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A (partial) list of open questions in particle physics and 
cosmology

• Why do strong interactions not violate CP?

• What is the nature of dark matter?

• At what scale did inflation take place?
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The Strong CP problem
<latexit sha1_base64="bLufbvPpBKoPJXij8S3iWo5XaVQ="></latexit>

LQCD � ✓
g2s

32⇡2
Gµ⌫

a G̃aµ⌫

<latexit sha1_base64="D3BK3D5ZINc7Kq7PzYfCsDKDEVk="></latexit>

G̃aµ⌫ =
1

2
✏µ⌫⇢�G

⇢�
a

The gauge invariant combination          is odd under parity (P), but even under charge 
conjugation (C), so odd under CP. This is like in EM:

<latexit sha1_base64="5QZeC3PhdxMdktR50lPbTIwVszE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUA8eAh7iMYJ5YLKE2UlvMmR2dpmZFcKSv/DiQRGv/o03/8bJ46CJBQ1FVTfdXUEiuDau++3k1tY3Nrfy24Wd3b39g+LhUVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo9up33pCpXksH8w4QT+iA8lDzqix0mONdA0XfSS1XrHklt0ZyCrxFqQEC9R7xa9uP2ZphNIwQbXueG5i/Iwqw5nASaGbakwoG9EBdiyVNELtZ7OLJ+TMKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC97U/E/r5Oa8NrPuExSg5LNF4WpICYm0/dJnytkRowtoUxxeythQ6ooMzakgg3BW355lTQvyt5luXJfKVVvFnHk4QRO4Rw8uIIq3EEdGsBAwjO8wpujnRfn3fmYt+acxcwx/IHz+QNznZAd</latexit>

GG̃

<latexit sha1_base64="13uATVI+fSYM/jQMo3HKfa+L/E0=">AAACCXicbZDLSgMxFIYz9VbrrerSTbAIrsqMFHWhUBTFZQV7gU4pmcxpG5q5kJwplNKtG1/FjQtF3PoG7nwb03YW2vpD4Mt/ziE5vxdLodG2v63M0vLK6lp2PbexubW9k9/dq+koURyqPJKRanhMgxQhVFGghEasgAWehLrXv57U6wNQWkThAw5jaAWsG4qO4AyN1c7TW+qikD4YuKTuADi9oS73I5xdrtr5gl20p6KL4KRQIKkq7fyX60c8CSBELpnWTceOsTViCgWXMM65iYaY8T7rQtNgyALQrdF0kzE9Mo5PO5EyJ0Q6dX9PjFig9TDwTGfAsKfnaxPzv1ozwc55ayTCOEEI+eyhTiIpRnQSC/WFAo5yaIBxJcxfKe8xxTia8HImBGd+5UWonRSd02LpvlQoX6RxZMkBOSTHxCFnpEzuSIVUCSeP5Jm8kjfryXqx3q2PWWvGSmf2yR9Znz/ca5fm</latexit>

FF̃ = ~E · ~B
<latexit sha1_base64="W743t3O68SplfojKhJpDcnYQpHU=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCG8uMFHXhoiiCywr2AZ2hZDJpG5pJhiRTqEPxV9y4UMSt/+HOvzGdzkJbD1w4Oedecu8JYkaVdpxvq7C0vLK6VlwvbWxube/Yu3tNJRKJSQMLJmQ7QIowyklDU81IO5YERQEjrWB4M/VbIyIVFfxBj2PiR6jPaY9ipI3UtQ9OvRHB8BZ6OBQaZo/rrl12Kk4GuEjcnJRBjnrX/vJCgZOIcI0ZUqrjOrH2UyQ1xYxMSl6iSIzwEPVJx1COIqL8NNt+Ao+NEsKekKa4hpn6eyJFkVLjKDCdEdIDNe9Nxf+8TqJ7l35KeZxowvHso17CoBZwGgUMqSRYs7EhCEtqdoV4gCTC2gRWMiG48ycvkuZZxT2vVO+r5dpVHkcRHIIjcAJccAFq4A7UQQNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A2R8k+Q=</latexit>

� ~E · ~B
P

<latexit sha1_base64="5QZeC3PhdxMdktR50lPbTIwVszE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUA8eAh7iMYJ5YLKE2UlvMmR2dpmZFcKSv/DiQRGv/o03/8bJ46CJBQ1FVTfdXUEiuDau++3k1tY3Nrfy24Wd3b39g+LhUVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo9up33pCpXksH8w4QT+iA8lDzqix0mONdA0XfSS1XrHklt0ZyCrxFqQEC9R7xa9uP2ZphNIwQbXueG5i/Iwqw5nASaGbakwoG9EBdiyVNELtZ7OLJ+TMKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC97U/E/r5Oa8NrPuExSg5LNF4WpICYm0/dJnytkRowtoUxxeythQ6ooMzakgg3BW355lTQvyt5luXJfKVVvFnHk4QRO4Rw8uIIq3EEdGsBAwjO8wpujnRfn3fmYt+acxcwx/IHz+QNznZAd</latexit>

GG̃One can show that         is a total derivative. As such it cannot have any effect in 
perturbation theory. It does have, however, physical non-perturbative effects, due
to non-trivial gauge field configurations (instantons). 
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The Strong CP problem
Including also the quarks

<latexit sha1_base64="G3YcYlToPNzcP/TWEyDQpfJETTE=">AAACBXicbVC7SgNBFJ2NrxhfUUstBoNgFXYlPgqLgI1lBPOAJIa7k5tkyMzuZmZWCEsaG3/FxkIRW//Bzr9x8ig08cDA4Zx7uXOOHwmujet+O6ml5ZXVtfR6ZmNza3snu7tX0WGsGJZZKEJV80Gj4AGWDTcCa5FCkL7Aqt+/HvvVB1Sah8GdGUbYlNANeIczMFZqZQ8HtGFCivcJt6SHBmijC1JC62w0aGVzbt6dgC4Sb0ZyZIZSK/vVaIcslhgYJkDruudGppmAMpwJHGUascYIWB+6WLc0AIm6mUxSjOixVdq0Eyr7AkMn6u+NBKTWQ+nbSQmmp+e9sfifV49N57KZ8CCKDQZseqgTC2pzjyuhba6QGTG0BJji9q+U9UABM7a4jC3Bm4+8SCqnee88X7gt5IpXszrS5IAckRPikQtSJDekRMqEkUfyTF7Jm/PkvDjvzsd0NOXMdvbJHzifP3/tl/A=</latexit>

q ! ei✓�5qPerforming a global U(1) chiral rotation of the quark fields 

introduces the term
<latexit sha1_base64="cFoh9V2OlJYfMi00xtXiY/x6sEU="></latexit>

✓
g2s

32⇡2
Gµ⌫

a G̃aµ⌫ in the lagrangian.

LQCD � ✓
g2s

32⇡2
Gµ⌫

a G̃aµ⌫ + q̄RiMijqLj + h.c.
<latexit sha1_base64="VuQk9l8NJ9dIG76q2Y2qBN3XPYg="></latexit>

From

we then have that the physical CP violating angle in QCD is

✓̄ = ✓ + arg detM
<latexit sha1_base64="hvHhVssTBA3jGeryM6dWJ1fWfiQ=">AAACEXicbZDLSgNBEEV74ju+oi7dNAZBEMJMFHShEHDjRlAwUciEUNOpJE16HnTXCGHIL7jxV9y4UMStO3f+jZ2HoMYLDYdbVVTXDRIlDbnup5ObmZ2bX1hcyi+vrK6tFzY2ayZOtcCqiFWsbwMwqGSEVZKk8DbRCGGg8CbonQ3rN3eojYyja+on2AihE8m2FEDWahb2/AA096mLBPz0G/Z55uuQg+5wn7eQBvyiWSi6JXckPg3eBIpsostm4cNvxSINMSKhwJi65ybUyECTFAoHeT81mIDoQQfrFiMI0TSy0UUDvmudFm/H2r6I+Mj9OZFBaEw/DGxnCNQ1f2tD879aPaX2cSOTUZISRmK8qJ0qTjEfxsNbUqMg1bcAQkv7Vy66oEGQDTFvQ/D+njwNtXLJOyiVrw6LlZNJHItsm+2wPeaxI1Zh5+ySVZlg9+yRPbMX58F5cl6dt3FrzpnMbLFfct6/AIZxm4k=</latexit>

Using chiral lagrangian techniques, to study QCD below the confinement scale,
one can compute the dependence of the neutron electric dipole moment (EDM) on the
parameter     . 
The experimental non observation of a neutron EDM implies:

<latexit sha1_base64="lU/WQQLdJJ7XqXjiJiKJDPoC+XY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1IOHghePFewHJKFstpt26WYTdidCKf0ZXjwo4tVf481/47bNQVsfDDzem2FmXpRJYdB1v53S2vrG5lZ5u7Kzu7d/UD08aps014y3WCpT3Y2o4VIo3kKBknczzWkSSd6JRnczv/PEtRGpesRxxsOEDpSIBaNoJT+IqCYBDjnSXrXm1t05yCrxClKDAs1e9SvopyxPuEImqTG+52YYTqhGwSSfVoLc8IyyER1w31JFE27CyfzkKTmzSp/EqbalkMzV3xMTmhgzTiLbmVAcmmVvJv7n+TnGN+FEqCxHrthiUZxLgimZ/U/6QnOGcmwJZVrYWwkbUk0Z2pQqNgRv+eVV0r6oe1f1y4fLWuO2iKMMJ3AK5+DBNTTgHprQAgYpPMMrvDnovDjvzseiteQUM8fwB87nD/wykQ4=</latexit>

✓̄
<latexit sha1_base64="prc7ciLYQJ6TuIb0yT2hBX2qGfg=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIXiyJFPXQQ8GLxwr2A5pYNttNu3SzCbsTocQe/CtePCji1b/hzX/jts1BWx8MPN6bYWZekAiuwXG+raXlldW19cJGcXNre2fX3ttv6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqG1xO/9cCU5rG8g1HC/Ij0JQ85JWCkrn3oBURhDwYMCK5i17nPzlxn3LVLTtmZAi8SNycllKPetb+8XkzTiEmggmjdcZ0E/Iwo4FSwcdFLNUsIHZI+6xgqScS0n03vH+MTo/RwGCtTEvBU/T2RkUjrURSYzojAQM97E/E/r5NCeOVnXCYpMElni8JUYIjxJAzc44pRECNDCFXc3IrpgChCwURWNCG48y8vkuZ52b0oV24rpVo1j6OAjtAxOkUuukQ1dIPqqIEoekTP6BW9WU/Wi/Vufcxal6x85gD9gfX5A3HylG4=</latexit>

✓̄ < 10�10
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The Strong CP problem
In the Standard Model the quark masses are proportional to their yukawas, and

<latexit sha1_base64="c1B9V1TRS8a78kMKA/Ab+JuD0Xc=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUmkqAuFghs3QgX7oglhMpm0QyeTMDMRSug/uPFX3LhQxK0bd/6N0zYL23rgwuGce7n3Hj9hVCrL+jGWlldW19YLG8XNre2dXXNvvynjVGDSwDGLRdtHkjDKSUNRxUg7EQRFPiMtf3Az9luPREga8wc1TIgboR6nIcVIackzTzNHRBCJ3gg6AVHwDl7DWanc8QLY8dITzyxZFWsCuEjsnJRAjrpnfjtBjNOIcIUZkrJrW4lyMyQUxYyMik4qSYLwAPVIV1OOIiLdbPLTCB5rJYBhLHRxBSfq34kMRVIOI193Rkj15bw3Fv/zuqkKL92M8iRVhOPpojBlUMVwHBAMqCBYsaEmCAuqb4W4jwTCSsdY1CHY8y8vkuZZxT6vVO+rpdpVHkcBHIIjUAY2uAA1cAvqoAEweAIv4A28G8/Gq/FhfE5bl4x85gDMwPj6BUennII=</latexit>

arg detM = arg det(YdYu)

In the weak interactions, starting from the yukawas one defines the CKM matrix,
where the CP violation is parametrized by the phase δ, which is experimentally
measured to be of order one.

So, we have evidence for a CP violating phase of order one in the weak interactions,
no evidence for a CP violating phase in the strong interactions.

We call this the strong CP problem. 
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How does theta affect nuclear physics?

What would be different in nature if theta were of order one?

Anthropic solution?

<latexit sha1_base64="xUPGkp2Sz0shWu/tRhr/ZFgiq7Y="></latexit>

L�PT � g⇡NN N̄⇡a⌧a�5N + g✓̄ ✓̄N̄⇡a⌧aN
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Effect of theta on the deuteron binding energy
Big Bang Nucleosynthesis (BBN) is sensitive to the deuteron binding energy (2.2 MeV)

n+ p $ D + �

D +D $ T + p

D + T $ 4
He+ n

<latexit sha1_base64="4/5ayyGrv3mrLFaypH+fQLVm9dM="></latexit>

1

⌘
e�

ED
T =

n�

nb
e�

ED
T < 1

<latexit sha1_base64="4vaqCtCr5EzsaGEKKzYS/9rVH1E="></latexit>

T ' 0.1 MeV

t ' 3 min
<latexit sha1_base64="Q6pzdOH8GVcZeErzy9zCzfdLxZk=">AAACHnicbVBNSwMxEM36WdevqkcvwaJ4KrtW0YOHghcvQoV+CN2lZNOpBpPsmmSFsvSXePGvePGgiOBJ/41pu4K2Phh4vDfDzLwo4Uwbz/tyZmbn5hcWC0vu8srq2npxY7Op41RRaNCYx+oqIho4k9AwzHC4ShQQEXFoRbdnQ791D0qzWNZNP4FQkGvJeowSY6VO8aiO9wLNBNxhr+zjAGeBEvgCmgMcBK7Bezh3Kz+eYHLQKZa8sjcCniZ+TkooR61T/Ai6MU0FSEM50brte4kJM6IMoxwGbpBqSAi9JdfQtlQSATrMRu8N8K5VurgXK1vS4JH6eyIjQuu+iGynIOZGT3pD8T+vnZreSZgxmaQGJB0v6qUcmxgPs8JdpoAa3reEUMXsrZjeEEWosYm6NgR/8uVp0jwo+5XyweVhqXqax1FA22gH7SMfHaMqOkc11EAUPaAn9IJenUfn2Xlz3setM04+s4X+wPn8BshcnzM=</latexit>

N
<latexit sha1_base64="z5/i2H4ixFRJRkS4QLMhw8CfQbw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEN/6UyyQ1KNlyUZgKYmIy/5oMuEJmxMQSyhS3txI2oooyY7Mp2BC81ZfXSatS9q7KlUa1VKtmceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB6OpjMg=</latexit>

N
<latexit sha1_base64="z5/i2H4ixFRJRkS4QLMhw8CfQbw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEN/6UyyQ1KNlyUZgKYmIy/5oMuEJmxMQSyhS3txI2oooyY7Mp2BC81ZfXSatS9q7KlUa1VKtmceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB6OpjMg=</latexit>

N
<latexit sha1_base64="z5/i2H4ixFRJRkS4QLMhw8CfQbw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEN/6UyyQ1KNlyUZgKYmIy/5oMuEJmxMQSyhS3txI2oooyY7Mp2BC81ZfXSatS9q7KlUa1VKtmceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB6OpjMg=</latexit>

N
<latexit sha1_base64="z5/i2H4ixFRJRkS4QLMhw8CfQbw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEN/6UyyQ1KNlyUZgKYmIy/5oMuEJmxMQSyhS3txI2oooyY7Mp2BC81ZfXSatS9q7KlUa1VKtmceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB6OpjMg=</latexit>

⇡
<latexit sha1_base64="RwczkTjg/QLSChMP5msO6wScjhE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoZ/wQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+1a1buq1u7rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP0zVjcM=</latexit>

<latexit sha1_base64="HLqvUPXXfFvDSZ4vQfUuU9fRB9U=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQUdVlw47KCfUATwmQ6aYdOJmHmRiihCzf+ihsXirj1I9z5N07bLGrrgQtnzrmXufeEqeAaHOfH2tjc2t7ZLe2V9w8Oj47tk9OOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8O/O7j0xpnsgHmKTMj8lQ8ohTAkYK7MowyL2QKOzBiAGZ4qVHYFedmjMHXiduQaqoQCuwv71BQrOYSaCCaN13nRT8nCjgVLBp2cs0SwkdkyHrGypJzLSfz4+Y4gujDHCUKFMS8FxdnshJrPUkDk1nTGCkV72Z+J/XzyC68XMu0wyYpIuPokxgSPAsETzgilEQE0MIVdzsiumIKELB5FY2IbirJ6+TTr3mXtUa941qs17EUUIVdI4ukYuuURPdoRZqI4qe0At6Q+/Ws/VqfVifi9YNq5g5Q39gff0CTVqX1g==</latexit>

g✓̄ ✓̄
<latexit sha1_base64="HLqvUPXXfFvDSZ4vQfUuU9fRB9U=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQUdVlw47KCfUATwmQ6aYdOJmHmRiihCzf+ihsXirj1I9z5N07bLGrrgQtnzrmXufeEqeAaHOfH2tjc2t7ZLe2V9w8Oj47tk9OOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8O/O7j0xpnsgHmKTMj8lQ8ohTAkYK7MowyL2QKOzBiAGZ4qVHYFedmjMHXiduQaqoQCuwv71BQrOYSaCCaN13nRT8nCjgVLBp2cs0SwkdkyHrGypJzLSfz4+Y4gujDHCUKFMS8FxdnshJrPUkDk1nTGCkV72Z+J/XzyC68XMu0wyYpIuPokxgSPAsETzgilEQE0MIVdzsiumIKELB5FY2IbirJ6+TTr3mXtUa941qs17EUUIVdI4ukYuuURPdoRZqI4qe0At6Q+/Ws/VqfVifi9YNq5g5Q39gff0CTVqX1g==</latexit>

g✓̄ ✓̄

repulsive

<latexit sha1_base64="GoyF39VNnIraHFiGCDUMx/mvF8g="></latexit>

V1 =
3

4⇡
g2✓̄ ✓̄

2 e
�m⇡r

r

for

No reason from nuclear physics and BBN why theta should be small!

LU 2010

�ED < 0.1 MeV
<latexit sha1_base64="/eQV0uSGXVPkWY6JOFywKZQknj4=">AAACBXicbVA9SwNBEN2LXzF+nVpqsRgEq+MuClqkCBjBRohgEiF3HHubSbJk74PdPSEcaWz8KzYWitj6H+z8N26SKzTxwcDjvRlm5gUJZ1LZ9rdRWFpeWV0rrpc2Nre2d8zdvZaMU0GhSWMei/uASOAsgqZiisN9IoCEAYd2MLyc+O0HEJLF0Z0aJeCFpB+xHqNEack3D906cEXwlV/HVWxbDnZx5ooQ30Br7Jtl27KnwIvEyUkZ5Wj45pfbjWkaQqQoJ1J2HDtRXkaEYpTDuOSmEhJCh6QPHU0jEoL0sukXY3yslS7uxUJXpPBU/T2RkVDKURjozpCogZz3JuJ/XidVvQsvY1GSKojobFEv5VjFeBIJ7jIBVPGRJoQKpm/FdEAEoUoHV9IhOPMvL5JWxXJOrcrtWblWzeMoogN0hE6Qg85RDV2jBmoiih7RM3pFb8aT8WK8Gx+z1oKRz+yjPzA+fwCYKJYR</latexit>

<latexit sha1_base64="JghmkhHlyhfEIxBgQY65NKiycek=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIqAcPBS8eK9gPaELZbDft0t1N2J2IJfSvePGgiFf/iDf/jds2B219MPB4b4aZeVEquAHP+3ZKa+sbm1vl7crO7t7+gXtYbZsk05S1aCIS3Y2IYYIr1gIOgnVTzYiMBOtE49uZ33lk2vBEPcAkZaEkQ8VjTglYqe9Wg4hoHMCIAcGB4RL7fbfm1b058CrxC1JDBZp99ysYJDSTTAEVxJie76UQ5kQDp4JNK0FmWEromAxZz1JFJDNhPr99ik+tMsBxom0pwHP190ROpDETGdlOSWBklr2Z+J/XyyC+DnOu0gyYootFcSYwJHgWBB5wzSiIiSWEam5vxXRENKFg46rYEPzll1dJ+7zuX9Yv7i9qjZsijjI6RifoDPnoCjXQHWqiFqLoCT2jV/TmTJ0X5935WLSWnGLmCP2B8/kDxFuTmw==</latexit>

✓̄ ⇠ 1
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NO anthropic solution to strong CP
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The Axion solution

� = ⇢ei�/f
<latexit sha1_base64="vAUeaMqKJKWErricLKPm0aNOrus=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSBYxd0oaKEQsLGMYB6QXcPsZDY7ZB7LzKwQljQ2/oqNhSK2/oOdf+PkUWjigQuHc+7l3nuilFFtPO/bWVhcWl5ZLawV1zc2t7bdnd2GlpnCpI4lk6oVIU0YFaRuqGGklSqCeMRIM+pfj/zmA1GaSnFnBikJOeoJGlOMjJU67kFQSyi8goFKJCT3OYWBpj2O4AmMhx235JW9MeA88aekBKaoddyvoCtxxokwmCGt276XmjBHylDMyLAYZJqkCPdRj7QtFYgTHebjL4bwyCpdGEtlSxg4Vn9P5IhrPeCR7eTIJHrWG4n/ee3MxBdhTkWaGSLwZFGcMWgkHEUCu1QRbNjAEoQVtbdCnCCFsLHBFW0I/uzL86RRKfun5crtWal6OY2jAPbBITgGPjgHVXADaqAOMHgEz+AVvDlPzovz7nxMWhec6cwe+APn8wcZ/5cG</latexit>

Augment the Standard Model (SM) by a global chiral                symmetry, anomalous
under the QCD gauge group. This can be achieved by adding at least one complex scalar 
field to the SM

<latexit sha1_base64="R0GPUqE+RsU2oyp/qmvDjO3BqzI=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwZohYWJDaWkHhAAheytyywYXfv3N0jIRd+h42Fxtj6Y+z8Ny5whYIvmeTlvZnMzAtjzrRx3W8nt7G5tb2T3y3s7R8cHhWPT5o6ShShPol4pNoh1pQzSX3DDKftWFEsQk5b4fh+7rcmVGkWyUczjWkg8FCyASPYWCnwy95lL+0qgeqNWa9YcivuAmideBkpQYZ6r/jV7UckEVQawrHWHc+NTZBiZRjhdFboJprGmIzxkHYslVhQHaSLo2fowip9NIiULWnQQv09kWKh9VSEtlNgM9Kr3lz8z+skZnAbpEzGiaGSLBcNEo5MhOYJoD5TlBg+tQQTxeytiIywwsTYnAo2BG/15XXSvKp415Vqo1qq3WVx5OEMzqEMHtxADR6gDj4QeIJneIU3Z+K8OO/Ox7I152Qzp/AHzucPU5iRKQ==</latexit>

U(1)PQ

<latexit sha1_base64="zxv1Va5XUyWPeSJNBKsZMtwWHlo=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoCDWRoi5cFNy4rGAf0MRyM500QycPZiZCCd268VfcuFDErX/gzr9x2mahrQcuHM65l3vv8RLOpLKsb6OwtLyyulZcL21sbm3vmLt7LRmngtAmiXksOh5IyllEm4opTjuJoBB6nLa94fXEbz9QIVkc3alRQt0QBhHzGQGlpZ6JHRHEmN5nDFccyQYh4FPs4xPsAE8COB73zLJVtabAi8TOSRnlaPTML6cfkzSkkSIcpOzaVqLcDIRihNNxyUklTYAMYUC7mkYQUulm00/G+EgrfezHQlek8FT9PZFBKOUo9HRnCCqQ895E/M/rpsq/dDMWJamiEZkt8lOOVYwnseA+E5QoPtIEiGD6VkwCEECUDq+kQ7DnX14krbOqfV6t3dbK9as8jiI6QIeogmx0geroBjVQExH0iJ7RK3oznowX4934mLUWjHxmH/2B8fkDlBeYVw==</latexit>

⇢ei(�/f+↵)
<latexit sha1_base64="R0GPUqE+RsU2oyp/qmvDjO3BqzI=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwZohYWJDaWkHhAAheytyywYXfv3N0jIRd+h42Fxtj6Y+z8Ny5whYIvmeTlvZnMzAtjzrRx3W8nt7G5tb2T3y3s7R8cHhWPT5o6ShShPol4pNoh1pQzSX3DDKftWFEsQk5b4fh+7rcmVGkWyUczjWkg8FCyASPYWCnwy95lL+0qgeqNWa9YcivuAmideBkpQYZ6r/jV7UckEVQawrHWHc+NTZBiZRjhdFboJprGmIzxkHYslVhQHaSLo2fowip9NIiULWnQQv09kWKh9VSEtlNgM9Kr3lz8z+skZnAbpEzGiaGSLBcNEo5MhOYJoD5TlBg+tQQTxeytiIywwsTYnAo2BG/15XXSvKp415Vqo1qq3WVx5OEMzqEMHtxADR6gDj4QeIJneIU3Z+K8OO/Ox7I152Qzp/AHzucPU5iRKQ==</latexit>

U(1)PQ

<latexit sha1_base64="8cpQWR21gLzwQx4bCkXpkUuFxHc="></latexit>

V (✓̄,�) ⇡ ⇤4


1� cos

✓
�

f
+ ✓̄

◆�

The anomaly of the                 generates the term
<latexit sha1_base64="R0GPUqE+RsU2oyp/qmvDjO3BqzI=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwZohYWJDaWkHhAAheytyywYXfv3N0jIRd+h42Fxtj6Y+z8Ny5whYIvmeTlvZnMzAtjzrRx3W8nt7G5tb2T3y3s7R8cHhWPT5o6ShShPol4pNoh1pQzSX3DDKftWFEsQk5b4fh+7rcmVGkWyUczjWkg8FCyASPYWCnwy95lL+0qgeqNWa9YcivuAmideBkpQYZ6r/jV7UckEVQawrHWHc+NTZBiZRjhdFboJprGmIzxkHYslVhQHaSLo2fowip9NIiULWnQQv09kWKh9VSEtlNgM9Kr3lz8z+skZnAbpEzGiaGSLBcNEo5MhOYJoD5TlBg+tQQTxeytiIywwsTYnAo2BG/15XXSvKp415Vqo1qq3WVx5OEMzqEMHtxADR6gDj4QeIJneIU3Z+K8OO/Ox7I152Qzp/AHzucPU5iRKQ==</latexit>

U(1)PQ

<latexit sha1_base64="a9E84qKeX4SQF4bAHdFTkupgy3A=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARXJWkFnXhouCiLivYCzQxTCaTduhkEmYmQgl5Dje+ihsXirgTN76N0zYLbf1h4OM/53Dm/H7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCvjVGDSwTGLRd9HkjDKSUdRxUg/EQRFPiM9f3w9rfceiJA05ndqkhA3QkNOQ4qR0pZn2k4oEM4cSYcRyrMwh3Nj6Mn7ep6d1Z2EaoAt6CjKAgJbnlm1atZMcBnsAqqgUNszP50gxmlEuMIMSTmwrUS5GRKKYkbyipNKkiA8RkMy0MhRRKSbzU7L4Yl2AhjGQj+u4Mz9PZGhSMpJ5OvOCKmRXKxNzf9qg1SFl25GeZIqwvF8UZgyqGI4zQkGVBCs2EQDwoLqv0I8QjoapdOs6BDsxZOXoVuv2ee1xm2j2rwq4iiDI3AMToENLkAT3IA26AAMHsEzeAVvxpPxYrwbH/PWklHMHII/Mr5+ANB6oKo=</latexit>

�

f

g2s
32⇡2

GG̃

in the QCD lagrangian. 
At scales below confinement,                           , we get the potential

<latexit sha1_base64="9Zp2BQmxIxnrIROpfMID/Dsbmpc=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpRV24KLhxoVDBPqAzlEwm04ZmJiHJiGXo0o2/4saFIm79BHf+jWk7C209EDiccy439wSCUaUd59sqLC2vrK4V10sbm1vbO/buXkvxVGLSxJxx2QmQIowmpKmpZqQjJEFxwEg7GF5O/PY9kYry5E6PBPFj1E9oRDHSRurZh961CYcIekgIyR9g1XGgBzNPxvCGtMY9u+xUnCngInFzUgY5Gj37yws5TmOSaMyQUl3XEdrPkNQUMzIueakiAuEh6pOuoQmKifKz6SFjeGyUEEZcmpdoOFV/T2QoVmoUByYZIz1Q895E/M/rpjo69zOaiFSTBM8WRSmDmsNJKzCkkmDNRoYgLKn5K8QDJBHWpruSKcGdP3mRtKoV97RSu62V6xd5HUVwAI7ACXDBGaiDK9AATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHU/qYQA==</latexit>

⇤ ⇡ 200 MeV

minimized at                    .  
<latexit sha1_base64="XkhEKvMY6WQkD/1wgR09kkrw5dc=">AAACEHicbVA9SwNBEN2L3/ErammzGEQbw52IWigINpYKRgO5EOY2c8mSvb1jd04IwZ9g41+xsVDE1tLOf+Pmo9Dog4G3782wMy/KlLTk+19eYWp6ZnZufqG4uLS8slpaW7+xaW4EVkWqUlOLwKKSGqskSWEtMwhJpPA26p4P/Ns7NFam+pp6GTYSaGsZSwHkpGZpJ1Sg2wp5aGU7AR6a0fOU7/GYhxGYkDpI0CyV/Yo/BP9LgjEpszEum6XPsJWKPEFNQoG19cDPqNEHQ1IovC+GucUMRBfaWHdUQ4K20R8edM+3ndLicWpcaeJD9edEHxJre0nkOhOgjp30BuJ/Xj2n+LjRlzrLCbUYfRTnilPKB+nwljQoSPUcAWGk25WLDhgQ5DIsuhCCyZP/kpv9SnBYObg6KJ+djOOYZ5tsi+2ygB2xM3bBLlmVCfbAntgLe/UevWfvzXsftRa88cwG+wXv4xvgTpvY</latexit>

h�i = �f ✓̄

At the minimum of this potential, QCD is CP conserving: strong CP problem solved!

PQ = Peccei-Quinn



10

Spontaneous vs explicit breaking of PQ symmetry

<latexit sha1_base64="vQjUCHjiVi7x15JBn4lLBH+boCc=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSs2wX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSfui6l1Wa81apX6Tx1GEEziFc/DgCupwBw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH8wRjO0=</latexit>

f

<latexit sha1_base64="7jUc7CzgldUBUrwkMyDXY+iTBtQ=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1MIiYGNhEcE8IFnC7OxsMmR2dpm5K4SQj7CxUMTW77Hzb5wkW2jigYHDOecy954glcKg6347hbX1jc2t4nZpZ3dv/6B8eNQySaYZb7JEJroTUMOlULyJAiXvpJrTOJC8HYxuZ377iWsjEvWI45T7MR0oEQlG0Urt3r2NhrRfrrhVdw6ySrycVCBHo1/+6oUJy2KukElqTNdzU/QnVKNgkk9LvczwlLIRHfCupYrG3PiT+bpTcmaVkESJtk8hmau/JyY0NmYcBzYZUxyaZW8m/ud1M4yu/YlQaYZcscVHUSYJJmR2OwmF5gzl2BLKtLC7EjakmjK0DZVsCd7yyaukdVH1Lqu1h1qlfpPXUYQTOIVz8OAK6nAHDWgCgxE8wyu8Oanz4rw7H4towclnjuEPnM8fDMWPYA==</latexit>

⇤

V (�) = (|�|2 � f2)2
<latexit sha1_base64="wOV0uboNpTrsm6kdlogoE86w4qY=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAI7cKSREEXCgU3LivYC7RpmUwn7dDJJMxMhJJ248ZXceNCEbe+gzvfxkmbhbb+MPDxn3M4c34vYlQqy/o2lpZXVtfWcxv5za3tnV1zb78uw1hgUsMhC0XTQ5IwyklNUcVIMxIEBR4jDW94k9YbD0RIGvJ7NYqIG6A+pz7FSGmrax7Vi+3qgJbgNSyOUxp3HHgK/Y5T6jhds2CVrangItgZFECmatf8avdCHAeEK8yQlC3bipSbIKEoZmSSb8eSRAgPUZ+0NHIUEOkm0ysm8EQ7PeiHQj+u4NT9PZGgQMpR4OnOAKmBnK+l5n+1Vqz8SzehPIoV4Xi2yI8ZVCFMI4E9KghWbKQBYUH1XyEeIIGw0sHldQj2/MmLUHfK9lnZuTsvVK6yOHLgEByDIrDBBaiAW1AFNYDBI3gGr+DNeDJejHfjY9a6ZGQzB+CPjM8f/PyVqw==</latexit>

� = ⇢ei�/f
<latexit sha1_base64="vAUeaMqKJKWErricLKPm0aNOrus=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSBYxd0oaKEQsLGMYB6QXcPsZDY7ZB7LzKwQljQ2/oqNhSK2/oOdf+PkUWjigQuHc+7l3nuilFFtPO/bWVhcWl5ZLawV1zc2t7bdnd2GlpnCpI4lk6oVIU0YFaRuqGGklSqCeMRIM+pfj/zmA1GaSnFnBikJOeoJGlOMjJU67kFQSyi8goFKJCT3OYWBpj2O4AmMhx235JW9MeA88aekBKaoddyvoCtxxokwmCGt276XmjBHylDMyLAYZJqkCPdRj7QtFYgTHebjL4bwyCpdGEtlSxg4Vn9P5IhrPeCR7eTIJHrWG4n/ee3MxBdhTkWaGSLwZFGcMWgkHEUCu1QRbNjAEoQVtbdCnCCFsLHBFW0I/uzL86RRKfun5crtWal6OY2jAPbBITgGPjgHVXADaqAOMHgEz+AVvDlPzovz7nxMWhec6cwe+APn8wcZ/5cG</latexit>

ρ

V

�

<latexit sha1_base64="DmaYLz3tuOw8oJlaD+zRSJyT+cw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQAUPAS8eI5gHJEuYncwmY+axzMwKYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3RQlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp357SeqDVPywU4SGgo8lCxmBFsntXqGDQXulyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr92is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4KsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug1r1+r5Wqd/kcRThBE7hHAK4hDrcQQOaQOARnuEV3jzlvXjv3seiteDlM8fwB97nD55xjyk=</latexit>

<latexit sha1_base64="Uq3Ua3lrxtvjlXnQI0KKOVd1U9M="></latexit>

V (�) ⇡ ⇤4


1� cos

�

f

�

-2π -π π 2π

<latexit sha1_base64="h4z2drVoCzobxKtji47M6d5lXIs="></latexit>

⇡ 1

2

⇤4

f2
�2 � 1

24

⇤4

f4
�4

<latexit sha1_base64="8K5ZzFT3bob8Ak6dJMUZc3+rtOo=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKUI8BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSDnSQ0FHgoWcwItk56bFV6hg0FvuiXyn7VnwOtkiAnZcjR6Je+egNFUkGlJRwb0w38xIYZ1pYRTqfFXmpogskYD2nXUYkFNWE2P3iKzp0yQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPv0YBpSiyfOIKJZu5WREZYY2JdRkUXQrD88ippXVaDq2rtvlau1/I4CnAKZ1CBAK6hDnfQgCYQEPAMr/Dmae/Fe/c+Fq1rXj5zAn/gff4ADVaP4w==</latexit>

V (�)

<latexit sha1_base64="Gdz9mqlUM+406qDuT+AQYvSGjjM=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KokU9Vjw4rGC/YAmlM120y7d3YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+nY3Nre2d3cpedf/g8OjYPTnt6CRThLZJwhPVi7CmnEnaNsxw2ksVxSLitBtN7ud+d0qVZol8MrOUhgKPJIsZwcZKA9cNYoVJHmg2ErjI42Lg1ry6twBaJ35JalCiNXC/gmFCMkGlIRxr3fe91IQ5VoYRTotqkGmaYjLBI9q3VGJBdZgvLi/QpVWGKE6ULWnQQv09kWOh9UxEtlNgM9ar3lz8z+tnJr4LcybTzFBJlovijCOToHkMaMgUJYbPLMFEMXsrImNsozA2rKoNwV99eZ10ruv+Tb3x2Kg1G2UcFTiHC7gCH26hCQ/QgjYQmMIzvMKbkzsvzrvzsWzdcMqZM/gD5/MHNjSUAQ==</latexit>�

f



Lorenzo Ubaldi Inflaxion11

Temperature dependence of the axion mass

<latexit sha1_base64="7jUc7CzgldUBUrwkMyDXY+iTBtQ=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1MIiYGNhEcE8IFnC7OxsMmR2dpm5K4SQj7CxUMTW77Hzb5wkW2jigYHDOecy954glcKg6347hbX1jc2t4nZpZ3dv/6B8eNQySaYZb7JEJroTUMOlULyJAiXvpJrTOJC8HYxuZ377iWsjEvWI45T7MR0oEQlG0Urt3r2NhrRfrrhVdw6ySrycVCBHo1/+6oUJy2KukElqTNdzU/QnVKNgkk9LvczwlLIRHfCupYrG3PiT+bpTcmaVkESJtk8hmau/JyY0NmYcBzYZUxyaZW8m/ud1M4yu/YlQaYZcscVHUSYJJmR2OwmF5gzl2BLKtLC7EjakmjK0DZVsCd7yyaukdVH1Lqu1h1qlfpPXUYQTOIVz8OAK6nAHDWgCgxE8wyu8Oanz4rw7H4towclnjuEPnM8fDMWPYA==</latexit>

⇤ : confinement scale of a strong gauge group

At zero temperature
<latexit sha1_base64="WNSE7dcZsc3TLM5leqHHAixTO00=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqkqYACpEgsDQ5HoQ2pC5DhOa9VOIttBVFH+gIVfYWEAIVZWNv4Gt80ALUe60tE599r3Hj9hVCrL+jYWFpeWV1ZLa+X1jc2tbXNnty3jVGDSwjGLRddHkjAakZaiipFuIgjiPiMdf3g59jv3REgaR7dqlBCXo35EQ4qR0pJnHnEvcyTtcwStHF5A54FCJxQIZ861fiVAd7U8C3PPrFhVawI4T+yCVECBpmd+OUGMU04ihRmSsmdbiXIzJBTFjORlJ5UkQXiI+qSnaYQ4kW42uSeHh1oJYBgLXZGCE/X3RIa4lCPu606O1EDOemPxP6+XqvDMzWiUpIpEePpRmDKoYjgOBwZUEKzYSBOEBdW7QjxAOg2lIyzrEOzZk+dJu1a1T6r1m3qlcV7EUQL74AAcAxucgga4Ak3QAhg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7A+PwB+hucAA==</latexit>

m�0 = ⇠
⇤2

f

At finite temperature

J
H
E
P
0
9
(
2
0
2
0
)
0
5
2

the axion potential temporarily vanishes. This gives rise to rich dynamics of the inflaton-

axion system, allowing for a new cosmological scenario for axion dark matter. Here, the

reheating phase plays a central role in the dark matter production, and we show how this

opens up new regions of the axion parameter space. We study the implications for both

the QCD axion, and axion-like particles coupled to a hidden confining gauge sector.

This paper is organized as follows: We start by reviewing the conventional vacuum

misalignment scenario in section 2. Then we discuss the inflaxion mechanism in section 3,

followed by a study of its parameter space in section 4. We then conclude in section 5.

Technical calculations are relegated to the appendices: The onset of the axion oscillation is

analyzed in detail in appendix A. The full expressions for the diagonal basis of the inflaxion

Lagrangian are listed in appendix B.

2 Vacuum misalignment scenario

Let us start by reviewing the conventional vacuum misalignment scenario. Throughout

this work we denote the axion by σ, and consider it to be coupled to some gauge force that

becomes strong in the IR at an energy scale Λ. We assume the axion mass to depend on

the cosmic temperature T as

mσ(T ) ≃

⎧
⎨

⎩
λmσ0

(
Λ

T

)p

for T ≫ Λ, (2.1)

mσ0 for T ≪ Λ, (2.2)

with the zero-temperature mass written as

mσ0 = ξ
Λ2

f
. (2.3)

Here ξ is a dimensionless parameter, and f is an axion decay constant which sets the

periodicity of the axion potential as σ ∼= σ + 2πf . For the QCD axion, the parameters

take the values Λ ≈ 200MeV, p ≈ 4, λ ≈ 0.1, ξ ≈ 0.1, and f is the only free parameter.

However, in order to keep the discussion general, we take all the parameters as arbitrary

positive numbers.

The vacuum misalignment scenario can work if the inflationary Hubble scale lies within

the range

mσ(Tinf) < Hinf < 2πf, (2.4)

where Tinf = Hinf/2π is the de Sitter temperature during inflation. The upper bound

indicates that the U(1) symmetry is already broken2 in the inflation epoch and thus the

axion field becomes homogeneous in the observable patch of the universe. The cosmic

temperature during reheating should also satisfy the same upper bound, T < f , to ensure

that the symmetry stays broken in the post-inflation universe. The lower bound on the

inflation scale indicates that any initial field displacement σ⋆ of the axion from its potential

minimum stays frozen during inflation due to the Hubble friction. The axion continues to

2The symmetry breaking scale can be different from the scale of the axion periodicity, however we

suppose the two scales to be of the same order throughout this paper.
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For the QCD axion:
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⇤ ⇡ 200 MeV, p ⇡ 4, � ⇡ 0.1, ⇠ ⇡ 0.1



Lorenzo Ubaldi Inflaxion12

Due piccioni con una fava

On top of providing a solution to the strong CP problem, 
the axion can also provide a good cold dark matter candidate.
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The Axion in the expanding universe
FRW metric
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From the action derive the equation of motion of the axion
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Axion dark matter
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When                       the axion field starts to oscillate.
Soon after, the energy density of the oscillating field redshifts like
non relativistic matter:
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Light but very cold dark matter

For this calculation we need only CLASSICAL field theory. 

In fourier space, a field homogeneous in space corresponds to
 a field with zero momentum.

The classical axion field then describes what in quantum field theory would be
 a very large number of scalar particles at zero momentum.

These are clearly non-relativistic, very cold indeed.
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Axion relic abundance
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the axion potential temporarily vanishes. This gives rise to rich dynamics of the inflaton-

axion system, allowing for a new cosmological scenario for axion dark matter. Here, the

reheating phase plays a central role in the dark matter production, and we show how this

opens up new regions of the axion parameter space. We study the implications for both

the QCD axion, and axion-like particles coupled to a hidden confining gauge sector.

This paper is organized as follows: We start by reviewing the conventional vacuum

misalignment scenario in section 2. Then we discuss the inflaxion mechanism in section 3,

followed by a study of its parameter space in section 4. We then conclude in section 5.

Technical calculations are relegated to the appendices: The onset of the axion oscillation is

analyzed in detail in appendix A. The full expressions for the diagonal basis of the inflaxion

Lagrangian are listed in appendix B.

2 Vacuum misalignment scenario

Let us start by reviewing the conventional vacuum misalignment scenario. Throughout

this work we denote the axion by σ, and consider it to be coupled to some gauge force that

becomes strong in the IR at an energy scale Λ. We assume the axion mass to depend on

the cosmic temperature T as

mσ(T ) ≃

⎧
⎨

⎩
λmσ0

(
Λ

T

)p

for T ≫ Λ, (2.1)

mσ0 for T ≪ Λ, (2.2)

with the zero-temperature mass written as

mσ0 = ξ
Λ2

f
. (2.3)

Here ξ is a dimensionless parameter, and f is an axion decay constant which sets the

periodicity of the axion potential as σ ∼= σ + 2πf . For the QCD axion, the parameters

take the values Λ ≈ 200MeV, p ≈ 4, λ ≈ 0.1, ξ ≈ 0.1, and f is the only free parameter.

However, in order to keep the discussion general, we take all the parameters as arbitrary

positive numbers.

The vacuum misalignment scenario can work if the inflationary Hubble scale lies within

the range

mσ(Tinf) < Hinf < 2πf, (2.4)

where Tinf = Hinf/2π is the de Sitter temperature during inflation. The upper bound

indicates that the U(1) symmetry is already broken2 in the inflation epoch and thus the

axion field becomes homogeneous in the observable patch of the universe. The cosmic

temperature during reheating should also satisfy the same upper bound, T < f , to ensure

that the symmetry stays broken in the post-inflation universe. The lower bound on the

inflation scale indicates that any initial field displacement σ⋆ of the axion from its potential

minimum stays frozen during inflation due to the Hubble friction. The axion continues to

2The symmetry breaking scale can be different from the scale of the axion periodicity, however we

suppose the two scales to be of the same order throughout this paper.
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Summary so far

<latexit sha1_base64="vQjUCHjiVi7x15JBn4lLBH+boCc=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSs2wX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSfui6l1Wa81apX6Tx1GEEziFc/DgCupwBw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH8wRjO0=</latexit>

f

<latexit sha1_base64="7jUc7CzgldUBUrwkMyDXY+iTBtQ=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1MIiYGNhEcE8IFnC7OxsMmR2dpm5K4SQj7CxUMTW77Hzb5wkW2jigYHDOecy954glcKg6347hbX1jc2t4nZpZ3dv/6B8eNQySaYZb7JEJroTUMOlULyJAiXvpJrTOJC8HYxuZ377iWsjEvWI45T7MR0oEQlG0Urt3r2NhrRfrrhVdw6ySrycVCBHo1/+6oUJy2KukElqTNdzU/QnVKNgkk9LvczwlLIRHfCupYrG3PiT+bpTcmaVkESJtk8hmau/JyY0NmYcBzYZUxyaZW8m/ud1M4yu/YlQaYZcscVHUSYJJmR2OwmF5gzl2BLKtLC7EjakmjK0DZVsCd7yyaukdVH1Lqu1h1qlfpPXUYQTOIVz8OAK6nAHDWgCgxE8wyu8Oanz4rw7H4towclnjuEPnM8fDMWPYA==</latexit>

⇤

2
<latexit sha1_base64="5ihm0wj2TARWB7GX/bcOOHgwKbc=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kRAuLgE3KKPnC5Ah7m71kye7esbsnhCP/wsZCEVv/jZ3/xk1yhSY+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLmb+50nqjSLZNNMY+oLPJIsZAQbKz02B2lfCfRQnw2KJbfsLoDWiZeREmRoDIpf/WFEEkGlIRxr3fPc2PgpVoYRTmeFfqJpjMkEj2jPUokF1X66uHiGLqwyRGGkbEmDFurviRQLracisJ0Cm7Fe9ebif14vMeGNnzIZJ4ZKslwUJhyZCM3fR0OmKDF8agkmitlbERljhYmxIRVsCN7qy+ukfVX2quXKfaVUu83iyMMZnMMleHANNahDA1pAQMIzvMKbo50X5935WLbmnGzmFP7A+fwBDVmQgQ==</latexit>

TRH

The Universe reheats to a temperature          , 
and as it expands it cools down. 

<latexit sha1_base64="5ihm0wj2TARWB7GX/bcOOHgwKbc=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kRAuLgE3KKPnC5Ah7m71kye7esbsnhCP/wsZCEVv/jZ3/xk1yhSY+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLmb+50nqjSLZNNMY+oLPJIsZAQbKz02B2lfCfRQnw2KJbfsLoDWiZeREmRoDIpf/WFEEkGlIRxr3fPc2PgpVoYRTmeFfqJpjMkEj2jPUokF1X66uHiGLqwyRGGkbEmDFurviRQLracisJ0Cm7Fe9ebif14vMeGNnzIZJ4ZKslwUJhyZCM3fR0OmKDF8agkmitlbERljhYmxIRVsCN7qy+ukfVX2quXKfaVUu83iyMMZnMMleHANNahDA1pAQMIzvMKbo50X5935WLbmnGzmFP7A+fwBDVmQgQ==</latexit>

TRH2

3

<latexit sha1_base64="1Wdx/kxzJ9Rm3TyEYiYSL8id5Qo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUA8eAl48RsgLkiXMTmaTIfNYZmaFsOQzvHhQxKtf482/cZLsQRMLGoqqbrq7ooQzY33/2ytsbG5t7xR3S3v7B4dH5eOTtlGpJrRFFFe6G2FDOZO0ZZnltJtoikXEaSea3M/9zhPVhinZtNOEhgKPJIsZwdZJveYg62uBlCGzQbniV/0F0DoJclKBHI1B+as/VCQVVFrCsTG9wE9smGFtGeF0VuqnhiaYTPCI9hyVWFATZouTZ+jCKUMUK+1KWrRQf09kWBgzFZHrFNiOzao3F//zeqmNb8OMySS1VJLlojjlyCo0/x8NmabE8qkjmGjmbkVkjDUm1qVUciEEqy+vk/ZVNbiu1h5rlfpdHkcRzuAcLiGAG6jDAzSgBQQUPMMrvHnWe/HevY9la8HLZ07hD7zPHzm9kTY=</latexit>

Tosc

At          , when                                     , the axion field starts oscillating.
Such an oscillating field describes a collection of non-relativistic
axions, which survive until today.

<latexit sha1_base64="1Wdx/kxzJ9Rm3TyEYiYSL8id5Qo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUA8eAl48RsgLkiXMTmaTIfNYZmaFsOQzvHhQxKtf482/cZLsQRMLGoqqbrq7ooQzY33/2ytsbG5t7xR3S3v7B4dH5eOTtlGpJrRFFFe6G2FDOZO0ZZnltJtoikXEaSea3M/9zhPVhinZtNOEhgKPJIsZwdZJveYg62uBlCGzQbniV/0F0DoJclKBHI1B+as/VCQVVFrCsTG9wE9smGFtGeF0VuqnhiaYTPCI9hyVWFATZouTZ+jCKUMUK+1KWrRQf09kWBgzFZHrFNiOzao3F//zeqmNb8OMySS1VJLlojjlyCo0/x8NmabE8qkjmGjmbkVkjDUm1qVUciEEqy+vk/ZVNbiu1h5rlfpdHkcRzuAcLiGAG6jDAzSgBQQUPMMrvHnWe/HevY9la8HLZ07hD7zPHzm9kTY=</latexit>

Tosc
<latexit sha1_base64="N2LBqXiKpQaZOYEKlkWhtf+RWhY=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoIGVGirpwUXDTZYW+oDMMmTRtQ5PJkGTEMvQn3Pgrblwo4lZw59+YtrOwrQcuHM65l3vvCWNGlXacHyu3tr6xuZXfLuzs7u0f2IdHLSUSiUkTCyZkJ0SKMBqRpqaakU4sCeIhI+1wdDf12w9EKiqihh7HxOdoENE+xUgbKbAveOApOuCo1AhST3IoFJ6cQw/FsRSPsLYgB3bRKTszwFXiZqQIMtQD+9vrCZxwEmnMkFJd14m1nyKpKWZkUvASRWKER2hAuoZGiBPlp7OvJvDMKD3YF9JUpOFM/TuRIq7UmIemkyM9VMveVPzP6ya6f+OnNIoTTSI8X9RPGNQCTiOCPSoJ1mxsCMKSmlshHiKJsDZBFkwI7vLLq6R1WXavypX7SrF6m8WRByfgFJSAC65BFdRAHTQBBk/gBbyBd+vZerU+rM95a87KZo7BAqyvX2qGnlU=</latexit>

m�(Tosc) ⇡ H(Tosc)

3

The Universe undergoes a phase of 
exponentially accelerated expansion: inflation.

<latexit sha1_base64="Ida2c+t/S6W/YzfyYYSP8825KUo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6sJFwU3dVewLmhAmk0k7dGYSZiZCCfVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77wlTRpV2nG+rtLa+sblV3q7s7O7tH9iHR12VZBKTDk5YIvshUoRRQTqaakb6qSSIh4z0wvHtzO89EqloItp6khKfo6GgMcVIGymwq83gDnqKctgOck9yGD1MA7vm1J054CpxC1IDBVqB/eVFCc44ERozpNTAdVLt50hqihmZVrxMkRThMRqSgaECcaL8fH78FJ4aJYJxIk0JDefq74kccaUmPDSdHOmRWvZm4n/eINPxtZ9TkWaaCLxYFGcM6gTOkoARlQRrNjEEYUnNrRCPkERYm7wqJgR3+eVV0j2vu5f1i/uLWuOmiKMMjsEJOAMuuAIN0AQt0AEYTMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/cVKT/g==</latexit>

HI ⇠ TdS

1

1
-2π -π π 2π

Homogeneous 
Field

<latexit sha1_base64="T1S+lT8d3NO7g2FhtUW1CunzZ/0=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeCF48V7Ac0oWy2k3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTHNo8kYnuhcyAFAraKFBCL9XA4lBCN5zczf3uE2gjEvWI0xSCmI2UiARnaCXfxzEgG/gGmR5Ua27dXYCuE68gNVKgNah++cOEZzEo5JIZ0/fcFIOcaRRcwqziZwZSxidsBH1LFYvBBPni5hm9sMqQRom2pZAu1N8TOYuNmcah7YwZjs2qNxf/8/oZRrdBLlSaISi+XBRlkmJC5wHQodDAUU4tYVwLeyvlY6YZRxtTxYbgrb68TjpXde+63nho1JqNIo4yOSPn5JJ45IY0yT1pkTbhJCXP5JW8OZnz4rw7H8vWklPMnJI/cD5/AE6ZkdQ=</latexit>

✓?

<latexit sha1_base64="8K5ZzFT3bob8Ak6dJMUZc3+rtOo=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKUI8BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSDnSQ0FHgoWcwItk56bFV6hg0FvuiXyn7VnwOtkiAnZcjR6Je+egNFUkGlJRwb0w38xIYZ1pYRTqfFXmpogskYD2nXUYkFNWE2P3iKzp0yQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrPv0YBpSiyfOIKJZu5WREZYY2JdRkUXQrD88ippXVaDq2rtvlau1/I4CnAKZ1CBAK6hDnfQgCYQEPAMr/Dmae/Fe/c+Fq1rXj5zAn/gff4ADVaP4w==</latexit>

V (�)

<latexit sha1_base64="IJNAyIDKOMbNCwTbujGz8y7IrLw=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqe5KUY8FLx4r2A9sl5JNs21okl2SrFCW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6sJOEBZIMFY84JdZJjz3Dh5LgCxz1yxWv6s2BV4mfkwrkaPTLX71BTFPJlKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FFJDNBNr94is+cMsBRrF0pi+fq74mMSGMmMnSdktiRWfZm4n9eN7XRTZBxlaSWKbpYFKUC2xjP3scDrhm1YuIIoZq7WzEdEU2odSGVXAj+8surpHVZ9a+qtftapV7L4yjCCZzCOfhwDXW4gwY0gYKCZ3iFN2TQC3pHH4vWAspnjuEP0OcPfF+QGw==</latexit>

�/f
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Lorenzo Ubaldi Inflaxion19

σ

V

classical motion

Axion dark matter with low scale inflation

<latexit sha1_base64="LEBtpSjcBQdw4x7Xm0IWvXhSoTM=">AAACH3icbVDNS8MwHE39nPOr6tFLcAiCMNo5pgeFgZd5m+A+YK0lzdItLGlLkgqj7D/x4r/ixYMi4m3/jdlWRTcfBB7vvV+S3/NjRqWyrLGxtLyyurae28hvbm3v7Jp7+00ZJQKTBo5YJNo+koTRkDQUVYy0Y0EQ9xlp+YPrid96IELSKLxTw5i4HPVCGlCMlJY8s+J0u5GCjqQ9juApPKt5N9DR0o/CvRm9L32nrqDlmQWraE0BF4mdkQLIUPfMT30pTjgJFWZIyo5txcpNkVAUMzLKO4kkMcID1CMdTUPEiXTT6X4jeKyVLgwioU+o4FT9PZEiLuWQ+zrJkerLeW8i/ud1EhVcuCkN40SREM8eChIGVQQnZcEuFQQrNtQEYUH1XyHuI4Gw0pXmdQn2/MqLpFkq2pVi+bZcqF5mdeTAITgCJ8AG56AKaqAOGgCDR/AMXsGb8WS8GO/Gxyy6ZGQzB+APjPEXJvygig==</latexit>

�̈ + 3HI �̇ +m
2
�� = 0

What if the scale of inflation is as low as
<latexit sha1_base64="8drNg3/MfdQVx7MRlBc1WmUfqs4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkqAcPBS/1VsF+QBPCZrtpl+4mYXdTKKH/xIsHRbz6T7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLG5tb1T3q3s7R8cHtnHJx2VZJLQNkl4InshVpSzmLY105z2UkmxCDnthuP7ud+dUKlYEj/paUp9gYcxixjB2kiBbTeDB+RxjkTgKTYUOLCrTs1ZAK0TtyBVKNAK7C9vkJBM0FgTjpXqu06q/RxLzQins4qXKZpiMsZD2jc0xoIqP19cPkMXRhmgKJGmYo0W6u+JHAulpiI0nQLrkVr15uJ/Xj/T0a2fszjNNI3JclGUcaQTNI8BDZikRPOpIZhIZm5FZIQlJtqEVTEhuKsvr5POVc29rtUf69XGXRFHGc7gHC7BhRtoQBNa0AYCE3iGV3izcuvFerc+lq0lq5g5hT+wPn8AfO6S6w==</latexit>

HI ⌧ m�

<latexit sha1_base64="jeslHZ0FUCIaDfocl3YV56qE5qI="></latexit>

�(t) = �⇤e
� 3

2HIt cos(m�t) ! 0

end of inflation

σ

V

no axion dark matter

Are there ways to obtain a relic abundance of axions in this scenario?



Lorenzo Ubaldi Inflaxion20

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

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

�end
<latexit sha1_base64="ax/extiCpwzRB7elmftKavD7UdY="></latexit>

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

1

2
m2

��
2

<latexit sha1_base64="SarLzKqoJUpOpM9Otq2Jj6tNZp4="></latexit>

What if the inflaton and the axion are coupled?

� Lp
�g

=
1

2
gµ⌫(@µ�@⌫� + @µ�@⌫�+ 2↵@µ�@⌫�) +

1

2
m2

��
2 + V (�)

<latexit sha1_base64="+wTCplpXGUKU+VyuSCF2fw6QMO0="></latexit>

Kinetic mixing

<latexit sha1_base64="MgluLTQOYLrY9dtuq1d0A3QJcoE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUA8eAl48RjAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDvz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yjCCZzCOQRwBXW4gwY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH51/jyY=</latexit>�
<latexit sha1_base64="O/Tt0k4H1UIJHh2ZnzY0nwhI+Cs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVA8eCl48VrAf0Iay2W6apbubsLsRSuhf8OJBEa/+IW/+GzdtDtr6YODx3gwz84KEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfQu93tPVGkWy0czS6gv8ESykBFscmmYRGxUrbl1dwG0TryC1KBAe1T9Go5jkgoqDeFY64HnJsbPsDKMcDqvDFNNE0ymeEIHlkosqPazxa1zdGGVMQpjZUsatFB/T2RYaD0Tge0U2ER61cvF/7xBasIbP2MySQ2VZLkoTDkyMcofR2OmKDF8ZgkmitlbEYmwwsTYeCo2BG/15XXSvap7zXrjoVFr3RZxlOEMzuESPLiGFtxDGzpAIIJneIU3RzgvzrvzsWwtOcXMKfyB8/kDFKiOQg==</latexit>

�: axion : inflaton



Lorenzo Ubaldi Inflaxion21

Via the kinetic mixing, when the inflaton starts oscillating around the 

minimum of its potential (reheating) it will kick the axion away from its 

minimum. 

The axion displacement, in turn, allows for the re-alignment mechanism of 

dark matter production to take place.



Lorenzo Ubaldi Inflaxion22

End of inflation

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

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

�end
<latexit sha1_base64="ax/extiCpwzRB7elmftKavD7UdY=">AAACeHichVHLSgMxFD0d3/VV7UZwUyy+NiWtguJCCm5c2taqYKXMjNGGzouZtFCH/oA/4MKFKIiKn+HGH3DRTxCXCoK48HY6ICrqDUlOTu65OUk0xxCeZKwVUbq6e3r7+geig0PDI6OxsfEtz665Oi/qtmG7O5rqcUNYvCiFNPiO43LV1Ay+rVXX2vvbde56wrY2ZcPhe6Z6aIkDoauSqHIsXnIqouyXTFVWXNPn 1n6zWY4lWYoFkfgJ0iFIIowNO3aFEvZhQ0cNJjgsSMIGVHjUdpEGg0PcHnziXEIi2OdoIkraGmVxylCJrdJ4SKvdkLVo3a7pBWqdTjGou6RMYJo9sBv2zO7ZLXtk77/W8oMabS8NmrWOljvl0eOJwuu/KpNmicqn6k/PEgdYDrwK8u4ETPsWekdfPzp5Lqzkp/0ZdsGeyP85a7E7uoFVf9Evczx/iih9QPr7c/8EW5lUeiGVyS0ms6vhV/RjElOYo/deQhbr2ECRzm3gDNe4ibwpCWVWme+kKpFQE8eXUDIfhv2SbQ==</latexit>

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

1

2
m2

��
2

<latexit sha1_base64="SarLzKqoJUpOpM9Otq2Jj6tNZp4="></latexit>

<latexit sha1_base64="gk4UJBi45cXZgXLn6jSqI1/+4Pk=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsDHshqAWCgGblBHMA5I1zE5mkyGzs8vMXSEs2/grNhaK2PoZdv6Nk0ehiQcuHM65d+be48eCa3Ccbyu3srq2vpHfLGxt7+zu2fsHTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Hbitx6Z0jyS9zCOmReSgeQBpwSM1LOPzruBIjTt9iPAtSytPZQzfIPdnl10Ss4UeJm4c1JEc9R79pd5giYhk0AF0brjOjF4KVHAqWBZoZtoFhM6IgPWMVSSkGkvnR6Q4VOj9HEQKVMS8FT9PZGSUOtx6JvOkMBQL3oT8T+vk0Bw5aVcxgkwSWcfBYnAEOFJGrjPFaMgxoYQqrjZFdMhMYGAyaxgQnAXT14mzXLJvShV7irF6vU8jjw6RifoDLnoElVRDdVRA1GUoWf0it6sJ+vFerc+Zq05az5ziP7A+vwBy2KVOg==</latexit>

� Ḣ

H2
= 1

<latexit sha1_base64="9FguWLaIbVlKQE38FJY87WVg2Lo=">AAACDHicbZDLSgMxFIbPeK31VnXpJliEuikzQ1EXCgU33QgV7AXaacmkmTY0cyHJCGXoA7jxVdy4UMStD+DOtzHTzkJbDwQ+/v+cJOd3I86kMs1vY2V1bX1jM7eV397Z3dsvHBw2ZRgLQhsk5KFou1hSzgLaUExx2o4Exb7Lacsd36R+64EKycLgXk0i6vh4GDCPEay01C8Uu4NQoW40Yj0bXaNmKcUzTTa67de1VuvZusssm7NCy2BlUISs6v3Cl76VxD4NFOFYyo5lRspJsFCMcDrNd2NJI0zGeEg7GgPsU+kks2Wm6FQrA+SFQp9AoZn6eyLBvpQT39WdPlYjueil4n9eJ1bepZOwIIoVDcj8IS/mSIUoTQYNmKBE8YkGTATTf0VkhAUmSueX1yFYiysvQ9MuW+flyl2lWL3K4sjBMZxACSy4gCrUoA4NIPAIz/AKb8aT8WK8Gx/z1hUjmzmCP2V8/gB9e5gQ</latexit>

�̇
2 = V (�) = 2M2

PH
2
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Figure 2: Schematic of the time evolution of the cosmic temperature (left) and scalar field masses (right) in
the inflaxion scenario under consideration (not to scale).

minimum of its potential, which we assume to be approximated by a quadratic,

V (�) ' 1

2
m

2

�0�
2 for |�|  |�end|. (3.5)

Here, �end refers to the inflaton field value where inflation ends. The inflaton mass thus becomesm�0,

which is larger than m�0 as required in (3.4). We have in mind here small-field inflation models in

which |V 00(�)|1/2 takes very di↵erent values between the plateau region and the minimum. However

we should also note that this transition of |V 00(�)|1/2 from a tiny value during inflation to a largerm�0

is not necessarily monotonic as shown in the simplified illustration; |V 00(�)|1/2 can instead oscillate

due to higher order terms in the potential while the inflaton’s oscillation amplitude is large.

3.2 End of Inflation and Reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the inflation

model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one can

simultaneously diagonalize the kinetic terms as well as the mass terms so that the Lagrangian (3.2)

with the quadratic inflaton potential (3.5) is rewritten as
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where the explicit forms of the diagonalized fields and their masses are given in Appendix B. Here,

we suppose a mass hierarchy m
2
� ⌧ m

2

�0 and use approximate expressions of
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where each of the coe�cients of � and �, as well as the diagonalized masses are given to leading

order in a m
2
�/m

2

�0 expansion. ('DM and 'RH correspond respectively to '+ and '� in (B.3) up to

7
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Figure 2. Schematic of the time evolution of the cosmic temperature (left) and scalar field masses
(right) in the inflaxion scenario under consideration (not to scale).

the cosmic temperature during inflation is taken as the de Sitter temperature, while after

inflation it is the radiation temperature arising from the decay of the reheaton. (The de

Sitter and radiation temperatures are connected at the end of inflation for illustration

purposes only.) The right panel shows the evolution of the Hubble rate H (black curve),

the axion mass mσ(T ) (blue), and the effective mass |V ′′(φ)|1/2 of the inflaton (red). The

axion mass during inflation takes its zero-temperature value mσ0, then during reheating

becomes smaller than H for a while, and again becomes mσ0 in the later universe when

T ≪ Λ. The inflaton potential V (φ) is considered to possess a plateau that enables slow-

roll inflation, and hence |V ′′(φ)|1/2 < H during inflation. This inequality breaks down

towards the end of inflation, as the inflaton rolls to its vacuum. Inflation thus ends and

the inflaton starts to oscillate around the minimum of its potential, which we assume to

be approximated by a quadratic,

V (φ) ≃ 1

2
m2
φ0φ

2 for |φ| ≤ |φend|. (3.5)

Here, φend refers to the inflaton field value where inflation ends. The inflaton mass thus

becomes mφ0, which is larger than mσ0 as required in (3.4). We have in mind here small-

field inflation models in which |V ′′(φ)|1/2 takes very different values between the plateau

region and the minimum. However we should also note that this transition of |V ′′(φ)|1/2

from a tiny value during inflation to a larger mφ0 is not necessarily monotonic as shown in

the simplified illustration; |V ′′(φ)|1/2 can instead oscillate due to higher order terms in the

potential while the inflaton’s oscillation amplitude is large.

3.2 End of inflation and reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the

inflation model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one

can simultaneously diagonalize the kinetic terms as well as the mass terms so that the

Lagrangian (3.2) with the quadratic inflaton potential (3.5) is rewritten as

L√
−g

=
∑

i=DM,RH

(
−1

2
gµν∂µϕi ∂νϕi −

1

2
m2

iϕ
2
i

)
+ Lc[σ,φ,Ψ], (3.6)
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Summary so far
The dark matter field

is a linear combination of axion and inflaton, hence we dub it inflaxion dark matter.
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away from the minimum of its potential.

That is the misalignment. From that point on, the calculation of the relic abundance 
proceeds in the same way as for scenario 2.
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Final relic abundance
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Whereas in the first scenario I discussed the initial misalignment angle
 is not calculable, in the inflaxion scenario it is given 

in terms of the parameters in the Lagrangian.
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Figure 4: Parameter space for axion dark matter in the temperature-dependent inflaxion scenario, shown
for the QCD axion and axion-like particles with di↵erent values of the strong coupling scale ⇤. Axes are
axion decay constant (bottom), zero-temperature axion mass (top), and inflationary Hubble scale (left).
The allowed windows are shown in white. Colored regions lie outside the validity of our analysis since
the following conditions are violated: m�0 > Hinf (blue), m�(Tmax) < Hinf (green), negligible axion self-
interaction (red), and dark matter stability (orange). Contour lines show the inflaton mass at the vacuum in
terms of log

10
(m�0/eV). The inflaton-axion mixing constant is set to ↵ = 1/3, and the inflaton is coupled to

fermions with g�ff = 10�2. See the text for more details.
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Parameter space

Excluded regions, violation of:

m�0 > Hinf
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Parameter space

Excluded regions, violation of:

m�0 > Hinf
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Figure 4: Parameter space for axion dark matter in the temperature-dependent inflaxion scenario, shown
for the QCD axion and axion-like particles with di↵erent values of the strong coupling scale ⇤. Axes are
axion decay constant (bottom), zero-temperature axion mass (top), and inflationary Hubble scale (left).
The allowed windows are shown in white. Colored regions lie outside the validity of our analysis since
the following conditions are violated: m�0 > Hinf (blue), m�(Tmax) < Hinf (green), negligible axion self-
interaction (red), and dark matter stability (orange). Contour lines show the inflaton mass at the vacuum in
terms of log

10
(m�0/eV). The inflaton-axion mixing constant is set to ↵ = 1/3, and the inflaton is coupled to

fermions with g�ff = 10�2. See the text for more details.
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↵ = 1/3 g�ff = 10�2
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Conclusion

An axion (or any scalar) which mixes kinetically with the inflaton can 
provide a good dark matter candidate even if the scale of inflation is lower 
than its mass!


