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outline

- thermal axion production 

- misalignment,  pre/post inflationary 

- isocurvature fluctuations   

- post-inflationary scenario 

- cosmic strings and walls 

- axion miniclusters 

- axion stars



Two (main) scenarios

- PQ breaking after inflation - PQ breaking before inflation



Post inflationary PQ breaking scenario

- PQ breaking after inflation
 - No uncertainty over initial conditions 
- All values of θ0 realised in different 

early causally disconnected patches 
all inside our Universe today 

- DM is inhomogeneous at small scales 
- Small scale DM halos (Miniclusters) 
- Problems with topological defects



Post inflationary PQ breaking scenario

Scaling

Axitons
Free-stream (RD)

Miniclusters form

Galaxy forms with MC halo

hierarchical growth

PQ-phase transition
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mA(t1) = H1

radiation domination (assumed) matter d.

misalignment 
Domain walls break 

the network  



axion dark matter abundance

- Misalignment contribution ...  average over initial angles?
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this assumes exact zero mode, but correlation length is not infinite

- Most of the energy in the axion field is now NOT in the zero modes ... 

At PQ phase transition a network of GLOBAL COSMIC STRINGS FORM! 
Global string is a 1D region that is topologically (i.e. forced by boundry conditions) to take all values of θ

Kibble 76

Formally, energy would be infinity, practice is regulated by the UV completion of axion theory



- Peccei-Quinn symmetry, color anomalous, spontaneously broken at fa

Simple model KSVZ
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Global strings solution

- Force 
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(⇢,', z, cylindrical coordinates)

- Static EOM for the radial field 
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Gradient radial energy 
Gradient radial + Potential 
Gradient radial + Potential + Gradient axion 

- Energy/length (string tension )

logaritmic divergence from
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i.e. θ wraps 2pi around the origin ... 



Global string network

- Strings have no end, form loops

- Dynamics: 
   - Strings straighten, intersect, loops collapse 

- Energy released in GWs, axions (mostly) 
- relativistic speeds 
- limited by causality 
- scaling solution

- energy density of network
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axion dark matter abundance at t1

- Misalignment contribution ...

- Most of the energy in the axion field is in axion GRADIENTS around the strings
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Saikawa 23

Axions emitted from cosmic strings can easily superseed misalignment average!!!
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axions from strings

- The AXION NUMBER radiated by strings depends on the AVERAGE RADIATED ENERGY

Differential energy transfer rate



numerical simulations

- Simulate complex scalar field in N^3 cartesian grids (N~11000) 
- Calculate axion spectrum at several times 
- Calculate time derivative and measure q

Energy density proyection plot Spectrum (PRS strings)
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state of the art numerical simulations

Saikawa 23



extrapolation



axion DM mass

Saikawa 23

- For which value of mA (fA) do we obtain the observed DM abundance in the post-inflationary scenario?



Domain walls and the end of the network

- The scaling solution continues as long as the U(1) is a good symmetry 
- Axion potential becomes relevant around t1 to favour θ=0  
- Domain walls form attached to the strings 

- Regions of θ~π, trapped by boundary conditions 
(θ wraps 2π around the string) 

- Form membranes attached to strings 

- Energy / Area ~ 

- All DW energy density (1 DW per Horizon) 

- DWs VS strings ... 
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shortly after t1, they dominate and pull the strings to destruction 



Domain Wall problem

- All said is fair for the simplest KSVZ model with exactly 1 extra quark

- When N>1 the situation is VERY different

- Peccei-Quinn symmetry, color anomalous, spontaneously broken at fa

- At energies below      (SSB)       fa
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<latexit sha1_base64="SvMQRXeB8IS3CxFYHkiDUQYjhIU=">AAACJXicbZDLSsNAFIYn3q23qks3g0VQKCUpeFm48LJxqWBVSEKZTE/awckkzpwUSujLuPFV3LhQRHDlqzitWXg7MPDx/+dw5vxRJoVB1313Jianpmdm5+YrC4tLyyvV1bUrk+aaQ4unMtU3ETMghYIWCpRwk2lgSSThOro9HfnXfdBGpOoSBxmECesqEQvO0Ert6mEQa8YLNizi9vGQBnCXiz4NsAfIaCAU9d16M8jETt1SWNr+SKEqbFdrbsMdF/0LXgk1UtZ5u/oSdFKeJ6CQS2aM77kZhgXTKLiEYSXIDWSM37Iu+BYVS8CExfjKId2ySofGqbZPIR2r3ycKlhgzSCLbmTDsmd/eSPzP83OMD8JCqCxHUPxrUZxLiikdRUY7QgNHObDAuBb2r5T3mI0NbbAVG4L3++S/cNVseHuN3Qu3dnRSxjFHNsgm2SYe2SdH5Iyckxbh5J48kmfy4jw4T86r8/bVOuGUM+vkRzkfn0Axo9E=</latexit> a

fA
⌘ ✓ 2 [0, 2⇡), [0] ⌘ [2⇡n] is the angle of a complex scalar !

~G
eV

<latexit sha1_base64="hfPhshQi0CVBBrOySQ+HBV0jHZU=">AAACDHicbVDLSsNAFJ34rPVVdelmsAjpwpIIPjZC0Y0rqdAXNKFMppNm6OTBzI1QQj/Ajb/ixoUibv0Ad/6N0zYLbT0wcDjnXO7c4yWCK7Csb2NpeWV1bb2wUdzc2t7ZLe3tt1ScSsqaNBax7HhEMcEj1gQOgnUSyUjoCdb2hjcTv/3ApOJx1IBRwtyQDCLuc0pAS71SuWU6EDAgFXyFHRrwXsO0TxwaK/MuNyo6ZVWtKfAisXNSRjnqvdKX049pGrIIqCBKdW0rATcjEjgVbFx0UsUSQodkwLqaRiRkys2mx4zxsVb62I+lfhHgqfp7IiOhUqPQ08mQQKDmvYn4n9dNwb90Mx4lKbCIzhb5qcAQ40kzuM8loyBGmhAquf4rpgGRhILur6hLsOdPXiSt06p9Xj27t8q167yOAjpER8hENrpANXSL6qiJKHpEz+gVvRlPxovxbnzMoktGPnOA/sD4/AFahplJ</latexit>

V (✓) = �T (1� cos(N✓))



Domain wall problem

- The physical field theta can experience N times the QCD potential 
- There are N degenerate CP conserving vacua 
- There are N domain walls separating these pysically different vacua!

<latexit sha1_base64="lk8G7z5DPTOk8TdZQHls89Jb13M=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHYFH8eoF48RzAOSJcxOZpMhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkEhh0HW/naXlldW19cJGcXNre2e3tLffMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyd+84lrI2L1gKOE+xHtKxEKRtFKrdNOIkjYve6Wym7FnYIsEi8nZchR65a+Or2YpRFXyCQ1pu25CfoZ1SiY5ONiJzU8oWxI+7xtqaIRN342vXdMjq3SI2GsbSkkU/X3REYjY0ZRYDsjigMz703E/7x2iuGVnwmVpMgVmy0KU0kwJpPnSU9ozlCOLKFMC3srYQOqKUMbUdGG4M2/vEgaZxXvonJ+75arN3kcBTiEIzgBDy6hCndQgzowkPAMr/DmPDovzrvzMWtdcvKZA/gD5/MHE+yPWA==</latexit>

�⇡fA
<latexit sha1_base64="Qe5IgvX9qmjYuBiFH79eAB+k2X8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewKPo5RLx4jGBNIljA7mU2GzM4OM71CCPkILx4U8er3ePNvnCR70MSChqKqm+6uSEth0fe/vcLK6tr6RnGztLW9s7tX3j94tGlmGG+wVKamFVHLpVC8gQIlb2nDaRJJ3oyGt1O/+cSNFal6wJHmYUL7SsSCUXRSs6MFibvX3XLFr/ozkGUS5KQCOerd8lenl7Is4QqZpNa2A19jOKYGBZN8UupklmvKhrTP244qmnAbjmfnTsiJU3okTo0rhWSm/p4Y08TaURK5zoTiwC56U/E/r51hfBWOhdIZcsXmi+JMEkzJ9HfSE4YzlCNHKDPC3UrYgBrK0CVUciEEiy8vk8ezanBRPb/3K7WbPI4iHMExnEIAl1CDO6hDAxgM4Rle4c3T3ov37n3MWwtePnMIf+B9/gCpfo8h</latexit>

⇡fA

<latexit sha1_base64="zRb6aRVXhbzM+6Fmc/e3RDdwKfI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewqPi5C0IsniWgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3klpZXVtfy64WNza3tneLuXl1HiWJYY5GIVDOgGgWXWDPcCGzGCmkYCGwEw5uJ33hCpXkkH80oRj+kfcl7nFFjpYe7q9NOseSW3SnIIvEyUoIM1U7xq92NWBKiNExQrVueGxs/pcpwJnBcaCcaY8qGtI8tSyUNUfvp9NQxObJKl/QiZUsaMlV/T6Q01HoUBrYzpGag572J+J/XSkzv0k+5jBODks0W9RJBTEQmf5MuV8iMGFlCmeL2VsIGVFFmbDoFG4I3//IiqZ+UvfPy2b1bqlxnceThAA7hGDy4gArcQhVqwKAPz/AKb45wXpx352PWmnOymX34A+fzB50DjVw=</latexit>

N = 3

<latexit sha1_base64="C+o03tV7uygGy1Q8S4hOwVtdZwU=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0kEPy5C0YvHCtYW0lA22027dLMJuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305pZXVtfaO8Wdna3tndq+4fPJok04y3WCIT3Qmp4VIo3kKBkndSzWkcSt4OR7dTv/3EtRGJesBxyoOYDpSIBKNoJb+LQ46UXBOX9Ko1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrje26KQU41Cib5pNLNDE8pG9EB9y1VNOYmyGcnT8iJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif52cYXQW5UGmGXLH5oiiTBBMy/Z/0heYM5dgSyrSwtxI2pJoytClVbAje4svL5PGs7l3Uz+/dWuOmiKMMR3AMp+DBJTTgDprQAgYJPMMrvDnovDjvzse8teQUM4fwB87nD6NkkC0=</latexit>

✓ = 0

<latexit sha1_base64="jcjfIojgaj2vbETt2MG9CpFK8d0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWk4mMjFN24rGAf0JQymU7aoZNJmLkRSogbf8WNC0Xc+hfu/BunbRbaeuDC4Zx7ufcePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHNxO/9cCU5pG8h3HMuiEZSB5wSsBIPfvAgyEDgq+wFyhC06oX8yw9zXDPLjsVZwq8SNyclFGOes/+8voRTUImgQqidcd1YuimRAGngmUlL9EsJnREBqxjqCQh0910+kGGj43Sx0GkTEnAU/X3REpCrcehbzpDAkM9703E/7xOAsFlN+UyToBJOlsUJAJDhCdx4D5XjIIYG0Ko4uZWTIfEJAEmtJIJwZ1/eZE0qxX3vHJ255Rr13kcRXSIjtAJctEFqqFbVEcNRNEjekav6M16sl6sd+tj1lqw8pl99AfW5w9dN5Yy</latexit>

✓ =
2⇡

3

<latexit sha1_base64="PH0azAfWI7uREDu8VV7Ze1UTVHI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJUfGyEohuXFewDmlIm00k7dDIJMzdCCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPHwuuwXG+rYXFpeWV1cJacX1jc2vb3tlt6ChRlNVpJCLV8olmgktWBw6CtWLFSOgL1vSHN2O/+cCU5pG8h1HMOiHpSx5wSsBIXXvfgwEDgq/wiRcoQtOKF/MsPc1w1y45ZWcCPE/cnJRQjlrX/vJ6EU1CJoEKonXbdWLopEQBp4JlRS/RLCZ0SPqsbagkIdOddPJCho+M0sNBpExJwBP190RKQq1HoW86QwIDPeuNxf+8dgLBZSflMk6ASTpdFCQCQ4THeeAeV4yCGBlCqOLmVkwHxCQBJrWiCcGdfXmeNCpl97x8dueUqtd5HAV0gA7RMXLRBaqiW1RDdUTRI3pGr+jNerJerHfrY9q6YOUze+gPrM8fzC6WaQ==</latexit>

✓ = �2⇡

3

- All these values are populated after the PQ phase transition

0 ⇡�⇡
✓

- But now cosmic strings have no preferred direction to collapse at t2, no preferred vacuum!



Domain wall problem

- The physical field theta can experience N times the QCD potential 
- There are N degenerate CP conserving vacua 
- There are N domain walls separating these pysically different vacua!

<latexit sha1_base64="lk8G7z5DPTOk8TdZQHls89Jb13M=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHYFH8eoF48RzAOSJcxOZpMhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkEhh0HW/naXlldW19cJGcXNre2e3tLffMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyd+84lrI2L1gKOE+xHtKxEKRtFKrdNOIkjYve6Wym7FnYIsEi8nZchR65a+Or2YpRFXyCQ1pu25CfoZ1SiY5ONiJzU8oWxI+7xtqaIRN342vXdMjq3SI2GsbSkkU/X3REYjY0ZRYDsjigMz703E/7x2iuGVnwmVpMgVmy0KU0kwJpPnSU9ozlCOLKFMC3srYQOqKUMbUdGG4M2/vEgaZxXvonJ+75arN3kcBTiEIzgBDy6hCndQgzowkPAMr/DmPDovzrvzMWtdcvKZA/gD5/MHE+yPWA==</latexit>

�⇡fA
<latexit sha1_base64="Qe5IgvX9qmjYuBiFH79eAB+k2X8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewKPo5RLx4jGBNIljA7mU2GzM4OM71CCPkILx4U8er3ePNvnCR70MSChqKqm+6uSEth0fe/vcLK6tr6RnGztLW9s7tX3j94tGlmGG+wVKamFVHLpVC8gQIlb2nDaRJJ3oyGt1O/+cSNFal6wJHmYUL7SsSCUXRSs6MFibvX3XLFr/ozkGUS5KQCOerd8lenl7Is4QqZpNa2A19jOKYGBZN8UupklmvKhrTP244qmnAbjmfnTsiJU3okTo0rhWSm/p4Y08TaURK5zoTiwC56U/E/r51hfBWOhdIZcsXmi+JMEkzJ9HfSE4YzlCNHKDPC3UrYgBrK0CVUciEEiy8vk8ezanBRPb/3K7WbPI4iHMExnEIAl1CDO6hDAxgM4Rle4c3T3ov37n3MWwtePnMIf+B9/gCpfo8h</latexit>

⇡fA

<latexit sha1_base64="zRb6aRVXhbzM+6Fmc/e3RDdwKfI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewqPi5C0IsniWgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3klpZXVtfy64WNza3tneLuXl1HiWJYY5GIVDOgGgWXWDPcCGzGCmkYCGwEw5uJ33hCpXkkH80oRj+kfcl7nFFjpYe7q9NOseSW3SnIIvEyUoIM1U7xq92NWBKiNExQrVueGxs/pcpwJnBcaCcaY8qGtI8tSyUNUfvp9NQxObJKl/QiZUsaMlV/T6Q01HoUBrYzpGag572J+J/XSkzv0k+5jBODks0W9RJBTEQmf5MuV8iMGFlCmeL2VsIGVFFmbDoFG4I3//IiqZ+UvfPy2b1bqlxnceThAA7hGDy4gArcQhVqwKAPz/AKb45wXpx352PWmnOymX34A+fzB50DjVw=</latexit>

N = 3

<latexit sha1_base64="C+o03tV7uygGy1Q8S4hOwVtdZwU=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0kEPy5C0YvHCtYW0lA22027dLMJuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0ylMOi6305pZXVtfaO8Wdna3tndq+4fPJok04y3WCIT3Qmp4VIo3kKBkndSzWkcSt4OR7dTv/3EtRGJesBxyoOYDpSIBKNoJb+LQ46UXBOX9Ko1t+7OQJaJV5AaFGj2ql/dfsKymCtkkhrje26KQU41Cib5pNLNDE8pG9EB9y1VNOYmyGcnT8iJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif52cYXQW5UGmGXLH5oiiTBBMy/Z/0heYM5dgSyrSwtxI2pJoytClVbAje4svL5PGs7l3Uz+/dWuOmiKMMR3AMp+DBJTTgDprQAgYJPMMrvDnovDjvzse8teQUM4fwB87nD6NkkC0=</latexit>

✓ = 0

<latexit sha1_base64="jcjfIojgaj2vbETt2MG9CpFK8d0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWk4mMjFN24rGAf0JQymU7aoZNJmLkRSogbf8WNC0Xc+hfu/BunbRbaeuDC4Zx7ufcePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHNxO/9cCU5pG8h3HMuiEZSB5wSsBIPfvAgyEDgq+wFyhC06oX8yw9zXDPLjsVZwq8SNyclFGOes/+8voRTUImgQqidcd1YuimRAGngmUlL9EsJnREBqxjqCQh0910+kGGj43Sx0GkTEnAU/X3REpCrcehbzpDAkM9703E/7xOAsFlN+UyToBJOlsUJAJDhCdx4D5XjIIYG0Ko4uZWTIfEJAEmtJIJwZ1/eZE0qxX3vHJ255Rr13kcRXSIjtAJctEFqqFbVEcNRNEjekav6M16sl6sd+tj1lqw8pl99AfW5w9dN5Yy</latexit>

✓ =
2⇡

3

<latexit sha1_base64="PH0azAfWI7uREDu8VV7Ze1UTVHI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJUfGyEohuXFewDmlIm00k7dDIJMzdCCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPHwuuwXG+rYXFpeWV1cJacX1jc2vb3tlt6ChRlNVpJCLV8olmgktWBw6CtWLFSOgL1vSHN2O/+cCU5pG8h1HMOiHpSx5wSsBIXXvfgwEDgq/wiRcoQtOKF/MsPc1w1y45ZWcCPE/cnJRQjlrX/vJ6EU1CJoEKonXbdWLopEQBp4JlRS/RLCZ0SPqsbagkIdOddPJCho+M0sNBpExJwBP190RKQq1HoW86QwIDPeuNxf+8dgLBZSflMk6ASTpdFCQCQ4THeeAeV4yCGBlCqOLmVkwHxCQBJrWiCcGdfXmeNCpl97x8dueUqtd5HAV0gA7RMXLRBaqiW1RDdUTRI3pGr+jNerJerHfrY9q6YOUze+gPrM8fzC6WaQ==</latexit>

✓ = �2⇡

3

- All these values are populated after the PQ phase transition

0 ⇡�⇡
✓

- But now cosmic strings have no preferred direction to collapse at t2, no preferred vacuum!



Simulations N=2

movie!



Domain wall problem

- String network cannot collapse 
- Energy is dominated by domain walls

<latexit sha1_base64="kH2FtfiYEXKawCoor7LeJCmgqiY="></latexit>

⇢DW ' mAf
2
A
d
2
H

d
3
H

⇠ mAHf
2
A

<latexit sha1_base64="6I6r2bPNm7BxY7pJKhNbnxSN+8w=">AAACGnicbVC7TsMwFHV4lvIKMLJYVEhMVVKJx1gBA2NB9CE1oXJcp7VqO5HtIFVRvoOFX2FhACE2xMLf4LQZaMuRrnR8zr3yvSeIGVXacX6speWV1bX10kZ5c2t7Z9fe22+pKJGYNHHEItkJkCKMCtLUVDPSiSVBPGCkHYyucr/9SKSikbjX45j4HA0EDSlG2kg92/XkMOqlnuTwup1BT1EOvVAinLpZqrPZ991DLSv37IpTdSaAi8QtSAUUaPTsL68f4YQToTFDSnVdJ9Z+iqSmmJGs7CWKxAiP0IB0DRWIE+Wnk9MyeGyUPgwjaUpoOFH/TqSIKzXmgenkSA/VvJeL/3ndRIcXfkpFnGgi8PSjMGFQRzDPCfapJFizsSEIS2p2hXiITBDapJmH4M6fvEhatap7Vj29dSr1yyKOEjgER+AEuOAc1MENaIAmwOAJvIA38G49W6/Wh/U5bV2yipkDMAPr+xfsW6DJ</latexit>

⇢DW ⇠ 1

t
⇠ 1

R2
Radiation domination

Matter domination

<latexit sha1_base64="vFriG/I7Qq6G1IE4TkNIPSy6dw4=">AAACHnicbVC7TsMwFHXKq5RXgJHFokJiKklRgbECBsaC6ENqQuW4TmvVTiLbQaqifAkLv8LCAEJITPA3OG0G2nKkKx2fc6987/EiRqWyrB+jsLS8srpWXC9tbG5t75i7ey0ZxgKTJg5ZKDoekoTRgDQVVYx0IkEQ9xhpe6OrzG8/EiFpGNyrcURcjgYB9SlGSks9s+aIYdhLHMHhdTuFjqQcOr5AOLHTRKWz77uH5PSkmqalnlm2KtYEcJHYOSmDHI2e+eX0QxxzEijMkJRd24qUmyChKGYkLTmxJBHCIzQgXU0DxIl0k8l5KTzSSh/6odAVKDhR/04kiEs55p7u5EgN5byXif953Vj5F25CgyhWJMDTj/yYQRXCLCvYp4JgxcaaICyo3hXiIdJhKJ1oFoI9f/IiaVUr9lmldmuV65d5HEVwAA7BMbDBOaiDG9AATYDBE3gBb+DdeDZejQ/jc9paMPKZfTAD4/sX2iWiSw==</latexit>

⇢DW ⇠ 1

t
⇠ 1

R3/2

- Energy density in the DW network redshifts much slower than Rad or Matter and  
       quickly dominates the Universe... (the problem is that we do not observe it!



Domain wall problem ... solutions

�⇡fa ⇡fa

- Break degeneracy between vacua (break explicitly PQ... expected to some extent

- But watch out not to spoil axion solution to strong CP problem (or overproduce DM)
Saikawa 2014



Axion DM mass

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

postinflation  
scenario N=1 

PREinflation 
scenario

postinflation N>1



Alternative cosmologies

Visinelli 2019

- Domination of other fluids at t1,  
changes dilution factors 



Axion miniclusters

- Shortly after t2 "ZERO" mode axions (H1) are extremely non-relativistic

(mA continues to grow after H1 by a factor of 104 or so ...)
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   *Some non-linearities appear at very dense regions (axitons) 
 axions have attractive self-interactions 
 recurrently collapse and explode as bose-novas 
 until the density is low enough

- The density field essentially freezes

- The density field essentially freezes but it has O(1) inhomogeities at ~L1 distances



Gravitational collapse

- O(1) overdensities collapse gravitationally very early

<latexit sha1_base64="u5iz6I4Hgl6zObkQosc48eMrGHE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0kEP45VLx4rWFtIQtlsN+3STTbsToRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KJPCoOt+O6WV1bX1jfJmZWt7Z3evun/waFSuGW8xJZXuRNRwKVLeQoGSdzLNaRJJ3o6Gt1O//cS1ESp9wFHGw4T2UxELRtFKfhBRTQI9UN3rbrXm1t0ZyDLxClKDAs1u9SvoKZYnPEUmqTG+52YYjqlGwSSfVILc8IyyIe1z39KUJtyE49nJE3JilR6JlbaVIpmpvyfGNDFmlES2M6E4MIveVPzP83OMr8KxSLMcecrmi+JcElRk+j/pCc0ZypEllGlhbyVsQDVlaFOq2BC8xZeXyeNZ3buon9+7tcZNEUcZjuAYTsGDS2jAHTShBQwUPMMrvDnovDjvzse8teQUM4fwB87nD7jVkOQ=</latexit>

⇢̄A

<latexit sha1_base64="ms/aAnj2MQ/5TqvYSA9lD37Hc30=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoi+NgIVTcuK9gHNCFMppN26GQmzEyEErpy46+4caGIW7/BnX/jtM1CWw9cOJxzL/feEyaMKu0431ZhYXFpeaW4Wlpb39jcsrd3mkqkEpMGFkzIdogUYZSThqaakXYiCYpDRlrh4Gbstx6IVFTwez1MiB+jHqcRxUgbKbD3PdkXwRW8hBX32Kv36RH0QiThVA7sslN1JoDzxM1JGeSoB/aX1xU4jQnXmCGlOq6TaD9DUlPMyKjkpYokCA9Qj3QM5Sgmys8mb4zgoVG6MBLSFNdwov6eyFCs1DAOTWeMdF/NemPxP6+T6ujCzyhPUk04ni6KUga1gONMYJdKgjUbGoKwpOZWiPtIIqxNciUTgjv78jxpnlTds+rpnVOuXedxFMEeOAAV4IJzUAO3oA4aAINH8AxewZv1ZL1Y79bHtLVg5TO74A+szx/aNpbV</latexit>

⇢A = (1 + �)⇢̄A

<latexit sha1_base64="/2W6pyS0Xf/oAePo+kaf5HGElG8=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiSCj41QdOOyin1AG8pkOmmHTiZh5kZaQn/FjQtF3Poj7vwbJ20W2nrgXg7n3MvcOX4suAbH+bZWVtfWNzYLW8Xtnd29ffug1NRRoihr0EhEqu0TzQSXrAEcBGvHipHQF6zlj24zv/XElOaRfIRJzLyQDCQPOCVgpJ5dUvgaswqc4oesdccc9+yyU3VmwMvEzUkZ5aj37K9uP6JJyCRQQbTuuE4MXkoUcCrYtNhNNIsJHZEB6xgqSci0l85un+ITo/RxEClTEvBM/b2RklDrSeibyZDAUC96mfif10kguPJSLuMEmKTzh4JEYIhwFgTuc8UoiIkhhCpubsV0SBShYOIqmhDcxS8vk+ZZ1b2ont875dpNHkcBHaFjVEEuukQ1dIfqqIEoGqNn9IrerKn1Yr1bH/PRFSvfOUR/YH3+AI2fkjI=</latexit>

r = e(t)R(t)⇠

<latexit sha1_base64="jcRgsvblrjPZ4sEw84RQKHmP7nY=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKe4KPo5BLx5jMA/ILmF20psMmZldZ2aFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7woQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRaFJYx6rTkg0cCahaZjh0EkUEBFyaIej26nffgKlWSwfzDiBQJCBZBGjxFjJb5w1epmvBIbHSa9ccavuDHiZeDmpoBz1XvnL78c0FSAN5UTrrucmJsiIMoxymJT8VENC6IgMoGupJAJ0kM1unuATq/RxFCtb0uCZ+nsiI0LrsQhtpyBmqBe9qfif101NdB1kTCapAUnni6KUYxPjaQC4zxRQw8eWEKqYvRXTIVGEGhtTyYbgLb68TFrnVe+yenHvVmo3eRxFdISO0Sny0BWqoTtUR01EUYKe0St6c1LnxXl3PuatBSefOUR/4Hz+AHk7kVM=</latexit>

R/Req

<latexit sha1_base64="T0iat1vy1nXlX+3/KEbQrNmLWbY=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoMQL2FX8HERgl48RjAPSEKYnfQmY2Z3lpleISz5By8eFPHq/3jzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DAq0RzqXEmlWz4zIEUEdRQooRVrYKEvoemPbqd+8wm0ESp6wHEM3ZANIhEIztBKDbiGMp72iiW34s5Al4mXkRLJUOsVvzp9xZMQIuSSGdP23Bi7KdMouIRJoZMYiBkfsQG0LY1YCKabzq6d0BOr9GmgtK0I6Uz9PZGy0Jhx6NvOkOHQLHpT8T+vnWBw1U1FFCcIEZ8vChJJUdHp67QvNHCUY0sY18LeSvmQacbRBlSwIXiLLy+TxlnFu6ic37ul6k0WR54ckWNSJh65JFVyR2qkTjh5JM/klbw5ynlx3p2PeWvOyWYOyR84nz+pHo6I</latexit>

e = e(t)

<latexit sha1_base64="H5RXzPkGkwACpWvV8pqAZiuoxoc=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiSCj2XRTZcV7APaUCaTSTt0kgkzN2oJ3bnxV9y4UMStv+DOv3HaZqGtFwYO59xz79zjJ4JrcJxvq7C0vLK6VlwvbWxube/Yu3tNLVNFWYNKIVXbJ5oJHrMGcBCsnShGIl+wlj+8nuitO6Y0l/EtjBLmRaQf85BTAobq2YddYA+QBSwhCnCoZIRrqW/cOBTyftyzy07FmRZeBG4Oyiives/+6gaSphGLgQqidcd1EvAyM5xTwcalbqrNKjokfdYxMCYR0142vWOMjw0T4FAq82LAU/a3IyOR1qPIN50RgYGe1ybkf1onhfDSy3icpMBiOlsUpgKDxJNQcMAVoyBGBhCquPkrpgOiCAUTXcmE4M6fvAiapxX3vHJ245SrV3kcRXSAjtAJctEFqqIaqqMGougRPaNX9GY9WS/Wu/Uxay1YuWcf/Snr8wdMB5mU</latexit>

depart from Hubble flow

- Collapse ''redshift" is 

- Virialised radius  

- Virialised density ~  

<latexit sha1_base64="cwTXgj3AyT3F7UoEOPqWZpCt5Js=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCVIPMYKFsYi0YfURJHjOq1V2wm2g9RGGVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JE0aVdpxvq7Syura+Ud6sbG3v7O7Z+wdtFacSkxaOWSy7IVKEUUFammpGuokkiIeMdMLR9dTvPBCpaCzu9DghPkcDQSOKkTZSYFcnAYaeohxmkyDzJIfkPs8zrzmkeWDXnLozA1wmbkFqoEAzsL+8foxTToTGDCnVc51E+xmSmmJG8oqXKpIgPEID0jNUIE6Un82eyOGxUfowiqUpoeFM/T2RIa7UmIemkyM9VIveVPzP66U6uvQzKpJUE4Hni6KUQR3DaSKwTyXBmo0NQVhScyvEQyQR1ia3ignBXXx5mbRP6+55/ezWqTWuijjKoAqOwAlwwQVogBvQBC2AwSN4Bq/gzXqyXqx362PeWrKKmUPwB9bnD/XMmE8=</latexit>

zc ⇠ zeq�

<latexit sha1_base64="arOSFEdnyyupebYpztgwpDgHvxY=">AAACD3icbZC7TsMwFIadcivlFmBksahArZCqBMRlLLAwFolepCZEjus0Vp0LtoNUor4BC6/CwgBCrKxsvA1OmwFafsnSp/+co+PzuzGjQhrGt1aYm19YXCoul1ZW19Y39M2tlogSjkkTRyziHRcJwmhImpJKRjoxJyhwGWm7g8us3r4nXNAovJHDmNgB6ofUoxhJZTn6vuUiDi3uR8555cFJLR5AcjeqQqvh09ujinmQQdXRy0bNGAvOgplDGeRqOPqX1YtwEpBQYoaE6JpGLO0UcUkxI6OSlQgSIzxAfdJVGKKACDsd3zOCe8rpQS/i6oUSjt3fEykKhBgGruoMkPTFdC0z/6t1E+md2SkN40SSEE8WeQmDMoJZOLBHOcGSDRUgzKn6K8Q+4ghLFWFJhWBOnzwLrcOaeVI7vjbK9Ys8jiLYAbugAkxwCurgCjRAE2DwCJ7BK3jTnrQX7V37mLQWtHxmG/yR9vkDIq2azg==</latexit>

⇢̄A(zeq)�
3(1 + �)

<latexit sha1_base64="uHFvpMirhqu3CkYcO3EQkQfb4LU=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoVUlpIg8RgrWBgYikQfUhNFjuu0Vu0k2A5SG3Vn4VdYGECIlR9g429w2gzQcqQrHZ9zr3zv8WNGpbKsb6OwtLyyulZcL21sbm3vmLt7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7w6vMbz8QIWkU3qlRTFyO+iENKEZKS55ZvvHs47GHoSMph9mj6jQGFI691BEckvvJkWdWrJo1BVwkdk4qIEfDM7+cXoQTTkKFGZKya1uxclMkFMWMTEpOIkmM8BD1SVfTEHEi3XR6ywQeaqUHg0joChWcqr8nUsSlHHFfd3KkBnLey8T/vG6iggs3pWGcKBLi2UdBwqCKYBYM7FFBsGIjTRAWVO8K8QAJhJWOr6RDsOdPXiStk5p9Vju9tSr1yzyOIjgAZVAFNjgHdXANGqAJMHgEz+AVvBlPxovxbnzMWgtGPrMP/sD4/AEMQZks</latexit>

L1/zc ⇠ L1/(�zeq)



Numerical simulations

DM density proyection (JR 2018) with Gadget2 (Springer 2005) 

- MCs are not spherically symmetric ... use output of simulations

- Sample densities into particles 

- Run N-body gravitational codes



Numerical calculations

- Starting from results of Numerical simulations of QCD phase transition with strings+DWs ...

- Halo mass function (Mcs/mass/volume)

Eggemeier, JR... 2020



Filling factor

- Most axions are trapped in these high-density Mcs

redshift z

- This leaves very few axions to be discovered!

Eggemeier, JR... 2020



Survival in the galaxy

- Simulations end around z~100 for technical reasons

Eggemeier, JR... 2020

- Next important event is galaxy formation

- MCs can be disrupted by encoutners with galactic stars

Dokuchaev  17

Disruption probability 
assumes NFW  

MC profile

most of them actually survive!



Density in voids Eggemeier 2022

- The average void density seems to converge around few %

- This is a lower limit (galaxy disruption will release more axions from MCs into voids) that  
experiments can use



Observing miniclusters?

- Microlensing

Ellis 2022

Subaru HSC dedicated search of PHBs along M31

- Axion MCs appear to be too flufy (simulations do not resolve inner core)

only extreme assumptions offer a window of opportunity!



More pheno

- femtolensing  
- minicluster encounters with NSs 
- minicluster encounters with the Earth 
- Bose-nova formation in miniclusters (and photon burst emission) 


