
Axions, Dark Matter, and 
Primordial Density Perturbations

IBS-ICTP Workshop on Axion-Like Particles, October 2021

Takeshi Kobayashi



TK, Rajeev Kumar Jain  2012.00896

TK  2005.01741

OUTLINE

• brief review of axion cosmology

• new mechanism for axion DM production

• impact of primordial electromagnetic fields on axions

• axion-like origin of the primordial density perturbation

TK, Lorenzo Ubaldi  1907.00984, 2006.09389



• brief review of axion cosmology

• new mechanism for axion DM production

• impact of primordial electromagnetic fields on axions

• axion-like origin of the primordial density perturbation
TK, Rajeev Kumar Jain  2012.00896

TK  2005.01741

OUTLINE

TK, Lorenzo Ubaldi  1907.00984, 2006.09389



AXION = PNGB of a spontaneously broken global U(1)

Peccei, Quinn ’77  Weinberg ’78  Wilczek ’78 Svrcek, Witten ’06  Arvanitaki et al. ’09
e.g. QCD axion, string axions
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VACUUM MISALIGNMENT

If symmetry breaking happens before inflation (  ),f > Hinf
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• Makes up entire DM with e.g.  ,  ,  θ⋆ ∼ 1 f ∼ 1017 GeV m ∼ 10−22 eV
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Let us start with a new scenario for
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�
<latexit sha1_base64="zwJO+TJgsdnjUZwGRKCAWhUTMok=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexqRI8BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy+rVfa1Sr+dxFOEETuEcAriGOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPngmPKA==</latexit>

inflation
<latexit sha1_base64="vM5b3Ry/0XH/K/RRWIBUYvvI3Hs="></latexit>



DIAGONAL BASIS

�
<latexit sha1_base64="zwJO+TJgsdnjUZwGRKCAWhUTMok=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexqRI8BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy+rVfa1Sr+dxFOEETuEcAriGOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPngmPKA==</latexit>

�
<latexit sha1_base64="z1Xbsrct+TchJiBSbyUZKK33jA4=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiQ+0GXBjcsK9gFtKJPppBk6MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89YcqZNp737VTW1jc2t6rbtZ3dvf0D9/Coo5NMEdomCU9UL8SaciZp2zDDaS9VFIuQ0244uSv87hNVmiXy0UxTGgg8lixiBJtCGqQxG7p1r+HNgVaJX5I6lGgN3a/BKCGZoNIQjrXu+15qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmug1yJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwl19eJZ2Lhn/ZuH64qjebZRxVOIFTOAcfbqAJ99CCNhCI4Rle4c0Rzovz7nwsWitOOXMMf+B8/gAVMo5E</latexit>
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�g
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2
(@�)2 � 1

2
m2
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2 � 1

2
(@�)2 � V (�)

<latexit sha1_base64="ETJ0oIr4WHwJWz5YIgt+X1JRtTs="></latexit>

�↵@� · @�
<latexit sha1_base64="RMBszkdK5IVlYrfX4PmgmFlBdxs=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCCy0zXtBlwY3LCvYCnVLOZNI2NJkJSUYoQ5/Dja/ixoUi7sSNb2Om7aK2/hD4+M85Sc4fSs608bwfZ2l5ZXVtvbBR3Nza3tl19/brOkkVoTWS8EQ1Q9CUs5jWDDOcNqWiIEJOG+HgNq83HqnSLIkfzFDStoBezLqMgLFWx/XPglMcAJd9wDlJUIYBx4FmPWEtEiVmxpV91nFLXtkbCy+CP4USmqracb+CKCGpoLEhHLRu+Z407Sy/knA6KgapphLIAHq0ZTEGQXU7G682wsfWiXA3UfbEBo/d2YkMhNZDEdpOAaav52u5+V+tlZruTTtjsUwNjcnkoW7KsUlwnhOOmKLE8KEFIIrZv2LSBwXE2DSLNgR/fuVFqJ+X/Yvy1f1lqVKZxlFAh+gInSAfXaMKukNVVEMEPaEX9IbenWfn1flwPietS8505gD9kfP9CyBrn7s=</latexit>

V (�)
<latexit sha1_base64="paMwo2v7/x2QbJLnDgSKPOcUS34="></latexit>

�
<latexit sha1_base64="d9pZrpOhz9Gvrt6Th3mS12BCAqY="></latexit>

inflation
<latexit sha1_base64="vM5b3Ry/0XH/K/RRWIBUYvvI3Hs="></latexit>



DIAGONAL BASIS

�
<latexit sha1_base64="zwJO+TJgsdnjUZwGRKCAWhUTMok=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexqRI8BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy+rVfa1Sr+dxFOEETuEcAriGOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPngmPKA==</latexit>

�
<latexit sha1_base64="z1Xbsrct+TchJiBSbyUZKK33jA4=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiQ+0GXBjcsK9gFtKJPppBk6MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89YcqZNp737VTW1jc2t6rbtZ3dvf0D9/Coo5NMEdomCU9UL8SaciZp2zDDaS9VFIuQ0244uSv87hNVmiXy0UxTGgg8lixiBJtCGqQxG7p1r+HNgVaJX5I6lGgN3a/BKCGZoNIQjrXu+15qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmug1yJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwl19eJZ2Lhn/ZuH64qjebZRxVOIFTOAcfbqAJ99CCNhCI4Rle4c0Rzovz7nwsWitOOXMMf+B8/gAVMo5E</latexit>
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<latexit sha1_base64="ETJ0oIr4WHwJWz5YIgt+X1JRtTs="></latexit>

�↵@� · @�
<latexit sha1_base64="RMBszkdK5IVlYrfX4PmgmFlBdxs=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCCy0zXtBlwY3LCvYCnVLOZNI2NJkJSUYoQ5/Dja/ixoUi7sSNb2Om7aK2/hD4+M85Sc4fSs608bwfZ2l5ZXVtvbBR3Nza3tl19/brOkkVoTWS8EQ1Q9CUs5jWDDOcNqWiIEJOG+HgNq83HqnSLIkfzFDStoBezLqMgLFWx/XPglMcAJd9wDlJUIYBx4FmPWEtEiVmxpV91nFLXtkbCy+CP4USmqracb+CKCGpoLEhHLRu+Z407Sy/knA6KgapphLIAHq0ZTEGQXU7G682wsfWiXA3UfbEBo/d2YkMhNZDEdpOAaav52u5+V+tlZruTTtjsUwNjcnkoW7KsUlwnhOOmKLE8KEFIIrZv2LSBwXE2DSLNgR/fuVFqJ+X/Yvy1f1lqVKZxlFAh+gInSAfXaMKukNVVEMEPaEX9IbenWfn1flwPietS8505gD9kfP9CyBrn7s=</latexit>

density pert.

stabilized

during inflation

V (�)
<latexit sha1_base64="paMwo2v7/x2QbJLnDgSKPOcUS34="></latexit>

�
<latexit sha1_base64="d9pZrpOhz9Gvrt6Th3mS12BCAqY="></latexit>

inflation
<latexit sha1_base64="vM5b3Ry/0XH/K/RRWIBUYvvI3Hs="></latexit>



DIAGONAL BASIS

�
<latexit sha1_base64="zwJO+TJgsdnjUZwGRKCAWhUTMok=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexqRI8BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy+rVfa1Sr+dxFOEETuEcAriGOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPngmPKA==</latexit>

�
<latexit sha1_base64="z1Xbsrct+TchJiBSbyUZKK33jA4=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiQ+0GXBjcsK9gFtKJPppBk6MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89YcqZNp737VTW1jc2t6rbtZ3dvf0D9/Coo5NMEdomCU9UL8SaciZp2zDDaS9VFIuQ0244uSv87hNVmiXy0UxTGgg8lixiBJtCGqQxG7p1r+HNgVaJX5I6lGgN3a/BKCGZoNIQjrXu+15qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmug1yJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwl19eJZ2Lhn/ZuH64qjebZRxVOIFTOAcfbqAJ99CCNhCI4Rle4c0Rzovz7nwsWitOOXMMf+B8/gAVMo5E</latexit>
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<latexit sha1_base64="ETJ0oIr4WHwJWz5YIgt+X1JRtTs="></latexit>

�↵@� · @�
<latexit sha1_base64="RMBszkdK5IVlYrfX4PmgmFlBdxs=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCCy0zXtBlwY3LCvYCnVLOZNI2NJkJSUYoQ5/Dja/ixoUi7sSNb2Om7aK2/hD4+M85Sc4fSs608bwfZ2l5ZXVtvbBR3Nza3tl19/brOkkVoTWS8EQ1Q9CUs5jWDDOcNqWiIEJOG+HgNq83HqnSLIkfzFDStoBezLqMgLFWx/XPglMcAJd9wDlJUIYBx4FmPWEtEiVmxpV91nFLXtkbCy+CP4USmqracb+CKCGpoLEhHLRu+Z407Sy/knA6KgapphLIAHq0ZTEGQXU7G682wsfWiXA3UfbEBo/d2YkMhNZDEdpOAaav52u5+V+tlZruTTtjsUwNjcnkoW7KsUlwnhOOmKLE8KEFIIrZv2LSBwXE2DSLNgR/fuVFqJ+X/Yvy1f1lqVKZxlFAh+gInSAfXaMKukNVVEMEPaEX9IbenWfn1flwPietS8505gD9kfP9CyBrn7s=</latexit>

density pert.

stabilized

during inflation

dark matter

reheaton

after inflation

V (�)
<latexit sha1_base64="paMwo2v7/x2QbJLnDgSKPOcUS34="></latexit>

�
<latexit sha1_base64="d9pZrpOhz9Gvrt6Th3mS12BCAqY="></latexit>

inflation
<latexit sha1_base64="vM5b3Ry/0XH/K/RRWIBUYvvI3Hs="></latexit>



DIAGONAL BASIS

�
<latexit sha1_base64="zwJO+TJgsdnjUZwGRKCAWhUTMok=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexqRI8BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy+rVfa1Sr+dxFOEETuEcAriGOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPngmPKA==</latexit>

�
<latexit sha1_base64="z1Xbsrct+TchJiBSbyUZKK33jA4=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiQ+0GXBjcsK9gFtKJPppBk6MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89YcqZNp737VTW1jc2t6rbtZ3dvf0D9/Coo5NMEdomCU9UL8SaciZp2zDDaS9VFIuQ0244uSv87hNVmiXy0UxTGgg8lixiBJtCGqQxG7p1r+HNgVaJX5I6lGgN3a/BKCGZoNIQjrXu+15qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmug1yJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwl19eJZ2Lhn/ZuH64qjebZRxVOIFTOAcfbqAJ99CCNhCI4Rle4c0Rzovz7nwsWitOOXMMf+B8/gAVMo5E</latexit>
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<latexit sha1_base64="ETJ0oIr4WHwJWz5YIgt+X1JRtTs="></latexit>

�↵@� · @�
<latexit sha1_base64="RMBszkdK5IVlYrfX4PmgmFlBdxs=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyyCCy0zXtBlwY3LCvYCnVLOZNI2NJkJSUYoQ5/Dja/ixoUi7sSNb2Om7aK2/hD4+M85Sc4fSs608bwfZ2l5ZXVtvbBR3Nza3tl19/brOkkVoTWS8EQ1Q9CUs5jWDDOcNqWiIEJOG+HgNq83HqnSLIkfzFDStoBezLqMgLFWx/XPglMcAJd9wDlJUIYBx4FmPWEtEiVmxpV91nFLXtkbCy+CP4USmqracb+CKCGpoLEhHLRu+Z407Sy/knA6KgapphLIAHq0ZTEGQXU7G682wsfWiXA3UfbEBo/d2YkMhNZDEdpOAaav52u5+V+tlZruTTtjsUwNjcnkoW7KsUlwnhOOmKLE8KEFIIrZv2LSBwXE2DSLNgR/fuVFqJ+X/Yvy1f1lqVKZxlFAh+gInSAfXaMKukNVVEMEPaEX9IbenWfn1flwPietS8505gD9kfP9CyBrn7s=</latexit>

density pert.

stabilized

during inflation

dark matter

reheaton

after inflation

V (�)
<latexit sha1_base64="paMwo2v7/x2QbJLnDgSKPOcUS34="></latexit>

�
<latexit sha1_base64="d9pZrpOhz9Gvrt6Th3mS12BCAqY="></latexit>

inflation
<latexit sha1_base64="vM5b3Ry/0XH/K/RRWIBUYvvI3Hs="></latexit>

Different combinations of the inflaton and axion 
(= inflaxions) play various cosmological roles



INFLAXION WINDOWS
<latexit sha1_base64="wMDJJFNEkD80O/2WzsXcrLo77KI="></latexit>

Lint = �↵@� · @�+
↵�

8⇡f
�FF̃ + g� ̄i�5 

<latexit sha1_base64="DpB+a06w5Yitc9mYWmbCG/OzIJ0=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiY+0GXBjcsK9gFNKJPppB06MwkzE6GGfokbF4q49VPc+TdO2yy09cCFwzn3cu89UcqZNp737aysrq1vbJa2yts7u3sVd/+gpZNMEdokCU9UJ8KaciZp0zDDaSdVFIuI03Y0up367UeqNEvkgxmnNBR4IFnMCDZW6rmVAPN0iFGgmUD+2UXPrXo1bwa0TPyCVKFAo+d+Bf2EZIJKQzjWuut7qQlzrAwjnE7KQaZpiskID2jXUokF1WE+O3yCTqzSR3GibEmDZurviRwLrccisp0Cm6Fe9Kbif143M/FNmDOZZoZKMl8UZxyZBE1TQH2mKDF8bAkmitlbERlihYmxWZVtCP7iy8ukdV7zr2re/WW1Xi/iKMERHMMp+HANdbiDBjSBQAbP8ApvzpPz4rw7H/PWFaeYOYQ/cD5/AC8okh0=</latexit>

↵ ⇠ 1/3
<latexit sha1_base64="ZKtzn0MW2xeTGEBdzN8rENJHgsw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3KHosePFYwX5Auy3ZNNuGJtklySpl6f/w4kERr/4Xb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaDye3cbz9SpVkkH8w0pr7AI8lCRrCxUn+EepoJ5Ln99KI2G5QrbtXNgFaJl5MK5GgMyl+9YUQSQaUhHGvd9dzY+ClWhhFOZ6VeommMyQSPaNdSiQXVfppdPUNnVhmiMFK2pEGZ+nsixULrqQhsp8BmrJe9ufif101MeOOnTMaJoZIsFoUJRyZC8wjQkClKDJ9agoli9lZExlhhYmxQJRuCt/zyKmnVqt5V1b2/rNTreRxFOIFTOAcPrqEOd9CAJhBQ8Ayv8OY8OS/Ou/OxaC04+cwx/IHz+QPS8pFq</latexit>
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<latexit sha1_base64="klJZa1P1rN6QjlGHTCrR7Uewvk0=">AAACEHicdVDLSsNAFJ3UV62vqEs3g0V0VdIaqAsXBRd2WcU+oAllMp20Q2eSMDMRSsgnuPFX3LhQxK1Ld/6NkzZiFT0wcDjnXuae40WMSmVZH0ZhaXllda24XtrY3NreMXf3OjKMBSZtHLJQ9DwkCaMBaSuqGOlFgiDuMdL1JheZ370lQtIwuFHTiLgcjQLqU4yUlgbmsXOJOEeDxOFIjQVPrptpCs9h81uhgZ+mA7NsVawZ4AKx65Zt12A1V8ogR2tgvjvDEMecBAozJGW/akXKTZBQFDOSlpxYkgjhCRqRvqYB4kS6ySxQCo+0MoR+KPQLFJypixsJ4lJOuacnsyPlby8T//L6sfLPXJ0oihUJ8PwjP2ZQhTBrBw6pIFixqSYIC6pvhXiMBMJKd1jSJXwlhf+TTq1SPa3Uruxyw87rKIIDcAhOQBXUQQM0QQu0AQZ34AE8gWfj3ng0XozX+WjByHf2wQ8Yb5+CTp1+</latexit>
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<latexit sha1_base64="JC8mNOTqqnyniI1x9DZfKHaSQKw=">AAACBHicdVDLSgMxFM3UV62vqstugkVwVTJ92C5cFNx0WcHWQqcMmTTThiYzQ5IRyjALN/6KGxeKuPUj3Pk3ZtoKKnogcDjnXnLP8SLOlEbow8qtrW9sbuW3Czu7e/sHxcOjvgpjSWiPhDyUAw8ryllAe5ppTgeRpFh4nN54s8vMv7mlUrEwuNbziI4EngTMZwRrI7nFknAdxSYCwwvYcRNHYD2VImGBn6ZusYwqqF5DzQZElVq12WrYhiBUs5vn0DYkQxms0HWL7844JLGggSYcKzW0UaRHCZaaEU7TghMrGmEywxM6NDTAgqpRsgiRwlOjjKEfSvMCDRfq940EC6XmwjOT2ZHqt5eJf3nDWPutkUkUxZoGZPmRH3OoQ5g1AsdMUqL53BBMJDO3QjLFEhNteiuYEr6Swv9Jv1qxa5XqVb3crq/qyIMSOAFnwAZN0AYd0AU9QMAdeABP4Nm6tx6tF+t1OZqzVjvH4Aest08Srphb</latexit>

�
D
M

>
H

0
<latexit sha1_base64="WFLlK3lKVdHwKBjJYomRY5eEiWM=">AAACA3icdVDLSgMxFM34rPVVdaebYBFclZl2bOtGCgp2I1SwD2jLkEnTNjTJDElGKMOAG3/FjQtF3PoT7vwb04egogcuHM65l3vv8UNGlbbtD2thcWl5ZTW1ll7f2NzazuzsNlQQSUzqOGCBbPlIEUYFqWuqGWmFkiDuM9L0R+cTv3lLpKKBuNHjkHQ5GgjapxhpI3mZ/c4l4hx5cYcjPZQ8vrhKEngGq57tZbJ2zi26xVIB2jl7iikpnp6UoTNXsmCOmpd57/QCHHEiNGZIqbZjh7obI6kpZiRJdyJFQoRHaEDahgrEierG0x8SeGSUHuwH0pTQcKp+n4gRV2rMfdM5uVT99ibiX1470v1yN6YijDQReLaoHzGoAzgJBPaoJFizsSEIS2puhXiIJMLaxJY2IXx9Cv8njXzOKeTy12624s7jSIEDcAiOgQNKoAKqoAbqAIM78ACewLN1bz1aL9brrHXBms/sgR+w3j4BQAuXOA==</latexit>

constant-mass axion
(  )f = 1017 GeV

QCD axion
(  )Tmax > ΛQCD

axion coupled to a
hidden strong group

(  )Tmax > Λ = 103 GeV



INFLAXION WINDOWS
<latexit sha1_base64="wMDJJFNEkD80O/2WzsXcrLo77KI="></latexit>

Lint = �↵@� · @�+
↵�

8⇡f
�FF̃ + g� ̄i�5 

<latexit sha1_base64="DpB+a06w5Yitc9mYWmbCG/OzIJ0=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiY+0GXBjcsK9gFNKJPppB06MwkzE6GGfokbF4q49VPc+TdO2yy09cCFwzn3cu89UcqZNp737aysrq1vbJa2yts7u3sVd/+gpZNMEdokCU9UJ8KaciZp0zDDaSdVFIuI03Y0up367UeqNEvkgxmnNBR4IFnMCDZW6rmVAPN0iFGgmUD+2UXPrXo1bwa0TPyCVKFAo+d+Bf2EZIJKQzjWuut7qQlzrAwjnE7KQaZpiskID2jXUokF1WE+O3yCTqzSR3GibEmDZurviRwLrccisp0Cm6Fe9Kbif143M/FNmDOZZoZKMl8UZxyZBE1TQH2mKDF8bAkmitlbERlihYmxWZVtCP7iy8ukdV7zr2re/WW1Xi/iKMERHMMp+HANdbiDBjSBQAbP8ApvzpPz4rw7H/PWFaeYOYQ/cD5/AC8okh0=</latexit>

↵ ⇠ 1/3
<latexit sha1_base64="ZKtzn0MW2xeTGEBdzN8rENJHgsw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3KHosePFYwX5Auy3ZNNuGJtklySpl6f/w4kERr/4Xb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaDye3cbz9SpVkkH8w0pr7AI8lCRrCxUn+EepoJ5Ln99KI2G5QrbtXNgFaJl5MK5GgMyl+9YUQSQaUhHGvd9dzY+ClWhhFOZ6VeommMyQSPaNdSiQXVfppdPUNnVhmiMFK2pEGZ+nsixULrqQhsp8BmrJe9ufif101MeOOnTMaJoZIsFoUJRyZC8wjQkClKDJ9agoli9lZExlhhYmxQJRuCt/zyKmnVqt5V1b2/rNTreRxFOIFTOAcPrqEOd9CAJhBQ8Ayv8OY8OS/Ou/OxaC04+cwx/IHz+QPS8pFq</latexit>
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<latexit sha1_base64="klJZa1P1rN6QjlGHTCrR7Uewvk0=">AAACEHicdVDLSsNAFJ3UV62vqEs3g0V0VdIaqAsXBRd2WcU+oAllMp20Q2eSMDMRSsgnuPFX3LhQxK1Ld/6NkzZiFT0wcDjnXuae40WMSmVZH0ZhaXllda24XtrY3NreMXf3OjKMBSZtHLJQ9DwkCaMBaSuqGOlFgiDuMdL1JheZ370lQtIwuFHTiLgcjQLqU4yUlgbmsXOJOEeDxOFIjQVPrptpCs9h81uhgZ+mA7NsVawZ4AKx65Zt12A1V8ogR2tgvjvDEMecBAozJGW/akXKTZBQFDOSlpxYkgjhCRqRvqYB4kS6ySxQCo+0MoR+KPQLFJypixsJ4lJOuacnsyPlby8T//L6sfLPXJ0oihUJ8PwjP2ZQhTBrBw6pIFixqSYIC6pvhXiMBMJKd1jSJXwlhf+TTq1SPa3Uruxyw87rKIIDcAhOQBXUQQM0QQu0AQZ34AE8gWfj3ng0XozX+WjByHf2wQ8Yb5+CTp1+</latexit>

m
�
<
H
in
f

<latexit sha1_base64="JC8mNOTqqnyniI1x9DZfKHaSQKw=">AAACBHicdVDLSgMxFM3UV62vqstugkVwVTJ92C5cFNx0WcHWQqcMmTTThiYzQ5IRyjALN/6KGxeKuPUj3Pk3ZtoKKnogcDjnXnLP8SLOlEbow8qtrW9sbuW3Czu7e/sHxcOjvgpjSWiPhDyUAw8ryllAe5ppTgeRpFh4nN54s8vMv7mlUrEwuNbziI4EngTMZwRrI7nFknAdxSYCwwvYcRNHYD2VImGBn6ZusYwqqF5DzQZElVq12WrYhiBUs5vn0DYkQxms0HWL7844JLGggSYcKzW0UaRHCZaaEU7TghMrGmEywxM6NDTAgqpRsgiRwlOjjKEfSvMCDRfq940EC6XmwjOT2ZHqt5eJf3nDWPutkUkUxZoGZPmRH3OoQ5g1AsdMUqL53BBMJDO3QjLFEhNteiuYEr6Swv9Jv1qxa5XqVb3crq/qyIMSOAFnwAZN0AYd0AU9QMAdeABP4Nm6tx6tF+t1OZqzVjvH4Aest08Srphb</latexit>

�
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M

>
H

0
<latexit sha1_base64="WFLlK3lKVdHwKBjJYomRY5eEiWM=">AAACA3icdVDLSgMxFM34rPVVdaebYBFclZl2bOtGCgp2I1SwD2jLkEnTNjTJDElGKMOAG3/FjQtF3PoT7vwb04egogcuHM65l3vv8UNGlbbtD2thcWl5ZTW1ll7f2NzazuzsNlQQSUzqOGCBbPlIEUYFqWuqGWmFkiDuM9L0R+cTv3lLpKKBuNHjkHQ5GgjapxhpI3mZ/c4l4hx5cYcjPZQ8vrhKEngGq57tZbJ2zi26xVIB2jl7iikpnp6UoTNXsmCOmpd57/QCHHEiNGZIqbZjh7obI6kpZiRJdyJFQoRHaEDahgrEierG0x8SeGSUHuwH0pTQcKp+n4gRV2rMfdM5uVT99ibiX1470v1yN6YijDQReLaoHzGoAzgJBPaoJFizsSEIS2puhXiIJMLaxJY2IXx9Cv8njXzOKeTy12624s7jSIEDcAiOgQNKoAKqoAbqAIM78ACewLN1bz1aL9brrHXBms/sgR+w3j4BQAuXOA==</latexit>

constant-mass axion
(  )f = 1017 GeV

QCD axion
(  )Tmax > ΛQCD

axion coupled to a
hidden strong group

(  )Tmax > Λ = 103 GeV

Opens up new axion windows, especially at low  and high     Hinf f



OBSERVATIONAL CONSEQUENCES

• Link between reheating temperature and axion-matter couplings
- DM lifetime can be short even with large  
- Parts of the new axion window can be probed by upcoming 

experiments, e.g. ABRACADABRA

• QCD inflaxion with reheating into neutrinos

• No DM isocurvature

f



• brief review of axion cosmology

• new mechanism for axion DM production

• impact of primordial electromagnetic fields on axions

• axion-like origin of the primordial density perturbation
TK, Rajeev Kumar Jain  2012.00896

TK  2005.01741

OUTLINE

TK, Lorenzo Ubaldi  1907.00984, 2006.09389



AXIONS AND ELECTROMAGNETIC FIELDS

• Recap of the inflaxion: shift-symmetric coupling to the inflaton 
affects the axion dynamics and allows DM production even 
with very low inflation scales
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• What about the couplings to gauge bosons  ?θFF̃

• Recap of the inflaxion: shift-symmetric coupling to the inflaton 
affects the axion dynamics and allows DM production even 
with very low inflation scales



AXIONS AND ELECTROMAGNETIC FIELDS

• What about the couplings to gauge bosons  ?θFF̃

• Recap of the inflaxion: shift-symmetric coupling to the inflaton 
affects the axion dynamics and allows DM production even 
with very low inflation scales

•  : helical electromagnetic fieldsFF̃ ∝ E ⋅ B



AXIONS AND ELECTROMAGNETIC FIELDS

• What about the couplings to gauge bosons  ?θFF̃

• Recap of the inflaxion: shift-symmetric coupling to the inflaton 
affects the axion dynamics and allows DM production even 
with very low inflation scales

•  : helical electromagnetic fieldsFF̃ ∝ E ⋅ B

Garretson, Field, Carroll ’92  Anber, Sorbo ’06  Durrer, Hollenstein, Jain ’10  …

• Many studies on gauge field excitations in the early universe 
(e.g. cosmological magnetic fields, source of GW, vector DM), 
in particular on parity-violating mechanisms



• Let us consider a simple case: an axion coupled to hidden 
photons, that are excited in the early universe to form a 
homogeneous  backgroundE ⋅ B

CONSEQUENCE OF E ⋅ B

<latexit sha1_base64="Dj2UzT5UHIBrvFjzgaH1oA8Wb0A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uzjkSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/gmnAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2pwVfXvLyu1Wh5HEU7gFM4hgGuowR3UoQEMHuEZXuHN096L9+59LFoLXj5zDH/gff4ApQOPKw==</latexit>

✓



• Let us consider a simple case: an axion coupled to hidden 
photons, that are excited in the early universe to form a 
homogeneous  backgroundE ⋅ B

CONSEQUENCE OF E ⋅ B

<latexit sha1_base64="Dj2UzT5UHIBrvFjzgaH1oA8Wb0A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uzjkSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/gmnAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2pwVfXvLyu1Wh5HEU7gFM4hgGuowR3UoQEMHuEZXuHN096L9+59LFoLXj5zDH/gff4ApQOPKw==</latexit>

✓

<latexit sha1_base64="qZRyeqH/2QVgLR9V7xLM/TxVa0U=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6a1r11RBJcV7EPaoWQymTY0kxmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufceL+ZMaYQ+rJXVtfWNzdxWfntnd2+/cHDYUVEiCW2TiEey52FFORO0rZnmtBdLikOP0643ucz87j2VikXiVk9j6oZ4JFjACNZGuruCA+JHGl4MC0Vko2qlUUYQ2RXk1BoNQxCq1ssl6BiSoQiWaA0L7wM/IklIhSYcK9V3UKzdFEvNCKez/CBRNMZkgke0b6jAIVVuOj94Bk+N4sMgkqaEhnP1+0SKQ6WmoWc6Q6zH6reXiX95/UQHdTdlIk40FWSxKEg41BHMvoc+k5RoPjUEE8nMrZCMscREm4zyJoSvT+H/pFOynaqNbs6LzeYyjhw4BifgDDigBprgGrRAGxAQggfwBJ4taT1aL9bronXFWs4cgR+w3j4BDHeP7Q==</latexit>

E ·B

• The  gives an effective linear potential to the axion 
via , and sources a field velocity of 

E ⋅ B
αθFF̃ ·θ ∼ αFF̃/f2H



• Let us consider a simple case: an axion coupled to hidden 
photons, that are excited in the early universe to form a 
homogeneous  backgroundE ⋅ B

CONSEQUENCE OF E ⋅ B

<latexit sha1_base64="Dj2UzT5UHIBrvFjzgaH1oA8Wb0A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uzjkSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/gmnAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2pwVfXvLyu1Wh5HEU7gFM4hgGuowR3UoQEMHuEZXuHN096L9+59LFoLXj5zDH/gff4ApQOPKw==</latexit>

✓

<latexit sha1_base64="qZRyeqH/2QVgLR9V7xLM/TxVa0U=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6a1r11RBJcV7EPaoWQymTY0kxmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufceL+ZMaYQ+rJXVtfWNzdxWfntnd2+/cHDYUVEiCW2TiEey52FFORO0rZnmtBdLikOP0643ucz87j2VikXiVk9j6oZ4JFjACNZGuruCA+JHGl4MC0Vko2qlUUYQ2RXk1BoNQxCq1ssl6BiSoQiWaA0L7wM/IklIhSYcK9V3UKzdFEvNCKez/CBRNMZkgke0b6jAIVVuOj94Bk+N4sMgkqaEhnP1+0SKQ6WmoWc6Q6zH6reXiX95/UQHdTdlIk40FWSxKEg41BHMvoc+k5RoPjUEE8nMrZCMscREm4zyJoSvT+H/pFOynaqNbs6LzeYyjhw4BifgDDigBprgGrRAGxAQggfwBJ4taT1aL9bronXFWs4cgR+w3j4BDHeP7Q==</latexit>

E ·B

• This can force the axion to continue to move in one 
direction and delay the onset of the axion oscillation

• The  gives an effective linear potential to the axion 
via , and sources a field velocity of 

E ⋅ B
αθFF̃ ·θ ∼ αFF̃/f2H



• Let us consider a simple case: an axion coupled to hidden 
photons, that are excited in the early universe to form a 
homogeneous  backgroundE ⋅ B

CONSEQUENCE OF E ⋅ B

<latexit sha1_base64="Dj2UzT5UHIBrvFjzgaH1oA8Wb0A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uzjkSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/gmnAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2pwVfXvLyu1Wh5HEU7gFM4hgGuowR3UoQEMHuEZXuHN096L9+59LFoLXj5zDH/gff4ApQOPKw==</latexit>

✓

<latexit sha1_base64="qZRyeqH/2QVgLR9V7xLM/TxVa0U=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6a1r11RBJcV7EPaoWQymTY0kxmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufceL+ZMaYQ+rJXVtfWNzdxWfntnd2+/cHDYUVEiCW2TiEey52FFORO0rZnmtBdLikOP0643ucz87j2VikXiVk9j6oZ4JFjACNZGuruCA+JHGl4MC0Vko2qlUUYQ2RXk1BoNQxCq1ssl6BiSoQiWaA0L7wM/IklIhSYcK9V3UKzdFEvNCKez/CBRNMZkgke0b6jAIVVuOj94Bk+N4sMgkqaEhnP1+0SKQ6WmoWc6Q6zH6reXiX95/UQHdTdlIk40FWSxKEg41BHMvoc+k5RoPjUEE8nMrZCMscREm4zyJoSvT+H/pFOynaqNbs6LzeYyjhw4BifgDDigBprgGrRAGxAQggfwBJ4taT1aL9bronXFWs4cgR+w3j4BDHeP7Q==</latexit>

E ·B net effect: enhancement of 
axion relic abundance

• This can force the axion to continue to move in one 
direction and delay the onset of the axion oscillation

• The  gives an effective linear potential to the axion 
via , and sources a field velocity of 

E ⋅ B
αθFF̃ ·θ ∼ αFF̃/f2H



(CMB)
<latexit sha1_base64="SQr/CVb/ZUgTccSSXYYDSgej1zo=">AAACF3icbVBNS8NAEN3Ur1q/qh69LBbBiyERUY8FPXiSCvYDmlo220m7dDeJuxuhhPwLL/4VLx4U8ao3/42btgdtfTDweG+GmXl+zJnSjvNtFRYWl5ZXiqultfWNza3y9k5DRYmkUKcRj2TLJwo4C6GumebQiiUQ4XNo+sOL3G8+gFQsCm/1KIaOIP2QBYwSbaRu2fY43GPvErgm+LqbeoLogRQpBEGW4ZJxlVJMYNe5S4/crFuuOLYzBp4n7pRU0BS1bvnL60U0ERBqyolSbdeJdSclUjPKISt5iYKY0CHpQ9vQkAhQnXT8V4YPjNLDQSRNhRqP1d8TKRFKjYRvOvOz1ayXi/957UQH552UhXGiIaSTRUHCsY5wHhLuMQlU85EhhEpmbsV0QCSh2kRZMiG4sy/Pk8ax7Z7azs1JpVqdxlFEe2gfHSIXnaEqukI1VEcUPaJn9IrerCfrxXq3PiatBWs6s4v+wPr8AczDnww=</latexit>
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asWroph\sical boXnds
 

QCD AXION WINDOW

<latexit sha1_base64="yF7sjOhR10JOpCerpMCKMS3peok="></latexit>

⌦✓ ⇠ 10�1 ✓2?

✓
f

1012 GeV

◆7/6

<latexit sha1_base64="73/ofhUVxsq6KS6nvpsMQmudYbY="></latexit>

�NE·B ⌘ 8

7

✓
11

4

◆4/3 |E ·B|
⇢�



(CMB)
<latexit sha1_base64="SQr/CVb/ZUgTccSSXYYDSgej1zo=">AAACF3icbVBNS8NAEN3Ur1q/qh69LBbBiyERUY8FPXiSCvYDmlo220m7dDeJuxuhhPwLL/4VLx4U8ao3/42btgdtfTDweG+GmXl+zJnSjvNtFRYWl5ZXiqultfWNza3y9k5DRYmkUKcRj2TLJwo4C6GumebQiiUQ4XNo+sOL3G8+gFQsCm/1KIaOIP2QBYwSbaRu2fY43GPvErgm+LqbeoLogRQpBEGW4ZJxlVJMYNe5S4/crFuuOLYzBp4n7pRU0BS1bvnL60U0ERBqyolSbdeJdSclUjPKISt5iYKY0CHpQ9vQkAhQnXT8V4YPjNLDQSRNhRqP1d8TKRFKjYRvOvOz1ayXi/957UQH552UhXGiIaSTRUHCsY5wHhLuMQlU85EhhEpmbsV0QCSh2kRZMiG4sy/Pk8ax7Z7azs1JpVqdxlFEe2gfHSIXnaEqukI1VEcUPaJn9IrerCfrxXq3PiatBWs6s4v+wPr8AczDnww=</latexit>

 �Ne↵ . 10�1
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asWroph\sical boXnds
 

<latexit sha1_base64="TBVlvbVrF4oacfTYzuifC1jNwag="></latexit>

⌦✓ ⇠ 10�1

✓
↵�NE·B
10�12

◆7/6 ✓ f

1012 GeV

◆�7/6

QCD AXION WINDOW

<latexit sha1_base64="yF7sjOhR10JOpCerpMCKMS3peok="></latexit>

⌦✓ ⇠ 10�1 ✓2?

✓
f

1012 GeV

◆7/6

<latexit sha1_base64="73/ofhUVxsq6KS6nvpsMQmudYbY="></latexit>
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✓
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◆4/3 |E ·B|
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(CMB)
<latexit sha1_base64="SQr/CVb/ZUgTccSSXYYDSgej1zo=">AAACF3icbVBNS8NAEN3Ur1q/qh69LBbBiyERUY8FPXiSCvYDmlo220m7dDeJuxuhhPwLL/4VLx4U8ao3/42btgdtfTDweG+GmXl+zJnSjvNtFRYWl5ZXiqultfWNza3y9k5DRYmkUKcRj2TLJwo4C6GumebQiiUQ4XNo+sOL3G8+gFQsCm/1KIaOIP2QBYwSbaRu2fY43GPvErgm+LqbeoLogRQpBEGW4ZJxlVJMYNe5S4/crFuuOLYzBp4n7pRU0BS1bvnL60U0ERBqyolSbdeJdSclUjPKISt5iYKY0CHpQ9vQkAhQnXT8V4YPjNLDQSRNhRqP1d8TKRFKjYRvOvOz1ayXi/957UQH552UhXGiIaSTRUHCsY5wHhLuMQlU85EhhEpmbsV0QCSh2kRZMiG4sy/Pk8ax7Z7azs1JpVqdxlFEe2gfHSIXnaEqukI1VEcUPaJn9IrerCfrxXq3PiatBWs6s4v+wPr8AczDnww=</latexit>
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<latexit sha1_base64="TBVlvbVrF4oacfTYzuifC1jNwag="></latexit>
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✓
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◆7/6 ✓ f

1012 GeV

◆�7/6

QCD AXION WINDOW

<latexit sha1_base64="yF7sjOhR10JOpCerpMCKMS3peok="></latexit>

⌦✓ ⇠ 10�1 ✓2?

✓
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<latexit sha1_base64="73/ofhUVxsq6KS6nvpsMQmudYbY="></latexit>
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✓
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◆4/3 |E ·B|
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(CMB)
<latexit sha1_base64="SQr/CVb/ZUgTccSSXYYDSgej1zo=">AAACF3icbVBNS8NAEN3Ur1q/qh69LBbBiyERUY8FPXiSCvYDmlo220m7dDeJuxuhhPwLL/4VLx4U8ao3/42btgdtfTDweG+GmXl+zJnSjvNtFRYWl5ZXiqultfWNza3y9k5DRYmkUKcRj2TLJwo4C6GumebQiiUQ4XNo+sOL3G8+gFQsCm/1KIaOIP2QBYwSbaRu2fY43GPvErgm+LqbeoLogRQpBEGW4ZJxlVJMYNe5S4/crFuuOLYzBp4n7pRU0BS1bvnL60U0ERBqyolSbdeJdSclUjPKISt5iYKY0CHpQ9vQkAhQnXT8V4YPjNLDQSRNhRqP1d8TKRFKjYRvOvOz1ayXi/957UQH552UhXGiIaSTRUHCsY5wHhLuMQlU85EhhEpmbsV0QCSh2kRZMiG4sy/Pk8ax7Z7azs1JpVqdxlFEe2gfHSIXnaEqukI1VEcUPaJn9IrerCfrxXq3PiatBWs6s4v+wPr8AczDnww=</latexit>
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<latexit sha1_base64="TBVlvbVrF4oacfTYzuifC1jNwag="></latexit>

⌦✓ ⇠ 10�1

✓
↵�NE·B
10�12

◆7/6 ✓ f

1012 GeV

◆�7/6

QCD AXION WINDOW

<latexit sha1_base64="yF7sjOhR10JOpCerpMCKMS3peok="></latexit>

⌦✓ ⇠ 10�1 ✓2?

✓
f

1012 GeV

◆7/6

Conventional axion window 
completely closed for 

α ΔNE⋅B ≳ 10−12

<latexit sha1_base64="73/ofhUVxsq6KS6nvpsMQmudYbY="></latexit>
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✓
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4

◆4/3 |E ·B|
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COMMENTS (FUTURE WORKS)

• Effect of SM  is normally negligible,                             
but can be strong if the reheating temperature is low

• Inhomogeneous  instead sources axion isocurvature

• Effects also on the post-inflation SSB scenario, especially on 
domain wall formation

E ⋅ B

E ⋅ B

Long, Vachaspati ’15  Dvornikov, Semikoz ‘20



• brief review of axion cosmology

• new mechanism for axion DM production

• impact of primordial electromagnetic fields on axions

• axion-like origin of the primordial density perturbation
TK, Rajeev Kumar Jain  2012.00896

TK  2005.01741

OUTLINE

TK, Lorenzo Ubaldi  1907.00984, 2006.09389



Observations have revealed that the primordial density 
perturbation was adiabatic, red tilted, and nearly Gaussian

Was this generated by the inflaton, or something else?

SEEDS OF COSMIC STRUCTURES



Observations have revealed that the primordial density 
perturbation was adiabatic, red tilted, and nearly Gaussian

Was this generated by the inflaton, or something else?

SEEDS OF COSMIC STRUCTURES

An axion-like field coupled to a new confining sector 
can generate the perturbation à la curvaton



CURVATON PARADIGM
Mollerach ’90   Linde, Mukhanov ’96   Enqvist, Sloth ’01   Lyth, Wands ’01   Moroi, Takahashi ‘01

log �
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CURVATON PARADIGM
Mollerach ’90   Linde, Mukhanov ’96   Enqvist, Sloth ’01   Lyth, Wands ’01   Moroi, Takahashi ‘01

log �

log a

� a�3

� a�4

�� : curvaton

�� : inflaton

inflation
<latexit sha1_base64="68/aJP5zfhLW4BJWNCgaFG4mx/Y=">AAAB+XicbVBNSwMxFHxbv2r9WvXoJVgET2VXFD0WvPRYwdZCuyzZNNuGJtklyRbK0n/ixYMiXv0n3vw3Zts9aOtAYJh5j8ybKOVMG8/7diobm1vbO9Xd2t7+weGRe3zS1UmmCO2QhCeqF2FNOZO0Y5jhtJcqikXE6VM0uS/8pylVmiXy0cxSGgg8kixmBBsrha7bCvOBwGasRM5kPJ+Hbt1reAugdeKXpA4l2qH7NRgmJBNUGsKx1n3fS02QY2UY4XReG2SapphM8Ij2LZVYUB3ki+RzdGGVIYoTZZ80aKH+3six0HomIjtZhNSrXiH+5/UzE98F9qI0M1SS5UdxxpFJUFEDGjJFieEzSzBRzGZFZIwVJsaWVbMl+Ksnr5PuVcO/aXgP1/Vms6yjCmdwDpfgwy00oQVt6ACBKTzDK7w5ufPivDsfy9GKU+6cwh84nz80SpQG</latexit>
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CURVATON PARADIGM
Mollerach ’90   Linde, Mukhanov ’96   Enqvist, Sloth ’01   Lyth, Wands ’01   Moroi, Takahashi ‘01

log �

log a

� a�3

� a�4

�� : curvaton

�� : inflaton

<latexit sha1_base64="uDGCXsNvk2SoXpUg8zrvyRYUewI=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCq5KIosuCG5cV7AWaEiaTk3boTBJmJkINfQ43voobF4q4Eze+jZM2i9r6w8A/3zmHmfMHKWdKO86PtbK6tr6xWdmqbu/s7u3bB4dtlWSSQosmPJHdgCjgLIaWZppDN5VARMChE4xuinrnAaRiSXyvxyn0BRnELGKUaIN82/UeQRPsKSawF0lCcy8EXhA5THyDB4JM8vmLb9ecujMVXjZuaWqoVNO3v7wwoZmAWFNOlOq5Tqr7OZGaUQ6TqpcpSAkdkQH0jI2JANXPp6tN8KkhIY4SaU6s8ZTOT+REKDUWgekURA/VYq2A/9V6mY6u+zmL00xDTGcPRRnHOsFFTjhkEqjmY2MIlcz8FdMhMQFpk2bVhOAurrxs2ud197Lu3F3UGo0yjgo6RifoDLnoCjXQLWqiFqLoCb2gN/RuPVuv1of1OWtdscqZI/RH1vcvmWih3A==</latexit>

⇣ ⇠ �⇢�
⇢�

inflation
<latexit sha1_base64="68/aJP5zfhLW4BJWNCgaFG4mx/Y=">AAAB+XicbVBNSwMxFHxbv2r9WvXoJVgET2VXFD0WvPRYwdZCuyzZNNuGJtklyRbK0n/ixYMiXv0n3vw3Zts9aOtAYJh5j8ybKOVMG8/7diobm1vbO9Xd2t7+weGRe3zS1UmmCO2QhCeqF2FNOZO0Y5jhtJcqikXE6VM0uS/8pylVmiXy0cxSGgg8kixmBBsrha7bCvOBwGasRM5kPJ+Hbt1reAugdeKXpA4l2qH7NRgmJBNUGsKx1n3fS02QY2UY4XReG2SapphM8Ij2LZVYUB3ki+RzdGGVIYoTZZ80aKH+3six0HomIjtZhNSrXiH+5/UzE98F9qI0M1SS5UdxxpFJUFEDGjJFieEzSzBRzGZFZIwVJsaWVbMl+Ksnr5PuVcO/aXgP1/Vms6yjCmdwDpfgwy00oQVt6ACBKTzDK7w5ufPivDsfy9GKU+6cwh84nz80SpQG</latexit>

Hinf

���
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SPECTRAL INDEX FROM CURVATON

<latexit sha1_base64="aPXceiQrsK+HYt5rWw47hHNFs0w="></latexit>

P⇣(k) = P⇣(k⇤)

✓
k

k⇤

◆ns�1

<latexit sha1_base64="IZoBVFKYJHy1Eh7pzO5nnnz01UA=">AAACVnicbVFNSwMxFMxu1Wr9WvXoJVhEQSy7VdGLUPDSo4JthbYu2TSroUl2SbJCCfmTetGf4kVM6x609kFgmJmXvDdJckaVDsMPz68sLa9UV9dq6xubW9vBzm5XZYXEpIMzlsmHBCnCqCAdTTUjD7kkiCeM9JLxzVTvvRCpaCbu9SQnQ46eBE0pRtpRccBFrOApjOA1HKQSYdO05syWuHt0ZE07NgOO9LPkhorU2semhbUT2I SlaTDKtGnbOZc1cEFjHNTDRjgr+B9EJaiDsm7j4NVdjwtOhMYMKdWPwlwPDZKaYkZsbVAokiM8Rk+k76BAnKihmcVi4aFjRjDNpDtCwxn7u8MgrtSEJ845nVPNa1NykdYvdHo1dEvlhSYC/zyUFgzqDE4zhiMqCdZs4gDCkrpZIX5GLiztfqLmQojmV/4Pus1GdNEI787rrVYZxyrYBwfgGETgErRAG9yCDsDgDXx6vlfx3r0vf9mv/lh9r+zZA3/KD74BwEa0HQ==</latexit>
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SPECTRAL INDEX FROM CURVATON

<latexit sha1_base64="aPXceiQrsK+HYt5rWw47hHNFs0w="></latexit>

P⇣(k) = P⇣(k⇤)

✓
k

k⇤

◆ns�1

<latexit sha1_base64="zZMnFy5kYoSvTE5JO54BcUWgL/E=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4ccjUsa27ghuXFewD2qFk0kwbmpmMSaZYhn6HGxeKuPVj3Pk3ZtoKKnrgwsk595J7jx9zpjRCH1ZuZXVtfSO/Wdja3tndK+4ftJRIJKFNIriQHR8ryllEm5ppTjuxpDj0OW3746vMb0+oVExEt3oaUy/Ew4gFjGBtJK+H41iKe3iGbOT2iyVkX9YqZbcCzRtVnbKTkXLVPXehY5QMJbBEo1987w0ESUIaacKxUl0HxdpLsdSMcDor9BJFY0zGeEi7hkY4pMpL50vP4IlRBjAQ0lSk4Vz9PpHiUKlp6JvOEOuR+u1l4l9eN9FBzUtZFCeaRmTxUZBwqAXMEoADJinRfGoIJpKZXSEZYYmJNjkVTAhfl8L/SatsOxc2unFL9foyjjw4AsfgFDigCurgGjRAExBwBx7AE3i2Jtaj9WK9Llpz1nLmEPyA9fYJgQSRRQ==</latexit>⇡ �0.04

<latexit sha1_base64="IZoBVFKYJHy1Eh7pzO5nnnz01UA=">AAACVnicbVFNSwMxFMxu1Wr9WvXoJVhEQSy7VdGLUPDSo4JthbYu2TSroUl2SbJCCfmTetGf4kVM6x609kFgmJmXvDdJckaVDsMPz68sLa9UV9dq6xubW9vBzm5XZYXEpIMzlsmHBCnCqCAdTTUjD7kkiCeM9JLxzVTvvRCpaCbu9SQnQ46eBE0pRtpRccBFrOApjOA1HKQSYdO05syWuHt0ZE07NgOO9LPkhorU2semhbUT2I SlaTDKtGnbOZc1cEFjHNTDRjgr+B9EJaiDsm7j4NVdjwtOhMYMKdWPwlwPDZKaYkZsbVAokiM8Rk+k76BAnKihmcVi4aFjRjDNpDtCwxn7u8MgrtSEJ845nVPNa1NykdYvdHo1dEvlhSYC/zyUFgzqDE4zhiMqCdZs4gDCkrpZIX5GLiztfqLmQojmV/4Pus1GdNEI787rrVYZxyrYBwfgGETgErRAG9yCDsDgDXx6vlfx3r0vf9mv/lh9r+zZA3/KD74BwEa0HQ==</latexit>
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SPECTRAL INDEX FROM CURVATON

<latexit sha1_base64="aPXceiQrsK+HYt5rWw47hHNFs0w="></latexit>

P⇣(k) = P⇣(k⇤)

✓
k

k⇤

◆ns�1

Two options for getting the red tilt:

(i)  , i.e. super-Planckian ( ) inflation
(ii) concave curvaton potential

− ·H/H2 ∼ 10−2 ϕ4

<latexit sha1_base64="zZMnFy5kYoSvTE5JO54BcUWgL/E=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4ccjUsa27ghuXFewD2qFk0kwbmpmMSaZYhn6HGxeKuPVj3Pk3ZtoKKnrgwsk595J7jx9zpjRCH1ZuZXVtfSO/Wdja3tndK+4ftJRIJKFNIriQHR8ryllEm5ppTjuxpDj0OW3746vMb0+oVExEt3oaUy/Ew4gFjGBtJK+H41iKe3iGbOT2iyVkX9YqZbcCzRtVnbKTkXLVPXehY5QMJbBEo1987w0ESUIaacKxUl0HxdpLsdSMcDor9BJFY0zGeEi7hkY4pMpL50vP4IlRBjAQ0lSk4Vz9PpHiUKlp6JvOEOuR+u1l4l9eN9FBzUtZFCeaRmTxUZBwqAXMEoADJinRfGoIJpKZXSEZYYmJNjkVTAhfl8L/SatsOxc2unFL9foyjjw4AsfgFDigCurgGjRAExBwBx7AE3i2Jtaj9WK9Llpz1nLmEPyA9fYJgQSRRQ==</latexit>⇡ �0.04

<latexit sha1_base64="IZoBVFKYJHy1Eh7pzO5nnnz01UA=">AAACVnicbVFNSwMxFMxu1Wr9WvXoJVhEQSy7VdGLUPDSo4JthbYu2TSroUl2SbJCCfmTetGf4kVM6x609kFgmJmXvDdJckaVDsMPz68sLa9UV9dq6xubW9vBzm5XZYXEpIMzlsmHBCnCqCAdTTUjD7kkiCeM9JLxzVTvvRCpaCbu9SQnQ46eBE0pRtpRccBFrOApjOA1HKQSYdO05syWuHt0ZE07NgOO9LPkhorU2semhbUT2I SlaTDKtGnbOZc1cEFjHNTDRjgr+B9EJaiDsm7j4NVdjwtOhMYMKdWPwlwPDZKaYkZsbVAokiM8Rk+k76BAnKihmcVi4aFjRjDNpDtCwxn7u8MgrtSEJ845nVPNa1NykdYvdHo1dEvlhSYC/zyUFgzqDE4zhiMqCdZs4gDCkrpZIX5GLiztfqLmQojmV/4Pus1GdNEI787rrVYZxyrYBwfgGETgErRAG9yCDsDgDXx6vlfx3r0vf9mv/lh9r+zZA3/KD74BwEa0HQ==</latexit>
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SPECTRAL INDEX FROM CURVATON

<latexit sha1_base64="aPXceiQrsK+HYt5rWw47hHNFs0w="></latexit>

P⇣(k) = P⇣(k⇤)

✓
k

k⇤

◆ns�1

Two options for getting the red tilt:

(i)  , i.e. super-Planckian ( ) inflation
(ii) concave curvaton potential

− ·H/H2 ∼ 10−2 ϕ4

<latexit sha1_base64="zZMnFy5kYoSvTE5JO54BcUWgL/E=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4ccjUsa27ghuXFewD2qFk0kwbmpmMSaZYhn6HGxeKuPVj3Pk3ZtoKKnrgwsk595J7jx9zpjRCH1ZuZXVtfSO/Wdja3tndK+4ftJRIJKFNIriQHR8ryllEm5ppTjuxpDj0OW3746vMb0+oVExEt3oaUy/Ew4gFjGBtJK+H41iKe3iGbOT2iyVkX9YqZbcCzRtVnbKTkXLVPXehY5QMJbBEo1987w0ESUIaacKxUl0HxdpLsdSMcDor9BJFY0zGeEi7hkY4pMpL50vP4IlRBjAQ0lSk4Vz9PpHiUKlp6JvOEOuR+u1l4l9eN9FBzUtZFCeaRmTxUZBwqAXMEoADJinRfGoIJpKZXSEZYYmJNjkVTAhfl8L/SatsOxc2unFL9foyjjw4AsfgFDigCurgGjRAExBwBx7AE3i2Jtaj9WK9Llpz1nLmEPyA9fYJgQSRRQ==</latexit>⇡ �0.04

<latexit sha1_base64="IZoBVFKYJHy1Eh7pzO5nnnz01UA=">AAACVnicbVFNSwMxFMxu1Wr9WvXoJVhEQSy7VdGLUPDSo4JthbYu2TSroUl2SbJCCfmTetGf4kVM6x609kFgmJmXvDdJckaVDsMPz68sLa9UV9dq6xubW9vBzm5XZYXEpIMzlsmHBCnCqCAdTTUjD7kkiCeM9JLxzVTvvRCpaCbu9SQnQ46eBE0pRtpRccBFrOApjOA1HKQSYdO05syWuHt0ZE07NgOO9LPkhorU2semhbUT2I SlaTDKtGnbOZc1cEFjHNTDRjgr+B9EJaiDsm7j4NVdjwtOhMYMKdWPwlwPDZKaYkZsbVAokiM8Rk+k76BAnKihmcVi4aFjRjDNpDtCwxn7u8MgrtSEJ845nVPNa1NykdYvdHo1dEvlhSYC/zyUFgzqDE4zhiMqCdZs4gDCkrpZIX5GLiztfqLmQojmV/4Pus1GdNEI787rrVYZxyrYBwfgGETgErRAG9yCDsDgDXx6vlfx3r0vf9mv/lh9r+zZA3/KD74BwEa0HQ==</latexit>
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Axion potentials (by definition) contain concave regions



AXION-LIKE CURVATON COUPLED TO
A NEW CONFINING GAUGE GROUP

<latexit sha1_base64="/8qh8IaudVfMAcM5I+fYxlaIWQc=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVZkURZcFN11WsA9oQphMJ+3QmSTMTIQSsnHjr7hxoYhb/8Gdf+OkzUJbDwwczrmXuecECWdKI/RtVdbWNza3qtu1nd29/QP78Kin4lQS2iUxj+UgwIpyFtGuZprTQSIpFgGn/WB6W/j9ByoVi6N7PUuoJ/A4YiEjWBvJt09D6ComYBMhBNt+5gqsJ1JkLArz3LfrqIHmgKvEKUkdlOj49pc7ikkqaKQJx0oNHZRoL8NSM8JpXnNTRRNMpnhMh4ZGWFDlZfMUOTw3ygiGsTQv0nCu/t7IsFBqJgIzWRyplr1C/M8bpjq88UyiJNU0IouPwpRDHcOiEjhikhLNZ4ZgIpm5FZIJlphoU1zNlOAsR14lvWbDuWqgu8t6q1XWUQUn4AxcAAdcgxZogw7oAgIewTN4BW/Wk/VivVsfi9GKVe4cgz+wPn8ACjKXqw==</latexit>

f ⇠ 2000Hinf
<latexit sha1_base64="h9Xgo3Vsj77D81p4nTYtaM1gY74=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKBGMllg4MRaIPqYkix3Faq7YT2Q5SFXVl4VdYGECIlT9g429w2gzQciRLR+fcK99zwpRRpR3n26qsrW9sblW3azu7e/sH9uFRTyWZxKSLE5bIQYgUYVSQrqaakUEqCeIhI/1wclP4/QciFU3EvZ6mxOdoJGhMMdJGCmzo3ZrhCEFPUQ6bDmwHuceRHkueUxHPZoFddxrOHHCVuCWpgxKdwP7yogRnnAiNGVJq6Dqp9nMkNcWMzGpepkiK8ASNyNBQgThRfj5PMoNnRolgnEjzhIZz9fdGjrhSUx6ayeJItewV4n/eMNPxtW8SpZkmAi8+ijMGdQKLWmBEJcGaTQ1BWFJzK8RjJBHWpryaKcFdjrxKes2Ge9lw7i7qrVZZRxWcgFNwDlxwBVqgDTqgCzB4BM/gFbxZT9aL9W59LEYrVrlzDP7A+vwBnDeZqg==</latexit>

⇤ ⇠ 20Hinf

<latexit sha1_base64="LrpPaG3rSKoOavNSFtSMaV4gUAQ=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUkFgrESCwNDkehDakLkOE5r1XYi20Gqoiws/AoLAwix8g9s/A1umwFajmTp6Jx7dH1PmDKqtON8W0vLK6tr65WN6ubW9s6uvbffUUkmMWnjhCWyFyJFGBWkralmpJdKgnjISDccXU387gORiibiTo9T4nM0EDSmGGkjBfYRDxzoKcqhF0uEc+/GZCN03yjyuAjsmlN3poCLxC1JDZRoBfaXFyU440RozJBSfddJtZ8jqSlmpKh6mSIpwiM0IH1DBeJE+fn0igKeGCWCcSLNExpO1d+JHHGlxjw0kxzpoZr3JuJ/Xj/T8aWfU5Fmmgg8WxRnDOoETiqBEZUEazY2BGFJzV8hHiLThjbFVU0J7vzJi6TTqLvndef2rNZslnVUwCE4BqfABRegCa5BC7QBBo/gGbyCN+vJerHerY/Z6JJVZg7AH1ifP8qnmCE=</latexit>

m0 ⇠ ⇤2

f
<latexit sha1_base64="bXc324W5yjzsai1E2MCrULmRjI4="></latexit>

P⇣ ⇠
✓
Hinf

3⇡f

◆2

⇡ 2⇥ 10�9

<latexit sha1_base64="FvWGWAy30TuYszCgcE53TURLdvg="></latexit>

ns � 1 ⇠ �2

3

✓
m0

Hinf

◆2

⇡ �0.04



AXION-LIKE CURVATON COUPLED TO
A NEW CONFINING GAUGE GROUP

<latexit sha1_base64="/8qh8IaudVfMAcM5I+fYxlaIWQc=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVZkURZcFN11WsA9oQphMJ+3QmSTMTIQSsnHjr7hxoYhb/8Gdf+OkzUJbDwwczrmXuecECWdKI/RtVdbWNza3qtu1nd29/QP78Kin4lQS2iUxj+UgwIpyFtGuZprTQSIpFgGn/WB6W/j9ByoVi6N7PUuoJ/A4YiEjWBvJt09D6ComYBMhBNt+5gqsJ1JkLArz3LfrqIHmgKvEKUkdlOj49pc7ikkqaKQJx0oNHZRoL8NSM8JpXnNTRRNMpnhMh4ZGWFDlZfMUOTw3ygiGsTQv0nCu/t7IsFBqJgIzWRyplr1C/M8bpjq88UyiJNU0IouPwpRDHcOiEjhikhLNZ4ZgIpm5FZIJlphoU1zNlOAsR14lvWbDuWqgu8t6q1XWUQUn4AxcAAdcgxZogw7oAgIewTN4BW/Wk/VivVsfi9GKVe4cgz+wPn8ACjKXqw==</latexit>

f ⇠ 2000Hinf
<latexit sha1_base64="h9Xgo3Vsj77D81p4nTYtaM1gY74=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKBGMllg4MRaIPqYkix3Faq7YT2Q5SFXVl4VdYGECIlT9g429w2gzQciRLR+fcK99zwpRRpR3n26qsrW9sblW3azu7e/sH9uFRTyWZxKSLE5bIQYgUYVSQrqaakUEqCeIhI/1wclP4/QciFU3EvZ6mxOdoJGhMMdJGCmzo3ZrhCEFPUQ6bDmwHuceRHkueUxHPZoFddxrOHHCVuCWpgxKdwP7yogRnnAiNGVJq6Dqp9nMkNcWMzGpepkiK8ASNyNBQgThRfj5PMoNnRolgnEjzhIZz9fdGjrhSUx6ayeJItewV4n/eMNPxtW8SpZkmAi8+ijMGdQKLWmBEJcGaTQ1BWFJzK8RjJBHWpryaKcFdjrxKes2Ge9lw7i7qrVZZRxWcgFNwDlxwBVqgDTqgCzB4BM/gFbxZT9aL9W59LEYrVrlzDP7A+vwBnDeZqg==</latexit>

⇤ ⇠ 20Hinf

<latexit sha1_base64="LrpPaG3rSKoOavNSFtSMaV4gUAQ=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUkFgrESCwNDkehDakLkOE5r1XYi20Gqoiws/AoLAwix8g9s/A1umwFajmTp6Jx7dH1PmDKqtON8W0vLK6tr65WN6ubW9s6uvbffUUkmMWnjhCWyFyJFGBWkralmpJdKgnjISDccXU387gORiibiTo9T4nM0EDSmGGkjBfYRDxzoKcqhF0uEc+/GZCN03yjyuAjsmlN3poCLxC1JDZRoBfaXFyU440RozJBSfddJtZ8jqSlmpKh6mSIpwiM0IH1DBeJE+fn0igKeGCWCcSLNExpO1d+JHHGlxjw0kxzpoZr3JuJ/Xj/T8aWfU5Fmmgg8WxRnDOoETiqBEZUEazY2BGFJzV8hHiLThjbFVU0J7vzJi6TTqLvndef2rNZslnVUwCE4BqfABRegCa5BC7QBBo/gGbyCN+vJerHerY/Z6JJVZg7AH1ifP8qnmCE=</latexit>

m0 ⇠ ⇤2

f

Assuming instantaneous inflaton decay, the
max. temperature after inflation  obeysTmax ∼ (MpHinf)1/2

<latexit sha1_base64="bXc324W5yjzsai1E2MCrULmRjI4="></latexit>

P⇣ ⇠
✓
Hinf

3⇡f

◆2

⇡ 2⇥ 10�9

<latexit sha1_base64="FvWGWAy30TuYszCgcE53TURLdvg="></latexit>

ns � 1 ⇠ �2

3

✓
m0

Hinf

◆2

⇡ �0.04



AXION-LIKE CURVATON COUPLED TO
A NEW CONFINING GAUGE GROUP

<latexit sha1_base64="/8qh8IaudVfMAcM5I+fYxlaIWQc=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVZkURZcFN11WsA9oQphMJ+3QmSTMTIQSsnHjr7hxoYhb/8Gdf+OkzUJbDwwczrmXuecECWdKI/RtVdbWNza3qtu1nd29/QP78Kin4lQS2iUxj+UgwIpyFtGuZprTQSIpFgGn/WB6W/j9ByoVi6N7PUuoJ/A4YiEjWBvJt09D6ComYBMhBNt+5gqsJ1JkLArz3LfrqIHmgKvEKUkdlOj49pc7ikkqaKQJx0oNHZRoL8NSM8JpXnNTRRNMpnhMh4ZGWFDlZfMUOTw3ygiGsTQv0nCu/t7IsFBqJgIzWRyplr1C/M8bpjq88UyiJNU0IouPwpRDHcOiEjhikhLNZ4ZgIpm5FZIJlphoU1zNlOAsR14lvWbDuWqgu8t6q1XWUQUn4AxcAAdcgxZogw7oAgIewTN4BW/Wk/VivVsfi9GKVe4cgz+wPn8ACjKXqw==</latexit>

f ⇠ 2000Hinf
<latexit sha1_base64="h9Xgo3Vsj77D81p4nTYtaM1gY74=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKBGMllg4MRaIPqYkix3Faq7YT2Q5SFXVl4VdYGECIlT9g429w2gzQciRLR+fcK99zwpRRpR3n26qsrW9sblW3azu7e/sH9uFRTyWZxKSLE5bIQYgUYVSQrqaakUEqCeIhI/1wclP4/QciFU3EvZ6mxOdoJGhMMdJGCmzo3ZrhCEFPUQ6bDmwHuceRHkueUxHPZoFddxrOHHCVuCWpgxKdwP7yogRnnAiNGVJq6Dqp9nMkNcWMzGpepkiK8ASNyNBQgThRfj5PMoNnRolgnEjzhIZz9fdGjrhSUx6ayeJItewV4n/eMNPxtW8SpZkmAi8+ijMGdQKLWmBEJcGaTQ1BWFJzK8RjJBHWpryaKcFdjrxKes2Ge9lw7i7qrVZZRxWcgFNwDlxwBVqgDTqgCzB4BM/gFbxZT9aL9W59LEYrVrlzDP7A+vwBnDeZqg==</latexit>

⇤ ⇠ 20Hinf

<latexit sha1_base64="LrpPaG3rSKoOavNSFtSMaV4gUAQ=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUkFgrESCwNDkehDakLkOE5r1XYi20Gqoiws/AoLAwix8g9s/A1umwFajmTp6Jx7dH1PmDKqtON8W0vLK6tr65WN6ubW9s6uvbffUUkmMWnjhCWyFyJFGBWkralmpJdKgnjISDccXU387gORiibiTo9T4nM0EDSmGGkjBfYRDxzoKcqhF0uEc+/GZCN03yjyuAjsmlN3poCLxC1JDZRoBfaXFyU440RozJBSfddJtZ8jqSlmpKh6mSIpwiM0IH1DBeJE+fn0igKeGCWCcSLNExpO1d+JHHGlxjw0kxzpoZr3JuJ/Xj/T8aWfU5Fmmgg8WxRnDOoETiqBEZUEazY2BGFJzV8hHiLThjbFVU0J7vzJi6TTqLvndef2rNZslnVUwCE4BqfABRegCa5BC7QBBo/gGbyCN+vJerHerY/Z6JJVZg7AH1ifP8qnmCE=</latexit>

m0 ⇠ ⇤2

f

Assuming instantaneous inflaton decay, the
max. temperature after inflation  obeysTmax ∼ (MpHinf)1/2

<latexit sha1_base64="bXc324W5yjzsai1E2MCrULmRjI4="></latexit>

P⇣ ⇠
✓
Hinf

3⇡f

◆2

⇡ 2⇥ 10�9

<latexit sha1_base64="FvWGWAy30TuYszCgcE53TURLdvg="></latexit>

ns � 1 ⇠ �2

3

✓
m0

Hinf

◆2

⇡ �0.04

<latexit sha1_base64="1a+TVIGJIXeD9WI/pfZY0te7xuE=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQiKKLlwU3HThokJf0IYwmUzaoTNJmJmIJeQv3Pgrblwo4lZ3/o2TNqC2Hhg4nHMvc8/xE0alsu0vY2l5ZXVtvbJR3dza3tk19/Y7Mk4FJm0cs1j0fCQJoxFpK6oY6SWCIO4z0vXH14XfvSNC0jhqqUlCXI6GEQ0pRkpLnmk1vGzAkRoJntEozHN4BQc3ej9AmrV+TI7utemZNduyp4CLxClJDZRoeubnIIhxykmkMENS9h07UW6GhKKYkbw6SCVJEB6jIelrGiFOpJtNc+XwWCsBDGOhX6TgVP29kSEu5YT7erK4Us57hfif109VeOnqvEmqSIRnH4UpgyqGRUkwoIJgxSaaICyovhXiERIIK11lVZfgzEdeJJ1Tyzm37NuzWr1e1lEBh+AInAAHXIA6aIAmaAMMHsATeAGvxqPxbLwZ77PRJaPcOQB/YHx8A9TFn7U=</latexit>

Hinf < ⇤ < Tmax



AXION-LIKE CURVATON COUPLED TO
A NEW CONFINING GAUGE GROUP

<latexit sha1_base64="/8qh8IaudVfMAcM5I+fYxlaIWQc=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVZkURZcFN11WsA9oQphMJ+3QmSTMTIQSsnHjr7hxoYhb/8Gdf+OkzUJbDwwczrmXuecECWdKI/RtVdbWNza3qtu1nd29/QP78Kin4lQS2iUxj+UgwIpyFtGuZprTQSIpFgGn/WB6W/j9ByoVi6N7PUuoJ/A4YiEjWBvJt09D6ComYBMhBNt+5gqsJ1JkLArz3LfrqIHmgKvEKUkdlOj49pc7ikkqaKQJx0oNHZRoL8NSM8JpXnNTRRNMpnhMh4ZGWFDlZfMUOTw3ygiGsTQv0nCu/t7IsFBqJgIzWRyplr1C/M8bpjq88UyiJNU0IouPwpRDHcOiEjhikhLNZ4ZgIpm5FZIJlphoU1zNlOAsR14lvWbDuWqgu8t6q1XWUQUn4AxcAAdcgxZogw7oAgIewTN4BW/Wk/VivVsfi9GKVe4cgz+wPn8ACjKXqw==</latexit>

f ⇠ 2000Hinf
<latexit sha1_base64="h9Xgo3Vsj77D81p4nTYtaM1gY74=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKBGMllg4MRaIPqYkix3Faq7YT2Q5SFXVl4VdYGECIlT9g429w2gzQciRLR+fcK99zwpRRpR3n26qsrW9sblW3azu7e/sH9uFRTyWZxKSLE5bIQYgUYVSQrqaakUEqCeIhI/1wclP4/QciFU3EvZ6mxOdoJGhMMdJGCmzo3ZrhCEFPUQ6bDmwHuceRHkueUxHPZoFddxrOHHCVuCWpgxKdwP7yogRnnAiNGVJq6Dqp9nMkNcWMzGpepkiK8ASNyNBQgThRfj5PMoNnRolgnEjzhIZz9fdGjrhSUx6ayeJItewV4n/eMNPxtW8SpZkmAi8+ijMGdQKLWmBEJcGaTQ1BWFJzK8RjJBHWpryaKcFdjrxKes2Ge9lw7i7qrVZZRxWcgFNwDlxwBVqgDTqgCzB4BM/gFbxZT9aL9W59LEYrVrlzDP7A+vwBnDeZqg==</latexit>

⇤ ⇠ 20Hinf

<latexit sha1_base64="LrpPaG3rSKoOavNSFtSMaV4gUAQ=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUkFgrESCwNDkehDakLkOE5r1XYi20Gqoiws/AoLAwix8g9s/A1umwFajmTp6Jx7dH1PmDKqtON8W0vLK6tr65WN6ubW9s6uvbffUUkmMWnjhCWyFyJFGBWkralmpJdKgnjISDccXU387gORiibiTo9T4nM0EDSmGGkjBfYRDxzoKcqhF0uEc+/GZCN03yjyuAjsmlN3poCLxC1JDZRoBfaXFyU440RozJBSfddJtZ8jqSlmpKh6mSIpwiM0IH1DBeJE+fn0igKeGCWCcSLNExpO1d+JHHGlxjw0kxzpoZr3JuJ/Xj/T8aWfU5Fmmgg8WxRnDOoETiqBEZUEazY2BGFJzV8hHiLThjbFVU0J7vzJi6TTqLvndef2rNZslnVUwCE4BqfABRegCa5BC7QBBo/gGbyCN+vJerHerY/Z6JJVZg7AH1ifP8qnmCE=</latexit>

m0 ⇠ ⇤2

f

Assuming instantaneous inflaton decay, the
max. temperature after inflation  obeysTmax ∼ (MpHinf)1/2

<latexit sha1_base64="bXc324W5yjzsai1E2MCrULmRjI4="></latexit>

P⇣ ⇠
✓
Hinf

3⇡f

◆2

⇡ 2⇥ 10�9

<latexit sha1_base64="FvWGWAy30TuYszCgcE53TURLdvg="></latexit>

ns � 1 ⇠ �2

3

✓
m0

Hinf

◆2

⇡ �0.04

confinement during inflation

<latexit sha1_base64="1a+TVIGJIXeD9WI/pfZY0te7xuE=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQiKKLlwU3HThokJf0IYwmUzaoTNJmJmIJeQv3Pgrblwo4lZ3/o2TNqC2Hhg4nHMvc8/xE0alsu0vY2l5ZXVtvbJR3dza3tk19/Y7Mk4FJm0cs1j0fCQJoxFpK6oY6SWCIO4z0vXH14XfvSNC0jhqqUlCXI6GEQ0pRkpLnmk1vGzAkRoJntEozHN4BQc3ej9AmrV+TI7utemZNduyp4CLxClJDZRoeubnIIhxykmkMENS9h07UW6GhKKYkbw6SCVJEB6jIelrGiFOpJtNc+XwWCsBDGOhX6TgVP29kSEu5YT7erK4Us57hfif109VeOnqvEmqSIRnH4UpgyqGRUkwoIJgxSaaICyovhXiERIIK11lVZfgzEdeJJ1Tyzm37NuzWr1e1lEBh+AInAAHXIA6aIAmaAMMHsATeAGvxqPxbLwZ77PRJaPcOQB/YHx8A9TFn7U=</latexit>

Hinf < ⇤ < Tmax



AXION-LIKE CURVATON COUPLED TO
A NEW CONFINING GAUGE GROUP

<latexit sha1_base64="/8qh8IaudVfMAcM5I+fYxlaIWQc=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVZkURZcFN11WsA9oQphMJ+3QmSTMTIQSsnHjr7hxoYhb/8Gdf+OkzUJbDwwczrmXuecECWdKI/RtVdbWNza3qtu1nd29/QP78Kin4lQS2iUxj+UgwIpyFtGuZprTQSIpFgGn/WB6W/j9ByoVi6N7PUuoJ/A4YiEjWBvJt09D6ComYBMhBNt+5gqsJ1JkLArz3LfrqIHmgKvEKUkdlOj49pc7ikkqaKQJx0oNHZRoL8NSM8JpXnNTRRNMpnhMh4ZGWFDlZfMUOTw3ygiGsTQv0nCu/t7IsFBqJgIzWRyplr1C/M8bpjq88UyiJNU0IouPwpRDHcOiEjhikhLNZ4ZgIpm5FZIJlphoU1zNlOAsR14lvWbDuWqgu8t6q1XWUQUn4AxcAAdcgxZogw7oAgIewTN4BW/Wk/VivVsfi9GKVe4cgz+wPn8ACjKXqw==</latexit>

f ⇠ 2000Hinf
<latexit sha1_base64="h9Xgo3Vsj77D81p4nTYtaM1gY74=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKBGMllg4MRaIPqYkix3Faq7YT2Q5SFXVl4VdYGECIlT9g429w2gzQciRLR+fcK99zwpRRpR3n26qsrW9sblW3azu7e/sH9uFRTyWZxKSLE5bIQYgUYVSQrqaakUEqCeIhI/1wclP4/QciFU3EvZ6mxOdoJGhMMdJGCmzo3ZrhCEFPUQ6bDmwHuceRHkueUxHPZoFddxrOHHCVuCWpgxKdwP7yogRnnAiNGVJq6Dqp9nMkNcWMzGpepkiK8ASNyNBQgThRfj5PMoNnRolgnEjzhIZz9fdGjrhSUx6ayeJItewV4n/eMNPxtW8SpZkmAi8+ijMGdQKLWmBEJcGaTQ1BWFJzK8RjJBHWpryaKcFdjrxKes2Ge9lw7i7qrVZZRxWcgFNwDlxwBVqgDTqgCzB4BM/gFbxZT9aL9W59LEYrVrlzDP7A+vwBnDeZqg==</latexit>

⇤ ⇠ 20Hinf

<latexit sha1_base64="LrpPaG3rSKoOavNSFtSMaV4gUAQ=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUkFgrESCwNDkehDakLkOE5r1XYi20Gqoiws/AoLAwix8g9s/A1umwFajmTp6Jx7dH1PmDKqtON8W0vLK6tr65WN6ubW9s6uvbffUUkmMWnjhCWyFyJFGBWkralmpJdKgnjISDccXU387gORiibiTo9T4nM0EDSmGGkjBfYRDxzoKcqhF0uEc+/GZCN03yjyuAjsmlN3poCLxC1JDZRoBfaXFyU440RozJBSfddJtZ8jqSlmpKh6mSIpwiM0IH1DBeJE+fn0igKeGCWCcSLNExpO1d+JHHGlxjw0kxzpoZr3JuJ/Xj/T8aWfU5Fmmgg8WxRnDOoETiqBEZUEazY2BGFJzV8hHiLThjbFVU0J7vzJi6TTqLvndef2rNZslnVUwCE4BqfABRegCa5BC7QBBo/gGbyCN+vJerHerY/Z6JJVZg7AH1ifP8qnmCE=</latexit>

m0 ⇠ ⇤2

f

Assuming instantaneous inflaton decay, the
max. temperature after inflation  obeysTmax ∼ (MpHinf)1/2

<latexit sha1_base64="bXc324W5yjzsai1E2MCrULmRjI4="></latexit>

P⇣ ⇠
✓
Hinf

3⇡f

◆2

⇡ 2⇥ 10�9

<latexit sha1_base64="FvWGWAy30TuYszCgcE53TURLdvg="></latexit>

ns � 1 ⇠ �2

3

✓
m0

Hinf

◆2

⇡ �0.04

confinement during inflation
temporal deconfinement after inflation

<latexit sha1_base64="1a+TVIGJIXeD9WI/pfZY0te7xuE=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQiKKLlwU3HThokJf0IYwmUzaoTNJmJmIJeQv3Pgrblwo4lZ3/o2TNqC2Hhg4nHMvc8/xE0alsu0vY2l5ZXVtvbJR3dza3tk19/Y7Mk4FJm0cs1j0fCQJoxFpK6oY6SWCIO4z0vXH14XfvSNC0jhqqUlCXI6GEQ0pRkpLnmk1vGzAkRoJntEozHN4BQc3ej9AmrV+TI7utemZNduyp4CLxClJDZRoeubnIIhxykmkMENS9h07UW6GhKKYkbw6SCVJEB6jIelrGiFOpJtNc+XwWCsBDGOhX6TgVP29kSEu5YT7erK4Us57hfif109VeOnqvEmqSIRnH4UpgyqGRUkwoIJgxSaaICyovhXiERIIK11lVZfgzEdeJJ1Tyzm37NuzWr1e1lEBh+AInAAHXIA6aIAmaAMMHsATeAGvxqPxbLwZ77PRJaPcOQB/YHx8A9TFn7U=</latexit>

Hinf < ⇤ < Tmax



log a

��

��

inflationlog �

THE IMPORTANCE OF DECONFINING

inflation

<latexit sha1_base64="Osmdqpj3NpUwkfeseu5iNQQPZw0=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihIEgoGhEgsDQ5H6ktoochyntWonke0gqih/wcKvsDCAECts/A1Om6G0HMnS0Tn3yvccP2FUKtv+MSorq2vrG9XN2tb2zu6euX/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/vin87gMRksZRS00S4nI0jGhIMVJa8kyr5WUDjtRI8IxGYZ7Dazi40/sB0mzO5OhRm55Zty17CrhMnJLUQYmmZ34PghinnEQKMyRl37ET5WZIKIoZyWuDVJIE4TEakr6mEeJEutk0Vw5PtBLAMBb6RQpO1fmNDHEpJ9zXk8WVctErxP+8fqrCK1fnTVJFIjz7KEwZVDEsSoIBFQQrNtEEYUH1rRCPkEBY6SprugRnMfIy6ZxZzoVl35/XG42yjio4AsfgFDjgEjTALWiCNsDgCbyAN/BuPBuvxofxORutGOXOIfgD4+sX6RGfwQ==</latexit>

Tinf < ⇤ < Tmax

temporal 
deconfinement



log a

��

��

inflationlog �

THE IMPORTANCE OF DECONFINING

inflation
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A temporal deconfinement delays the axion oscillation,
which helps the axion dominate the universe before decaying

(Alternatively the axion can be initially placed close to the hilltop,
but this produces  and is ruled out   Kawasaki, TK, Takahashi ’11 )fNL ∼ 10

temporal 
deconfinement

no deconfinement



• Positive local-type non-Gaussianity of                      
(cf. single-field inflation , vanilla curvaton  ): 
testable with upcoming LSS surveys, e.g. SPHEREx

• Blue tilt on small scales: enhanced small-scale perturbations 
can form ultracompact minihalos

• Running non-Gaussianity:   towards small scales

fNL ∼ 1
| fNL | ≪ 1 fNL ∼ − 1

fNL → − 1

OBSERVATIONAL CONSEQUENCES



SUMMARY

• Plenty of wiggle room in the “standard picture” of axion 
cosmology
- Inflaxion: integrates single-field inflaton, reheaton, DM, and 

opens up new windows (e.g. low  ,  )
- Strong impact of primordial electromagnetic fields on the 

axion abundance; QCD axion excluded if 

• Axions also provide a viable curvaton candidate when 
coupled to a new confining sector
- Temporal deconfinement of the gauge group after 

inflation, and predicts  running 

Hinf f ≳ 1016 GeV

α ΔNE⋅B ≳ 10−12

fNL 1 → − 1


