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Axion-like Field in Cosmology
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History of the universe
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<latexit sha1_base64="oyadTqG+QGvgIb0QqGK8519untY="></latexit>

Axion-like field: pseudo Nambu-Goldstone Boson (pNGB) 

                              (approximate) shift symmetry � ! �+ C

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

⇤

<latexit sha1_base64="+b+3N4ow+Nb5gmQAEeVagLpEz2Q=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsSULugjYVFBPOAZAl3Z2eTIbOzy8ysEEI+wsZCEVu/x86/cZJsoYkHBg7nnMvce4JUcG1c99sprK1vbG4Vt0s7u3v7B+XDo5ZOMkVZkyYiUZ0ANRNcsqbhRrBOqhjGgWDtYHQ789tPTGmeyEczTpkf40DyiFM0Vmr37m00xH654lbdOcgq8XJSgRyNfvmrFyY0i5k0VKDWXc9NjT9BZTgVbFrqZZqlSEc4YF1LJcZM+5P5ulNyZpWQRImyTxoyV39PTDDWehwHNhmjGeplbyb+53UzE135Ey7TzDBJFx9FmSAmIbPbScgVo0aMLUGquN2V0CEqpMY2VLIleMsnr5LWRdWrVa8fapX6TV5HEU7gFM7Bg0uowx00oAkURvAMr/DmpM6L8+58LKIFJ585hj9wPn8AD4WPaQ==</latexit>

Two scales

decay constant, scale for global symmetry breaking

scale for explicit symmetry breaking

Small mass m =
⇤2

f
, ⇤ << f

<latexit sha1_base64="PD/VjGrzP4bLi5Az5ek2K54nlo8=">AAACCnicbVDNS8MwHE3n15xfVY9eqkPwIKMdAxUmDL148DDBfcBaR5qlW1iSliQVRqlXL/4rXjwo4tW/wJv/jdnWg24+CLy893skv+dHlEhl299GbmFxaXklv1pYW9/Y3DK3d5oyjAXCDRTSULR9KDElHDcUURS3I4Eh8ylu+cPLsd+6x0KSkN+qUYQ9BvucBARBpaWuuc/O3UBAlLjXOtSDd+U0CdLjh+xarQZds2iX7AmseeJkpAgy1Lvml9sLUcwwV4hCKTuOHSkvgUIRRHFacGOJI4iGsI87mnLIsPSSySqpdaiVnhWEQh+urIn6O5FAJuWI+XqSQTWQs95Y/M/rxCo49RLCo1hhjqYPBTG1VGiNe7F6RGCk6EgTiATRf7XQAOpmlG6voEtwZleeJ81yyamUzm4qxdpFVkce7IEDcAQccAJq4ArUQQMg8AiewSt4M56MF+Pd+JiO5owsswv+wPj8Abgxmks=</latexit>

Derivative couplings Lint ⇠ @µ�J
µ

<latexit sha1_base64="jMSAQFdjzgBO9R0hxQNFU2w3Gsk=">AAACGXicbVDNS8MwHE3n15xfVY9egkPwNFoZqLehFxEPE9wHrLWkWbqFJW1JUmGU/hte/Fe8eFDEo578b0y7HnTzQeDx3u+X5D0/ZlQqy/o2KkvLK6tr1fXaxubW9o65u9eVUSIw6eCIRaLvI0kYDUlHUcVIPxYEcZ+Rnj+5zP3eAxGSRuGdmsbE5WgU0oBipLTkmZbDkRpjxNKbzEtpqDJHUg6dGAlFEfNShyeZE48pvL4vuGfWrYZVAC4SuyR1UKLtmZ/OMMIJJ6HCDEk5sK1YuWl+P2YkqzmJJDHCEzQiA01DxIl00yJZBo+0MoRBJPQJFSzU3xsp4lJOua8n8xxy3svF/7xBooIzV+eNE0VCPHsoSBhUEcxrgkMqCFZsqgnCguq/QjxGAmGly6zpEuz5yIuke9Kwm43z22a9dVHWUQUH4BAcAxucgha4Am3QARg8gmfwCt6MJ+PFeDc+ZqMVo9zZB39gfP0AnjCh8Q==</latexit>

EOM in expanding universe �̈+ 3H�̇� 1

a2
r2

�+ V� = 0

<latexit sha1_base64="ETkbVNaGBhFKIYRDnkErAFDYOBc="></latexit>

dropped out

V (�)

<latexit sha1_base64="6r+u1JlS89AgQlPsn7wGk1ptNP0=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVgnorevFYwX5Au5Rsmm1Ds0lIskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e2vrG5tb24Wd4u7e/sFh6ei4ZWSqCW0SyaXuRNhQzgRtWmY57ShNcRJx2o7GdzO//US1YVI82omiYYKHgsWMYOukdqvSUyN20S+V/ao/B1olQU7KkKPRL331BpKkCRWWcGxMN/CVDTOsLSOcTou91FCFyRgPaddRgRNqwmx+7hSdO2WAYqldCYvm6u+JDCfGTJLIdSbYjsyyNxP/87qpja/DjAmVWirIYlGccmQlmv2OBkxTYvnEEUw0c7ciMsIaE+sSKroQguWXV0nrshrUqjcPtXL9No+jAKdwBhUI4ArqcA8NaAKBMTzDK7x5ynvx3r2PReual8+cwB94nz+HwI8Q</latexit>

�

<latexit sha1_base64="uGd0okehDoFk+oRyzO0MixH+Fuk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0jCJ2Khac+vuAmideAWpQYH2qPo1HMckFVQawrHWA89NjJ9hZRjhdF4ZppommEzxhA4slVhQ7WeLW+fowipjFMbKljRoof6eyLDQeiYC2ymwifSql4v/eYPUhNd+xmSSGirJclGYcmRilD+OxkxRYvjMEkwUs7ciEmGFibHxVGwI3urL66R7Vfca9ZuHRq11W8RRhjM4h0vwoAktuIc2dIBABM/wCm+OcF6cd+dj2VpyiplT+APn8wcXaI5L</latexit>



Condensation

�̈+ 3H�̇+m
2
� = 0

<latexit sha1_base64="Z/OCHLwNMuNzY9lQYsX4DPDLLrU=">AAACCHicbZBNS8MwGMfT+TbnW9WjB4NDEITRzoF6EIZedpzgXmCtI03TLSxNS5IKY+zoxa/ixYMiXv0I3vw2pl0PuvlAyI//85I8fy9mVCrL+jYKS8srq2vF9dLG5tb2jrm715ZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7pJ850HIiSN+J0ax8QN0YDTgGKktNQ3Dx3fj5QTD+npWcPRCDMO76vpfWX1zbJVsbKAi2DnUAZ5NPvml56Ck5BwhRmSsmdbsXInSCiKGZmWnESSGOERGpCeRo5CIt1JtsgUHmvFh0Ek9OEKZurvjgkKpRyHnq4MkRrK+Vwq/pfrJSq4cCeUx4kiHM8eChIGVQRTV6BPBcGKjTUgLKj+K8RDJBBW2ruSNsGeX3kR2tWKXatc3tbK9evcjiI4AEfgBNjgHNRBAzRBC2DwCJ7BK3gznowX4934mJUWjLxnH/wJ4/MHI4aYyQ==</latexit>
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<latexit sha1_base64="u8CS9M/ruJm3eBNC6Y7dP3jRG58=">AAACUXicfVHLSgMxFL0zvmrro+rSzWARBLXMlIK6EIpuXFawD+hMSybNdEIzD5KMUIbpJ7rQlf/hxoVi+gC1FS8ETs655yY5cWNGhTTNV01fWV1b38ht5gtb2zu7xb39pogSjkkDRyzibRcJwmhIGpJKRtoxJyhwGWm5w9uJ3nokXNAofJCjmDgBGoTUoxhJRfWKvs39qJfasU+za9vjCKd2P5KTfbeSpZXsdEYG3co3Nz4bx/95zv/w9Iols2xOy1gG1hyUYF71XvFZDcVJQEKJGRKiY5mxdFLEJcWMZHk7ESRGeIgGpKNgiAIinHSaSGYcK6ZveBFXK5TGlP3pSFEgxChwVWeApC8WtQn5l9ZJpHfppDSME0lCPDvIS5ghI2MSr9GnnGDJRgogzKm6q4F9pNKQ6hPyKgRr8cnLoFkpW9Xy1X21VLuZx5GDQziCE7DgAmpwB3VoAIYneIMP+NRetHcddH3WqmtzzwH8Kr3wBcULth0=</latexit>

m << H

<latexit sha1_base64="TW6Ut76uYX3qKp+mHxgx7ohq2+Y=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVggo9FL30WMF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99spbGxube8Ud0t7+weHR+Xjk46OEkVom0Q8Ur0Aa8qZpG3DDKe9WFEsAk67wfQ+87tPVGkWyUczi6kv8FiykBFsMknU681hueJW3QXQOvFyUoEcrWH5azCKSCKoNIRjrfueGxs/xcowwum8NEg0jTGZ4jHtWyqxoNpPF7fO0YVVRiiMlC1p0EL9PZFiofVMBLZTYDPRq14m/uf1ExPe+CmTcWKoJMtFYcKRiVD2OBoxRYnhM0swUczeisgEK0yMjadkQ/BWX14nnauqV6vePtQqjbs8jiKcwTlcggfX0IAmtKANBCbwDK/w5gjnxXl3PpatBSefOYU/cD5/AG04jds=</latexit>

�̈+ 3H�̇+m
2
� = 0

<latexit sha1_base64="Z/OCHLwNMuNzY9lQYsX4DPDLLrU=">AAACCHicbZBNS8MwGMfT+TbnW9WjB4NDEITRzoF6EIZedpzgXmCtI03TLSxNS5IKY+zoxa/ixYMiXv0I3vw2pl0PuvlAyI//85I8fy9mVCrL+jYKS8srq2vF9dLG5tb2jrm715ZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7pJ850HIiSN+J0ax8QN0YDTgGKktNQ3Dx3fj5QTD+npWcPRCDMO76vpfWX1zbJVsbKAi2DnUAZ5NPvml56Ck5BwhRmSsmdbsXInSCiKGZmWnESSGOERGpCeRo5CIt1JtsgUHmvFh0Ek9OEKZurvjgkKpRyHnq4MkRrK+Vwq/pfrJSq4cCeUx4kiHM8eChIGVQRTV6BPBcGKjTUgLKj+K8RDJBBW2ruSNsGeX3kR2tWKXatc3tbK9evcjiI4AEfgBNjgHNRBAzRBC2DwCJ7BK3gznowX4934mJUWjLxnH/wJ4/MHI4aYyQ==</latexit>

negligible

�̇ = 0 or �̇ / a�3 ! 0

<latexit sha1_base64="HHW3QZjZ9YVxnS4DTV2AaKTa17g=">AAACInicbVDNSgMxGMz6W+vfqkcvwSJ4sexqQT0IohePFawK3VqyabYbzG5C8q1SlvZVvPgqXjwo6knwYUxrBW0dCAwz35dkJlSCG/C8D2dicmp6ZrYwV5xfWFxadldWL4zMNGU1KoXUVyExTPCU1YCDYFdKM5KEgl2GNyd9//KWacNleg4dxRoJaac84pSAlZruQdCSEKiYH3q9Xh7oBEvd7fV+1EBpqUBicp1v73YDzdsxEK3lHfaabskrewPgceIPSQkNUW26b/ZWmiUsBSqIMXXfU9DIiQZOBesWg8wwRegNabO6pSlJmGnkg4hdvGmVFo6kticFPFB/b+QkMaaThHYyIRCbUa8v/ufVM4j2GzlPVQYspd8PRZnANnS/L9zimlEQHUsI1dz+FdOYaELBtlq0JfijkcfJxU7Zr5QPziqlo+NhHQW0jjbQFvLRHjpCp6iKaoiie/SIntGL8+A8Oa/O+/fohDPcWUN/4Hx+AQzRpTY=</latexit>

(1)

�̇2

2
<< V (�) , w� = p�/⇢� ' �1

<latexit sha1_base64="xsbpeUU77oUHyZZ5Izng2HckgGc="></latexit>

slow roll

(2) m >> H

<latexit sha1_base64="zCE5cvwdmqQynFlIU+QNcLwVHcs=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnopRS89VrAf0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3P/O4TVZpF8tHMYuoLPJYsZASbTBL1enNYrrhVdwG0TrycVCBHa1j+GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdGGVEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xIQ3fspknBgqyXJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj4ynZELzVl9dJ56rq1aq3D7VK4y6PowhncA6X4ME1NKAJLWgDgQk8wyu8OcJ5cd6dj2VrwclnTuEPnM8fc06N3w==</latexit>

�̈+ 3H�̇+m
2
� = 0

<latexit sha1_base64="Z/OCHLwNMuNzY9lQYsX4DPDLLrU=">AAACCHicbZBNS8MwGMfT+TbnW9WjB4NDEITRzoF6EIZedpzgXmCtI03TLSxNS5IKY+zoxa/ixYMiXv0I3vw2pl0PuvlAyI//85I8fy9mVCrL+jYKS8srq2vF9dLG5tb2jrm715ZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7pJ850HIiSN+J0ax8QN0YDTgGKktNQ3Dx3fj5QTD+npWcPRCDMO76vpfWX1zbJVsbKAi2DnUAZ5NPvml56Ck5BwhRmSsmdbsXInSCiKGZmWnESSGOERGpCeRo5CIt1JtsgUHmvFh0Ek9OEKZurvjgkKpRyHnq4MkRrK+Vwq/pfrJSq4cCeUx4kiHM8eChIGVQRTV6BPBcGKjTUgLKj+K8RDJBBW2ruSNsGeX3kR2tWKXatc3tbK9evcjiI4AEfgBNjgHNRBAzRBC2DwCJ7BK3gznowX4934mJUWjLxnH/wJ4/MHI4aYyQ==</latexit>

ü+m
2
u� (

3

2
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9

4
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2)u = 0

<latexit sha1_base64="+LhmZTHvr9xsAh6pzxs7ImEqSkE=">AAACHHicbVBLS0JBGJ1rL7OX1bLNkASGJPeqUC4CqY1Lg3yAV2XuOFcH5z6YRyCX+0Pa9FfatCiiTYugf9NcdVHagQ8O53zfzPcdJ2RUSNP8NlJr6xubW+ntzM7u3v5B9vCoJQLFMWnigAW84yBBGPVJU1LJSCfkBHkOI21ncpv47QfCBQ38ezkNSc9DI5+6FCOppUG2bA+HgYSq4PVLUF3kbZcjHJXjqBTbiVEvzJVqHFXier90rq7NQTZnFs0Z4CqxFiQHFmgMsp/6Law84kvMkBBdywxlL0JcUsxInLGVICHCEzQiXU195BHRi2bHxfBMK0PoBlyXL+FM/T0RIU+IqefoTg/JsVj2EvE/r6uke9WLqB8qSXw8/8hVDMoAJknBIeUESzbVBGFO9a4Qj5EOQ+o8MzoEa/nkVdIqFa1KsXpXydVuFnGkwQk4BXlggUtQA3XQAE2AwSN4Bq/gzXgyXox342PemjIWM8fgD4yvHwtJoB4=</latexit>

negligibleu = A cos(mt+ ✓0)

<latexit sha1_base64="wr2ZqHT4GbTkab82bwMts2Vr47M=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEilASKagLoerGZQX7gCaEyXTSDp08mLkRSij4K25cKOLW73Dn3zhts9DWAxcO59zLvff4ieAKLOvbKCwtr6yuFddLG5tb2zvm7l5LxamkrEljEcuOTxQTPGJN4CBYJ5GMhL5gbX94O/Hbj0wqHkcPMEqYG5J+xANOCWjJMw/Sq2uHxgpXQjh1YMCAeNaJZ5atqjUFXiR2TsooR8Mzv5xeTNOQRUAFUaprWwm4GZHAqWDjkpMqlhA6JH3W1TQiIVNuNj1/jI+10sNBLHVFgKfq74mMhEqNQl93hgQGat6biP953RSCCzfjUZICi+hsUZAKDDGeZIF7XDIKYqQJoZLrWzEdEEko6MRKOgR7/uVF0jqr2rXq5X2tXL/J4yiiQ3SEKshG56iO7lADNRFFGXpGr+jNeDJejHfjY9ZaMPKZffQHxucPj/KUmw==</latexit>

� = Aa�3/2 cos(mt+ ✓0)

<latexit sha1_base64="jP1vUuRZrtI0Lg1IMfXc/g24h7s=">AAACCXicbVDLSgNBEJyNrxhfqx69DAYhIsbdGFAPQtSLxwjmAdkYZieT7JDZBzO9Qlhy9eKvePGgiFf/wJt/4yTZgxoLGoqqbrq73EhwBZb1ZWTm5hcWl7LLuZXVtfUNc3OrrsJYUlajoQhl0yWKCR6wGnAQrBlJRnxXsIY7uBr7jXsmFQ+DWxhGrO2TfsB7nBLQUsfETuTx8wtylxweH5VGDg0VLvhw4IDHgHSs/Y6Zt4rWBHiW2CnJoxTVjvnpdEMa+ywAKohSLduKoJ0QCZwKNso5sWIRoQPSZy1NA+Iz1U4mn4zwnla6uBdKXQHgifpzIiG+UkPf1Z0+AU/99cbif14rht5pO+FBFAML6HRRLxYYQjyOBXe5ZBTEUBNCJde3YuoRSSjo8HI6BPvvy7OkXira5eLZTTlfuUzjyKIdtIsKyEYnqIKuURXVEEUP6Am9oFfj0Xg23oz3aWvGSGe20S8YH98IFJip</latexit>

< ⇢� >=
1

2
< �̇2 +m2�2 >' a�3m

2A2

2

<latexit sha1_base64="Pb5TKZagQvRMlj003H+GkNi/PyI="></latexit>

< p� >=
1

2
< �̇2 �m2�2 >' 0

<latexit sha1_base64="IsQXfUg2ELhRZsI1iNA+Rvxwob4=">AAACHXicbZBNS8MwGMdTX+d8q3r0EhyCF0c7BirMMfTicYJ7gbUbaZZuYUlbk1QYpV/Ei1/FiwdFPHgRv43ptoNu/iHw4/88T5Ln70WMSmVZ38bS8srq2npuI7+5tb2za+7tN2UYC0waOGShaHtIEkYD0lBUMdKOBEHcY6Tlja6zeuuBCEnD4E6NI+JyNAioTzFS2uqZ5UrUS5xoSNPqpeMLhBM7TUppxemHKrO7pVPeLU2p6kjKyT20embBKloTwUWwZ1AAM9V75qe+D8ecBAozJGXHtiLlJkgoihlJ804sSYTwCA1IR2OAOJFuMtkuhcfa6UM/FPoECk7c3xMJ4lKOuac7OVJDOV/LzP9qnVj5525CgyhWJMDTh/yYQRXCLCrYp4JgxcYaEBZU/xXiIdIZKR1oXodgz6+8CM1S0S4XL27LhdrVLI4cOARH4ATY4AzUwA2ogwbA4BE8g1fwZjwZL8a78TFtXTJmMwfgj4yvH4sWoZE=</latexit>

dust-like

u = a3/2�

<latexit sha1_base64="NrRvGZI0i1uPqBanGXS5njUpOZA=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBbBU01qQT0IRS8eK9gPaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeX7MmdKO823lVlbX1jfym4Wt7Z3dPXv/oKGiRBJaJxGPZMvHinImaF0zzWkrlhSHPqdNf3g79ZsjKhWLxIMex9QLcV+wgBGsjeQl1/gxPT8rTzrxgHXtolNyZkDLxM1IETLUuvZXpxeRJKRCE46VartOrL0US80Ip5NCJ1E0xmSI+7RtqMAhVV46O3qCTozSQ0EkTQmNZurviRSHSo1D33SGWA/UojcV//PaiQ4uvZSJONFUkPmiIOFIR2iaAOoxSYnmY0MwkczcisgAS0y0yalgQnAXX14mjXLJrZSu7ivF6k0WRx6O4BhOwYULqMId1KAOBJ7gGV7hzRpZL9a79TFvzVnZzCH8gfX5AwQwkaI=</latexit>



t

�

Hc ' m

<latexit sha1_base64="yARzoVCAsyFitZG4mlz3H3eifac=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXnKMYB6QLGF20psMmcc6MyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1hSZVXOlORAxwJqFpmeXQSTQQEXFoR+O7md9+Am2Ykg92kkAoyFCymFFindSt92nPMAGPWPTLFb/qz4FXSZCTCsrR6Je/egNFUwHSUk6M6QZ+YsOMaMsoh2mplxpICB2TIXQdlUSACbP5yVN85pQBjpV2JS2eq78nMiKMmYjIdQpiR2bZm4n/ed3UxtdhxmSSWpB0sShOObYKz/7HA6aBWj5xhFDN3K2Yjogm1LqUSi6EYPnlVdK6qAaX1Zv7y0rtNo+jiE7QKTpHAbpCNVRHDdREFCn0jF7Rm2e9F+/d+1i0Frx85hj9gff5A+WTkQY=</latexit>
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Inflation Driven by Axion-like Field

Slow roll during inflation
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Axion-like field as inflaton

Natural inflation model     Freese, Frieman and Olinto, PRL (1990)
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Extranatural inflation, extra dimensional version of natural inflation 
Arkani-Hamed, Cheng, Creminelli and Randall, PRL(2003)

5d model, 5th dimension compactified on a circle R 
Abelian field         Aaof the gauge invariant Wilson loop

eiθ = ei
∮

A5dx5

(10)

will however be generated in presence of charged fields in the bulk. At energies below 1/R,

θ is a 4d field with a Lagrangian of the form

L =
1

2 g2
4(2πR)2

(∂θ)2 − V (θ) + · · · (11)

where g2
4 = g2

5/(2πR) is the 4D gauge coupling, and the potential V (θ) is given at one-loop

by [22, 23, 24, 25, 26]

V (θ) = −
1

R4

∑

I

(−1)FI
3

64π6

∞
∑

n=1

cos(nqθ)

n5
, (12)

where FI = 0(1) for massless bosonic (fermionic) fields of charge q coupled to A5. Note

that the potential is of the same form as in natural inflation (with small corrections from

additional terms in the sum), with the effective decay constant given by

feff =
1

2πg4dR
. (13)

It is easily seen that feff can be bigger than MP for sufficiently small g4d; the slow-roll

condition feff " MP requires only that

2πg4dMP R # 1 . (14)

The canonically normalized field is φ = θfeff . Due to the higher dimensional nature of the

model, the potential (12) can be trusted even when the 4d field φ takes values above MP ; no

dangerous higher-dimension operator can be generated in a local higher-dimensional theory.

This conclusion is quite important as it is commonly believed that any inflation model with

field values above MP cannot be justified from a particle physics point of view; we see that

this conclusion is valid only if we restrict to purely 4d models. Quantum gravity corrections

to the potential (12) are negligible if the extra dimension is bigger than the Planck length,

different from what is expected in a 4d PNGB model. Again locality in the extra space is

the key feature; virtual black holes cannot spoil the gauge invariance and do not introduce

a local potential for A5, while non-local effects are exponentially suppressed by ∼ e−2πM5R,

because the typical length scale of quantum gravity effects (the 5d Planck length M−1
5 ) is

much smaller than the size of the extra dimension.

9

No local potential, and non-local potential for Wilson loop                          
in the presence of charged fields in the bulk

L =
1

2
(@�)2 � 3

64⇡6R4
(1� cos

�

fe↵
)

For sufficiently small g4, fe↵ � Mp

Quantum gravity corrections are negligible as long as

Virtual black holes cannot spoil gauge symmetry, 
non-local effects suppressed by e�2⇡M5R

R�1 < M5
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g24 = g25/(2⇡R)

With massless charged fields, one-loop

� = fe↵✓ =
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2⇡g4R
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Feng, ML, Zhang & Zhang, PRD(2003)

Consider two fields coupling to A5 M1 = 0, M2 > R�1

2

model. The flatness condition, in the simplest scenario
with a single PNGB, requires the scale of spontaneous
symmetry breaking and the values of the inflaton during
the slow roll above the Planck scale, taking the model
outside the regime of validity of an effective field theory
description. Moreover, it is expected that the gravity-
induced higher-dimensional operators are not suppressed.

These issues have been recently re-examined in the
context of extra dimensions (called extra-natural infla-
tion in Ref. 13). Consider a five-dimensional Abelian
gauge field model with the fifth dimension compactified
on a circle of radius R, we identify the inflaton field θ with
the gauge-invariant Wilson loop of the extra component
A5 propagating in the bulk,

θ = g5

∮
dx5A5 , (4)

where g5 is the five-dimensional gauge coupling constant.
At energies below 1/R, θ is a four-dimensional field with
an effective Lagrangian

L =
1

2g2
4(2πR)2

(∂θ)2 − V (θ) , (5)

with g2
4 = g2

5/2πR the four-dimensional effective gauge
coupling constant. The non-local potential V (θ) is gen-
erated in the presence of particles charged under the
Abelian symmetry [16].

For bulk fields with bare masses Ma and charges qa the
potential takes the form [17]

V (θ) =
1

128π6R4
Tr

[
V (rF

a , θ) − V (rB
a , θ)

]
, (6)

where the trace is over the number of degrees of freedom,
and the superscripts F and B stand for fermions and
bosons respectively. Here

V (ra, θ) = x2
a Li3(rae−xa) + 3xa Li4(rae−xa)

+ 3 Li5(rae−xa) + h.c. , (7)

with

ra = eiqaθ , xa = 2πRMa , (8)

and the poly-logarithm function Lik(z) are

Lik(z) =
∞∑

n=1

zn

nk
. (9)

For massless particles (xa = 0) considered in Ref. 13 the
potential is

V (θ) = − 3

64π6R4

∑

I

(−)FI

∞∑

n=1

cos(nqθ)

n5
, (10)

where FI = 0 and 1 stand for massless bosonic and
fermionic fields, respectively.

Neglecting the higher power terms in Eq. (10), one
obtains the same form of the potential as that of the
natural inflation model. The effective decay constant of
the spontaneously broken Abelian symmetry is

feff =
1

2πg4R
, (11)

which can be naturally greater than MP for a suffi-
ciently small coupling constant g4 [13]. Moreover, due
to the extra dimension nature, gravity-induced higher-
dimensional operators are generally exponentially sup-
pressed. This solves the forementioned problems of the
four-dimensional natural inflation model1. The extra-
natural model predicts a red-tilted scalar spectrum with
negligible spectral runnings, same as that of the natural
inflation.

The model we propose in this paper includes one
massless and one massive fields2 coupled to A5, i.e.,
M1 = 0, M2

>∼ 1/R, the corresponding potential for
θ is

V (θ) = − 3

64π6R4

∞∑

n=1

1

n3

[

(−)F1
cos(nq1θ)

n2

+ (−)F2e−nx2

(
x2

2

3
+

x2

n
+

1

n2

)
cos(nq2θ)

]

.(12)

Neglecting the higher power terms in the sum, and defin-
ing a canonical field φ = feffθ, the effective Lagrangian
of our model becomes3

L =
1

2
(∂φ)2 −V0

[
1− cos

(
q1φ

feff

)
−σ cos

(
q2φ

feff

)]
, (13)

where

σ = (−)F2+1e−x2

(
x2

2

3
+ x2 + 1

)
, V0 =

3

64π6R4
. (14)

Note that in our calculations we have added a σ-
dependent term to the potential, Eq. (13), to make it
vanish at the minimum. For σ = 0, this potential coin-
cides with that of the natural inflation model.

The slow-roll parameters of Eq. (1) are

ε =
µ2

2

(sin θ̃ + σκ sin κθ̃)2

[1 − cos θ̃ − σ cosκθ̃]2
, (15)

1 If natural inflation model includes a large Z in the kinetic
term[18], redefining the field gives rise to an effective decay con-
stant feff =

√

Zf , which ( as well as the inflaton field itself )
can also be larger than Mp, however a question remained is how
to get a large Z naturally[19].

2 Massive particles have also been considered in Ref. 20, in the
context of extra-dimensional quintessence models.

3 For a specific presentation, we set F1 = 1. The F1 = 0 case is
equivalent since it only corresponds to a co-ordinate shift in the
potential.
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obtains the same form of the potential as that of the
natural inflation model. The effective decay constant of
the spontaneously broken Abelian symmetry is
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, (11)

which can be naturally greater than MP for a suffi-
ciently small coupling constant g4 [13]. Moreover, due
to the extra dimension nature, gravity-induced higher-
dimensional operators are generally exponentially sup-
pressed. This solves the forementioned problems of the
four-dimensional natural inflation model1. The extra-
natural model predicts a red-tilted scalar spectrum with
negligible spectral runnings, same as that of the natural
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The model we propose in this paper includes one
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Note that in our calculations we have added a σ-
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1 If natural inflation model includes a large Z in the kinetic
term[18], redefining the field gives rise to an effective decay con-
stant feff =
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Zf , which ( as well as the inflaton field itself )
can also be larger than Mp, however a question remained is how
to get a large Z naturally[19].

2 Massive particles have also been considered in Ref. 20, in the
context of extra-dimensional quintessence models.

3 For a specific presentation, we set F1 = 1. The F1 = 0 case is
equivalent since it only corresponds to a co-ordinate shift in the
potential.

xa = 2⇡RMa
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FIG. 1: The plot of slow-roll parameters ε, η and ξ of our
model (solid lines) and natural inflation model (dashed lines).
The horizontal axis is the e-folding number N and N = 0
means the end of inflation. The parameters in our model are
chosen as: µ = 0.034, σ = 1.3 × 10−3, κ = 51 (cyan); µ =
0.037, σ = 5.0 × 10−4, κ = 68 (red); green lines: µ = 0.040,
σ = 1.8 × 10−3, κ = 40 (green). The parameters in natural
inflation model are chosen as: ; magenta lines: feff = 2
(magenta); feff = 5 (yellow); feff = 10 (pink). The dotted-
black lines represent to the pivot scale, which is chosen as
k∗ = 0.05Mpc−1.

plot the zoomed-in figures around the pivot scale, with
the vertical coordinates of the same range.) in our model,
while is negligible in natural inflation model. Therefore
as is analyzed before, one can observe large running of
the spectral index around this point.
One can directly relate the slow-roll parameters and

the perturbation variables of canonical single field infla-
tion models, according to Eqs. (13-15). In Fig.2 we plot
the evolution of the spectral index of scalar perturbation
ns, the running of index αs, and the tensor-scalar-ratio r.
In the plot, we take the range from 1.0× 10−5Mpc−1 to
1.0Mpc−1 which is able to cover the l range(2 ≤ l ≤ 2500)
used in Planck and BICEP2 paper. We also marked with
a vertical dotted line the pivot scale, k∗ # 0.05Mpc−1

which reenters horizon and is observed by us today. From
the plot we can see that both our model and natural in-
flation can give a large r, as needed by the BICEP2’s
data. However, one obvious difference between the two
models is that our model can give large negative run-
ning for the scalar power spectrum, roughly of the order
−0.03 ∼ −0.01 required in order to reconcile Planck and
BICEP2 data [10, 11], while running from natural(and
extranatural) inflation is negligible. The large running
is obtained by virtue of the largeness of parameter κ,
which makes ξ be the same order of ε and η, thus ξ term
dominate the expression of αs over the other two terms.
A large negative running can make the spectral index

ns varies efficiently during inflation, e.g., from blue-tilt to
red tilt. This may lead to some features on the amplitude
of PR, for example a bump will appear on PR − k plot,
or the amplitudes on small l region might get suppressed,
which can be useful in the explanation of small l anomaly.

FIG. 2: The plot of the scalar spectrum index ns, tensor-
scalar ratio r and the running of spectrum index αs of our
model (solid lines) and natural inflation model (dashed lines).
The horizontal axis is the wave-numbers of perturbation k.
The parameters are chosen the same as that in Fig. 1.

FIG. 3: The scalar perturbation power spectrum to the wave
number. The parameters are chosen the same as that in Fig.
1.

In Fig.3 we plot the amplitudes of scalar perturbations
under various parameter choices. We can see that, al-
though at pivot scale the amplitudes in these cases are
almost the same, which can be consistent with the data,
they can be very different at small l regions.

IV. FITTING THE BICEP2 DATA

With the analysis in the above section, we have showed
that our model can indeed have large negative running
αs as well as large r, which is needed However, we still
need to confront our results to the observational data to
see whether it is enough to reconcile the PLANCK and
BICEP2 data. Moreover, we want to know whether our
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Shift symmetry guarantees the flat potential 

Derivative couplings with other matter 

Propagates spin-dependent force 

No long range force superimposed between unpolarized objects

Slow rolling up to now
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Coupling to photons via the Chern-Simons term

The rolling of dark energy picks out a preferred time direction 

Lorentz and time reversal symmetries are broken, leading to CPT violation in photons
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Without CPT violation：

𝐶EB
ℓ ≡ 0𝐶TB

ℓ ≡ 0

E/B Decomposition of CMB Polarization



CMB偏振的产⽣

时空的⾮均匀性，散射

Generation of CMB Polarization: Scattering, 
Scalar and Tensor Perturbations

'ees
×µ

Wd
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需要有⼊射光的四极矩

Thomson散射

复合期以前，宇宙中的光为⾃然光，因为频繁的
随机散射: （1）破坏四极矩；（2）退极化

CMB的偏振图像形成于最后⼀次散射



ds2 = a2(⌘)(1 + 2 )d⌘2 � a2(⌘)[(1� 2�)�ij + hij ]dx
idxj

标量扰动（密度扰动）: 

张量扰动（引⼒波）: 

 , �

hij

时空⾮均匀性导致辐射场温度的四极矩

hij = hji, hi
i = 0, @ihij = 0

Recall the two polarization modes of  a gravitational wave:

GW的两个偏振分量
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Fig. 1.— Thomson scattering of radiation with a quad-
rupole anisotropy generates linear polarization. Blue
colors (thick lines) represent hot and red colors (thin
lines) cold radiation.

dent radiation field possesses a quadrupolar variation in
intensity or temperature (which possess intensity peaks
at 90◦ = π/2 separations), the result is a linear polar-
ization of the scattered radiation (see Fig. 1). A reversal
in sign of the temperature fluctuation corresponds to a
90◦ rotation of the polarization, which reflects the spin-
2 nature of polarization.

In terms of a multipole decomposition of the ra-
diation field into spherical harmonics, Y m

! (θ, φ), the
five quadrupole moments are represented by $ = 2,
m = 0,±1,±2. The orthogonality of the spherical har-
monics guarantees that no other moment can generate
polarization from Thomson scattering. In these spheri-
cal coordinates, with the north pole at θ = 0, we call a
N-S (E-W) polarization component Q > 0 (Q < 0) and
a NE-SW (NW-SE) component U > 0 (U < 0). The
polarization amplitude and angle clockwise from north
are

P =
√

Q2 + U2, α =
1

2
tan−1(U/Q) . (2)

Alternatively, the Stokes parameters Q and U repre-
sent the diagonal and off diagonal components of the
symmetric, traceless, 2 × 2 intensity matrix in the po-

larization plane spanned by (êθ, êφ),

E∗
i Ej −

1

2
δijE

2 ∝ Qσ3 + Uσ1 , (3)

where σi are the Pauli matrices and circular polarization
is assumed absent.

If Thomson scattering is rapid, then the randomiza-
tion of photon directions that results destroys any quad-
rupole anisotropy and polarization. The problem of un-
derstanding the polarization pattern of the CMB thus
reduces to understanding the quadrupolar temperature
fluctuations at last scattering.

Temperature perturbations have 3 geometrically dis-
tinct sources: the scalar (compressional), vector (vorti-
cal) and tensor (gravitational wave) perturbations. For-
mally, they form the irreducible basis of the symmetric
metric tensor. We shall consider each of these below
and show that the scalar, vector, and tensor quadru-
pole anisotropy correspond to m = 0,±1,±2 respec-
tively. This leads to different patterns of polarization
for the three sources as we shall discuss in §3.

m=0

v

Scalars�
(Compression)

hot

hot

cold

Fig. 2.— The scalar quadrupole moment ($ = 2, m =
0). Flows from hot (blue) regions into cold (red), v ‖ k,
produce the azimuthally symmetric pattern Y 0

2 depicted
here.

2.2. Scalar Perturbations

The most commonly considered and familiar types of
perturbations are scalar modes. These modes represent
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Hu & White, astro-ph/9706147

Scalar quadrupole, 
azimuthal symmetric
generates T and E 

Boltzmann code: CMBFAST, CAMB,…
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Fig. 7.— The tensor quadrupole moment (m = 2).
Since gravity waves distort space in the plane of the
perturbation, changing a circle of test particles into an
ellipse, the radiation acquires an m = 2 quadrupole
moment.

passes or its amplitude changes, a circle of test par-
ticles in the plane is distorted into an ellipse whose
semi-major axis → semi-minor axis as the spatial phase
changes from crest → trough (see Fig. 7, yellow ellipses).
Heuristically, the accompanying stretching of the wave-
length of photons produces a quadrupolar temperature
variation with an m = ±2 pattern

Y ±2
2 ∝ sin2 θe±2iφ (9)

in the coordinates defined by k̂.

Thomson scattering again produces a polarization
pattern from the quadrupole anisotropy. At the equa-
tor, the quadrupole pattern intersects the tangent (êθ⊗
êφ) plane with hot and cold lobes rotating in and out
of the êφ direction with the azimuthal angle φ. The po-
larization pattern is therefore purely Q with a cos(2φ)
dependence. At the pole, the quadrupole lobes lie com-
pletely in the polarization plane and produces the maxi-
mal polarization unlike the scalar and vector cases. The
full pattern,

Q = (1 + cos2 θ)e2iφ, U = −2i cos θe2iφ, (10)

is shown in Fig. 8 (real part). Note that Q and U are
present in nearly equal amounts for the tensors.

3. Polarization Patterns

The considerations of §2 imply that scalars, vec-
tors, and tensors generate distinct patterns in the polar-
ization of the CMB. However, although they separate
cleanly into m = 0,±1,±2 polarization patterns for a
single plane wave perturbation in the coordinate sys-
tem referenced to k, in general there will exist a spec-
trum of fluctuations each with a different k. Therefore
the polarization pattern on the sky does not separate
into m = 0,±1,±2 modes. In fact, assuming statistical
isotropy, one expects the ensemble averaged power for
each multipole # to be independent of m. Nonetheless,
certain properties of the polarization patterns discussed
in the last section do survive superposition of the per-
turbations: in particular, its parity and its correlation
with the temperature fluctuations. We now discuss how
one can describe polarization patterns on the sky arising
from a spectrum of k modes.

3.1. Electric and Magnetic Modes

Any polarization pattern on the sky can be separated
into “electric” (E) and “magnetic” (B) components2.
This decomposition is useful both observationally and
theoretically, as we will discuss below. There are two
equivalent ways of viewing the modes that reflect their
global and local properties respectively. The nomencla-
ture reflects the global property. Like multipole radi-
ation, the harmonics of an E-mode have (−1)# parity
on the sphere, whereas those of a B-mode have (−1)#+1

parity. Under n̂ → −n̂, the E-mode thus remains un-
changed for even #, whereas the B-mode changes sign as
illustrated for the simplest case # = 2, m = 0 in Fig. 9
(recall that a rotation by 90◦ represents a change in
sign). Note that the E and B multipole patterns are
45◦ rotations of each other, i.e. Q → U and U → −Q.
Since this parity property is obviously rotationally in-
variant, it will survive integration over k̂.

The local view of E and B-modes involves the sec-
ond derivatives of the polarization amplitude (second
derivatives because polarization is a tensor or spin-2
object). In much the same way that the distinction be-
tween electric and magnetic fields in electromagnetism
involves vanishing of gradients or curls (i.e. first deriva-
tives) for the polarization there are conditions on the
second (covariant) derivatives of Q and U . For an E-
mode, the difference in second (covariant) derivatives

2These components are called the “grad” (G) and “curl” (C) com-
ponents by Kamionkowski et al. (1997).
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Tensor quadrupole, 
without azimuthal symmetry, 
generates T, E and B

CXX0 (i)
l = 2(4⇡2)2

Z
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弱引⼒透镜
Lensed B-mode peaked around l ⇠ 1000

重电离
压低复合期产⽣的偏振，
⼜产⽣⼤尺度上新的偏振

复合期以后的变化



Challinor & Peiris, arXiv:0903.5158                  r=0.22

Scalar                  Tensor

⼤尺度上的CMB B模式偏振主要是由原初引⼒波产⽣,
成为寻找原初引⼒波的最佳窗⼝.

重电离峰
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TABLE I: Previous rotation angle constraints from CMB experiments, following [12]. Systematic uncertainties are
shown in parentheses, where provided.

Experiment Frequency (GHz) ! range α (degrees)

WMAP7 [13] 41+61+94 2 - 800 −1.1± 1.4 (±1.5)

BOOM03 [14] 143 150 - 1000 −4.3± 4.1

QUaD [15] 100 200 - 2000 −1.89± 2.24 (±0.5)

QUaD [15] 150 200 - 2000 +0.83± 0.94 (±0.5)

and B, subsequently inducing TB and EB power spectra
(Figure 1):

C
′TT
! = CTT

!

C
′TE
! = CTE

! cos(2α)

C
′EE
! = CEE

! cos2(2α) + CBB
! sin2(2α)

C
′BB
! = CEE

! sin2(2α) + CBB
! cos2(2α)

C
′TB
! = CTE

! sin(2α)

C
′EB
! =

1

2

(

CEE
! − CBB

!

)

sin(4α). (4)

No assumption has been made here as to the source of
this rotation, namely whether or not it is cosmological.
In the literature, α is identified with the birefringence
rotation angle (see [13, 15]), though here it is used to
denote polarization rotation of any origin.

III. DATA AND ANALYSIS METHODOLOGY

Bicep1 observed for three years at the South Pole in
three frequency bands: 100, 150 and 220 GHz, and re-
leased two year results from 100 and 150 GHz frequency-
combined spectra in [16] and three year frequency com-
bined spectra in [17]. Results from the Bicep1 100, 150,
and 220 GHz observations of the galactic plane are in [20]
and from Faraday Rotation Modulators in [21].
We employ maximum-likelihood estimation for deter-

mining the best-fit polarization rotation angles of the
power spectra following Equation 4. We use two meth-
ods to construct the likelihoods, a Gaussian bandpower
likelihood approximation and the Hamimeche-Lewis like-
lihood construction [22].

A. Data Sets

We calculate rotation angles from the three-year fre-
quency combined “all-spectra” estimator, where “all-
spectra” is defined as TE+EE+BB+TB+EB. We can
break this down by frequency and by spectral estimator
for consistency checks. From this, we get four frequency
subsets consisting of the two frequency auto-spectra: 100
GHz auto-spectra (denoted “100”) and 150 GHz auto-
spectra (denoted “150”), and the two frequency cross-
spectra: 100 GHz cross-correlated with 150 GHz (de-
noted “cross”) and 150 GHz cross correlated with 100

GHz (denoted “alt-cross”). Note that although the EE
and BB spectra are identical for the “cross” and “alt-
cross” data sets, the TB and EB spectra are not, e.g.,
T 100B150 "= T 150B100.
In addition, we have four spectral combinations to con-

strain α: the TB and EB modes as well as the combina-
tion of TB+EB, and all-spectra: TE+EE+BB+TB+
EB since polarization rotation also affects TE, EE, and
BB; however, from Equation 4, we can see that for small
α the rotated TE, EE, and BB deviate from the un-
rotated spectra by order α2 and thus their constraining
power for α is much weaker than the TB and EB spec-
tra, which are linear in α. In addition, since they are
quadratic in α, the sign of α cannot be directly deter-
mined. TB or EB break this sign degeneracy. These are
not independent estimators but are useful as any unex-
pected discrepancies can be used to test the validity of
the analysis.

B. Likelihood Analysis

We employ two likelihood constructions for this analy-
sis: a Gaussian bandpower likelihood approximation and
the more accurate Hamimeche-Lewis (HL) likelihood ap-
proximation [22]. The two likelihood constructions pro-
duce similar results, although we use the HL method for
the final results since it more accurately treats cross-
spectra covariances. We test both likelihood construc-
tions for any biases and, in simulations, we find they
accurately recover known input rotation angles.
For both methods, we calculate χ2 = −2 lnL, where

χ2 is defined in Equation 6, below. We found the rotation
angle that maximized the likelihood, and constructed 1σ
error bars by finding the minimum-width 68% credible
interval, assuming a uniform prior on α, for both likeli-
hood constructions.

1. Gaussian Bandpower Likelihood Approximation

This method was chosen due to its computational ef-
ficiency for isolating individual spectral estimators with-
out including corresponding auto-spectra. Here, the dif-
ference between the observed spectra and theory spectra
including rotation

∆XY
b (α) = D̂XY

b −DXY
b (α), (5)
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mining the best-fit polarization rotation angles of the
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ods to construct the likelihoods, a Gaussian bandpower
likelihood approximation and the Hamimeche-Lewis like-
lihood construction [22].
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We calculate rotation angles from the three-year fre-
quency combined “all-spectra” estimator, where “all-
spectra” is defined as TE+EE+BB+TB+EB. We can
break this down by frequency and by spectral estimator
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spectra (denoted “150”), and the two frequency cross-
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GHz (denoted “alt-cross”). Note that although the EE
and BB spectra are identical for the “cross” and “alt-
cross” data sets, the TB and EB spectra are not, e.g.,
T 100B150 "= T 150B100.
In addition, we have four spectral combinations to con-

strain α: the TB and EB modes as well as the combina-
tion of TB+EB, and all-spectra: TE+EE+BB+TB+
EB since polarization rotation also affects TE, EE, and
BB; however, from Equation 4, we can see that for small
α the rotated TE, EE, and BB deviate from the un-
rotated spectra by order α2 and thus their constraining
power for α is much weaker than the TB and EB spec-
tra, which are linear in α. In addition, since they are
quadratic in α, the sign of α cannot be directly deter-
mined. TB or EB break this sign degeneracy. These are
not independent estimators but are useful as any unex-
pected discrepancies can be used to test the validity of
the analysis.

B. Likelihood Analysis

We employ two likelihood constructions for this analy-
sis: a Gaussian bandpower likelihood approximation and
the more accurate Hamimeche-Lewis (HL) likelihood ap-
proximation [22]. The two likelihood constructions pro-
duce similar results, although we use the HL method for
the final results since it more accurately treats cross-
spectra covariances. We test both likelihood construc-
tions for any biases and, in simulations, we find they
accurately recover known input rotation angles.
For both methods, we calculate χ2 = −2 lnL, where

χ2 is defined in Equation 6, below. We found the rotation
angle that maximized the likelihood, and constructed 1σ
error bars by finding the minimum-width 68% credible
interval, assuming a uniform prior on α, for both likeli-
hood constructions.

1. Gaussian Bandpower Likelihood Approximation

This method was chosen due to its computational ef-
ficiency for isolating individual spectral estimators with-
out including corresponding auto-spectra. Here, the dif-
ference between the observed spectra and theory spectra
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∆XY
b (α) = D̂XY

b −DXY
b (α), (5)

Lue, Wang & Kamionkowski, 1999

Feng, Li, ML & Zhang, 2005

Feng et al, 2006

Isotropic rotation

Produces TB and EB correlations
A new source for B-mode

(Q± iU)0 = e±2i↵(Q± iU)

CMB power spectra changed by Chern-Simons coupling of axion-like field
CPT test with CMB



WMAP3+BOOMERanG03 ↵ = �6.0± 4.0deg
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Feng, ML, Xia, Chen, Zhang, PRL (2006)
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TABLE I: Summary of some measurements on the rotation angle

Group ↵ (degree) Datasets

Feng et al. [26] �6.0± 4.0 WMAP3+B03

Cabella et al. [35] �2.5± 3.0 WMAP3

Xia et al. [36] �2.6± 1.9 WMAP5+B03

WMAP Collaboration [37] �1.7± 2.1 WMAP5

WMAP Collaboration [38] �1.1± 1.4 WMAP7

QUaD Collaboration [39] 0.64± 0.50 QUaD

BICEP Collaboration [40] �2.77± 0.86 BICEP1

Xia et al. [41] �0.04± 0.35 WMAP7+B03+BICEP+QUaD

Gruppuso et al. [42] �1.6± 1.7 WMAP7

WMAP Collaboration [43] �0.36± 1.24 WMAP9
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FIG. 2: One dimensional distribution of isotropic polarization rotation angle derived from Ali-like simulation data with noise
level of 9µKarcmin. The fraction of observed sky is 15%.

experimental precision has reached the level of O(1degree) and put very stringent constraints on the theoretical models
of CPT violation. In order to have an impression of the precision of the CMB tests of CPT, it is convenient to compare
it with laboratory experiments. For this we consider the case in which the external field pµ in Eq. (2) is constant and
time-like. Furthermore, to have an isotropic rotation angle which leads to Eq. (20) , all of the spatial components of
the external field should vanish, i.e., pµ = (p0, 0, 0, 0). Nonzero spatial components pi will induce a rotation symmetry
breaking in CMB spectra. In this case we can evaluate that the rotation angle is about ↵ ⇠ p0/H0, here H0 ⇠ 10�42

GeV is the current Hubble expansion rate. One can find that if ↵ ⇠ 1 degree, the corresponding p0 is 10�43 GeV. This
means current CMB experiments has constrained p0 to be less than 10�43 GeV. In comparison, the most stringent
constraint from the laboratory experiments on a similar type of CPT violation comes from the torsion pendulum
experiment with spin-polarized electrons [8]. Such an experiment is devised to search for the preferred frame induced
by the external field pµ which has a possible coupling to the axial vector of electrons, i.e., Lint = pµ ̄�

µ
�5 . The null

result gives an upper limit on p0 that p0  10�28 GeV [8], the limit on pi is weaker. We can see that the limit given by
CMB test is much more strict. These results will be improved significantly in the near future with accumulations of
more precise data from the space-based experiment Planck and ground-based experiments such as SPT, BICEP/Keck
and the Ali Primordial Gravitational Waves Experiment which is led by China and locates at Ali Tibet, China. Ali
experiment has the possibility to detect the rotation angle of 0.1 degree at the confidence level of 95%, its simulation
result is depicted in Fig. 2.

In anther case pµ = (c/M)rµ�, current CMB data will put a constraint on the ratio between the coupling constant
c and the energy scale M , but numerically this relies on the concrete model of the cosmic scalar field �. It is the
right place to comment more on the two cases of the CPT violating model (2). In the first case, pµ is a given
constant field. As we mentioned above, an isotropic rotation angle which validates the base equations in Eq. (20)
can only be induced when pi vanish. In general, the rotation angle is anisotropic. Moreover, the Lorentz and
CPT violations brought by such a constant external field are not consistent with covariant theories of gravity, such

Planck, 2016↵ = 0.31� ± 0.05� (stat.)± 0.28� (syst.)

↵ = �1.08� ± 0.20�
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TABLE I: Previous rotation angle constraints from CMB experiments, following [12]. Systematic uncertainties are
shown in parentheses, where provided.

Experiment Frequency (GHz) ! range α (degrees)

WMAP7 [13] 41+61+94 2 - 800 −1.1± 1.4 (±1.5)

BOOM03 [14] 143 150 - 1000 −4.3± 4.1

QUaD [15] 100 200 - 2000 −1.89± 2.24 (±0.5)

QUaD [15] 150 200 - 2000 +0.83± 0.94 (±0.5)

and B, subsequently inducing TB and EB power spectra
(Figure 1):
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2
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!

)

sin(4α). (4)

No assumption has been made here as to the source of
this rotation, namely whether or not it is cosmological.
In the literature, α is identified with the birefringence
rotation angle (see [13, 15]), though here it is used to
denote polarization rotation of any origin.

III. DATA AND ANALYSIS METHODOLOGY

Bicep1 observed for three years at the South Pole in
three frequency bands: 100, 150 and 220 GHz, and re-
leased two year results from 100 and 150 GHz frequency-
combined spectra in [16] and three year frequency com-
bined spectra in [17]. Results from the Bicep1 100, 150,
and 220 GHz observations of the galactic plane are in [20]
and from Faraday Rotation Modulators in [21].
We employ maximum-likelihood estimation for deter-

mining the best-fit polarization rotation angles of the
power spectra following Equation 4. We use two meth-
ods to construct the likelihoods, a Gaussian bandpower
likelihood approximation and the Hamimeche-Lewis like-
lihood construction [22].

A. Data Sets

We calculate rotation angles from the three-year fre-
quency combined “all-spectra” estimator, where “all-
spectra” is defined as TE+EE+BB+TB+EB. We can
break this down by frequency and by spectral estimator
for consistency checks. From this, we get four frequency
subsets consisting of the two frequency auto-spectra: 100
GHz auto-spectra (denoted “100”) and 150 GHz auto-
spectra (denoted “150”), and the two frequency cross-
spectra: 100 GHz cross-correlated with 150 GHz (de-
noted “cross”) and 150 GHz cross correlated with 100

GHz (denoted “alt-cross”). Note that although the EE
and BB spectra are identical for the “cross” and “alt-
cross” data sets, the TB and EB spectra are not, e.g.,
T 100B150 "= T 150B100.
In addition, we have four spectral combinations to con-

strain α: the TB and EB modes as well as the combina-
tion of TB+EB, and all-spectra: TE+EE+BB+TB+
EB since polarization rotation also affects TE, EE, and
BB; however, from Equation 4, we can see that for small
α the rotated TE, EE, and BB deviate from the un-
rotated spectra by order α2 and thus their constraining
power for α is much weaker than the TB and EB spec-
tra, which are linear in α. In addition, since they are
quadratic in α, the sign of α cannot be directly deter-
mined. TB or EB break this sign degeneracy. These are
not independent estimators but are useful as any unex-
pected discrepancies can be used to test the validity of
the analysis.

B. Likelihood Analysis

We employ two likelihood constructions for this analy-
sis: a Gaussian bandpower likelihood approximation and
the more accurate Hamimeche-Lewis (HL) likelihood ap-
proximation [22]. The two likelihood constructions pro-
duce similar results, although we use the HL method for
the final results since it more accurately treats cross-
spectra covariances. We test both likelihood construc-
tions for any biases and, in simulations, we find they
accurately recover known input rotation angles.
For both methods, we calculate χ2 = −2 lnL, where

χ2 is defined in Equation 6, below. We found the rotation
angle that maximized the likelihood, and constructed 1σ
error bars by finding the minimum-width 68% credible
interval, assuming a uniform prior on α, for both likeli-
hood constructions.

1. Gaussian Bandpower Likelihood Approximation

This method was chosen due to its computational ef-
ficiency for isolating individual spectral estimators with-
out including corresponding auto-spectra. Here, the dif-
ference between the observed spectra and theory spectra
including rotation

∆XY
b (α) = D̂XY

b −DXY
b (α), (5)

New source of B-mode

Needs de-rotation for primordial GWs detection



Anisotropic CMB Rotation
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In general, the rotation angle is anisotropic    ML&Zhang, 2008

Power spectrum of anisotropic rotation angle



Rotated spectra

ML&Zhang, 2008; ML & Yu, 2013

Similar to Weak Lensing
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<latexit sha1_base64="r3EwvQnvsZyvK9u52lniTdNozgo=">AAACJnicbVDNS8MwHE3n15xfVY9eikOYCKMZAz04GO7icYL7gHWWNEu3sKQtSSqM0r/Gi/+KFw8TEW/+KWZbEd18EPJ47/1Ifs+LGJXKtj+N3Nr6xuZWfruws7u3f2AeHrVlGAtMWjhkoeh6SBJGA9JSVDHSjQRB3GOk440bM7/zSISkYXCvJhHpczQMqE8xUlpyzVrjIXEQi0YoLdnnNUfG3GWOLxBOKuwCpknViWj6E8qiLru2yzasumZR33NYqwRmpAgyNF1z6gxCHHMSKMyQlD1oR6qfIKEoZiQtOLEkEcJjNCQ9TQPEiewn8zVT60wrA8sPhT6Bsubq74kEcSkn3NNJjtRILnsz8T+vFyv/qp/QIIoVCfDiIT9mlgqtWWfWgAqCFZtogrCg+q8WHiHdkdLNFnQJcHnlVdKulKFdhnfVYv0mqyMPTsApKAEILkEd3IImaAEMnsALmII349l4Nd6Nj0U0Z2Qzx+APjK9vGyqk5A==</latexit><latexit sha1_base64="r3EwvQnvsZyvK9u52lniTdNozgo=">AAACJnicbVDNS8MwHE3n15xfVY9eikOYCKMZAz04GO7icYL7gHWWNEu3sKQtSSqM0r/Gi/+KFw8TEW/+KWZbEd18EPJ47/1Ifs+LGJXKtj+N3Nr6xuZWfruws7u3f2AeHrVlGAtMWjhkoeh6SBJGA9JSVDHSjQRB3GOk440bM7/zSISkYXCvJhHpczQMqE8xUlpyzVrjIXEQi0YoLdnnNUfG3GWOLxBOKuwCpknViWj6E8qiLru2yzasumZR33NYqwRmpAgyNF1z6gxCHHMSKMyQlD1oR6qfIKEoZiQtOLEkEcJjNCQ9TQPEiewn8zVT60wrA8sPhT6Bsubq74kEcSkn3NNJjtRILnsz8T+vFyv/qp/QIIoVCfDiIT9mlgqtWWfWgAqCFZtogrCg+q8WHiHdkdLNFnQJcHnlVdKulKFdhnfVYv0mqyMPTsApKAEILkEd3IImaAEMnsALmII349l4Nd6Nj0U0Z2Qzx+APjK9vGyqk5A==</latexit><latexit sha1_base64="r3EwvQnvsZyvK9u52lniTdNozgo=">AAACJnicbVDNS8MwHE3n15xfVY9eikOYCKMZAz04GO7icYL7gHWWNEu3sKQtSSqM0r/Gi/+KFw8TEW/+KWZbEd18EPJ47/1Ifs+LGJXKtj+N3Nr6xuZWfruws7u3f2AeHrVlGAtMWjhkoeh6SBJGA9JSVDHSjQRB3GOk440bM7/zSISkYXCvJhHpczQMqE8xUlpyzVrjIXEQi0YoLdnnNUfG3GWOLxBOKuwCpknViWj6E8qiLru2yzasumZR33NYqwRmpAgyNF1z6gxCHHMSKMyQlD1oR6qfIKEoZiQtOLEkEcJjNCQ9TQPEiewn8zVT60wrA8sPhT6Bsubq74kEcSkn3NNJjtRILnsz8T+vFyv/qp/QIIoVCfDiIT9mlgqtWWfWgAqCFZtogrCg+q8WHiHdkdLNFnQJcHnlVdKulKFdhnfVYv0mqyMPTsApKAEILkEd3IImaAEMnsALmII349l4Nd6Nj0U0Z2Qzx+APjK9vGyqk5A==</latexit><latexit sha1_base64="r3EwvQnvsZyvK9u52lniTdNozgo=">AAACJnicbVDNS8MwHE3n15xfVY9eikOYCKMZAz04GO7icYL7gHWWNEu3sKQtSSqM0r/Gi/+KFw8TEW/+KWZbEd18EPJ47/1Ifs+LGJXKtj+N3Nr6xuZWfruws7u3f2AeHrVlGAtMWjhkoeh6SBJGA9JSVDHSjQRB3GOk440bM7/zSISkYXCvJhHpczQMqE8xUlpyzVrjIXEQi0YoLdnnNUfG3GWOLxBOKuwCpknViWj6E8qiLru2yzasumZR33NYqwRmpAgyNF1z6gxCHHMSKMyQlD1oR6qfIKEoZiQtOLEkEcJjNCQ9TQPEiewn8zVT60wrA8sPhT6Bsubq74kEcSkn3NNJjtRILnsz8T+vFyv/qp/QIIoVCfDiIT9mlgqtWWfWgAqCFZtogrCg+q8WHiHdkdLNFnQJcHnlVdKulKFdhnfVYv0mqyMPTsApKAEILkEd3IImaAEMnsALmII349l4Nd6Nj0U0Z2Qzx+APjK9vGyqk5A==</latexit>

WMAP9+QUaD+BICEP1 ML & Yu, 2013

C↵(0) < 0.035
<latexit sha1_base64="u03JHzi6O0sfKVJSgaxaV18lX/8=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYVUlirhIRgYKrowFok+pDZUN67bWnWcyHaQoqj8CgsDCLHyIWz8DW6bAVqOdHWPzrlXvj5+xJnSjvNt5VZW19Y38puFre2d3T17/6CpwlgS2iAhD2XbB0U5E7Shmea0HUkKgc9pyx/Xpn7rkUrFQnGvk4h6AQwFGzAC2kg9u1h7SLvAoxFMys7JtVNxzi56dsn0GfAycTNSQhnqPfur2w9JHFChCQelOq4TaS8FqRnhdFLoxopGQMYwpB1DBQRUeens+Ak+NkofD0JpSmg8U39vpBAolQS+mQxAj9SiNxX/8zqxHlx5KRNRrKkg84cGMcc6xNMkcJ9JSjRPDAEimbkVkxFIINrkVTAhuItfXibN04rrVNy781L1Josjjw7RESojF12iKrpFddRABCXoGb2iN+vJerHerY/5aM7KdoroD6zPHxl4kxc=</latexit><latexit sha1_base64="u03JHzi6O0sfKVJSgaxaV18lX/8=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYVUlirhIRgYKrowFok+pDZUN67bWnWcyHaQoqj8CgsDCLHyIWz8DW6bAVqOdHWPzrlXvj5+xJnSjvNt5VZW19Y38puFre2d3T17/6CpwlgS2iAhD2XbB0U5E7Shmea0HUkKgc9pyx/Xpn7rkUrFQnGvk4h6AQwFGzAC2kg9u1h7SLvAoxFMys7JtVNxzi56dsn0GfAycTNSQhnqPfur2w9JHFChCQelOq4TaS8FqRnhdFLoxopGQMYwpB1DBQRUeens+Ak+NkofD0JpSmg8U39vpBAolQS+mQxAj9SiNxX/8zqxHlx5KRNRrKkg84cGMcc6xNMkcJ9JSjRPDAEimbkVkxFIINrkVTAhuItfXibN04rrVNy781L1Josjjw7RESojF12iKrpFddRABCXoGb2iN+vJerHerY/5aM7KdoroD6zPHxl4kxc=</latexit><latexit sha1_base64="u03JHzi6O0sfKVJSgaxaV18lX/8=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYVUlirhIRgYKrowFok+pDZUN67bWnWcyHaQoqj8CgsDCLHyIWz8DW6bAVqOdHWPzrlXvj5+xJnSjvNt5VZW19Y38puFre2d3T17/6CpwlgS2iAhD2XbB0U5E7Shmea0HUkKgc9pyx/Xpn7rkUrFQnGvk4h6AQwFGzAC2kg9u1h7SLvAoxFMys7JtVNxzi56dsn0GfAycTNSQhnqPfur2w9JHFChCQelOq4TaS8FqRnhdFLoxopGQMYwpB1DBQRUeens+Ak+NkofD0JpSmg8U39vpBAolQS+mQxAj9SiNxX/8zqxHlx5KRNRrKkg84cGMcc6xNMkcJ9JSjRPDAEimbkVkxFIINrkVTAhuItfXibN04rrVNy781L1Josjjw7RESojF12iKrpFddRABCXoGb2iN+vJerHerY/5aM7KdoroD6zPHxl4kxc=</latexit><latexit sha1_base64="u03JHzi6O0sfKVJSgaxaV18lX/8=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYVUlirhIRgYKrowFok+pDZUN67bWnWcyHaQoqj8CgsDCLHyIWz8DW6bAVqOdHWPzrlXvj5+xJnSjvNt5VZW19Y38puFre2d3T17/6CpwlgS2iAhD2XbB0U5E7Shmea0HUkKgc9pyx/Xpn7rkUrFQnGvk4h6AQwFGzAC2kg9u1h7SLvAoxFMys7JtVNxzi56dsn0GfAycTNSQhnqPfur2w9JHFChCQelOq4TaS8FqRnhdFLoxopGQMYwpB1DBQRUeens+Ak+NkofD0JpSmg8U39vpBAolQS+mQxAj9SiNxX/8zqxHlx5KRNRrKkg84cGMcc6xNMkcJ9JSjRPDAEimbkVkxFIINrkVTAhuItfXibN04rrVNy781L1Josjjw7RESojF12iKrpFddRABCXoGb2iN+vJerHerY/5aM7KdoroD6zPHxl4kxc=</latexit>

WMAP9+B03+BICEP1 Siyu Li et al, 2015

l(l + 1)

2⇡
C↵↵

l < 3.1⇥ 10�4

<latexit sha1_base64="2B80jjU7MbtmHxqDvmHqTgR3Suc="></latexit><latexit sha1_base64="2B80jjU7MbtmHxqDvmHqTgR3Suc="></latexit><latexit sha1_base64="2B80jjU7MbtmHxqDvmHqTgR3Suc="></latexit><latexit sha1_base64="2B80jjU7MbtmHxqDvmHqTgR3Suc="></latexit>

POLARBEAR Ade et al, 2015

l(l + 1)

2⇡
C↵↵

l  0.33⇥ 10�4

<latexit sha1_base64="h9Ef6stCUQ+akHHyBGnITnre1do="></latexit><latexit sha1_base64="h9Ef6stCUQ+akHHyBGnITnre1do="></latexit><latexit sha1_base64="h9Ef6stCUQ+akHHyBGnITnre1do="></latexit><latexit sha1_base64="h9Ef6stCUQ+akHHyBGnITnre1do="></latexit>

BICEP2/Keck Array Ade et al, 2017

Constraints on anisotropic rotation

By assumption of scale invariant spectrum, no sum over l



arXiv:1910.02395, PLB(2020)
Binned power spectrum for D↵↵

l =
l(l + 1)

2⇡
C↵↵

l
<latexit sha1_base64="Q3jWHQG29/kSYoPjQDoYfoAg3No=">AAACInicbVDNS8MwHE39nPOr6tFLcAgTYbRTUA/CcB48TnAfsNaSZukWlrYhSYVR+rd48V/x4kFRT4J/jNnWg24+SHi8934kv+dzRqWyrC9jYXFpeWW1sFZc39jc2jZ3dlsyTgQmTRyzWHR8JAmjEWkqqhjpcEFQ6DPS9of1sd9+IELSOLpTI07cEPUjGlCMlJY88+LaY/epgxgfoOmdXTqBQDhlZXZsH2Vp1eE0g/W5mGeWrIo1AZwndk5KIEfDMz+cXoyTkEQKMyRl17a4clMkFMWMZEUnkYQjPER90tU0QiGRbjpZMYOHWunBIBb6RApO1N8TKQqlHIW+ToZIDeSsNxb/87qJCs7dlEY8USTC04eChEEVw3FfsEcFwYqNNEFYUP1XiAdIF6R0q0Vdgj278jxpVSv2SaV6e1qqXeV1FMA+OABlYIMzUAM3oAGaAINH8AxewZvxZLwY78bnNLpg5DN74A+M7x+/X6Rr</latexit>

D↵↵
l (i), i = 1 ⇠ 6

<latexit sha1_base64="6aG1LMFuAKLLk+00KvexSvVQMZQ=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMxUUTdCURcuK9gHtOOQSTNtaJIZkoxQhrp046+4caGIW//AnX9j2s5CWw/cy+Gce0nuCWJGlXacb2tufmFxaTm3kl9dW9/YtLe26ypKJCY1HLFINgOkCKOC1DTVjDRjSRAPGGkE/cuR37gnUtFI3OpBTDyOuoKGFCNtJN+GVz67S9uIxT006cMiPTh8oOduW1EOT3y74JScMeAscTNSABmqvv3V7kQ44URozJBSLdeJtZciqSlmZJhvJ4rECPdRl7QMFYgT5aXjS4Zw3ygdGEbSlNBwrP7eSBFXasADM8mR7qlpbyT+57USHZ55KRVxoonAk4fChEEdwVEssEMlwZoNDEFYUvNXiHtIIqxNeHkTgjt98iypl0vuUal8c1yoXGRx5MAu2ANF4IJTUAHXoApqAINH8AxewZv1ZL1Y79bHZHTOynZ2wB9Ynz8d8plO</latexit>





Sensitivity of AliCPT to anisotropic rotation

Credit: Siyu Li



arXiv:2006.01811

CMB power spectra and bispectra by T↵ and E↵ correlations

<latexit sha1_base64="CNyiyuP5mmJUYxndDO8xu/Z7/pY="></latexit>

generated T and E maps on LSS



Further modifications to the power spectra

T\alpha correlation has no contribution 
Rotated TE and TB spectra are unaffected 



Bispectra of the rotated CMB  fields generated with non-vanishing T\alpha and E\alpha correlations

Details of other bispectra, TEE, TEB, TBB, EEE, EEB, EBB, BBB, can be found in arXiv:2006.01811

Useful in searching for CPT violation and the T\alpha and E\alpha correlations in the axion-like models



智利Atacama沙漠：
ACTPol, POLARBEAR等 南极极点：BICEP, SPTpol等

⻄藏阿⾥地区：AliCPT

CMB实验计划： 
⽬前⽆空间项⽬ 
地⾯项⽬分布于三⼤基地

类轴⼦宇宙学实验探测



Conclusions

• In the context of 4d theories, inflation model with single axion-like field suffers from 
theoretical difficulties. These may be circumvented in higher dimension theories.  

• Axion-like fields serve as good candidates for dark matter. 

• Axion-like field is a natural candidate for dark energy, which has a very flat 
potential. Shift symmetry, derivative couplings. 

• Derivative coupling to photon, CPT violation, photon’s polarization rotation, can 
be tested by CMB. 



Thanks for your attentions!


