRtWmY57ShNsYg4bUfj+sxvP1FtWCIf7UTRUOChZDEj2DqpXe9nUvBpv1zxq/4caJUEOalAjka//NUbJCQVVFrCsTHdwFc2zLC2jHA6LfVSQxUmYzykXUclFtSE2fzcKTpzygDFiXYlLZqrvycyLIyZiMh1CmxHZtmbif953dTGt2HGpEotlWSxKE45sgma/Y4GTFNi+cQRTDRztyIywhoT6xIquRCC5ZdXSeuiGlxXrx4uK7W7PI4inMApnEMAN1CDe2hAEwiM4Rle4c1T3ov37n0sWgtePnMMf+B9/gB2R4+r</latexit>

Cnml

Cavity volume

Geometric factor

Significant enhancement when
<latexit sha1_base64="BQ4q9yDnepDNuE1aplh4MF6y/XU=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlLxWpAqWBgYWok+pCaKHNdprdpOZDtIVdWBhV9hYQAhVj6Cjb/BaTNAy5Gu7tE598q+J0wYVdpxvq2l5ZXVtfXCRnFza3tn197bb6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDm8yv/1ApKKxuNejhPgc9QWNKEbaSIFdqnoJhZ5IAwyvIA+Ql/CsnTSCu8AuOxVnCrhI3JyUQY56YH95vRinnAiNGVKq6zqJ9sdIaooZmRS9VJEE4SHqk66hAnGi/PH0iAk8MkoPRrE0JTScqr83xogrNeKhmeRID9S8l4n/ed1UR5f+mIok1UTg2UNRyqCOYZYI7FFJsGYjQxCW1PwV4gGSCGuTW9GE4M6fvEha1Yp7XjlrnJZr13kcBVACh+AYuOAC1MAtqIMmwOARPINX8GY9WS/Wu/UxG12y8p0D8AfW5w9bJ5am</latexit>

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 at INFN Frascati National Labs
FLASH cavity search with 

Claudio Gatti’s group (INFN-LNF) 
[Alesini+ 2309.00351] (+LV)

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

See also the CADEx talk by Jordi Miranda Escudé

https://arxiv.org/abs/2309.00351
https://arxiv.org/abs/2306.17243


Inverse Gertsenshtein effect (see the talk by Camilo Garcia Cely)

High-frequency gravitational waves

<latexit sha1_base64="xFvC3gD9DrzuBQuQu5SjwswoW5k=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUhDIjvjZC0Y3LCvYBnWHIpJk2NMkMSUYoQz/Bjb/ixoUibl26829M28FH64HAuefcy809YcKo0o7zaRXm5hcWl4rLpZXVtfUNe3OroeJUYlLHMYtlK0SKMCpIXVPNSCuRBPGQkWbYvxr5zTsiFY3FrR4kxOeoK2hEMdJGCuz9bpB5PPVEOoQX0CMa/dSHsPddBHbZqThjwFni5qQMctQC+8PrxDjlRGjMkFJt10m0nyGpKWZkWPJSRRKE+6hL2oYKxInys/FBQ7hnlA6MYmme0HCs/p7IEFdqwEPTyZHuqWlvJP7ntVMdnfsZFUmqicCTRVHKoI7hKB3YoZJgzQaGICyp+SvEPSQR1ibDkgnBnT55ljSOKu5p5eTmuFy9zOMogh2wCw6AC85AFVyDGqgDDO7BI3gGL9aD9WS9Wm+T1oKVz2yDP7DevwCvIJ0E</latexit>

gµ⌫ = ⌘µ⌫ + hµ⌫
<latexit sha1_base64="4YHW684fBDoRK26H/wjURQgRDlo=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1l047KCfUATwmQ6aYfOTMI8hJIW/BU3LhRx63e482+ctllo64ELh3Pu5d574oxRpT3v21laXlldWy9tlDe3tnd23b39pkqNxKSBU5bKdowUYVSQhqaakXYmCeIxI614cDvxW49EKpqKBz3MSMhRT9CEYqStFLmH/ciDgaIcjvpRHnATCDMeRW7Fq3pTwEXiF6QCCtQj9yvopthwIjRmSKmO72U6zJHUFDMyLgdGkQzhAeqRjqUCcaLCfHr+GJ5YpQuTVNoSGk7V3xM54koNeWw7OdJ9Ne9NxP+8jtHJdZhTkRlNBJ4tSgyDOoWTLGCXSoI1G1qCsKT2Voj7SCKsbWJlG4I///IiaZ5V/cvqxf15pXZTxFECR+AYnAIfXIEauAN10AAY5OAZvII358l5cd6dj1nrklPMHIA/cD5/ABKElZc=</latexit>

h0 ⇠ |hµ⌫ |

Work with
Michael Zantedeschi
(postdoc @TDLI)

25

Gatti, LV, Zantedeschi 2403.18610, PRD

https://arxiv.org/abs/2403.18610
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Summary

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

times 
• Explored in Andromeda through GBT 
• More developments to come soon

AMC-NS radio transients Direct searches

• See the review by Maurizio Giannotti 
• Road to lab detection @ INFN-LNF 
• For details, see  FLASH CDR 2309.00351

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

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

Luca Visinelli

https://arxiv.org/abs/2309.00351
https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
https://github.com/bradkav/axion-miniclusters


Luca Visinelli

29

Assumption: The PQ symmetry broke after inflation,

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

�̈� 1

a2
r2�+ 3H�̇+ 2��

✓
|�|2 � f

2
a

2

◆
= 0EoM 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

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>
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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]
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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/

