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Introduction



Inflation @ Planck

x

-1-

Inflation explains horizon, homogeneity, isotropy, flatness, etc.

Bunch of inflation models are ruled out by tensor-to-scalar ratio: 
r<0.035  [Planck18+BK18+BAO]

Models with small r are testable by Bicep3, Simon, CMB S4, LiteBird.

Red-tilt CMB anisotropies show a strong indication for inflation:

ns=0.9665±0.0038  [Planck+BAO] 



PQ symmetry & axion
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• Axion is a pseudo-Nambu-Goldstone coming from the 
spontaneous breakdown of U(1) Peccei-Quinn symmetry.

• U(1) PQ symmetry becomes anomalous due to QCD 
anomalies (KSVZ or DFSZ):  axion-gluon couplings solve 
the strong CP problem via QCD instantons.

<latexit sha1_base64="2DrAU95U40MSd+gLkshaU6iNlWg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIFaEkxddKCm5cVrAPaEKZTCft0MmDmYlYQsFfceNCEbd+hzv/xkmbhbYeGOZwzr3ce48XcyaVZX0bhaXlldW14nppY3Nre8fc3WvJKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje6yfz2AxWSReG9GsfUDfAgZD4jWGmpZx7gyuOJoyKU/ac1J2bI7+GeWbaq1hRokdg5KUOORs/8cvoRSQIaKsKxlF3bipWbYqEY4XRSchJJY0xGeEC7moY4oNJNp+tP0LFW+siPhH6hQlP1d0eKAynHgacrA6yGct7LxP+8bqL8KzdlYZwoGpLZID/hSJ+bZYH6TFCi+FgTTATTuyIyxAITpRMr6RDs+ZMXSatWtS+q53dn5fp1HkcRDuEIKmDDJdThFhrQBAIpPMMrvBlPxovxbnzMSgtG3rMPf2B8/gC6JJQO</latexit>
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<latexit sha1_base64="KJzaXaXcfmGO3N8g8+PQwCCWJQU=">AAACBHicbVDJSgNBEO2JW4zbqMdcGoPgxTAjbicJePEYwSyQCaGm05M06VnorhHDkIMXf8WLB0W8+hHe/Bs7y0ETHxQ83quiqp6fSKHRcb6t3NLyyupafr2wsbm1vWPv7tV1nCrGayyWsWr6oLkUEa+hQMmbieIQ+pI3/MH12G/cc6VFHN3hMOHtEHqRCAQDNFLHLh57gQKWBR2gng/Kwz5HGGXegxh17JJTdiagi8SdkRKZodqxv7xuzNKQR8gkaN1ynQTbGSgUTPJRwUs1T4ANoMdbhkYQct3OJk+M6KFRujSIlakI6UT9PZFBqPUw9E1nCNjX895Y/M9rpRhctjMRJSnyiE0XBamkGNNxIrQrFGcoh4YAU8LcSlkfTChociuYENz5lxdJ/aTsnpfPbk9LlatZHHlSJAfkiLjkglTIDamSGmHkkTyTV/JmPVkv1rv1MW3NWbOZffIH1ucPBBKYWg==</latexit>
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<latexit sha1_base64="AIhqIV3Y6JPcNI/sBwTXMBqLsQ8=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5ME4sFjAuYBmyXMTmaTITOzy0yvEJZ8hhcPinj1a7z5N06SPWhiQUNR1U13V5gIbsB1v53C2vrG5lZxu7Szu7d/UD48aps41ZS1aCxi3Q2JYYIr1gIOgnUTzYgMBeuE4/rM7zwxbXisHmGSsECSoeIRpwSs5Lf7WU9L3KzfT/vlilt158CrxMtJBeVo9MtfvUFMU8kUUEGM8T03gSAjGjgVbFrqpYYlhI7JkPmWKiKZCbL5yVN8ZpUBjmJtSwGeq78nMiKNmcjQdkoCI7PszcT/PD+F6DbIuEpSYIouFkWpwBDj2f94wDWjICaWEKq5vRXTEdGEgk2pZEPwll9eJe2LqnddvWpeVmp3eRxFdIJO0Tny0A2qoQfUQC1EUYye0St6c8B5cd6dj0VrwclnjtEfOJ8/l6mQzg==</latexit>

VQCD

<latexit sha1_base64="1FjGLLnkpdfi8ey5zYc9EaGowO8=">AAACGHicbVBLSwMxGMzWV62vVY9egkWoUNrd4uuiFLx4rGAf0F2XbJptQ7MPk6xYlv0ZXvwrXjwo4rU3/41puwdtHQhMZuYj+caNGBXSML613NLyyupafr2wsbm1vaPv7rVEGHNMmjhkIe+4SBBGA9KUVDLSiThBvstI2x1eT/z2I+GChsGdHEXE9lE/oB7FSCrJ0atWY0BLT8eXlscRTsw0scQDl0ktTa2y5yCrTO4TilSiqm5p2dGLRsWYAi4SMyNFkKHh6GOrF+LYJ4HEDAnRNY1I2gnikmJG0oIVCxIhPER90lU0QD4RdjJdLIVHSulBL+TqBBJO1d8TCfKFGPmuSvpIDsS8NxH/87qx9C7shAZRLEmAZw95MYMyhJOWYI9ygiUbKYIwp+qvEA+QakiqLguqBHN+5UXSqlXMs8rp7UmxfpXVkQcH4BCUgAnOQR3cgAZoAgyewSt4Bx/ai/amfWpfs2hOy2b2wR9o4x+RlJ94</latexit>
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Axion quality
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• Bounds from neutron EDM constrain the effective θ:
<latexit sha1_base64="Z7jPM95Kr4fGrm5G7PRQDgdBWp8="></latexit>
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• A continuous global symmetry is broken explicitly by 
quantum gravity, but whose effect must be small enough.

“Axion quality problem”
<latexit sha1_base64="Ds1hcqPnAl3OfgMeGmeZ8C3wDE0="></latexit>
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�n + h.c.Explicit PQ breaking at Planck scale:
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<latexit sha1_base64="1A58/cCtDgPn90DpuABEfdJ/cOs=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwYpgRt4NIwIvHCGaBzBh6OjVJk56F7hohDMGLv+LFgyJe/Qpv/o2d5aCJDwoe71VRVc9PpNBo29/W3PzC4tJybiW/ura+sVnY2q7pOFUcqjyWsWr4TIMUEVRRoIRGooCFvoS637se+vUHUFrE0R32E/BC1olEIDhDI7UKuy52AVkrc1VIIQgGl459nx059qBVKNolewQ6S5wJKZIJKq3Cl9uOeRpChFwyrZuOnaCXMYWCSxjk3VRDwniPdaBpaMRC0F42emFAD4zSpkGsTEVIR+rviYyFWvdD33SGDLt62huK/3nNFIMLLxNRkiJEfLwoSCXFmA7zoG2hgKPsG8K4EuZWyrtMMY4mtbwJwZl+eZbUjkvOWen09qRYvprEkSN7ZJ8cEoeckzK5IRVSJZw8kmfySt6sJ+vFerc+xq1z1mRmh/yB9fkD+kWWgQ==</latexit>

✓e↵ < 10�10
<latexit sha1_base64="e90Sk7j68++8xTDEI43WQ2py8p0=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4KGWm1MdGKbjQZQX7gE4tmTTThiaZIckIZZgfceOvuHGhiAs34t+YmXahrQcC555zL7n3eCGjStv2t5VbWl5ZXcuvFzY2t7Z3irt7LRVEEpMmDlggOx5ShFFBmppqRjqhJIh7jLS98VXqtx+IVDQQd3oSkh5HQ0F9ipE2Ur9YE+5QG5tDpwrdsluGsSs59AOZpJXfRxeOfR87VVNmzjVpJf1iya7YGeAicWakBGZo9Iuf7iDAESdCY4aU6jp2qHsxkppiRpKCGykSIjxGQ9I1VCBOVC/OrkvgkVEG6UbmCQ0z9fdEjLhSE+6ZTo70SM17qfif1420f96LqQgjTQSefuRHDOoAplHBAZUEazYxBGFJza4Qj5BEWJtACyYEZ/7kRdKqVpzTysltrVS/nMWRBwfgEBwDB5yBOrgBDdAEGDyCZ/AK3qwn68V6tz6mrTlrNrMP/sD6+gHiB5/w</latexit>

n & 12 for fa = 1012 GeV

e.g.  higher order discrete R symmetries
[HML et al (2011)]

<latexit sha1_base64="tRg5XglnHFI71L1esOAwu22vVpE="></latexit>
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<latexit sha1_base64="ChrlP4dp+9bp/0djw21fj2HDMR0=">AAACF3icbVBLS8NAGNzUV62vqEcvwSJUKDEpvi5KwYvHCvYBTQyb7cYu3Wzi7kYsIf/Ci3/FiwdFvOrNf+O2zUFbBxZmZ+Zj9xs/pkRIy/rWCnPzC4tLxeXSyura+oa+udUSUcIRbqKIRrzjQ4EpYbgpiaS4E3MMQ5/itj+4GPnte8wFidi1HMbYDeEtIwFBUCrJ002n0SeVh/0zJ+AQpXaWOuKOy7SWZU418KBTxTcpgSpxoG6Zp5ct0xrDmCV2TsogR8PTv5xehJIQM4koFKJrW7F0U8glQRRnJScROIZoAG9xV1EGQyzcdLxXZuwppWcEEVeHSWOs/p5IYSjEMPRVMoSyL6a9kfif101kcOqmhMWJxAxNHgoSasjIGJVk9AjHSNKhIhBxov5qoD5UBUlVZUmVYE+vPEtaNdM+No+uDsv187yOItgBu6ACbHAC6uASNEATIPAInsEreNOetBftXfuYRAtaPrMN/kD7/AEYwp9C</latexit>
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Axion dark matter
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• Axion can be a candidate for cold dark matter.

• Axion abundance is determined by the initial 
misalignment before QCD phase transition.

“Axion misalignment mechanism”
<latexit sha1_base64="63KeQoHVz+eu8IGYta5WlTXMcyU=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6PknAS44RzAOyS5idzCZDZmbXmVkhLPkNLx4U8erPePNvnCR70MSChqKqm+6uMOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4upv67SeqNIvlgxknNBB4IFnECDZW8kUP+5oJ+ojO671yxa26M6Bl4uWkAjkavfKX349JKqg0hGOtu56bmCDDyjDC6aTkp5ommIzwgHYtlVhQHWSzmyfoxCp9FMXKljRopv6eyLDQeixC2ymwGepFbyr+53VTE90EGZNJaqgk80VRypGJ0TQA1GeKEsPHlmCimL0VkSFWmBgbU8mG4C2+vExaZ1Xvqnp5f1Gp3eZxFOEIjuEUPLiGGtShAU0gkMAzvMKbkzovzrvzMW8tOPnMIfyB8/kDWGeROw==</latexit>

ma ' 3H : coherent oscillation

Axion abundance:
<latexit sha1_base64="+xG6WEO2MtT6BMyTfV+4DXEkjpw="></latexit>
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<latexit sha1_base64="TuIEqOXbjjr9MWZRqHxDfXSc66E="></latexit>

' 0.12

✓
fa

9⇥ 1011 GeV

◆1.165✓aini
fa

◆2

<latexit sha1_base64="F0MoB4oBMeaIk+5d/sn+Dqjga78=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHiMYExgs4TZyWwyZB7LTK8QlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vdLK6tr6RnmzsrW9s7tX3T94tDozlLWoFtp0YmKZ4Iq1gINgndQwImPB2vHoduq3n5ixXKsHGKcskmSgeMIpASeFpJd3jcRc8UmvWvPr/gx4mQQFqaECzV71q9vXNJNMARXE2jDwU4hyYoBTwSaVbmZZSuiIDFjoqCKS2SifnTzBJ07p40QbVwrwTP09kRNp7VjGrlMSGNpFbyr+54UZJNdRzlWaAVN0vijJBAaNp//jPjeMghg7Qqjh7lZMh8QQCi6ligshWHx5mTye1YPL+sX9ea1xU8RRRkfoGJ2iAF2hBrpDTdRCFGn0jF7Rmwfei/fufcxbS14xc4j+wPv8AUc1kUE=</latexit>aini
Axion window:

Axion cold dark matter

<latexit sha1_base64="oJ1KqkAPaJLhPS606//rGp2zXco=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRXEhJipcuihRc6LKCvUATy2Q6aYfOJGFmIpSQN3Djq7hxoYhbt+58G6dtFrX1h4Gf75zDmfN7EaNSWdaPkVtaXlldy68XNja3tnfM3b2mDGOBSQOHLBRtD0nCaEAaiipG2pEgiHuMtLzh9bjeeiRC0jC4V6OIuBz1A+pTjJRGXfPYth4qzmniCA5vSDOt+l1U1Syxy+kM7ppFq2RNBBeNnZkiyFTvmt9OL8QxJ4HCDEnZsa1IuQkSimJG0oITSxIhPER90tE2QJxIN5nck8IjTXrQD4V+gYITOjuRIC7liHu6kyM1kPO1Mfyv1omVX3ETGkSxIgGeLvJjBlUIx+HAHhUEKzbSBmFB9V8hHiCBsNIRFnQI9vzJi6ZZLtkXpfO7s2LtKosjDw7AITgBNrgENXAL6qABMHgCL+ANvBvPxqvxYXxOW3NGNrMP/sj4+gW1MpqW</latexit>

108 GeV < fa < 1012 GeV

Supernova Relic density

[Preskill et al; Abbott et al; 

Dine et al (1983)]



Bounds on axions
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Axion rotation
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• Explicit PQ breaking becomes more significant when the 
saxion (PQ modulus) is not at the minimum.

<latexit sha1_base64="NuA9URCikgf46/IS2uuOAyLFJ7A="></latexit>
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Velocity kick for axion before QCD phase transition.

“Axion kinetic misalignment”

• The saxion field sets the initial condition for axion 
velocity and rolls down to the minimum before QCD PT.

Noether charge conservation:
<latexit sha1_base64="wuzC1jyUwMpuu4po4NkuHi2wEQ0=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyXxvVEKbsRVBfuAtobJdNIOnUzCzI1QQnHjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv997jx4JrcJxvKzc3v7C4lF8urKyurW/Ym1s1HSWKsiqNRKQaPtFMcMmqwEGwRqwYCX3B6n7/auTXH5jSPJJ3MIhZOyRdyQNOCRjJs3fI/RG+8VrQY0DwRdpSIaaR1DD07KJTcsbAs8TNSBFlqHj2V6sT0SRkEqggWjddJ4Z2ShRwKtiw0Eo0iwntky5rGipJyHQ7Hb8wxPtG6eAgUqYk4LH6eyIlodaD0DedIYGenvZG4n9eM4HgvJ1yGSfAJJ0sChKBIcKjPHCHK0ZBDAwhVHFzK6Y9oggFk1rBhOBOvzxLaocl97R0cntcLF9mceTRLtpDB8hFZ6iMrlEFVRFFj+gZvaI368l6sd6tj0lrzspmttEfWJ8/MvaWrw==</latexit>

a3J✓ = const
<latexit sha1_base64="vLA9tMkkii0GCwvpYBhz26w/+8Y=">AAACBnicbVDLSgMxFM34rPU16lKEYBFcSJkpvjZKwY24qmAf0NYhk2ba0ExmSO4IZejKjb/ixoUibv0Gd/6NaTsLbT0QOJxzDzf3+LHgGhzn25qbX1hcWs6t5FfX1jc27a3tmo4SRVmVRiJSDZ9oJrhkVeAgWCNWjIS+YHW/fzXy6w9MaR7JOxjErB2SruQBpwSM5Nl7N14LegzIRXBf8ghOW50I8EQaHnl2wSk6Y+BZ4makgDJUPPvL5GkSMglUEK2brhNDOyUKOBVsmG8lmsWE9kmXNQ2VJGS6nY7PGOIDo3RwECnzJOCx+juRklDrQeibyZBAT097I/E/r5lAcN5OuYwTYJJOFgWJwBDhUSe4wxWjIAaGEKq4+SumPaIIBdNc3pTgTp88S2qlontaPLk9LpQvszpyaBfto0PkojNURteogqqIokf0jF7Rm/VkvVjv1sdkdM7KMjvoD6zPH0BrmFo=</latexit>

J✓ = f2
a ✓̇,

After QCD PT, the axion starts to oscillate 
about the minimum with

<latexit sha1_base64="h1q8lZoyDohPxd/sSC2IOSU4fTQ=">AAACIXicbVDLSiNBFK1WZ3QyD6Mu3RSGgVkMoXvwtQoBNzKrCBMTSIfmduXGFFZ1tVW3hdDkV9z4K25cKIM78WesPBa+DhQczjmXW/ekuZKOwvAxWFpe+fR5de1L5eu37z/Wqxubp84UVmBbGGVsNwWHSmbYJkkKu7lF0KnCTnp+NPU7l2idNNk/GufY13CWyaEUQF5KqoexHZmkhN9lbDW3hiaT2EmNF1wnwP8mMY2QoPEqlU9TSbUW1sMZ+HsSLUiNLdBKqg/xwIhCY0ZCgXO9KMypX4IlKRROKnHhMAdxDmfY8zQDja5fzi6c8J9eGfChsf5lxGfqy4kStHNjnfqkBhq5t95U/MjrFTQ87JcyywvCTMwXDQvFyfBpXXwgLQpSY09AWOn/ysUILAjypVZ8CdHbk9+T0z/1aL++d7JbazYWdayxbbbDfrGIHbAmO2Yt1maCXbEbdsfug+vgNvgfPMyjS8FiZou9QvD0DMOmpII=</latexit>

⇢a,rot ' maJ✓ > ⇢a,pot

Smaller axion decay constant is favored:
<latexit sha1_base64="c/itzAw8bNT+cytRbPpaj4rbdts=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwISEjVl2IFFzosoJ9QBPDZDpph04ezEyEErJ146+4caGIW//AnX/jtM1CWw9cOJxzL/fe4yecSWXb30ZpYXFpeaW8Wllb39jcMrd3WjJOBaFNEvNYdHwsKWcRbSqmOO0kguLQ57TtD6/GfvuBCsni6E6NEuqGuB+xgBGstOSZMPDwBbJqjmIhlRDZ9xlCuXOUOSKE17SVe2bVtuwJ4DxBBamCAg3P/HJ6MUlDGinCsZRdZCfKzbBQjHCaV5xU0gSTIe7TrqYR1nvdbPJJDg+00oNBLHRFCk7U3xMZDqUchb7uDLEayFlvLP7ndVMVnLsZi5JU0YhMFwUphyqG41hgjwlKFB9pgolg+lZIBlhgonR4FR0Cmn15nrSOLXRq1W5PqvXLIo4y2AP74BAgcAbq4AY0QBMQ8AiewSt4M56MF+Pd+Ji2loxiZhf8gfH5A8DumHs=</latexit>

fa < 1.5⇥ 1011 GeV

[Co, Hall, Harigaya (2019)]



Pole inflation with Higgs 

or PQ fields



Pole inflation
• Singlet scalar field σ with a conformal coupling: -7-
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Inflation occurs near the pole.
e.g.  Kallosh, Linde, Roest (2013)
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<latexit sha1_base64="nAHjEaTBDr44aLN4waFAHPWXQuM=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoMQL2E3iHqSgBfxFME8YLOE2clsMmQey8ysEJZ8hhcPinj1a7z5N06SPWhiQUNR1U13V5Qwqo3nfTuFtfWNza3idmlnd2//oHx41NYyVZi0sGRSdSOkCaOCtAw1jHQTRRCPGOlE49uZ33kiSlMpHs0kISFHQ0FjipGxUtDu31d7mg45Ou+XK17Nm8NdJX5OKpCj2S9/9QYSp5wIgxnSOvC9xIQZUoZiRqalXqpJgvAYDUlgqUCc6DCbnzx1z6wycGOpbAnjztXfExniWk94ZDs5MiO97M3E/7wgNfF1mFGRpIYIvFgUp8w10p397w6oItiwiSUIK2pvdfEIKYSNTalkQ/CXX14l7XrNv6zVHy4qjZs8jiKcwClUwYcraMAdNKEFGCQ8wyu8OcZ5cd6dj0VrwclnjuEPnM8fYCSQqA==</latexit>

VJ(�) <latexit sha1_base64="awkzCe1apfTm/NwMRGV4CpfzNcs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuKepJCiJ4rGA/pF1KNs22oUl2SbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZya+sbm1v57cLO7t7+QfHwqKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6Z+e0nqjSL5IOZxNQXeChZyAg2Vnps9W/LPTJi5/1iya24c6BV4mWkBBka/eJXbxCRRFBpCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VGJBtZ/OD56iM6sMUBgpW9Kgufp7IsVC64kIbKfAZqSXvZn4n9dNTHjlp0zGiaGSLBaFCUcmQrPv0YApSgyfWIKJYvZWREZYYWJsRgUbgrf88ippVSveRaV6XyvVr7M48nACp1AGDy6hDnfQgCYQEPAMr/DmKOfFeXc+Fq05J5s5hj9wPn8AuH+Psg==</latexit>

VE(�)

Complex scalar = inflaton ?



Higgs pole inflation
• Consider the Higgs field near conformal coupling:

-8-

<latexit sha1_base64="7wFacnlI+BERnh5NQYmfWS07P8M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUfEgAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7TK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndZrtQvStXbLI48nMApnIMHV1CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCJV4zB</latexit>: “conformal limit”

Unitary gauge:
<latexit sha1_base64="wYafro11upQ371kJv2men5QWqDU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9aIUvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWerh2e6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn80unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G3SF5ozlGNLKNPC3krYkGrK0IZTtCF4iy8vk2a14l1Uqvfn5dpNHkcBjuEEzsCDS6jBHdShAQxCeIZXeHNGzovz7nzMW1ecfOYI/sD5/AH7xIz+</latexit>

= 0

:  Pole inflation type!

[S. Clery,  HML,  A. Menkara (2023)]

<latexit sha1_base64="BqdlQR3NCVhHWznJ9UrqJ8FXxUs=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahgtSkiHoRil56rNAvaGPZbLft0s0m7k7EEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMPC/kTIFtfxuZldW19Y3sZm5re2d3z9zPN1UQSUIbJOCBbHtYUc4EbQADTtuhpNj3OG1549up33qkUrFA1GESUtfHQ8EGjGDQUs/MV+/r10X7dHRy1lUPEuJy0jMLdsmewVomTkoKKEWtZ351+wGJfCqAcKxUx7FDcGMsgRFOk1w3UjTEZIyHtKOpwD5Vbjy7PbGOtdK3BoHUJcCaqb8nYuwrNfE93eljGKlFbyr+53UiGFy5MRNhBFSQ+aJBxC0IrGkQVp9JSoBPNMFEMn2rRUZYYgI6rpwOwVl8eZk0yyXnolS+Oy9UbtI4sugQHaEictAlqqAqqqEGIugJPaNX9GYkxovxbnzMWzNGOnOA/sD4/AETD5Mx</latexit>

H
T = (0, h)/

p
2

Einstein-frame:

Jordan-frame:



Inflationary predictions
• Take the canonical Higgs potential in Einstein frame. -9-

Jordan frame:

<latexit sha1_base64="5b9qesqFUd63Bp/ItaLTpL4mGkk=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARBKUkoagrKbjpsoK9QBvLZDpph84kYWYilDRbN76KGxeKuPUN3Pk2TtsItfWHgY//nMOZ83sRo1JZ1reRW1ldW9/Ibxa2tnd298z9g4YMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0veHNpN58IELSMLhTo4i4HPUD6lOMlLa6JhxXx/eJw9PzXzpz5ricds2iVbKmgstgZ1AEmWpd86vTC3HMSaAwQ1K2bStSboKEopiRtNCJJYkQHqI+aWsMECfSTaaXpPBEOz3oh0K/QMGpOz+RIC7liHu6kyM1kIu1iflfrR0r/8pNaBDFigR4tsiPGVQhnMQCe1QQrNhIA8KC6r9CPEACYaXDK+gQ7MWTl6HhlOyLknNbLlauszjy4Agcg1Ngg0tQAVVQA3WAwSN4Bq/gzXgyXox342PWmjOymUPwR8bnD29PmOE=</latexit>

|H|2m, |H|2m+2
, |H|2m+4 : equally important in Jordan frame. 

Canonical inflaton:

“Higgs pole inflation”

• Inflationary predictions:

Spectral index Tensor-to-scalar ratio CMB normalization

<latexit sha1_base64="V67Z/JpfZR3IKZ8FXdrDIX0aHk4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUr0oBS+epIL9gHYp2TTbhibZJckKZelf8OJBEa/+IW/+G7PtHrT1wcDjvRlm5gUxZ9q47rdTWFvf2Nwqbpd2dvf2D8qHR20dJYrQFol4pLoB1pQzSVuGGU67saJYBJx2gslt5neeqNIsko9mGlNf4JFkISPYZNL9dd0dlCtu1Z0DrRIvJxXI0RyUv/rDiCSCSkM41rrnubHxU6wMI5zOSv1E0xiTCR7RnqUSC6r9dH7rDJ1ZZYjCSNmSBs3V3xMpFlpPRWA7BTZjvexl4n9eLzHhlZ8yGSeGSrJYFCYcmQhlj6MhU5QYPrUEE8XsrYiMscLE2HhKNgRv+eVV0q5VvXq19nBRadzkcRThBE7hHDy4hAbcQRNaQGAMz/AKb45wXpx352PRWnDymWP4A+fzBw8djZY=</latexit>

N = 60
<latexit sha1_base64="rQm1OxnhLbmD9jqX+b+xhv4LadM=">AAACAHicbZBNS8MwGMfT+TbnW9WDBy/BIXgYo91k6kEZePE4wb3AWkqapVtYmpYkFUbZxa/ixYMiXv0Y3vw2plsPuvmHwC//53lInr8fMyqVZX0bhZXVtfWN4mZpa3tnd8/cP+jIKBGYtHHEItHzkSSMctJWVDHSiwVBoc9I1x/fZvXuIxGSRvxBTWLihmjIaUAxUtryzCPuyWuretVoVKBTcSpCXyyrXvfMcgaZ4DLYOZRBrpZnfjmDCCch4QozJGXftmLlpkgoihmZlpxEkhjhMRqSvkaOQiLddLbAFJ5qZwCDSOjDFZy5vydSFEo5CX3dGSI1kou1zPyv1k9UcOmmlMeJIhzPHwoSBlUEszTggAqCFZtoQFhQ/VeIR0ggrHRmJR2CvbjyMnRqVbtRrd2fl5s3eRxFcAxOwBmwwQVogjvQAm2AwRQ8g1fwZjwZL8a78TFvLRj5zCH4I+PzB7mrk0M=</latexit>

ns = 0.966, r = 0.0033
insensitive to m



CMB energy bound
-10-

<latexit sha1_base64="LxeXbQZHaaaucu6VzqE07bgqqCE=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUkVQCl48VrAf0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLnL/M4TVZpF8tFMY+oLPJIsZASbTBI37vWgXHGr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/JTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+Sdq3q1au1h4tK4zaPowgncArn4MElNOAemtACAmN4hld4c4Tz4rw7H4vWgpPPHMMfOJ8/RICNuQ==</latexit>

m = 0 :

<latexit sha1_base64="BQWibCXLM4RWAIVyThaa56Bx9bo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUkVQCl48VrAf0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLnL/M4TVZpF8tFMY+oLPJIsZASbTBI33vWgXHGr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/JTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+Sdq3q1au1h4tK4zaPowgncArn4MElNOAemtACAmN4hld4c4Tz4rw7H4vWgpPPHMMfOJ8/RgWNug==</latexit>

m = 1 :

<latexit sha1_base64="Qup/tYJf4NKXVm4Xa29VOhVXIoA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUkVQCl48VrAf0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLnL/M4TVZpF8tFMY+oLPJIsZASbTBI3tetBueJW3TnQKvFyUoEczUH5qz+MSCKoNIRjrXueGxs/xcowwums1E80jTGZ4BHtWSqxoNpP57fO0JlVhiiMlC1p0Fz9PZFiofVUBLZTYDPWy14m/uf1EhNe+SmTcWKoJItFYcKRiVD2OBoyRYnhU0swUczeisgYK0yMjadkQ/CWX14l7VrVq1drDxeVxm0eRxFO4BTOwYNLaMA9NKEFBMbwDK/w5gjnxXl3PhatBSefOYY/cD5/AEeKjbs=</latexit>

m = 2 :

<latexit sha1_base64="q8HNFUm+KS1wCqami+UOnZLcXEM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUsVDKXjxWMF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99spbGxube8Ud0t7+weHR+Xjk46OEkVom0Q8Ur0Aa8qZpG3DDKe9WFEsAk67wfQu87tPVGkWyUczi6kv8FiykBFsMkk0arfDcsWtugugdeLlpAI5WsPy12AUkURQaQjHWvc9NzZ+ipVhhNN5aZBoGmMyxWPat1RiQbWfLm6dowurjFAYKVvSoIX6eyLFQuuZCGynwGaiV71M/M/rJya88VMm48RQSZaLwoQjE6HscTRiihLDZ5Zgopi9FZEJVpgYG0/JhuCtvrxOOrWqV6/WHq4qzUYeRxHO4BwuwYNraMI9tKANBCbwDK/w5gjnxXl3PpatBSefOYU/cD5/AEkQjbw=</latexit>

m > 2 :

Small constant vacuum energy for present.
Vacuum energy dominance Graceful exit problem

<latexit sha1_base64="vrfW7m1C0eeeWBfJ2wgHNAqPMPw=">AAAB7nicbVBNS8NAEJ31s9avqkcvi0XwVJIi6kUpiOCxgk0LbQib7aZdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6aCa+M432hldW19Y7O0Vd7e2d3brxwcejrJFGUtmohEdUKimeCStQw3gnVSxUgcCtYOR7dTv/3ElOaJfDTjlPkxGUgecUqMldpecHftBU5QqTo1Zwa8TNyCVKFAM6h89foJzWImDRVE667rpMbPiTKcCjYp9zLNUkJHZMC6lkoSM+3ns3Mn+NQqfRwlypY0eKb+nshJrPU4Dm1nTMxQL3pT8T+vm5noys+5TDPDJJ0vijKBTYKnv+M+V4waMbaEUMXtrZgOiSLU2ITKNgR38eVl4tVr7kWt/nBebdwUcZTgGE7gDFy4hAbcQxNaQGEEz/AKbyhFL+gdfcxbV1AxcwR/gD5/AEhGjt8=</latexit>

VE = V0

<latexit sha1_base64="23jsTdfkTSznMywrLgFEVCH2dgc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkpom6UgghdVrAPaMchk6ZtaDIzJJlCmfZP3LhQxK1/4s6/MW1noa0HLvdwzr3k5gQxZ0o7zreVW1vf2NzKbxd2dvf2D+zDo4aKEklonUQ8kq0AK8pZSOuaaU5bsaRYBJw2g+HdzG+OqFQsCh/1OKaewP2Q9RjB2ki+bTf8+5uOSJ7KfnVSnZhmF52SMwdaJW5GipCh5ttfnW5EEkFDTThWqu06sfZSLDUjnE4LnUTRGJMh7tO2oSEWVHnp/PIpOjNKF/UiaSrUaK7+3kixUGosAjMpsB6oZW8m/ue1E9279lIWxommIVk81Es40hGaxYC6TFKi+dgQTCQztyIywBITbcIqmBDc5S+vkka55F6Wyg8XxcptFkceTuAUzsGFK6hAFWpQBwIjeIZXeLNS68V6tz4Wozkr2zmGP7A+fwBNAJLK</latexit>

VE = µ
2
H
|H|2

Positive Higgs mass.

CMB energy bound:

<latexit sha1_base64="RT3410XEys7IHcmCYKP0QPXls3k=">AAAB+3icbVDLSgMxFL1TX7W+xrp0EyyCqzJTirpRCiJ0WcE+oB2HTCbThmYeJBmxtP0VNy4UceuPuPNvTNtZaOuBwOGce7g3x0s4k8qyvo3c2vrG5lZ+u7Czu7d/YB4WWzJOBaFNEvNYdDwsKWcRbSqmOO0kguLQ47TtDW9mfvuRCsni6F6NEuqEuB+xgBGstOSaxZZ7e9XjOuBjtz6pTx6qrlmyytYcaJXYGSlBhoZrfvX8mKQhjRThWMqubSXKGWOhGOF0WuilkiaYDHGfdjWNcEilM57fPkWnWvFREAv9IoXm6u/EGIdSjkJPT4ZYDeSyNxP/87qpCi6dMYuSVNGILBYFKUcqRrMikM8EJYqPNMFEMH0rIgMsMFG6roIuwV7+8ippVcr2eblyVy3VrrM68nAMJ3AGNlxADerQgCYQeIJneIU3Y2q8GO/Gx2I0Z2SZI/gD4/MHEdWTzw==</latexit>

VE = �H |H|4
Need of positive but small


quartic coupling during inflation.

Consistent with EWSB and dark energy.

Inconsistent with EWSB unless Higgs 
mass becomes positive after inflation.

Small coefficient of higher order term;
<latexit sha1_base64="EP7Njr28IDA5bX2SY2tFATgBcJY=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KCUpUruSgghdVrAPaGKYTCbt0MmDmYlQ0m7c+CtuXCji1n9w5984TbPQ1gOXezjnXmbucWNGhTSMb21ldW19Y7OwVdze2d3b1w8OOyJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTrjq5nfveBcEGj8E6OY2IHaBBSn2IkleToJx3nxhI0gJPm5L5Wzlq9DC3sRVI4esmoGBngMjFzUgI5Wo7+ZXkRTgISSsyQEH3TiKWdIi4pZmRatBJBYoRHaED6ioYoIMJOsyum8EwpHvQjriqUMFN/b6QoEGIcuGoyQHIoFr2Z+J/XT6Rft1MaxokkIZ4/5CcMygjOIoEe5QRLNlYEYU7VXyEeIo6wVMEVVQjm4snLpFOtmLVK9fai1LjK4yiAY3AKzoEJLkEDNEELtAEGj+AZvII37Ul70d61j/noipbvHIE/0D5/AG6Rl0A=</latexit>

VE ⇠ |H|6, |H|8, · · · Higgs quartic coupling bounded,



PQ pole inflation
-11-• Consider the PQ field near conformal coupling and 

introduce the PQ conserving and violating potentials.

PQ conserving PQ violating

PQ inflation, SSB of 
U(1) PQ

Axion kinetic 
misalignment

[HML,  A. Menkara, M-J, Seung, J-H, Song (2023)]



PQ conserving potential
-12-• Bounds on PQ conserving potential.

<latexit sha1_base64="ONwzrNhymXM1oVnyW4aP29KAWD0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGXwhKwIvHCOYByRJmJ7PJkJnZZWZWCEt+wYsHRbz6Q978G2eTPWhiQUNR1U13VxBzpo3rfjuFldW19Y3iZmlre2d3r7x/0NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN9lfvuJKs0i+WgmMfUFHkoWMoJNJomb2nW/XHGr7gxomXg5qUCORr/81RtEJBFUGsKx1l3PjY2fYmUY4XRa6iWaxpiM8ZB2LZVYUO2ns1un6MQqAxRGypY0aKb+nkix0HoiAtspsBnpRS8T//O6iQmv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlOyIXiLLy+TVq3qXVTPH84q9ds8jiIcwTGcggeXUId7aEATCIzgGV7hzRHOi/PufMxbC04+cwh/4Hz+AEiAjb4=</latexit>

m = 2 :

• General PQ conserving potential.
<latexit sha1_base64="5uwO7QcSMjSes87aoSg0vwao4uA=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidlECXjwmYBaYDKGn00ma9DJ09whhyGd48aCIV7/Gm39jJ5mDRh8UPN6roqpenHBmrO9/eYWV1bX1jeJmaWt7Z3evvH/QMirVhDaJ4kp3YmwoZ5I2LbOcdhJNsYg5bcfju5nffqTaMCUf7CShkcBDyQaMYOuksNXLulqgemN60ytX/Ko/B/pLgpxUIEe9V/7s9hVJBZWWcGxMGPiJjTKsLSOcTkvd1NAEkzEe0tBRiQU1UTY/eYpOnNJHA6VdSYvm6s+JDAtjJiJ2nQLbkVn2ZuJ/XpjawXWUMZmklkqyWDRIObIKzf5HfaYpsXziCCaauVsRGWGNiXUplVwIwfLLf0nrrBpcVi8a55XabR5HEY7gGE4hgCuowT3UoQkEFDzBC7x61nv23rz3RWvBy2cO4Re8j2+hE5DU</latexit>

VPQ =

Inflaton potential:

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="C0PwvFuFsyn2N7mxiRS0NZcD6EA=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxUJKK1wKqxMJYJPqQmhA5rtNatZNgO0hV1JmFX2FhACFWvoCNv8FNM0DLkSwdn3Pvte/xY0alsqxvozA3v7C4VFwurayurW+Ym1tNGSUCkwaOWCTaPpKE0ZA0FFWMtGNBEPcZafmDq7HfeiBC0ii8VcOYuBz1QhpQjJSWPHM38NCFI++FSg/5XdVz6n165DA9oIuyy8gzy1bFygBniZ2TMshR98wvpxvhhJNQYYak7NhWrNwUCUUxI6OSk0gSIzxAPdLRNEScSDfNVhnBfa10YRAJfUIFM/V3R4q4lEPu60qOVF9Oe2PxP6+TqODcTWkYJ4qEePJQkDCoIjjOBXapIFixoSYIC6r/CnEfCYSVTq+kQ7CnV54lzWrFPq2c3ByXa5d5HEWwA/bAAbDBGaiBa1AHDYDBI3gGr+DNeDJejHfjY1JaMPKebfAHxucPuQeaSg==</latexit>

fa =
q

�m2
�/��

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,



PQ violating potential
-13-• Bounds on PQ violating potential.

Axion quality:

PQ inflation leads to stringent bounds on PQ violation:

<latexit sha1_base64="JKmkTv2kZ3KCNXjmZYcXHHRiLy4=">AAAB83icbVBNS8NAEJ34WetX1aOXxSIIQknEr5MUvHhswaaFJpTNdtMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6WcaeO6387K6tr6xmZpq7y9s7u3Xzk49HWSKUJbJOGJ6kRYU84kbRlmOO2kimIRcdqORvdTv/1ElWaJfDTjlIYCDySLGcHGSsG538sDJVCj6U96lapbc2dAy8QrSBUKNHqVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZzdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DXMm08xQSeaL4owjk6BpAKjPFCWGjy3BRDF7KyJDrDAxNqayDcFbfHmZ+Bc177p21bys1u+KOEpwDCdwBh7cQB0eoAEtIJDCM7zCm5M5L8678zFvXXGKmSP4A+fzBy7ckSI=</latexit>

+VPQV

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>, each

In general, <latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,



Axion rotation during inflation
-14-• PQ violating potential leads to nonzero axion velocity.

PQ modulus:

Axion:

Slow-roll inflation

Slow-rolling, but sub-dominant for inflation

Nonzero axion velocity at the end of inflation

Bound on axion velocity during inflation:

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="oemkxfq9jnYAPfHCX040ymxYuSY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr5MUvPRYwbSFNpTNdtIu3WzC7kYopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewtr6xuVXcLu3s7u0flA+PmjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU2ApH9zO/9YRK80Q+mnGKQUwHkkecUWMlvysEqffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzslZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYlugwmXaWZQssWiKBPEJGT2OelzhcyIsSWUKW5vJWxIFWXG5lOyIXjLL6+S5kXVu65ePVxWand5HEU4gVM4Bw9uoAZ1aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fOkqOTg==</latexit>

⌧ H

<latexit sha1_base64="Qe3OI8s5AOfqamTeGJVSMGBCR48=">AAAB/XicbVDLSgMxFL3js9ZXfezcBIvgqsyIVpdFN26ECvYBnaFk0rQNTTJjkhHqUPwVNy4Ucet/uPNvTNtZaOuBwOGcc7k3J4w508Z1v52FxaXlldXcWn59Y3Nru7CzW9dRogitkYhHqhliTTmTtGaY4bQZK4pFyGkjHFyN/cYDVZpF8s4MYxoI3JOsywg2VmoX9v24z3zNBPL1vTJpeXTTrrYLRbfkToDmiZeRImSw+S+/E5FEUGkIx1q3PDc2QYqVYYTTUd5PNI0xGeAebVkqsaA6SCfXj9CRVTqoGyn7pEET9fdEioXWQxHapMCmr2e9sfif10pM9yJImYwTQyWZLuomHJkIjatAHaYoMXxoCSaK2VsR6WOFibGF5W0J3uyX50n9pOSVS2e3p8XKZVZHDg7gEI7Bg3OowDVUoQYEHuEZXuHNeXJenHfnYxpdcLKZPfgD5/MHXy+VLw==</latexit>

� ⇠
p
6MP



Reheating and axion kinetic 
misalignment



Saxion/axion after inflation -15-
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Approximately conserved Noether charge:

Post-inflationary dynamics:

Centrifugal term diluted;
PQ conserving potential dominates!

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

Field evolutions

Total Noether 
charge

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="E71gPfDSVtaASK2IfNBqcGuF5GU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYhDiJeyKr5MEvHiMYB6QLGF2MpsMmZ0dZnqFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7QiW4Qc/7dlZW19Y3Ngtbxe2d3b390sFh0ySppqxBE5HodkgME1yyBnIUrK00I3EoWCsc3U391hPThifyEceKBTEZSB5xStBKra4a8gqe9Uplr+rN4C4TPydlyFHvlb66/YSmMZNIBTGm43sKg4xo5FSwSbGbGqYIHZEB61gqScxMkM3OnbinVum7UaJtSXRn6u+JjMTGjOPQdsYEh2bRm4r/eZ0Uo5sg41KlyCSdL4pS4WLiTn93+1wzimJsCaGa21tdOiSaULQJFW0I/uLLy6R5XvWvqpcPF+XabR5HAY7hBCrgwzXU4B7q0AAKI3iGV3hzlPPivDsf89YVJ585gj9wPn8AtJaPKA==</latexit>

�(t)

<latexit sha1_base64="G1Loh22NPCead2aaNTBO5UOZZh4=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBDiZZnVRD1JwIvHCOYhyRJmJ7PJkJndZaZXCEu+wosHRbz6Od78GyePgyYWNBRV3XR3BYkUBgj5dlZW19Y3NnNb+e2d3b39wsFhw8SpZrzOYhnrVkANlyLidRAgeSvRnKpA8mYwvJ34zSeujYijBxgl3Fe0H4lQMApWeuzAgAMtwVm3UCSuV76oEIKJS6bA3iIpojlq3cJXpxezVPEImKTGtD2SgJ9RDYJJPs53UsMTyoa0z9uWRlRx42fTg8f41Co9HMbaVgR4qv6eyKgyZqQC26koDMyiNxH/89ophNd+JqIkBR6x2aIwlRhiPPke94TmDOTIEsq0sLdiNqCaMrAZ5W0ISy8vk8a56126lftysXozjyOHjtEJKiEPXaEqukM1VEcMKfSMXtGbo50X5935mLWuOPOZI/QHzucPXFqQHw==</latexit>

✓(t)

[HML,  A. Menkara, M-J, Seung, J-H, Song (2023)]
<latexit sha1_base64="UTXHnWfJK73cS+nLtQEt+UH1+o8=">AAAB/HicbVDLSsNAFJ3UV62vapduBovgqiSi1WXRjRuhgn1AE8pkOmmHTiZx5kYIof6KGxeKuPVD3Pk3TtsstPXAwOGcc7l3jh8LrsG2v63Cyura+kZxs7S1vbO7V94/aOsoUZS1aCQi1fWJZoJL1gIOgnVjxUjoC9bxx9dTv/PIlOaRvIc0Zl5IhpIHnBIwUr9cceMRd4XArn5QkNUnt/1mv1y1a/YMeJk4OamiHCb/5Q4imoRMAhVE655jx+BlRAGngk1KbqJZTOiYDFnPUElCpr1sdvwEHxtlgINImScBz9TfExkJtU5D3yRDAiO96E3F/7xeAsGll3EZJ8AknS8KEoEhwtMm8IArRkGkhhCquLkV0xFRhILpq2RKcBa/vEzapzWnXju/O6s2rvI6iugQHaET5KAL1EA3qIlaiKIUPaNX9GY9WS/Wu/UxjxasfKaC/sD6/AGGjZS0</latexit>

� ⌧
p
6MP



Inflaton condensate
• PQ field oscillates around zero after inflation. -16-

(Hubble friction ignored)

“general equation of state(e.o.s)”

With Hubble friction,   Inflaton = “damped” harmonic oscillator.

: oscillating part,

: inflaton amplitude,

<latexit sha1_base64="ifI9yobb4u50PNCMnRcUrN5OrA4=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZIi6kYounFZ0T6gCWUymaRDJ5MwMxFKyCe48VfcuFDErUt3/o3TNAttPXDhcM693HuPlzAqlWV9G5Wl5ZXVtep6bWNza3vH3N3ryjgVmHRwzGLR95AkjHLSUVQx0k8EQZHHSM8bX0/93gMRksb8Xk0S4kYo5DSgGCktDc1jx6Nh6DDEQ0acQCCc+Xd55qt8ZojCuLSGZt1qWAXgIrFLUgcl2kPzy/FjnEaEK8yQlAPbSpSbIaEoZiSvOakkCcJjFJKBphxFRLpZ8VAOj7TiwyAWuriChfp7IkORlJPI050RUiM5703F/7xBqoILN6M8SRXheLYoSBlUMZymA30qCFZsognCgupbIR4hnYrSGdZ0CPb8y4uk22zYZ43m7Wm9dVXGUQUH4BCcABucgxa4AW3QARg8gmfwCt6MJ+PFeDc+Zq0Vo5zZB39gfP4AwXWdqg==</latexit>⌧
dS

dt

�
= 0

<latexit sha1_base64="0DL/E54Rn0Wgd27vbGgKv5ikgeo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqxKILHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45uZ336iSrNIPphJTH2Bh5KFjGBjpcdW/7bci0fsvF8suRV3DrRKvIyUIEOjX/zqDSKSCCoN4VjrrufGxk+xMoxwOi30Ek1jTMZ4SLuWSiyo9tP5wVN0ZpUBCiNlSxo0V39PpFhoPRGB7RTYjPSyNxP/87qJCa/8lMk4MVSSxaIw4chEaPY9GjBFieETSzBRzN6KyAgrTIzNqGBD8JZfXiWtasW7qFTva6X6dRZHHk7gFMrgwSXU4Q4a0AQCAp7hFd4c5bw4787HojXnZDPH8AfO5w/Njo/D</latexit>

VE(�)

<latexit sha1_base64="7Gy0ZW49+Byo51YNunpyloqX7L8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26l6z3ni4qrVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEV0o5G</latexit>

�

Virial theorem: <latexit sha1_base64="w4zV13LRZ9b5EHmbZK5lGYFsOnM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1flSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3VTjLc=</latexit>,

<latexit sha1_base64="8yS3lnzIZonyP4aEK7JxP3zWKB8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2E3iHqSgBePEcxDkiXMTmaTITO7y0yvEEK+wosHRbz6Od78GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCki3kCBkrcTzakKJG8Fo9uZ33ri2og4esBxwn1FB5EIBaNopcduMhQ9t4znvWLJrbhzkFXiZaQEGeq94le3H7NU8QiZpMZ0PDdBf0I1Cib5tNBNDU8oG9EB71gaUcWNP5kfPCVnVumTMNa2IiRz9ffEhCpjxiqwnYri0Cx7M/E/r5NieO1PRJSkyCO2WBSmkmBMZt+TvtCcoRxbQpkW9lbChlRThjajgg3BW355lTSrFe+yUr2/KNVusjjycAKnUAYPrqAGd1CHBjBQ8Ayv8OZo58V5dz4WrTknmzmGP3A+fwDbk4/I</latexit>

�0(t)

<latexit sha1_base64="w4zV13LRZ9b5EHmbZK5lGYFsOnM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1flSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3VTjLc=</latexit>,



Perturbative reheating
• Perturbative reheating from inflaton decays. -17-

Boltzmann equation for inflaton
<latexit sha1_base64="PRgNnBZ7hUnQRqE18ZeDN5tZAso=">AAACDHicbVDNSsNAGNzUv1r/qh69BIsgCCWJol6UgpdehCq2FZo0bLabZukmG3Y3Qgl5AC++ihcPinj1Abz5Nm7THLR1YGGYmY9vv/FiSoQ0jG+ttLC4tLxSXq2srW9sblW3dzqCJRzhNmKU8XsPCkxJhNuSSIrvY45h6FHc9UZXE7/7gLkgLLqT4xg7IRxGxCcISiW51Vqzb13YPocotXnAXDsOyFHObrP0+Lpvua1MpYy6kUOfJ2ZBaqBAy61+2QOGkhBHElEoRM80YumkkEuCKM4qdiJwDNEIDnFP0QiGWDhpfkymHyhloPuMqxdJPVd/T6QwFGIceioZQhmIWW8i/uf1EumfOymJ4kTiCE0X+QnVJdMnzegDwjGSdKwIRJyov+oogKoZqfqrqBLM2ZPnSceqm6d16+ak1rgs6iiDPbAPDoEJzkADNEELtAECj+AZvII37Ul70d61j2m0pBUzu+APtM8f8b2a6g==</latexit>

H
2 =

⇢� + ⇢R

3M2
P

PQ inflaton decays/annihilates into axions, 
heavy quarks (in KSVZ), Higgs pair, etc.

plus <latexit sha1_base64="94OwYWRAwKLU6zmTBywJNKkw2mQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUkAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7RK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPEnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndVrtQvS9XbLI48nMApnIMH11CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gB0H4yz</latexit>,
<latexit sha1_base64="g+SOOmKgsTuMsstzBr7hveCIxpM=">AAACBnicdVDLSgMxFM34rPVVdSlCsAiCUKbWad0oBTduhProAzrDkEnTNjSZGZKMUIZZufFX3LhQxK3f4M6/MTOtoKIHQk7OuZebe7yQUalM88OYmZ2bX1jMLeWXV1bX1gsbmy0ZRAKTJg5YIDoekoRRnzQVVYx0QkEQ9xhpe6Oz1G/fEiFp4N+ocUgcjgY+7VOMlJbcwo4thoF7dZJdsS04vL5IDiYvlLiFolkyzVrVrMCUVC0rIxXLqtVgWSspimCKhlt4t3sBjjjxFWZIym7ZDJUTI6EoZiTJ25EkIcIjNCBdTX3EiXTibI0E7mmlB/uB0MdXMFO/d8SISznmnq7kSA3lby8V//K6keofOzH1w0gRH08G9SMGVQDTTGCPCoIVG2uCsKD6rxAPkUBY6eTyOoSvTeH/pHVYKldL1uVRsX46jSMHtsEu2AdlUAN1cA4aoAkwuAMP4Ak8G/fGo/FivE5KZ4xpzxb4AePtE3LImSM=</latexit>

⇢R = ⇢SM + ⇢a <latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,



Reheating temperature
• Inflation/radiation evolution depends on inflaton e.o.s. -18-

Boltzmann equations <latexit sha1_base64="AJozHGJoj+jBJG1SyyI2k307DWQ=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIi6kYpuHFZxT6gCWEynTRDJzNhZlIooX/ixoUibv0Td/6N0zQLbT1wuYdz7mXunDBlVGnH+bYqa+sbm1vV7drO7t7+gX141FUik5h0sGBC9kOkCKOcdDTVjPRTSVASMtILx3dzvzchUlHBn/Q0JX6CRpxGFCNtpMC2PRmL4PGmaF4a08CuOw2nAFwlbknqoEQ7sL+8ocBZQrjGDCk1cJ1U+zmSmmJGZjUvUyRFeIxGZGAoRwlRfl5cPoNnRhnCSEhTXMNC/b2Ro0SpaRKayQTpWC17c/E/b5Dp6NrPKU8zTThePBRlDGoB5zHAIZUEazY1BGFJza0Qx0girE1YNROCu/zlVdJtNtzLRvPhot66LeOoghNwCs6BC65AC9yDNugADCbgGbyCNyu3Xqx362MxWrHKnWPwB9bnD2jwk4I=</latexit>⇢R = ⇢� Reheating temperature

<latexit sha1_base64="2ozTOPlTiilK2EALxu5LVbK+4TU=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpaEsSxboqBTcuK9gHNLVMphM7dCaJMxOhhPyBG3/FjQtF3Lp15984fSy09cCFwzn3cu89XsSoVJb1bWQWFpeWV7KrubX1jc0tc3unIcNYYFLHIQtFy0OSMBqQuqKKkVYkCOIeI01vcDnymw9ESBoGN2oYkQ5HdwH1KUZKS13zEN0mRdcXCCenBYcX7aM04cd2mp5A9z5GPVguOrxidc28VbLGgPPEnpI8mKLWNb/cXohjTgKFGZKybVuR6iRIKIoZSXNuLEmE8ADdkbamAeJEdpLxPyk80EoP+qHQFSg4Vn9PJIhLOeSe7uRI9eWsNxL/89qx8i86CQ2iWJEATxb5MYMqhKNwYI8KghUbaoKwoPpWiPtIh6N0hDkdgj378jxpOCX7vORcn+WrlWkcWbAH9kEB2KAMquAK1EAdYPAInsEreDOejBfj3fiYtGaM6cwu+APj8wcX65ok</latexit>

a�
3(2m�1)

m+1 , 7� 2m > 0

<latexit sha1_base64="SMzOGiLWppEO4Kuq3dYmsgk2rms=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SQFLx4r2A9oQtlsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6SGS6F4CwVK3k01p3EoeScc3838zhPXRiTqEScpD2I6VCISjKKVOn4ohkM/71eqbs2dg6wSryBVKNDsV778QcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM/PnZJzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5dhdBPkQqUZcsUWi6JMEkzI7HcyEJozlBNLKNPC3krYiGrK0CZUtiF4yy+vkna95l3V6g+X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AFUdY+P</latexit>⇢<latexit sha1_base64="asoSHmMpk81GK+vdfQG9YynstIo="></latexit>

⇢� ' ⇢end

✓
aend
a

◆3(1+!�)

= ⇢end

✓
aend
a

◆ 6m
m+1

,
<latexit sha1_base64="yd1I34coRFJJhqWOqg0VbnjFK0g=">AAACD3icbVC7TsMwFHXKq5RXgZHFogIxtFVSVZQBoUosjAXRh9SEyHHc1qqdBNtBqqL+AQu/wsIAQqysbPwNbpsBWo5l3aNz7pV9jxcxKpVpfhuZpeWV1bXsem5jc2t7J7+715JhLDBp4pCFouMhSRgNSFNRxUgnEgRxj5G2N7yc+O0HIiQNg1s1iojDUT+gPYqR0pKbP7bFIHRv7KI+kvJJheguKVXHRfs+Rj6slSr83HTzBbNsTgEXiZWSAkjRcPNfth/imJNAYYak7FpmpJwECUUxI+OcHUsSITxEfdLVNECcSCeZ7jOGR1rxYS8U+gYKTtXfEwniUo64pzs5UgM5703E/7xurHpnTkKDKFYkwLOHejGDKoSTcKBPBcGKjTRBWFD9V4gHSCCsdIQ5HYI1v/IiaVXK1mm5cl0t1C/SOLLgAByCE2CBGqiDK9AATYDBI3gGr+DNeDJejHfjY9aaMdKZffAHxucPRAqaPw==</latexit>

⇢R ⇠ a�4, 7� 2m < 0

Reheating temperature for quartic potential: A small Higgs-portal 
coupling is efficient!

decay: scattering:<latexit sha1_base64="sTa4Ntu05LOo1D2gp/3l6xtok/g=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgQcKuxMdFCXjxGME8IFnC7GQ2GTIzu8zMCmHJL3jxoIhXf8ibf+NssgdNLGgoqrrp7gpizrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1o6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+O7zG8/UaVZJB/NJKa+wEPJQkawyaTxjXfWL1fcqjsDWiZeTiqQo9Evf/UGEUkElYZwrHXXc2Pjp1gZRjidlnqJpjEmYzykXUslFlT76ezWKTqxygCFkbIlDZqpvydSLLSeiMB2CmxGetHLxP+8bmLCaz9lMk4MlWS+KEw4MhHKHkcDpigxfGIJJorZWxEZYYWJsfGUbAje4svLpHVe9S6rFw+1Sv02j6MIR3AMp+DBFdThHhrQBAIjeIZXeHOE8+K8Ox/z1oKTzxzCHzifPy61ja0=</latexit>

k = 1,
<latexit sha1_base64="tdPI+KGUpsJb/60g0IDaPKC3eWg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGXxcl4MVjRPOAJITZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB00saCiquunu8mPBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWj7VKLjEuuFGYCtWSENfYNMf3U795hMqzSP5aMYxdkM6kDzgjBorPYyuK71iyS27M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1np07IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEz/Jn2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS9i/L5/VmpepPFkYcjOIZT8OASqnAHNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8fx7mNeA==</latexit>

k = 2



Axion dark radiation
<latexit sha1_base64="ZGXDKvybJWp9Uwc673TUHfb8CZI=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0msaTxJwYvHCvYD21A22027dLMJuxuhhP4LLx4U8eq/8ea/cdNWUNEHA4/3ZpiZFyScKW3bH1ZhZXVtfaO4Wdra3tndK+8ftFWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTTK5yv3NPpWKxuNXThPoRHgkWMoK1ke76nCqlWIScQbliV23bq9s1lJO6685JzXU9DzlGyVGBJZqD8nt/GJM0okITjpXqOXai/QxLzQins1I/VTTBZIJHtGeowBFVfja/eIZOjDJEYSxNCY3m6veJDEdKTaPAdEZYj9VvLxf/8nqpDi/8jIkk1VSQxaIw5UjHKH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhfH2K/ifts6pTr7o355XG5TKOIhzBMZyCAx404Bqa0AICAh7gCZ4tZT1aL9brorVgLWcO4Qest098ypDP</latexit>. 1 : sub-dominant radiation

• Axions produced during inflation:

“Dark Radiation”

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

High reheating temperature: Axions get thermalized!

After axion decoupling,

(KSVZ)e.g. ,  detectable in future CMB experiments

suppressed DR!<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

-19-

Low reheating temperature:



Axion velocity & abundance
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Reheating:
Post-reheating:

<latexit sha1_base64="8edyGM1eJ0XXvul8z3LJV/G+z6Q=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBahXkrSmsaLUvDisYKphTaUzXbTLt3dhN2NUEJ/gxcPinj1B3nz37hpK6jog4HHezPMzAsTRpW27Q+rsLK6tr5R3Cxtbe/s7pX3DzoqTiUmPo5ZLLshUoRRQXxNNSPdRBLEQ0buwslV7t/dE6loLG71NCEBRyNBI4qRNpJf5Rf100G5Ytds22vaDZiTpuvOScN1PQ86RslRAUu0B+X3/jDGKSdCY4aU6jl2ooMMSU0xI7NSP1UkQXiCRqRnqECcqCCbHzuDJ0YZwiiWpoSGc/X7RIa4UlMemk6O9Fj99nLxL6+X6ug8yKhIUk0EXiyKUgZ1DPPP4ZBKgjWbGoKwpOZWiMdIIqxNPiUTwten8H/SqdecZs29Oau0LpdxFMEROAZV4AAPtMA1aAMfYEDBA3gCz5awHq0X63XRWrCWM4fgB6y3T+oRjh0=</latexit>

(m = 2)
<latexit sha1_base64="w9VL8idtUVUVV8q4Bn3GDZEjBDk=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0nUNF6UghePFewHtKFstpt26WYTdzdCCf0TXjwo4tW/481/46atoKIPBh7vzTAzL0g4U9q2P6zC0vLK6lpxvbSxubW9U97da6k4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF/lfvueSsVicasnCfUjPBQsZARrI3V6yYhdhH3cL1fsqm17NfsU5aTmujNy6rqehxyj5KjAAo1++b03iEkaUaEJx0p1HTvRfoalZoTTaamXKppgMsZD2jVU4IgqP5vdO0VHRhmgMJamhEYz9ftEhiOlJlFgOiOsR+q3l4t/ed1Uh+d+xkSSairIfFGYcqRjlD+PBkxSovnEEEwkM7ciMsISE20iKpkQvj5F/5PWSdWpVd2bs0r9chFHEQ7gEI7BAQ/qcA0NaAIBDg/wBM/WnfVovViv89aCtZjZhx+w3j4BJQKQDg==</latexit>

� = fa

@ axion oscillation

<latexit sha1_base64="qTuhgjre2aH7WHbNn4dyKKbTMlc=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0msaTxJwYvHCtYWmlA22027dLMJuxuhhP4ILx4U8erv8ea/cdNWUNEHA4/3ZpiZF6acKW3bH1ZpZXVtfaO8Wdna3tndq+4f3Kkkk4R2SMIT2QuxopwJ2tFMc9pLJcVxyGk3nFwVfveeSsUScaunKQ1iPBIsYgRrI3X9kI1Gfj6o1uy6bXtNu4EK0nTdOWm4ruchxygFarBEe1B994cJyWIqNOFYqb5jpzrIsdSMcDqr+JmiKSYTPKJ9QwWOqQry+bkzdGKUIYoSaUpoNFe/T+Q4Vmoah6YzxnqsfnuF+JfXz3R0EeRMpJmmgiwWRRlHOkHF72jIJCWaTw3BRDJzKyJjLDHRJqGKCeHrU/Q/uTurO826e3Nea10u4yjDERzDKTjgQQuuoQ0dIDCBB3iCZyu1Hq0X63XRWrKWM4fwA9bbJ66Wj9A=</latexit>⇢

[HML,  A. Menkara, M-J, Seung, J-H, Song (2023)]
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Axion velocity & abundance
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Axion kinetic misalignment dominant for axion DM production.
Even for a relatively small axion decay constant,

<latexit sha1_base64="GWeHpos2hcnF9vH1CRfsBE/Urro="></latexit>

fa < 1.5⇥ 1011 GeV

PQ inflation leads to the initial nonzero velocity for axion!

[HML,  A. Menkara, M-J, Seung, J-H, Song (2023)]
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Conclusions
• PQ pole inflation is the perturbative expansion about 

conformal coupling,  being distinguishable from Higgs 
or Starobinsky inflation by the general equation of 
state during reheating.

• A small quartic coupling during PQ inflation is 
maintained for small couplings of the PQ field.  A 
relatively low reheating temperature is achieved for 
PQ field couplings to Higgs and extra heavy quarks.

• PQ breaking potential, which is consistent with axion 
quality, sets the initial velocity for the axion during 
inflation, which accounts for the correct relic density 
even for a small axion decay constant.


