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- 1st News from the Dark I discussed WISPy Cold Dark matter,  
introduced new generic DM candidates, huge new parameter spaces, brodened the scope ... 

- To get some things done, the last few years I 've been trying to narrow down a bit 

I will discuss here my recent results on QCD axion DM in the post-inflationary scenario  

it could not get much narrower than that



outline

- Intro 

- Axions from strings 

- Miniclusters 

- High mass haloscopes ...  



QCD Axion motivation: The strong CP ‘‘issue’’
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- CP violation in QCD sector: CKM angle                                          �13 = 1.2± 0.1 rad
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quark phase redefinition shifts between quark mass phase and QCD vacuum because of the axial anomaly

- The     -angle produces flavour-neutral CP violation like Electric Dipole Moments ... never observed!

- Neutron EDM (Pospelov 9908508)

✓

- Experimental upper limit (Grenoble hep-ex/0602020) 

|dn| < 3⇥ 10�13 [e fm]
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- Why is                        ? ✓ < 10�10

✓ = ✓QCD +Nf�AND flavour-neutral phase 



Driving     dynamically to zero with BSM physics✓



- Any theory promoting      to a dynamical field,                 ,will automatically set                  after some time...   

QCD vacuum energy is minimised at              !
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New Spontaneous symmetry breaking [energy] scale fa

Canonically normalised    -field is the QCD AXION!✓ a(x) = ✓(x)fa
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- PQ Mechanism: Global U(1) symmetry spontaneously broken + color anomaly-> Goldstone boson + QCD term

New scale        can relate to fundamental scales (string, flavor)fa



what do we know about fA

Hot-DM ê CMB ê BBN
SN1987ABurst Duration SK

Globular Clusters HgagLHgaeL?

White Dwarfs HgaeL?

Solar Neutrino flux HgagLHgaeL

IAXO CAST Telescope Beam
DumpADMX-IIADMX

Cold DM predictions
PreInflation-PQ

PostInflation-PQ
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A
<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>
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Axion dark matter in a nutshell
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<latexit sha1_base64="j05/Ffg7ksSJ/4lHjk+ghJq1FWw=">AAAB/XicbVDJSgNBEK2JW4zbuNy8DAbBU5gRxFzEBC8eI5gFkmHo6fQkTXoWumuEOAR/xYsHRbx69Ru86dfYWQ6a+KDg8V4VVfX8RHCFtv1l5JaWV1bX8uuFjc2t7R1zd6+h4lRSVqexiGXLJ4oJHrE6chSslUhGQl+wpj+4GvvNOyYVj6NbHCbMDUkv4gGnBLXkmQcd7DMkF51AEppVR1ngVUeeWbRL9gTWInFmpFg5u/z+AICaZ352ujFNQxYhFUSptmMn6GZEIqeCjQqdVLGE0AHpsbamEQmZcrPJ9SPrWCtdK4ilrgitifp7IiOhUsPQ150hwb6a98bif147xaDsZjxKUmQRnS4KUmFhbI2jsLpcMopiqAmhkutbLdonOgfUgRV0CM78y4ukcVpy7JJzo9MowxR5OIQjOAEHzqEC11CDOlC4h0d4hhfjwXgyXo23aWvOmM3swx8Y7z+2dZeR</latexit><latexit sha1_base64="yx7mwdVzrGRl/R81Vq0CG/eLHGw=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRxFzEBC8eI5gFMmHo6fQkTXoWumuEOAzevfoDXjwo4tU/8AO86dfYWQ6a+KDg8V4VVfW8WHAFlvVl5BYWl5ZX8quFtfWNzS1ze6ehokRSVqeRiGTLI4oJHrI6cBCsFUtGAk+wpje4GPnNGyYVj8JrGMasE5BeyH1OCWjJNfcc6DMgZ44vCU2rWeq71cw1i1bJGgPPE3tKipWT8++P+wdRc81PpxvRJGAhUEGUattWDJ2USOBUsKzgJIrFhA5Ij7U1DUnAVCcdX5/hQ610sR9JXSHgsfp7IiWBUsPA050Bgb6a9Ubif147Ab/cSXkYJ8BCOlnkJwJDhEdR4C6XjIIYakKo5PpWTPtE5wA6sIIOwZ59eZ40jku2VbKvdBplNEEe7aMDdIRsdIoq6BLVUB1RdIse0TN6Me6MJ+PVeJu05ozpzC76A+P9B8vHmSA=</latexit><latexit sha1_base64="yx7mwdVzrGRl/R81Vq0CG/eLHGw=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRxFzEBC8eI5gFMmHo6fQkTXoWumuEOAzevfoDXjwo4tU/8AO86dfYWQ6a+KDg8V4VVfW8WHAFlvVl5BYWl5ZX8quFtfWNzS1ze6ehokRSVqeRiGTLI4oJHrI6cBCsFUtGAk+wpje4GPnNGyYVj8JrGMasE5BeyH1OCWjJNfcc6DMgZ44vCU2rWeq71cw1i1bJGgPPE3tKipWT8++P+wdRc81PpxvRJGAhUEGUattWDJ2USOBUsKzgJIrFhA5Ij7U1DUnAVCcdX5/hQ610sR9JXSHgsfp7IiWBUsPA050Bgb6a9Ubif147Ab/cSXkYJ8BCOlnkJwJDhEdR4C6XjIIYakKo5PpWTPtE5wA6sIIOwZ59eZ40jku2VbKvdBplNEEe7aMDdIRsdIoq6BLVUB1RdIse0TN6Me6MJ+PVeJu05ozpzC76A+P9B8vHmSA=</latexit><latexit sha1_base64="Zy9UlhSCt4mwH9qhAShSmQOtdb0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5K4sRuhxY3LCvYBTQiT6aQdOpmEmRuhhuKvuHGhiFv/w51/47TNQlsPXDiccy/33hOmgmtwnG+rtLa+sblV3q7s7O7tH9iHRx2dZIqyNk1Eonoh0UxwydrAQbBeqhiJQ8G64fhm5ncfmNI8kfcwSZkfk6HkEacEjBTYJx6MGJBrL1KE5s1pHgXNaWBXnZozB14lbkGqqEArsL+8QUKzmEmggmjdd50U/Jwo4FSwacXLNEsJHZMh6xsqScy0n8+vn+JzowxwlChTEvBc/T2Rk1jrSRyazpjASC97M/E/r59BVPdzLtMMmKSLRVEmMCR4FgUecMUoiIkhhCpubsV0REwOYAKrmBDc5ZdXSeey5jo1986pNupFHGV0is7QBXLRFWqgW9RCbUTRI3pGr+jNerJerHfrY9FasoqZY/QH1ucPmoGVQw==</latexit>�⇡

<latexit sha1_base64="unNOnWnANSRGx13f74prrsQ/Ur4=">AAAB63icbVC7SgNBFL0bXzG+opY2g0GwMezamDJgYxnBPCBZwuxkNhkyj2VmVghLfsHGQhFbf8Av8Bvs/BB7Z5MUmnjgwuGce7n3nijhzFjf//IKa+sbm1vF7dLO7t7+QfnwqGVUqgltEsWV7kTYUM4kbVpmOe0kmmIRcdqOxte5376n2jAl7+wkoaHAQ8liRrDNpYtewvrlil/1Z0CrJFiQSh2+3z8AoNEvf/YGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbHbrFJ05ZYBipV1Ji2bq74kMC2MmInKdAtuRWfZy8T+vm9q4FmZMJqmlkswXxSlHVqH8cTRgmhLLJ45gopm7FZER1phYF0/JhRAsv7xKWpfVwK8Gty6NGsxRhBM4hXMI4ArqcAMNaAKBETzAEzx7wnv0XrzXeWvBW8wcwx94bz9JXpCd</latexit><latexit sha1_base64="DmhobvOZcCPzby0PV5HJOKPh6F8=">AAAB63icbVC7SgNBFL0bXzG+opY2g0GwMezamDJgI9hEMA9IljA7mU2GzMwuM7PCsuQXbCwUsfUH/BRJ44fYO5uk0MQDFw7n3Mu99wQxZ9q47pdTWFvf2Nwqbpd2dvf2D8qHRy0dJYrQJol4pDoB1pQzSZuGGU47saJYBJy2g/F17rcfqNIskvcmjakv8FCykBFscumiF7N+ueJW3RnQKvEWpFKH74/ptHDb6Jc/e4OIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sdusEnVllgMJI2ZIGzdTfExkWWqcisJ0Cm5Fe9nLxP6+bmLDmZ0zGiaGSzBeFCUcmQvnjaMAUJYanlmCimL0VkRFWmBgbT8mG4C2/vEpal1XPrXp3No0azFGEEziFc/DgCupwAw1oAoERPMIzvDjCeXJenbd5a8FZzBzDHzjvP+bskdI=</latexit><latexit sha1_base64="DmhobvOZcCPzby0PV5HJOKPh6F8=">AAAB63icbVC7SgNBFL0bXzG+opY2g0GwMezamDJgI9hEMA9IljA7mU2GzMwuM7PCsuQXbCwUsfUH/BRJ44fYO5uk0MQDFw7n3Mu99wQxZ9q47pdTWFvf2Nwqbpd2dvf2D8qHRy0dJYrQJol4pDoB1pQzSZuGGU47saJYBJy2g/F17rcfqNIskvcmjakv8FCykBFscumiF7N+ueJW3RnQKvEWpFKH74/ptHDb6Jc/e4OIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sdusEnVllgMJI2ZIGzdTfExkWWqcisJ0Cm5Fe9nLxP6+bmLDmZ0zGiaGSzBeFCUcmQvnjaMAUJYanlmCimL0VkRFWmBgbT8mG4C2/vEpal1XPrXp3No0azFGEEziFc/DgCupwAw1oAoERPMIzvDjCeXJenbd5a8FZzBzDHzjvP+bskdI=</latexit><latexit sha1_base64="UzmxYhRFh7MdDL6ilZOeqvo0nC4=">AAAB63icbVA9SwNBEJ3zM8avqKXNYhBsDHc2pgzYWEYwH5AcYW8zSZbs7h27e0I48hdsLBSx9Q/Z+W/cS67QxAcDj/dmmJkXJYIb6/vf3sbm1vbObmmvvH9weHRcOTltmzjVDFssFrHuRtSg4ApblluB3UQjlZHATjS9y/3OE2rDY/VoZwmGko4VH3FGbS5d9xM+qFT9mr8AWSdBQapQoDmofPWHMUslKssENaYX+IkNM6otZwLn5X5qMKFsSsfYc1RRiSbMFrfOyaVThmQUa1fKkoX6eyKj0piZjFynpHZiVr1c/M/rpXZUDzOuktSiYstFo1QQG5P8cTLkGpkVM0co09zdStiEasqsi6fsQghWX14n7Zta4NeCB7/aqBdxlOAcLuAKAriFBtxDE1rAYALP8ApvnvRevHfvY9m64RUzZ/AH3ucPtR6N9g==</latexit> 0
<latexit sha1_base64="43L7HRh0Q5e+sd5ZzJQaFulX2lI=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWIQrMKsjekM2FgmYi6QLGF2cjYZMzu7zMwKYckT2FgoYutTWPkQdr6Nk0uhiT8MfPz/Ocw5J0gE14aQbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/z1gMqzWN5Z8YJ+hEdSB5yRo216qRXLJEymcldBW8BpavPj1uwqvWKX91+zNIIpWGCat3xSGL8jCrDmcBJoZtqTCgb0QF2LEoaofaz2aAT98w6fTeMlX3SuDP3d0dGI63HUWArI2qGejmbmv9lndSEFT/jMkkNSjb/KEyFa2J3urXb5wqZEWMLlCluZ3XZkCrKjL1NwR7BW155FZoXZY+UvTopVSswVx5O4BTOwYNLqMIN1KABDBAe4RlenHvnyXl13ualOWfRcwx/5Lz/ADNkjq0=</latexit><latexit sha1_base64="S0f1jRcMN/TyyTLOJUeA4B/Jjjw=">AAAB5HicbZC7SgNBFIbPeo3rLdoKMhgEq7BrYzoDNpYJmAskIcxOziZjZmeXmVkhLCmtbCwUWx8jlQ9h5zP4Ek4uhSb+MPDx/+cw55wgEVwbz/ty1tY3Nre2czvu7t7+wWHeParrOFUMaywWsWoGVKPgEmuGG4HNRCGNAoGNYHgzzRsPqDSP5Z0ZJdiJaF/ykDNqrFX1uvmCV/RmIqvgL6Bw/TGpfj+eTird/Ge7F7M0QmmYoFq3fC8xnYwqw5nAsdtONSaUDWkfWxYljVB3stmgY3JunR4JY2WfNGTm/u7IaKT1KApsZUTNQC9nU/O/rJWasNTJuExSg5LNPwpTQUxMpluTHlfIjBhZoExxOythA6ooM/Y2rj2Cv7zyKtQvi75X9AvlEsyVgxM4gwvw4QrKcAsVqAEDhCd4gVfn3nl23uaFa86i4xj+yHn/AcMuj8w=</latexit><latexit sha1_base64="S0f1jRcMN/TyyTLOJUeA4B/Jjjw=">AAAB5HicbZC7SgNBFIbPeo3rLdoKMhgEq7BrYzoDNpYJmAskIcxOziZjZmeXmVkhLCmtbCwUWx8jlQ9h5zP4Ek4uhSb+MPDx/+cw55wgEVwbz/ty1tY3Nre2czvu7t7+wWHeParrOFUMaywWsWoGVKPgEmuGG4HNRCGNAoGNYHgzzRsPqDSP5Z0ZJdiJaF/ykDNqrFX1uvmCV/RmIqvgL6Bw/TGpfj+eTird/Ge7F7M0QmmYoFq3fC8xnYwqw5nAsdtONSaUDWkfWxYljVB3stmgY3JunR4JY2WfNGTm/u7IaKT1KApsZUTNQC9nU/O/rJWasNTJuExSg5LNPwpTQUxMpluTHlfIjBhZoExxOythA6ooM/Y2rj2Cv7zyKtQvi75X9AvlEsyVgxM4gwvw4QrKcAsVqAEDhCd4gVfn3nl23uaFa86i4xj+yHn/AcMuj8w=</latexit><latexit sha1_base64="qe3NlLpNv6Cxlfwv8Z9I1tvTV50=">AAAB5HicbVA9SwNBEJ2LX/H8irY2i0GwCns2pgzYWEYwH5AcYW8zl6zZ2zt294Rw5BfYWCi2/iY7/42b5AqNPhh4vDfDzLwok8JYSr+8ytb2zu5edd8/ODw6Pqn5p12T5ppjh6cy1f2IGZRCYccKK7GfaWRJJLEXzW6Xfu8JtRGperDzDMOETZSIBWfWSfd0VKvTBl2B/CVBSepQoj2qfQ7HKc8TVJZLZswgoJkNC6at4BIX/jA3mDE+YxMcOKpYgiYsVocuyKVTxiROtStlyUr9OVGwxJh5ErnOhNmp2fSW4n/eILdxMyyEynKLiq8XxbkkNiXLr8lYaORWzh1hXAt3K+FTphm3LhvfhRBsvvyXdK8bAW0E9VazDKMK53ABVxDADbTgDtrQAQ4Iz/AKb96j9+K9rxsrXjlxBr/gfXwDC+WLgA==</latexit>

⇡
<latexit sha1_base64="xK+8aPVjfApawzkC8KHkUfAusAk=">AAAB6nicbZC7SgNBFIbPxluMt6ilzWAQrMKujekSsLGMl1wgWcLsZDYZMju7zJwVwpJHsLFQxNaHsPIh7HwbJ5dCE38Y+Pj/c5hzTpBIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlfTvPXAtRGxusdxwv2IDpQIBaNorbtuInrFklt2ZyKr4C2gVP38uAWreq/41e3HLI24QiapMR3PTdDPqEbBJJ8UuqnhCWUjOuAdi4pG3PjZbNQJObNOn4Sxtk8hmbm/OzIaGTOOAlsZURya5Wxq/pd1UgwrfiZUkiJXbP5RmEqCMZnuTfpCc4ZybIEyLeyshA2ppgztdQr2CN7yyqvQvCh7btm7cUu1CsyVhxM4hXPw4BJqcA11aACDATzCM7w40nlyXp23eWnOWfQcwx857z8KCI/G</latexit><latexit sha1_base64="JzjTaeFm+yuKhXlT1N2+DNiUSM8=">AAAB6nicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTNBdIQpidnE2GzM4uM7NCWFJa2lgoYutDpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+SdGcbYDmlP8oAzaqx124p5J5d3C+5UZBm8OeSvPsaV74eTcbmT+2x1I5aEKA0TVOum58amnVJlOBM4yrYSjTFlA9rDpkVJQ9TtdDrqiJxZp0uCSNknDZm6vztSGmo9DH1bGVLT14vZxPwvayYmKLZTLuPEoGSzj4JEEBORyd6kyxUyI4YWKFPczkpYnyrKjL1O1h7BW1x5GWoXBc8teBU3XyrCTBk4hlM4Bw8uoQQ3UIYqMOjBIzzDiyOcJ+fVeZuVrjjzniP4I+f9BxQDkgs=</latexit><latexit sha1_base64="JzjTaeFm+yuKhXlT1N2+DNiUSM8=">AAAB6nicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTNBdIQpidnE2GzM4uM7NCWFJa2lgoYutDpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+SdGcbYDmlP8oAzaqx124p5J5d3C+5UZBm8OeSvPsaV74eTcbmT+2x1I5aEKA0TVOum58amnVJlOBM4yrYSjTFlA9rDpkVJQ9TtdDrqiJxZp0uCSNknDZm6vztSGmo9DH1bGVLT14vZxPwvayYmKLZTLuPEoGSzj4JEEBORyd6kyxUyI4YWKFPczkpYnyrKjL1O1h7BW1x5GWoXBc8teBU3XyrCTBk4hlM4Bw8uoQQ3UIYqMOjBIzzDiyOcJ+fVeZuVrjjzniP4I+f9BxQDkgs=</latexit><latexit sha1_base64="AjlcWKHB1+A2NAT06C/eQfG2BjI=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswp6NKQM2lhHNByRH2NvsJUv29o7dOSEc+Qk2ForY+ovs/Ddukis08cHA470ZZuaFqZIWKf32Nja3tnd2S3vl/YPDo+PKyWnbJpnhosUTlZhuyKxQUosWSlSimxrB4lCJTji5nfudJ2GsTPQjTlMRxGykZSQ5Qyc99FM5qFRpjS5A1olfkCoUaA4qX/1hwrNYaOSKWdvzaYpBzgxKrsSs3M+sSBmfsJHoOapZLGyQL06dkUunDEmUGFcayUL9PZGz2NppHLrOmOHYrnpz8T+vl2FUD3Kp0wyF5stFUaYIJmT+NxlKIziqqSOMG+luJXzMDOPo0im7EPzVl9dJ+7rm05p/T6uNehFHCc7hAq7AhxtowB00oQUcRvAMr/DmKe/Fe/c+lq0bXjFzBn/gff4AS3uNvw==</latexit>

1: The axion field (A) is the dynamical 
version of the theta angle of QCD 

We observe ✓ ' 0
<latexit sha1_base64="3MfmsEgjGDE1mkMnfbyoGEp9nqU=">AAAB9XicdVC7SkNBEJ3r2/iKWtosBsEq7I2PaGXAxlLFqJBE2buZmMW9D3fnKiHkP2wsFLG1tfIj7Pwb9yYKKnpg4HDODDNzgkQrS5y/e0PDI6Nj4xOTuanpmdm5/PzCsY1TI7EqYx2b00BY1CrCKinSeJoYFGGg8SS43M38k2s0VsXREXUSbITiIlItJQU56axObSRRtyrEK8bP8wVe3C7zjZLPMlLa9MsZ4aW19U3mF3kfhZ3Xl0Nw2D/Pv9WbsUxDjEhqYW3N5wk1usKQkhp7uXpqMRHyUlxgzdFIhGgb3f7VPbbilCZrxcZVRKyvfp/oitDaThi4zlBQ2/72MvEvr5ZSa6vRVVGSEkZysKiVakYxyyJgTWVQku44IqRR7lYm28IISS6onAvh61P2PzkuFX1e9A94obIFA0zAEizDKvhQhgrswT5UQYKBW7iHB+/Gu/MevadB65D3ObMIP+A9fwBUlpSM</latexit><latexit sha1_base64="kl0xPHihGSAdB5/T8DIMn0g/Oac=">AAAB9XicdVDLSgNBEJz1GeMr6lGQwSB4CrPxET0Z8OIxglEhiWF20psMzj6c6VVC8Og/ePGgiFevOfkR3vwGf8LZREFFCxqKqm66u7xYSYOMvTkjo2PjE5OZqez0zOzcfG5h8dhEiRZQFZGK9KnHDSgZQhUlKjiNNfDAU3Dine+n/sklaCOj8Ai7MTQC3g6lLwVHK53VsQPI60YGcEFZM5dnhd0S2yq6NCXFbbeUElbc2NymboENkN976R++36z0K83ca70ViSSAEIXixtRcFmOjxzVKoeA6W08MxFyc8zbULA15AKbRG1x9Tdes0qJ+pG2FSAfq94keD4zpBp7tDDh2zG8vFf/yagn6O42eDOMEIRTDRX6iKEY0jYC2pAaBqmsJF1raW6nocM0F2qCyNoSvT+n/5LhYcFnBPWT58g4ZIkOWySpZJy4pkTI5IBVSJYJockvuyYNz5dw5j87TsHXE+ZxZIj/gPH8AXpGW0Q==</latexit><latexit sha1_base64="kl0xPHihGSAdB5/T8DIMn0g/Oac=">AAAB9XicdVDLSgNBEJz1GeMr6lGQwSB4CrPxET0Z8OIxglEhiWF20psMzj6c6VVC8Og/ePGgiFevOfkR3vwGf8LZREFFCxqKqm66u7xYSYOMvTkjo2PjE5OZqez0zOzcfG5h8dhEiRZQFZGK9KnHDSgZQhUlKjiNNfDAU3Dine+n/sklaCOj8Ai7MTQC3g6lLwVHK53VsQPI60YGcEFZM5dnhd0S2yq6NCXFbbeUElbc2NymboENkN976R++36z0K83ca70ViSSAEIXixtRcFmOjxzVKoeA6W08MxFyc8zbULA15AKbRG1x9Tdes0qJ+pG2FSAfq94keD4zpBp7tDDh2zG8vFf/yagn6O42eDOMEIRTDRX6iKEY0jYC2pAaBqmsJF1raW6nocM0F2qCyNoSvT+n/5LhYcFnBPWT58g4ZIkOWySpZJy4pkTI5IBVSJYJockvuyYNz5dw5j87TsHXE+ZxZIj/gPH8AXpGW0Q==</latexit><latexit sha1_base64="pVaH16nhnBwNHv4ALlLZsTc2MOU=">AAAB9XicdVBNS0JBFJ1nX2ZfVss2QxK0knlWajuhTUuD/AA1mTdedXDeRzP3FSL+jzYtimjbf2nXv2meGlTUgQuHc+7l3nu8SEmDjH04qaXlldW19HpmY3Nreye7u1c3YawF1ESoQt30uAElA6ihRAXNSAP3PQUNb3SR+I070EaGwTWOI+j4fBDIvhQcrXTTxiEgbxvpwy1l3WyO5c9L7Kzg0oQUim4pIaxwclqkbp7NkCMLVLvZ93YvFLEPAQrFjWm5LMLOhGuUQsE0044NRFyM+ABalgbcB9OZzK6e0iOr9Gg/1LYCpDP1+8SE+8aMfc92+hyH5reXiH95rRj75c5EBlGMEIj5on6sKIY0iYD2pAaBamwJF1raW6kYcs0F2qAyNoSvT+n/pF7IuyzvXrFcpbyII00OyCE5Ji4pkQq5JFVSI4Jo8kCeyLNz7zw6L87rvDXlLGb2yQ84b5+WCZKF</latexit>

VQCD(✓)
<latexit sha1_base64="lpkKWzp+rJRzWtP67b7NTM7R3dM=">AAAB/HicbVDJTgJBEK3BDXFDOXLpSEzwQma8yJGIB4+QyJLAZNLTNNChZ0l3jQmZ4K948aAxXv0Qb/6GX2CzHBR8SSUv71Wlqp4fS6HRtr+szNb2zu5edj93cHh0fJI/PWvrKFGMt1gkI9X1qeZShLyFAiXvxorTwJe840/qc7/zwJUWUXiP05i7AR2FYigYRSN5+ULbS/sqIM367azcxzFHeunlS3bFXoBsEmdFSrXi9w0YNLz8Z38QsSTgITJJte45doxuShUKJvks1080jymb0BHvGRrSgGs3XRw/IxdGGZBhpEyFSBbq74mUBlpPA990BhTHet2bi/95vQSHVTcVYZwgD9ly0TCRBCMyT4IMhOIM5dQQypQwtxI2pooyNHnlTAjO+subpH1VceyK0zRpVGGJLBThHMrgwDXU4A4a0AIGU3iCF3i1Hq1n6816X7ZmrNVMAf7A+vgBpcOVjQ==</latexit><latexit sha1_base64="h+gsu+K79mtdKTb8WNB7obhFLKk=">AAAB/HicbVC7TgJBFJ3FBwg+UEqaicQEG7JrIyURC0tI5JGwm83sMAsTZh+ZuWtCNvgF/oONhcbY+iF2/oa1hcOjUPAkNzk5597ce48XC67AND+NzNb2zm42t5cv7B8cHhWPT7oqSiRlHRqJSPY9opjgIesAB8H6sWQk8ATreZPm3O/dMal4FN7CNGZOQEYh9zkloCW3WOq6qS0D3G5ez6o2jBmQc7dYMWvmAniTWCtSaZS/rrKFh++WW/ywhxFNAhYCFUSpgWXG4KREAqeCzfJ2olhM6ISM2EDTkARMOeni+Bk+08oQ+5HUFQJeqL8nUhIoNQ083RkQGKt1by7+5w0S8OtOysM4ARbS5SI/ERgiPE8CD7lkFMRUE0Il17diOiaSUNB55XUI1vrLm6R7UbPMmtXWadTREjlURqeoiix0iRroBrVQB1E0RY/oGb0Y98aT8Wq8LVszxmqmhP7AeP8ByLqXJw==</latexit><latexit sha1_base64="h+gsu+K79mtdKTb8WNB7obhFLKk=">AAAB/HicbVC7TgJBFJ3FBwg+UEqaicQEG7JrIyURC0tI5JGwm83sMAsTZh+ZuWtCNvgF/oONhcbY+iF2/oa1hcOjUPAkNzk5597ce48XC67AND+NzNb2zm42t5cv7B8cHhWPT7oqSiRlHRqJSPY9opjgIesAB8H6sWQk8ATreZPm3O/dMal4FN7CNGZOQEYh9zkloCW3WOq6qS0D3G5ez6o2jBmQc7dYMWvmAniTWCtSaZS/rrKFh++WW/ywhxFNAhYCFUSpgWXG4KREAqeCzfJ2olhM6ISM2EDTkARMOeni+Bk+08oQ+5HUFQJeqL8nUhIoNQ083RkQGKt1by7+5w0S8OtOysM4ARbS5SI/ERgiPE8CD7lkFMRUE0Il17diOiaSUNB55XUI1vrLm6R7UbPMmtXWadTREjlURqeoiix0iRroBrVQB1E0RY/oGb0Y98aT8Wq8LVszxmqmhP7AeP8ByLqXJw==</latexit><latexit sha1_base64="yJUPLR4X9fswPDAuK5/5+awNhY0=">AAAB/HicbVBNS8NAEN34WetXtEcvi0Wol5J4scdCPXhswX5AE8Jmu22XbjZhdyKEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFyaCa3Ccb2tre2d3b790UD48Oj45tc/OezpOFWVdGotYDUKimeCSdYGDYINEMRKFgvXDWWvh9x+Z0jyWD5AlzI/IRPIxpwSMFNiVXpB7KsKd1t285sGUAbkO7KpTd5bAm8QtSBUVaAf2lzeKaRoxCVQQrYeuk4CfEwWcCjYve6lmCaEzMmFDQyWJmPbz5fFzfGWUER7HypQEvFR/T+Qk0jqLQtMZEZjqdW8h/ucNUxg3/JzLJAUm6WrROBUYYrxIAo+4YhREZgihiptbMZ0SRSiYvMomBHf95U3Su6m7Tt3tONVmo4ijhC7QJaohF92iJrpHbdRFFGXoGb2iN+vJerHerY9V65ZVzFTQH1ifP4oGk/4=</latexit>

  2: The QCD vacuum energy depends on   
      it has a minimum at                 !!!!✓ = 0

<latexit sha1_base64="cpRqxfdamH4fCgTLHlAwC823tpg=">AAAB8HicdZDLSgMxFIbPeK31VnXpJlgEV0NmvFQXouDGpYq1lbZIJs3Y0MyF5IxQSp/CjQtF3PoErnwId76NmVZBRX8IfPz/OeScE6RKGqT03Rkbn5icmi7MFGfn5hcWS0vLFybJNBdVnqhE1wNmhJKxqKJEJeqpFiwKlKgF3aM8r90IbWQSn2MvFa2IXccylJyhtS6b2BHI9gm9KpWpu1eh275HcvB3vEoO1N/c2iGeS4cqH7y+nIHVyVXprdlOeBaJGLlixjQ8mmKrzzRKrsSg2MyMSBnvsmvRsBizSJhWfzjwgKxbp03CRNsXIxm63zv6LDKmFwW2MmLYMb+z3Pwra2QY7rb6Mk4zFDEffRRmimBC8u1JW2rBUfUsMK6lnZXwDtOMo71R0R7ha1PyP1z4rkdd75SWD3dhpAKswhpsgAcVOIRjOIEqcIjgFu7hwdHOnfPoPI1Kx5zPnhX4Ief5Ax7Ckhw=</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="PpQ1qjvmuj422l54NfIvsCeiqxQ=">AAAB8HicdVDLSgNBEJz1GeMr6tHLYBA8LbOrJvEgBLx4jGAekixhdjKbDJl9MNMrhCVf4cWDIl79HG/+jbNJBBUtaCiquunu8hMpNBDyYS0tr6yurRc2iptb2zu7pb39lo5TxXiTxTJWHZ9qLkXEmyBA8k6iOA19ydv++Cr32/dcaRFHtzBJuBfSYSQCwSgY6a4HIw70EpN+qUzsiyo5dx2cE7fiVHNC3NOzCnZsMkMZLdDol957g5ilIY+ASap11yEJeBlVIJjk02Iv1TyhbEyHvGtoREOuvWx28BQfG2WAg1iZigDP1O8TGQ21noS+6QwpjPRvLxf/8ropBDUvE1GSAo/YfFGQSgwxzr/HA6E4AzkxhDIlzK2YjaiiDExGRRPC16f4f9JybYfYzg0p12uLOAroEB2hE+SgKqqja9RATcRQiB7QE3q2lPVovViv89YlazFzgH7AevsEYDWQFQ==</latexit>

✓
<latexit sha1_base64="2fAHG//vQ0iAJhJrj+eYBWvZcXI=">AAAB7XicdZBNS0JBFIbPtS+zL6tlmyEJWslcK7VVQpuWFqmBiswdR52c+8HMuYGI/6FNiyLa9hda9SPa9W+aqwUV9cLAw/uew5xzvEhJg5S+O6m5+YXFpfRyZmV1bX0ju7lVN2GsuajxUIX6ymNGKBmIGkpU4irSgvmeEg1veJrkjRuhjQyDSxxFou2zfiB7kjO0Vr2FA4Gsk83R/HGJHhVckkCh6JYSoIWDwyJx83Sq3MnrywVYVTvZt1Y35LEvAuSKGdN0aYTtMdMouRKTTCs2ImJ8yPqiaTFgvjDt8XTaCdmzTpf0Qm1fgGTqfu8YM9+Yke/ZSp/hwPzOEvOvrBljr9weyyCKUQR89lEvVgRDkqxOulILjmpkgXEt7ayED5hmHO2BMvYIX5uS/6FeyLs0757TXKUMM6VhB3ZhH1woQQXOoAo14HANt3APD07o3DmPztOsNOV89mzDDznPH9IwkXE=</latexit><latexit sha1_base64="ah4gNnk8b+PXRWnqVKC4g2JgfIs=">AAAB7XicdZDLSgMxFIYzXmu9VV0KEiyCqyFTta0rC25ctmAv0JaSSTNtbOZCckYopUv3blwo4tZX6MqHcOcz+BJmWgUV/SHw8f/nkHOOG0mhgZA3a25+YXFpObWSXl1b39jMbG3XdBgrxqsslKFquFRzKQJeBQGSNyLFqe9KXncH50lev+ZKizC4hGHE2z7tBcITjIKxai3oc6CdTJbYpwVyknNwArm8U0iA5I6O89ixyVTZs5dJ5f1mb1LuZF5b3ZDFPg+ASap10yERtEdUgWCSj9OtWPOIsgHt8abBgPpct0fTacf4wDhd7IXKvADw1P3eMaK+1kPfNZU+hb7+nSXmX1kzBq/YHokgioEHbPaRF0sMIU5Wx12hOAM5NECZEmZWzPpUUQbmQGlzhK9N8f9Qy9kOsZ0KyZaKaKYU2kX76BA5qIBK6AKVURUxdIVu0T16sELrznq0nmalc9Znzw76Iev5A9wrk7Y=</latexit><latexit sha1_base64="ah4gNnk8b+PXRWnqVKC4g2JgfIs=">AAAB7XicdZDLSgMxFIYzXmu9VV0KEiyCqyFTta0rC25ctmAv0JaSSTNtbOZCckYopUv3blwo4tZX6MqHcOcz+BJmWgUV/SHw8f/nkHOOG0mhgZA3a25+YXFpObWSXl1b39jMbG3XdBgrxqsslKFquFRzKQJeBQGSNyLFqe9KXncH50lev+ZKizC4hGHE2z7tBcITjIKxai3oc6CdTJbYpwVyknNwArm8U0iA5I6O89ixyVTZs5dJ5f1mb1LuZF5b3ZDFPg+ASap10yERtEdUgWCSj9OtWPOIsgHt8abBgPpct0fTacf4wDhd7IXKvADw1P3eMaK+1kPfNZU+hb7+nSXmX1kzBq/YHokgioEHbPaRF0sMIU5Wx12hOAM5NECZEmZWzPpUUQbmQGlzhK9N8f9Qy9kOsZ0KyZaKaKYU2kX76BA5qIBK6AKVURUxdIVu0T16sELrznq0nmalc9Znzw76Iev5A9wrk7Y=</latexit><latexit sha1_base64="Pew/AvRA78O5D0Qbe1/3tcifSL0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgaZldNYm3gBePEcwDkiXMTmaTMbMPZnqFsOQfvHhQxKv/482/cTaJoKIFDUVVN91dfiKFBkI+rMLK6tr6RnGztLW9s7tX3j9o6zhVjLdYLGPV9anmUkS8BQIk7yaK09CXvONPrnK/c8+VFnF0C9OEeyEdRSIQjIKR2n0Yc6CDcoXYlzVy4To4J27VqeWEuGfnVezYZI4KWqI5KL/3hzFLQx4Bk1TrnkMS8DKqQDDJZ6V+qnlC2YSOeM/QiIZce9n82hk+McoQB7EyFQGeq98nMhpqPQ190xlSGOvfXi7+5fVSCOpeJqIkBR6xxaIglRhinL+Oh0JxBnJqCGVKmFsxG1NFGZiASiaEr0/x/6Tt2g6xnRtSadSXcRTRETpGp8hBNdRA16iJWoihO/SAntCzFVuP1ov1umgtWMuZQ/QD1tsnE7KPag==</latexit>

  3: Axions field rolls down potential at  

     and oscilates around minimum (dust-like)

<latexit sha1_base64="RSp78a3DWkGMT7R9GO3FlVwEg3M=">AAAB+HicbVDLSsNAFJ3UV1sfrboR3AwWwVVNam3rrurGZQX7gLaEyXTaDp1JwsxEaEPB/3DjQhG3/RR3gh/jJFHwdeDC4Zx7ufcex2dUKtN8M1JLyyura+lMdn1jcyuX395pSS8QmDSxxzzRcZAkjLqkqahipOMLgrjDSNuZXEZ++5YIST33Rk190udo5NIhxUhpyc7nlB1a856kHFrH3D638wWzeFY1T0sWjEipYlUjYpZOyhVoFc0Yhfre7D1zt7ho2PnX3sDDASeuwgxJ2bVMX/VDJBTFjMyzvUASH+EJGpGupi7iRPbD+PA5PNTKAA49octVMFa/T4SISznlju7kSI3lby8S//O6gRrW+iF1/UARFyeLhgGDyoNRCnBABcGKTTVBWFB9K8RjJBBWOqtsHELyKfxLvkJolYpWpVi+1mnUQII02AcH4AhYoArq4Ao0QBNgEIB78AiejJnxYDwbL0lryvic2QU/YCw+AGKmleI=</latexit>

t1 ⇠ 1/mA

⌦ch
2 ⇠ 0.12✓2I

✓
10µeV

mA

◆1.17

<latexit sha1_base64="ySMEkZEi2Jc3RXQlDIxLI3+wioc="></latexit><latexit sha1_base64="mO//1po4CPpzEWNY1+Y89fl5QVU="></latexit><latexit sha1_base64="mO//1po4CPpzEWNY1+Y89fl5QVU="></latexit><latexit sha1_base64="mO//1po4CPpzEWNY1+Y89fl5QVU="></latexit><latexit sha1_base64="mO//1po4CPpzEWNY1+Y89fl5QVU="></latexit><latexit sha1_base64="cSsDvUOV8QsmRj3SlN0VvLGu69w="></latexit>



Axion DM in the lab

✓0 = 3.6⇥ 10�19

Local Dark Matter density*

time

✓(t) = ✓0 cos(mat)
0 ⇡�⇡ ✓

V (✓)

<latexit sha1_base64="HPjG/8rHULEEkt3t1pvYm+ZchyI="></latexit>

⇢c,0 ' 1

2
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Detecting Axion Dark Matter

-                                    is a very small number but, oscillations allow for coherent detection!✓0 = 3.6⇥ 10�19

ma

! ' ma(1 + v2/2 + ...)
�! =

mav2

2

�!

!
⇠ 10�6

- Axion spectrum is not exactly monochromatic, non-zero velocity of DM in the galaxy -> finite width

frequency

�t ⇠ 1

�!
⇠ 0.13ms

✓
10�5eV

ma

◆coherenc

�L ⇠ 1

�p
⇠ 20m

✓
10�5eV

ma

◆coherence 

<latexit sha1_base64="FzNN7qQXv8SpP5CmKlctg8HU19M="></latexit>

vg =
k

!
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- Couple a resonator to the axion and SCAN (with the resonant frequency) but is time-consuming!

- Maximum amplification is quality factor of axion resonance* 
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*substructure can have much larger Q’s



B-field

Axion DM in a B-field
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- Axion photon coupling in a strong B-field becomes a source of E-field

- Axion cavity haloscopes

ADMX cavity tunable with metal rods
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Experimental results

- micro eV cavities have excluded an 
octave of parameter space in 30 years 

- more competition and faster 
scanning now 

- some theoretical bias could 
accelerate the search
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1: The axion field (A) is the dynamical 
version of the theta angle of QCD 
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  2: The QCD vacuum energy depends on   
      it has a minimum at                 !!!!✓ = 0

<latexit sha1_base64="cpRqxfdamH4fCgTLHlAwC823tpg=">AAAB8HicdZDLSgMxFIbPeK31VnXpJlgEV0NmvFQXouDGpYq1lbZIJs3Y0MyF5IxQSp/CjQtF3PoErnwId76NmVZBRX8IfPz/OeScE6RKGqT03Rkbn5icmi7MFGfn5hcWS0vLFybJNBdVnqhE1wNmhJKxqKJEJeqpFiwKlKgF3aM8r90IbWQSn2MvFa2IXccylJyhtS6b2BHI9gm9KpWpu1eh275HcvB3vEoO1N/c2iGeS4cqH7y+nIHVyVXprdlOeBaJGLlixjQ8mmKrzzRKrsSg2MyMSBnvsmvRsBizSJhWfzjwgKxbp03CRNsXIxm63zv6LDKmFwW2MmLYMb+z3Pwra2QY7rb6Mk4zFDEffRRmimBC8u1JW2rBUfUsMK6lnZXwDtOMo71R0R7ha1PyP1z4rkdd75SWD3dhpAKswhpsgAcVOIRjOIEqcIjgFu7hwdHOnfPoPI1Kx5zPnhX4Ief5Ax7Ckhw=</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="PpQ1qjvmuj422l54NfIvsCeiqxQ=">AAAB8HicdVDLSgNBEJz1GeMr6tHLYBA8LbOrJvEgBLx4jGAekixhdjKbDJl9MNMrhCVf4cWDIl79HG/+jbNJBBUtaCiquunu8hMpNBDyYS0tr6yurRc2iptb2zu7pb39lo5TxXiTxTJWHZ9qLkXEmyBA8k6iOA19ydv++Cr32/dcaRFHtzBJuBfSYSQCwSgY6a4HIw70EpN+qUzsiyo5dx2cE7fiVHNC3NOzCnZsMkMZLdDol957g5ilIY+ASap11yEJeBlVIJjk02Iv1TyhbEyHvGtoREOuvWx28BQfG2WAg1iZigDP1O8TGQ21noS+6QwpjPRvLxf/8ropBDUvE1GSAo/YfFGQSgwxzr/HA6E4AzkxhDIlzK2YjaiiDExGRRPC16f4f9JybYfYzg0p12uLOAroEB2hE+SgKqqja9RATcRQiB7QE3q2lPVovViv89YlazFzgH7AevsEYDWQFQ==</latexit>

✓
<latexit sha1_base64="2fAHG//vQ0iAJhJrj+eYBWvZcXI=">AAAB7XicdZBNS0JBFIbPtS+zL6tlmyEJWslcK7VVQpuWFqmBiswdR52c+8HMuYGI/6FNiyLa9hda9SPa9W+aqwUV9cLAw/uew5xzvEhJg5S+O6m5+YXFpfRyZmV1bX0ju7lVN2GsuajxUIX6ymNGKBmIGkpU4irSgvmeEg1veJrkjRuhjQyDSxxFou2zfiB7kjO0Vr2FA4Gsk83R/HGJHhVckkCh6JYSoIWDwyJx83Sq3MnrywVYVTvZt1Y35LEvAuSKGdN0aYTtMdMouRKTTCs2ImJ8yPqiaTFgvjDt8XTaCdmzTpf0Qm1fgGTqfu8YM9+Yke/ZSp/hwPzOEvOvrBljr9weyyCKUQR89lEvVgRDkqxOulILjmpkgXEt7ayED5hmHO2BMvYIX5uS/6FeyLs0757TXKUMM6VhB3ZhH1woQQXOoAo14HANt3APD07o3DmPztOsNOV89mzDDznPH9IwkXE=</latexit><latexit sha1_base64="ah4gNnk8b+PXRWnqVKC4g2JgfIs=">AAAB7XicdZDLSgMxFIYzXmu9VV0KEiyCqyFTta0rC25ctmAv0JaSSTNtbOZCckYopUv3blwo4tZX6MqHcOcz+BJmWgUV/SHw8f/nkHOOG0mhgZA3a25+YXFpObWSXl1b39jMbG3XdBgrxqsslKFquFRzKQJeBQGSNyLFqe9KXncH50lev+ZKizC4hGHE2z7tBcITjIKxai3oc6CdTJbYpwVyknNwArm8U0iA5I6O89ixyVTZs5dJ5f1mb1LuZF5b3ZDFPg+ASap10yERtEdUgWCSj9OtWPOIsgHt8abBgPpct0fTacf4wDhd7IXKvADw1P3eMaK+1kPfNZU+hb7+nSXmX1kzBq/YHokgioEHbPaRF0sMIU5Wx12hOAM5NECZEmZWzPpUUQbmQGlzhK9N8f9Qy9kOsZ0KyZaKaKYU2kX76BA5qIBK6AKVURUxdIVu0T16sELrznq0nmalc9Znzw76Iev5A9wrk7Y=</latexit><latexit sha1_base64="ah4gNnk8b+PXRWnqVKC4g2JgfIs=">AAAB7XicdZDLSgMxFIYzXmu9VV0KEiyCqyFTta0rC25ctmAv0JaSSTNtbOZCckYopUv3blwo4tZX6MqHcOcz+BJmWgUV/SHw8f/nkHOOG0mhgZA3a25+YXFpObWSXl1b39jMbG3XdBgrxqsslKFquFRzKQJeBQGSNyLFqe9KXncH50lev+ZKizC4hGHE2z7tBcITjIKxai3oc6CdTJbYpwVyknNwArm8U0iA5I6O89ixyVTZs5dJ5f1mb1LuZF5b3ZDFPg+ASap10yERtEdUgWCSj9OtWPOIsgHt8abBgPpct0fTacf4wDhd7IXKvADw1P3eMaK+1kPfNZU+hb7+nSXmX1kzBq/YHokgioEHbPaRF0sMIU5Wx12hOAM5NECZEmZWzPpUUQbmQGlzhK9N8f9Qy9kOsZ0KyZaKaKYU2kX76BA5qIBK6AKVURUxdIVu0T16sELrznq0nmalc9Znzw76Iev5A9wrk7Y=</latexit><latexit sha1_base64="Pew/AvRA78O5D0Qbe1/3tcifSL0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgaZldNYm3gBePEcwDkiXMTmaTMbMPZnqFsOQfvHhQxKv/482/cTaJoKIFDUVVN91dfiKFBkI+rMLK6tr6RnGztLW9s7tX3j9o6zhVjLdYLGPV9anmUkS8BQIk7yaK09CXvONPrnK/c8+VFnF0C9OEeyEdRSIQjIKR2n0Yc6CDcoXYlzVy4To4J27VqeWEuGfnVezYZI4KWqI5KL/3hzFLQx4Bk1TrnkMS8DKqQDDJZ6V+qnlC2YSOeM/QiIZce9n82hk+McoQB7EyFQGeq98nMhpqPQ190xlSGOvfXi7+5fVSCOpeJqIkBR6xxaIglRhinL+Oh0JxBnJqCGVKmFsxG1NFGZiASiaEr0/x/6Tt2g6xnRtSadSXcRTRETpGp8hBNdRA16iJWoihO/SAntCzFVuP1ov1umgtWMuZQ/QD1tsnE7KPag==</latexit>

  3: Axions field rolls down potential at  

     and becomes dark matter (like inflaton)
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5: post-inflationary scenario : Initial conditions 
after inflation (only mass dependence!) 
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  4: Axion dark matter abundance depends: 
      - Axion mass 
      - Initial angle  
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6: pre-inflationary scenario : Axion initial 
conditions before inflation, inflation smoothest them out
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Axion DM mass

- Calculate the axion mass to get all the observed cold dark matter 
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Post inflationary scenario

- In principle, we can calculate the initial-condition average and give a clear experimental target 

- But 1: current uncertainty comes from axions radiated from global string networks 

- But 2: Dark matter is inhomogeneous (miniclusters) 

how much DM is outside MCs available to direct discovery experiments? 

can we detect miniclusters directly? 

- But 3: current trends point to mA ~ 10-4 eV ... where cavity haloscopes are not sensitive enough 

can we envision haloscopes at 10-4 eV?



Misalignment, Domain walls

Axitons

Free-stream (RD)

Miniclusters form

Galaxy forms with MC halo

hierarchical growth

PQ-phase transition
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mA(t1) = H1

Scaling

U(1) Spontanous breaking -> Global 
cosmic strings (Kibble 80)

Post inflationary scenario



Axions from strings

- At PQ phase transition, QCD irrelevant, U(1) symmetry good, network of global strings by Kibble mech. 

- String network relaxes (loop collapse, straightening...) at distances ~causal horizon 

- String energy density is transferred into axion waves 

- Differential spectrum

im. from Saikawa 23

- Theoretical estimates do not converge, we resort to numerical simulations



Spectral index of axion radiation from a global string network

From Saikawa, JR, 2023 (to appear)

- Gorghetto and Buschmann found very different q's (growing with log (fA/H) vs q~1) 

- We can understant part of this difference from their setups (ICs, discretisation errors)  

- We find the growing trend, but accounting for discretisation errors in the extrapolation leave room  

for both q>1 and q~1 solutions.  

- The next generation of simulations (AMR) could settle the issue ... but we will need theory too

Saikawa, to appear

log fA/H up to ~60 required
log fA/H up to ~60 required



Axion DM Mass

- Axion DM mass from theory

10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1

mA[eV]

RD µ0 = 2.155

RD µ0 2 (0.1, 3)

RD µ0 2 (10°3, 3.14)

Kination µ0 2 (0.1, 3.0), TRH 2 (5, 5 £ 103) MeV

Matter Decay µ0 2 (0.1, 3.0), TRH 2 (5, 5 £ 103) MeV

Buschmann 2021

Villadoro 2020

Buschmann 2019

Moore 2017

Redondo 2016

Moore 2015

Kawasaki 2014

Kawasaki 2012

Shellard 2010

Sikivie 2000
Villadoro 2020 (NDW = 6)

Saikawa 2015 (NDW = 10)

Saikawa 2015 (NDW = 9)

Stochastic Graham 2018

Kinetic mis/Parametric resonance Co 2020

Different Cosmo scenarios

post-
inflationary  

PQ N=1

N>1

pre-inflationary  
PQ N=1

Direct simulations

Assume q=1 or equiv
Assume q>1



Miniclusters

- A general prediction of post-inflationary scenario is O(1) inhomogeneities at H1 horizon scales 

- We cannot simulate with total certainty because we cannot simulate global strings with adecuate 
tension at H1 times (T~GeV) (we can only log ~ 9, we need 60) 

- We have performed simulations in three extreme cases to compare predictions,  

 - q<1 with small log (low tension strings) 

 - q=2 removing strings  

 - artificial high tension simulations (Moore 17) 



post-inflationary scenario

Scaling

Misalignment, Domain walls

Free-stream (RD)

Miniclusters form

Galaxy forms with MC halo

hierarchical growth

PQ-phase transition
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Early Universe, large scales

Extrapolation is needed! 

Formation and decay and domain 
walls is delayed by large field 
values  

If q>1

Current simulations only show  q<1

Simulations of the axion field when it starts oscillating  



Early Universe, large scales

Energy density fluctuations as seeds for miniclusters  
Pierobon, JR et al 23

Vaquero+ 2018

L1 is the size of the causal horizon when m~H 

q < 1, ξ ∼ 𝒪(1)

q = 2
Extrapolated

q ∼ 1, ξ ∼ 4

We expect much smaller 
miniclusters if q>1!



post-inflationary scenario

Scaling

Misalignment, Domain walls

Axitons

Free-stream (RD)

Miniclusters form

Galaxy forms with MC halo

hierarchical growth

PQ-phase transition
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Axion miniclusters

- free stream analitically up to z~100 zeq 

- Sample the density distribution with N-body particles (de Broglie wavelength too small to resolve) 

- Gadget codes for the gravitational evolution ...  

- early collapse of O(1) overdensities into miniclusters 

- Hierarchical formation of clusters of miniclusters

Eggemeier 19



Axion miniclusters

- Halo mass function 

increasing q reduces k1,  

smaller minicluster mass,  

more low-mass objects 

big uncertainty!

- Fraction of axions bound in MCs, average VOID density

Pierobon 23

timings are different  

but convergence

- Simulations (very small scales) grow non-linear and do not allow to reach redshift 0 



Encounters with the Earth

Direct encounters of miniclusters with the Earth occur once in ~105 years 

Problematic scenario for direct 
detection (e.g. cavities )

Tinyakov+ 2016

However disrupted miniclusters 
can form tidal streams

A numerical study needs to be 
performed!

Number of encounters with axion streams  
producing amplification factor larger than A 

Analytical estimates find  
factor ~10 amplification  
for 2-3 days every 20 years



Distribution of DM around the Earth: minivoids

- Using 8% of average DM for detection has sizeable  
implications for direct detection  
(but could be much worse!)

a(x, t) ≈
2ρa

ma
cos(ωat + φ)

P(ωi) ∝ g2
aγ α(ωi) ρa f(ωi)

Eggemeier+ 2022

- Ignore tidal disruption, which ejects more axions 
into the voids, use the converging void density  
as a conservative lower limit ... 

Eggemeier 22



Lensing
- femtolensing of GRBs  
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- microlensing of M31 stars Fairbairn 17

Expectations based on very optimistic th-MCs

Most GRBs are innappropriate due to large sizes Katz 18

Revisited after numerical simulations (optimistic)

Fairbairn 17

Ellis 22

diffraction destroys magnification

MCs have NFW profiles

central 
axion star 
smooths core 

Need to study better NFWness of central profiles

Ellis 22

Ellis 22



Conclusions

- QCD axion is a compeling DM candidate 

- Post-inflationary scenario is free from IC uncertainty 
- clear experimental target -> quick discovery? 
- other uncertainties are ~ small  

- Axion string radiation not completely understood,  q~1 and growing? 
- next generation simulations could answer 

- Axion miniclusters 
- Typical mass is uncertain (decreases with increasing q) 
- bound fraction (~80%) and void density (~8%) not very sensitive! 
- Conservative lower bound on intracluster density for experiments 

- We need experiments that can target the 10-4 eV mass area  
- MADMAX (dielectric haloscope) 
- ALPHA (plasma haloscopes) 
- Dish antennas .... 
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