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* In this talk, an “axion” refers to a generic PNGB of a spontaneously broken global U(1)
(e.g. QCD axion, string axions)

1.    Dark Matter

2.    Primordial Density Perturbation

AXIONS FOR:
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“Inflaxion” mechanism for producing axion DM

1.    Dark Matter

Image: Chandra X-ray Observatory
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<latexit sha1_base64="pH8C6AnZqmc91WDVtMN7JzgEQiI=">AAACEHicbZC7SgNBFIZn4y3GW9TSZjCIFhJ2vaBlwMYygrlANoSzk5NkyMzuZmZWCCGPYOOr2FgoYmtp59s4SbbQxB8GPv5zDmfOH8SCa+O6305maXlldS27ntvY3Nreye/uVXWUKIYVFolI1QPQKHiIFcONwHqsEGQgsBb0byb12gMqzaPw3gxjbErohrzDGRhrtfLHvuYSB9QHEfeA+qfUGl2Z0iABhdSPe7yVL7hFdyq6CF4KBZKq3Mp/+e2IJRJDwwRo3fDc2DRHoAxnAsc5P9EYA+tDFxsWQ5Com6PpQWN6ZJ027UTKvtDQqft7YgRS66EMbKcE09PztYn5X62RmM51c8TDODEYstmiTiKoiegkHdrmCpkRQwvAFLd/pawHCpixGeZsCN78yYtQPSt658XLu4tCqZTGkSUH5JCcEI9ckRK5JWVSIYw8kmfySt6cJ+fFeXc+Zq0ZJ53ZJ3/kfP4A3gmb2g==</latexit> : inflatonϕ : axionσ
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<latexit sha1_base64="ETJ0oIr4WHwJWz5YIgt+X1JRtTs="></latexit>

Lp
�g

=
<latexit sha1_base64="VnPQRmrQT5B6quFCL8p8XiOBje0=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIvgxjLjA90IBTcuXFSwD+iUkkkzbWjmYZIRSpgPcOOvuHGhiFs/wJ1/Y6adhbYeCBzOOZfce7yYM6ls+9sqLCwuLa8UV0tr6xubW+XtnaaMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhteaOrzG89UCFZFN6pcUy7AR6EzGcEKyP1yhWEXF9got0AqyHBXN+kqXblvVD6aJCiFF2WTMqu2hOgeeLkpAI56r3yl9uPSBLQUBGOpew4dqy6GgvFCKdpyU0kjTEZ4QHtGBrigMqunhyTogOj9JEfCfNChSbq7wmNAynHgWeS2cpy1svE/7xOovyLrmZhnCgakulHfsKRilDWDOozQYniY0MwEczsisgQm26U6S8rwZk9eZ40j6vOSfXs9rRSq+V1FGEP9uEQHDiHGlxDHRpA4BGe4RXerCfrxXq3PqbRgpXP7MIfWJ8/9B2a6Q==</latexit>

INFLAXION MECHANISM

after inflation

t

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

�
<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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<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>
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<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>

g ⇠ 10�2

��

��

�

�� �� �� ��

���

��

�

�

�����������

�	
��� � � ��
 �

��
� �
��
�
��
�
�
��

�

�	
��� ��� � �
 �

XQ
VW
ab

Oe

aQ
ha

UP
RQ

ic

YacXXP
�PiVaOigQPeQW

cRQVWaQW-PaVV
�iQȵa[iRQ

�

�

��

��

�� �� �� ��

���

��

�

�

�����

��	��� � � 
�� �

��
� �
��
�
��
�
�
��

�

��	��� ��� � �� �

XQ
VW
ab

le

XQ
VW
ab

le

YacXXP
�PiValigQPeQW

cRQVWaQW-PaVV
�iQȵa[iRQ

�

�

�� ��

-10 -5 0 5 10
-2

0

2

4

6

8

10

log10( m� [eV] )

lo
g 1
0(
T
re
h
[G
eV

]
)

� R
H
<
H
in
f

<latexit sha1_base64="klJZa1P1rN6QjlGHTCrR7Uewvk0=">AAACEHicdVDLSsNAFJ3UV62vqEs3g0V0VdIaqAsXBRd2WcU+oAllMp20Q2eSMDMRSsgnuPFX3LhQxK1Ld/6NkzZiFT0wcDjnXuae40WMSmVZH0ZhaXllda24XtrY3NreMXf3OjKMBSZtHLJQ9DwkCaMBaSuqGOlFgiDuMdL1JheZ370lQtIwuFHTiLgcjQLqU4yUlgbmsXOJOEeDxOFIjQVPrptpCs9h81uhgZ+mA7NsVawZ4AKx65Zt12A1V8ogR2tgvjvDEMecBAozJGW/akXKTZBQFDOSlpxYkgjhCRqRvqYB4kS6ySxQCo+0MoR+KPQLFJypixsJ4lJOuacnsyPlby8T//L6sfLPXJ0oihUJ8PwjP2ZQhTBrBw6pIFixqSYIC6pvhXiMBMJKd1jSJXwlhf+TTq1SPa3Uruxyw87rKIIDcAhOQBXUQQM0QQu0AQZ34AE8gWfj3ng0XozX+WjByHf2wQ8Yb5+CTp1+</latexit>
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f

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



TK  2005.01741
Axion-like origin of the density perturbation

2.    Primordial Density Perturbation

Image: Volker Springel, Virgo Consortium



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 �

log a
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�� : curvaton

�� : inflaton
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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

<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

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

ns � 1 ⇠ �2

3

✓
m0

Hinf

◆2

⇡ �0.04

→ temporal deconfinement after inflation
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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
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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

no deconfinement
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inflationlog �

THE IMPORTANCE OF DECONFINING

inflation

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

Tinf < ⇤ < Tmax

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 thus 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 perturbations can form 
ultracompact minihalos (but probably no PBHs in the 
minimal model)

• Running non-Gaussianity:   towards small scales

fNL ∼ 1
| fNL | ≪ 1 fNL ∼ − 1

fNL → − 1

OBSERVATIONAL CONSEQUENCES



SUMMARY

• Inflaxion dark matter
- An axion-inflaton kinetic mixing allows for a production of 

axion DM even with low-scale inflation ( )
- Inflaxions integrate a single-field inflaton, reheaton, DM, 

and opens up new windows (e.g. low  ,  )

• Axion-like curvaton coupled to a new confining sector
- Parameters are fixed by observations, which suggest a 

temporal deconfinement of the gauge group after inflation
- Temperature-dependent and periodic axion potential 

gives rise to the red tilt as well as  

Hinf < mσ

Hinf f ≳ 1016 GeV

fNL ∼ 1
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AXION-LIKE CURVATON: PERTURBATION

If Γ < ð>ÞHdom, then the axion would decay after (before)
dominating the Universe. Supposing that the axion decays
suddenly whenH ¼ Γ (we denote quantities at this time by
the subscript “dec”), one finds a relation:

3M2
PlΓ2 ¼ 3M2

PlH
2
osc

!
aosc
adec

"
4

þm0nθosc

!
aosc
adec

"
3

: ð12Þ

The terms in the right-hand side correspond to the radiation
and axion densities right before the decay, andwewrite their
ratio as R≡ ðρθ=ρrÞdec for later convenience.
Curvature perturbation.—The axion acquires super-hori-

zon field fluctuations during inflation, which later get
converted into cosmological density (or curvature) pertur-
bations as the axion comes to dominate the Universe. The
generation of the perturbation completes when the axion
decays. Using the δN formalism [6], we compute the axion-
induced curvature perturbation as the fluctuation in the
number of e folds N between an initial flat slice during
inflationwhen a comovingwave number k of interest exists
the horizon (k ¼ aH), and a final uniform-density slice
where H ¼ Γ. Noting that the axion field fluctuations
on the initial slice is Gaussian with a power spectrum
PδθðkÞ ≃ ðHk=2πfÞ2 (the subscript “k” refers to quantities
when k ¼ aH), the power spectrum of the curvature
perturbation is written as PζðkÞ ≃ ð∂N =∂θkÞðHk=2πfÞ2.
Likewise, the non-Gaussianity parameter characteriz-
ing the amplitude of the local bispectrum is fNL ≃
ð5=6Þð∂2N =∂θ2kÞð∂N =∂θkÞ−2.
The derivatives of N ¼ lnðadec=akÞ can be evaluated by

differentiating (12) multiple times with respect to θk. In the
vicinity of θ ¼ 0 where the axion potential is well approxi-
mated by a quadratic, the mass-to-Hubble ratio c at the
onset of the oscillation is independent of the axion field
value [7]; however this is not the case in the region close to
the hilltop jθj ¼ π [5]. Let us for the moment suppose that
θend is not too far from 0 and take ∂c=∂θk ¼ 0. Then, also
because the axion density is negligibly tiny compared
to the total density of the Universe during ak ≤ a ≤ aosc,
the ratio ðaosc=akÞ is independent of θk. Derivatives of θend

can be evaluated using (5). Hence, after some manipulation
we find

PζðkÞ≃
!

R
3Rþ 4

1þ cosθend
sinθk

Hk

2πf

"
2

;

fNL≃
5

6

#
4

R
þ 4

3Rþ 4
−
!
3þ 4

R

"
1− cosθendþ cosθk

1þ cosθend

$
:

ð13Þ

In the θk → 0 limit, these expressions reduce to those of
the vanilla curvaton with a quadratic potential. The spectral
index of the power spectrum ns − 1 ¼ d lnPζ=d ln k is
computed using d ln k ≃Hkdt and the slow-roll approxi-
mation during inflation as

ns − 1 ≃
2

3

m2
0

H2
k
cos θk þ 2

_Hk

H2
k
: ð14Þ

In Fig. 1 we plot ns, Pζ, and fNL as functions of θk. Here
we have fixed the axion parameters as f ¼ 2500Hinf and
Λ ¼ 30Hinf , with a sufficiently small photon coupling α
such that R ≫ 1 in the entire displayed region of
10−2 ≤ θk < π. The mode k exits the horizon about 50 e
folds before the end of inflation, and the time variation of
the inflationary Hubble rate is taken as j _H=H2j ≪ 10−2 so
that its effect on the spectral index is negligible. We note
that the curvature perturbation is insensitive to the precise
values of Hinf , α, p, and g%, as long as the aforementioned
assumptions are satisfied. The black solid lines show the
exact results obtained by numerically solving the equation
of motion of the axion and computing δN . We have
verified that the numerical results do not change if the
axion and inflaton decay suddenly or smoothly, as long as
R ≫ 1 and also the inflaton decay width is not much
smaller than Hinf . The blue dashed lines show the R → ∞
limit of the analytic expressions (13), and the red dotted
lines show the results for a quadratic curvaton (i.e., θk → 0
and R → ∞). The analytic expression (14) for the spectral
index fully overlaps with the numerical result, hence is not

FIG. 1. Curvature perturbation as a function of the axion angle when the pivot scale exits the horizon during inflation. The axion decay
constant and strong coupling scale are taken as f ¼ 2500Hinf and Λ ¼ 30Hinf , so that the power spectrum amplitude and the spectral
index match with observations at θk ≈ 2.0. The black solid lines show the numerical results, while the blue dashed lines are analytic
approximations. Results for vanilla curvatons are shown as the red dotted lines.
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