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strong CP conservation behaves as cold dark matter

[Peccei-Quinn ’77- Weinberg-Wilczek ’78]

a bit too sensitive to the UV physics…

“the axion solves more problems than it causes”

[cit. unknown]
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cosmology of the qcd axion

two main scenarios determined by the size of fa

[Grilli di Cortona, Hardy, Villadoro]
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pre- and post-inflationary scenarios

<latexit sha1_base64="qp+C4tFhnjYQ2EkJOmVjHCPWoH8="></latexit>
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two common scenarios
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pre- and post-inflationary scenarios

pre-inflationary scenario

relic abundance from misalignment
incalculable initial field value
large isocurvatures

<latexit sha1_base64="pJkuDcEr+kdCt5/j69Q34w2gYxI=">AAACCHicbVC7TsNAEDyHVwgvAyUFJyKkUBDZKQJlBA1lIpGHFFvW+bJOTjk/dHdGRFZKGn6FhgKEaPkEOv6GS+ICAiOtNJrZ1e6On3AmlWV9GYWV1bX1jeJmaWt7Z3fP3D/oyDgVFNo05rHo+UQCZxG0FVMceokAEvocuv74euZ370BIFke3apKAG5JhxAJGidKSZx47feJljghxszV1OMfEA+zAfVI5r1tnjuuZZatqzYH/EjsnZZSj6ZmfziCmaQiRopxI2betRLkZEYpRDtOSk0pICB2TIfQ1jUgI0s3mj0zxqVYGOIiFrkjhufpzIiOhlJPQ150hUSO57M3E/7x+qoJLN2NRkiqI6GJRkHKsYjxLBQ+YAKr4RBNCBdO3YjoiglClsyvpEOzll/+STq1q16t2q1ZuXOVxFNEROkEVZKML1EA3qInaiKIH9IRe0KvxaDwbb8b7orVg5DOH6BeMj28/zJgv</latexit>

aPQ ⌧ ae exp(�60)

<latexit sha1_base64="K7iT80mRjGmrkfDZwnC5U3dWUh8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK40DLpQl0WdeGygn3AzFgy6Z02NPMgyQhlmA9w46+4caGIWz/AnX9j+lho64HA4ZxzubnHTwRX2ra/rcLS8srqWnG9tLG5tb1T3t1rqTiVDJosFrHs+FSB4BE0NdcCOokEGvoC2v7wauy3H0AqHkd3epSAF9J+xAPOqDZSt1xxHfcahKbdjJ5wFeeuAKUUDzGx77NTQnLXMym7ak+AFwmZkQqaodEtf7m9mKUhRJoJqpRD7ER7GZWaMwF5yU0VJJQNaR8cQyMagvKyyTE5PjJKDwexNC/SeKL+nshoqNQo9E0ypHqg5r2x+J/npDq48DIeJamGiE0XBanAOsbjZnCPS2BajAyhTHLzV8wGVFKmTX8lUwKZP3mRtGpVclYlt7VK/XJWRxEdoEN0jAg6R3V0gxqoiRh6RM/oFb1ZT9aL9W59TKMFazazj/7A+vwBpMCatA==</latexit>

�a,iso . 10�11

PQ broken at
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two common scenarios
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pre- and post-inflationary scenarios

post-inflationary scenario

relic abundance uncertain:  string-network

domain wall problem, only KSVZ-type model

no isocurvature at cosmological scales

PQ broken at
<latexit sha1_base64="Dpx7QrcFfD3xG0QbB2a+JLS3QSY=">AAACBXicbVC7TsNAEDyHVwgvAyUUJyKk0ER2CqCMoKFMpLyk2LLWl3NyyvmhuzMistLQ8Cs0FCBEyz/Q8TdcEheQMNJKo5ld7e74CWdSWda3UVhb39jcKm6Xdnb39g/Mw6OOjFNBaJvEPBY9HyTlLKJtxRSnvURQCH1Ou/74duZ376mQLI5aapJQN4RhxAJGQGnJM0+dfqsCXuaIEDea0wsHkkTEDzjwwHE9s2xVrTnwKrFzUkY5Gp755QxikoY0UoSDlH3bSpSbgVCMcDotOamkCZAxDGlf0whCKt1s/sUUn2tlgINY6IoUnqu/JzIIpZyEvu4MQY3ksjcT//P6qQqu3YxFSapoRBaLgpRjFeNZJHjABCWKTzQBIpi+FZMRCCBKB1fSIdjLL6+STq1qX1btZq1cv8njKKITdIYqyEZXqI7uUAO1EUGP6Bm9ojfjyXgx3o2PRWvByGeO0R8Ynz9HIpfM</latexit>

T (aPQ) ⇡ fa

pre-inflationary scenario

relic abundance from misalignment
incalculable initial field value
large isocurvatures

<latexit sha1_base64="pJkuDcEr+kdCt5/j69Q34w2gYxI=">AAACCHicbVC7TsNAEDyHVwgvAyUFJyKkUBDZKQJlBA1lIpGHFFvW+bJOTjk/dHdGRFZKGn6FhgKEaPkEOv6GS+ICAiOtNJrZ1e6On3AmlWV9GYWV1bX1jeJmaWt7Z3fP3D/oyDgVFNo05rHo+UQCZxG0FVMceokAEvocuv74euZ370BIFke3apKAG5JhxAJGidKSZx47feJljghxszV1OMfEA+zAfVI5r1tnjuuZZatqzYH/EjsnZZSj6ZmfziCmaQiRopxI2betRLkZEYpRDtOSk0pICB2TIfQ1jUgI0s3mj0zxqVYGOIiFrkjhufpzIiOhlJPQ150hUSO57M3E/7x+qoJLN2NRkiqI6GJRkHKsYjxLBQ+YAKr4RBNCBdO3YjoiglClsyvpEOzll/+STq1q16t2q1ZuXOVxFNEROkEVZKML1EA3qInaiKIH9IRe0KvxaDwbb8b7orVg5DOH6BeMj28/zJgv</latexit>

aPQ ⌧ ae exp(�60)

<latexit sha1_base64="K7iT80mRjGmrkfDZwnC5U3dWUh8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK40DLpQl0WdeGygn3AzFgy6Z02NPMgyQhlmA9w46+4caGIWz/AnX9j+lho64HA4ZxzubnHTwRX2ra/rcLS8srqWnG9tLG5tb1T3t1rqTiVDJosFrHs+FSB4BE0NdcCOokEGvoC2v7wauy3H0AqHkd3epSAF9J+xAPOqDZSt1xxHfcahKbdjJ5wFeeuAKUUDzGx77NTQnLXMym7ak+AFwmZkQqaodEtf7m9mKUhRJoJqpRD7ER7GZWaMwF5yU0VJJQNaR8cQyMagvKyyTE5PjJKDwexNC/SeKL+nshoqNQo9E0ypHqg5r2x+J/npDq48DIeJamGiE0XBanAOsbjZnCPS2BajAyhTHLzV8wGVFKmTX8lUwKZP3mRtGpVclYlt7VK/XJWRxEdoEN0jAg6R3V0gxqoiRh6RM/oFb1ZT9aL9W59TKMFazazj/7A+vwBpMCatA==</latexit>

�a,iso . 10�11

PQ broken at

<latexit sha1_base64="qp+C4tFhnjYQ2EkJOmVjHCPWoH8="></latexit>
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two common scenarios
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pre- and post-inflationary scenarios

post-inflationary scenario

relic abundance uncertain:  string-network

domain wall problem, only KSVZ-type model

no isocurvature at cosmological scales

PQ broken at
<latexit sha1_base64="Dpx7QrcFfD3xG0QbB2a+JLS3QSY=">AAACBXicbVC7TsNAEDyHVwgvAyUUJyKk0ER2CqCMoKFMpLyk2LLWl3NyyvmhuzMistLQ8Cs0FCBEyz/Q8TdcEheQMNJKo5ld7e74CWdSWda3UVhb39jcKm6Xdnb39g/Mw6OOjFNBaJvEPBY9HyTlLKJtxRSnvURQCH1Ou/74duZ376mQLI5aapJQN4RhxAJGQGnJM0+dfqsCXuaIEDea0wsHkkTEDzjwwHE9s2xVrTnwKrFzUkY5Gp755QxikoY0UoSDlH3bSpSbgVCMcDotOamkCZAxDGlf0whCKt1s/sUUn2tlgINY6IoUnqu/JzIIpZyEvu4MQY3ksjcT//P6qQqu3YxFSapoRBaLgpRjFeNZJHjABCWKTzQBIpi+FZMRCCBKB1fSIdjLL6+STq1qX1btZq1cv8njKKITdIYqyEZXqI7uUAO1EUGP6Bm9ojfjyXgx3o2PRWvByGeO0R8Ynz9HIpfM</latexit>

T (aPQ) ⇡ fa

pre-inflationary scenario

relic abundance from misalignment
incalculable initial field value
large isocurvatures

<latexit sha1_base64="pJkuDcEr+kdCt5/j69Q34w2gYxI=">AAACCHicbVC7TsNAEDyHVwgvAyUFJyKkUBDZKQJlBA1lIpGHFFvW+bJOTjk/dHdGRFZKGn6FhgKEaPkEOv6GS+ICAiOtNJrZ1e6On3AmlWV9GYWV1bX1jeJmaWt7Z3fP3D/oyDgVFNo05rHo+UQCZxG0FVMceokAEvocuv74euZ370BIFke3apKAG5JhxAJGidKSZx47feJljghxszV1OMfEA+zAfVI5r1tnjuuZZatqzYH/EjsnZZSj6ZmfziCmaQiRopxI2betRLkZEYpRDtOSk0pICB2TIfQ1jUgI0s3mj0zxqVYGOIiFrkjhufpzIiOhlJPQ150hUSO57M3E/7x+qoJLN2NRkiqI6GJRkHKsYjxLBQ+YAKr4RBNCBdO3YjoiglClsyvpEOzll/+STq1q16t2q1ZuXOVxFNEROkEVZKML1EA3qInaiKIH9IRe0KvxaDwbb8b7orVg5DOH6BeMj28/zJgv</latexit>

aPQ ⌧ ae exp(�60)

<latexit sha1_base64="K7iT80mRjGmrkfDZwnC5U3dWUh8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK40DLpQl0WdeGygn3AzFgy6Z02NPMgyQhlmA9w46+4caGIWz/AnX9j+lho64HA4ZxzubnHTwRX2ra/rcLS8srqWnG9tLG5tb1T3t1rqTiVDJosFrHs+FSB4BE0NdcCOokEGvoC2v7wauy3H0AqHkd3epSAF9J+xAPOqDZSt1xxHfcahKbdjJ5wFeeuAKUUDzGx77NTQnLXMym7ak+AFwmZkQqaodEtf7m9mKUhRJoJqpRD7ER7GZWaMwF5yU0VJJQNaR8cQyMagvKyyTE5PjJKDwexNC/SeKL+nshoqNQo9E0ypHqg5r2x+J/npDq48DIeJamGiE0XBanAOsbjZnCPS2BajAyhTHLzV8wGVFKmTX8lUwKZP3mRtGpVclYlt7VK/XJWRxEdoEN0jAg6R3V0gxqoiRh6RM/oFb1ZT9aL9W59TKMFazazj/7A+vwBpMCatA==</latexit>

�a,iso . 10�11

PQ broken at

what happens in the between?

<latexit sha1_base64="qp+C4tFhnjYQ2EkJOmVjHCPWoH8="></latexit>
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two common scenarios
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meso-inflationary qcd axion
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meso-inflationary realizations

Peccei-Quinn mass term modified by coupling to other dynamics

operator O has a vev during inflation

<latexit sha1_base64="+D/V00xUk/8kG+FmpnI2rkGhjNU="></latexit>
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[i will not give more details than these, let’s look at the cosmology]
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meso-inflationary realizations

Peccei-Quinn mass term modified by coupling to other dynamics

operator O has a vev during inflation

<latexit sha1_base64="+D/V00xUk/8kG+FmpnI2rkGhjNU="></latexit>
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symmetry restoration
<latexit sha1_base64="2d0E56wPAwrkoRCLhHcWLiOl3Jw=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6rLoxp0V7AOaWG6mk3boZBJmJmIJ/RE3/oobF4q4cCP+jZM2C209MHA451zu3OPHnClt299WYWl5ZXWtuF7a2Nza3inv7rVUlEhCmyTikez4oChngjY105x2Ykkh9Dlt+6PLzG/fU6lYJG71OKZeCAPBAkZAG6lXPnG7Lgcx4BS7IeghAZ5eT1yZSxDHMnrAJhL6fcBBD+5qrtcrV+yqPQVeJE5OKihHo1f+dPsRSUIqNOGgVNexY+2lIDUjnE5KbqJoDGQEA9o1VEBIlZdOr5vgI6P0cRBJ84TGU/X3RAqhUuPQN8nsAjXvZeJ/XjfRwbmXMhEnmgoyWxQkHOsIZ1XhPpOUaD42BIhk5q+YDEEC0abQkinBmT95kbRqVee06tzUKvWLvI4iOkCH6Bg56AzV0RVqoCYi6BE9o1f0Zj1ZL9a79TGLFqx8Zh/9gfX1A5OdojE=</latexit>

hOi ⇡ �f2
a

<latexit sha1_base64="y7wH6GL8iDhPzDS5TYqoE11/POM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuqlJF+pKim7qroJ9QBLCZDpph04ezEyEWoq/4saFIm79D3f+jdM2C60euHA4517uvSdIOZPKsr6MwtLyyupacb20sbm1vWPu7rVlkglCWyThiegGWFLOYtpSTHHaTQXFUcBpJxheT/3OPRWSJfGdGqXUi3A/ZiEjWGnJNw9cJ/QxukQN/+a0UnNTduJ6vlm2qtYM6C+xc1KGHE3f/HR7CckiGivCsZSObaXKG2OhGOF0UnIzSVNMhrhPHU1jHFHpjWfXT9CxVnooTISuWKGZ+nNijCMpR1GgOyOsBnLRm4r/eU6mwgtvzOI0UzQm80VhxpFK0DQK1GOCEsVHmmAimL4VkQEWmCgdWEmHYC++/Je0a1X7rGrf1sr1qzyOIhzCEVTAhnOoQwOa0AICD/AEL/BqPBrPxpvxPm8tGPnMPvyC8fENmbiTYg==</latexit>

fa > HI/(2⇡)

[Linde ’91]

field heavy before the transition

[i will not give more details than these, let’s look at the cosmology]
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meso-inflationary realizations

Peccei-Quinn mass term modified by coupling to other dynamics

operator O has a vev during inflation

<latexit sha1_base64="+D/V00xUk/8kG+FmpnI2rkGhjNU="></latexit>
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symmetry restoration
<latexit sha1_base64="2d0E56wPAwrkoRCLhHcWLiOl3Jw=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6rLoxp0V7AOaWG6mk3boZBJmJmIJ/RE3/oobF4q4cCP+jZM2C209MHA451zu3OPHnClt299WYWl5ZXWtuF7a2Nza3inv7rVUlEhCmyTikez4oChngjY105x2Ykkh9Dlt+6PLzG/fU6lYJG71OKZeCAPBAkZAG6lXPnG7Lgcx4BS7IeghAZ5eT1yZSxDHMnrAJhL6fcBBD+5qrtcrV+yqPQVeJE5OKihHo1f+dPsRSUIqNOGgVNexY+2lIDUjnE5KbqJoDGQEA9o1VEBIlZdOr5vgI6P0cRBJ84TGU/X3RAqhUuPQN8nsAjXvZeJ/XjfRwbmXMhEnmgoyWxQkHOsIZ1XhPpOUaD42BIhk5q+YDEEC0abQkinBmT95kbRqVee06tzUKvWLvI4iOkCH6Bg56AzV0RVqoCYi6BE9o1f0Zj1ZL9a79TGLFqx8Zh/9gfX1A5OdojE=</latexit>

hOi ⇡ �f2
a

<latexit sha1_base64="y7wH6GL8iDhPzDS5TYqoE11/POM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuqlJF+pKim7qroJ9QBLCZDpph04ezEyEWoq/4saFIm79D3f+jdM2C60euHA4517uvSdIOZPKsr6MwtLyyupacb20sbm1vWPu7rVlkglCWyThiegGWFLOYtpSTHHaTQXFUcBpJxheT/3OPRWSJfGdGqXUi3A/ZiEjWGnJNw9cJ/QxukQN/+a0UnNTduJ6vlm2qtYM6C+xc1KGHE3f/HR7CckiGivCsZSObaXKG2OhGOF0UnIzSVNMhrhPHU1jHFHpjWfXT9CxVnooTISuWKGZ+nNijCMpR1GgOyOsBnLRm4r/eU6mwgtvzOI0UzQm80VhxpFK0DQK1GOCEsVHmmAimL4VkQEWmCgdWEmHYC++/Je0a1X7rGrf1sr1qzyOIhzCEVTAhnOoQwOa0AICD/AEL/BqPBrPxpvxPm8tGPnMPvyC8fENmbiTYg==</latexit>

fa > HI/(2⇡)

[Linde ’91]

field heavy before the transition

symmetry breaking
<latexit sha1_base64="svBFxZBdyWgnO/zSmJ/je3YH5NA=">AAAB/XicbVC5TsNAEB2HK4TLHB3NiggpNMFOARQUETShCxI5JNuy1pt1ssr60O4aKUQRv0JDAUK0/Acdf8MmcQGBJ4309N6MZuYFKWdSWdaXUVhaXlldK66XNja3tnfM3b22TDJBaIskPBHdAEvKWUxbiilOu6mgOAo47QTD66nfuadCsiS+U6OUehHuxyxkBCst+eaB64Q+Rpeo4d+cVmpuyk5czzfLVtWaAf0ldk7KkKPpm59uLyFZRGNFOJbSsa1UeWMsFCOcTkpuJmmKyRD3qaNpjCMqvfHs+gk61koPhYnQFSs0U39OjHEk5SgKdGeE1UAuelPxP8/JVHjhjVmcZorGZL4ozDhSCZpGgXpMUKL4SBNMBNO3IjLAAhOlAyvpEOzFl/+Sdq1qn1Xt21q5fpXHUYRDOIIK2HAOdWhAE1pA4AGe4AVejUfj2Xgz3uetBSOf2YdfMD6+AZaWk2A=</latexit>

fa < HI/(2⇡)

special choice by conformal coupling
drop in Hubble during PQ transition

[i will not give more details than these, let’s look at the cosmology]
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at the PQ phase transition during inflation

field homogenous on these patches

unconstrained quantum fluctuations

<latexit sha1_base64="IF+cAj+aI1ob/0I5t7QzQVIyadY=">AAACKnicbZDLSgMxFIYz3q23qks3wSIoSJkpoi69bOpOwarQqeVMeqYGM5mQZMQy9Hnc+CpuXCjFrQ9iWge8Hgh8/P85nJw/UoIb6/sDb2x8YnJqema2NDe/sLhUXl65MGmmGTZYKlJ9FYFBwSU2LLcCr5RGSCKBl9Ht8dC/vENteCrPbU9hK4Gu5DFnYJ3ULh+GAmRXIA07KCxQCLe/UBcWKKXTexrGGlheb59c1/r5Zi1UfMtRu1zxq/6o6F8ICqiQok7b5eewk7IsQWmZAGOaga9sKwdtORPYL4WZQQXsFrrYdCghQdPKR6f26YZTOjROtXvS0pH6fSKHxJheErnOBOyN+e0Nxf+8Zmbj/VbOpcosSva5KM4EtSkd5kY7XCOzoucAmObur5TdgAvEunRLLoTg98l/4aJWDXarwdlO5eCoiGOGrJF1skkCskcOSJ2ckgZh5IE8kRfy6j16z97Ae/tsHfOKmVXyo7z3D/K1pls=</latexit>

h�a �ai ⇡ H
2
I

(2⇡)2
<latexit sha1_base64="oiAv5u57fjvlBDsQyb/Ma2EH5UQ=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLRITFXSARgrWBhbiT6kJooc12mt2nFkO0hVVLHwKywMIMTKV7DxNzhtBmg509E55+ree8KEUaUd59sqra1vbG6Vtys7u3v7B/bhUVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNzmfu+BSEVFfK+nCfE5GsU0ohhpIwX2SSQkrE28kTYZDidB5kkOW+1ZLbCrTt2ZA64StyBVUKAV2F/eUOCUk1hjhpQauE6i/QxJTTEjs4qXKpIgPEEjMjA0RpwoP5u/MIPnRhnC/JhIxBrO1d8TGeJKTXlokhzpsVr2cvE/b5Dq6NrPaJykmsR4sShKGdQC5n3AIZUEazY1BGFJza0Qj5FEWJvWKqYEd/nlVdJt1N3LuttuVJs3RR1lcArOwAVwwRVogjvQAh2AwSN4Bq/gzXqyXqx362MRLVnFzDH4A+vzBxMllpM=</latexit>

for k & kPQ

one string per patch, that soon leaves the horizon

<latexit sha1_base64="FTTN+qHZUSid8+CKN+5QClmzUiw=">AAACEXicbVC7TsMwFHXKq5RXgZHFokLqVCUVr7GChbFI9CE1aXTjOq1Vx4lsB1FF/QUWfoWFAYRY2dj4G9zHAC1HutLxOffK954g4Uxp2/62ciura+sb+c3C1vbO7l5x/6Cp4lQS2iAxj2U7AEU5E7Shmea0nUgKUcBpKxheT/zWPZWKxeJOjxLqRdAXLGQEtJH8YtnlIPqcYvDtbhW7cvZyIUlk/ICrFecMhz50q36xZFfsKfAyceakhOao+8UvtxeTNKJCEw5KdRw70V4GUjPC6bjgpoomQIbQpx1DBURUedn0ojE+MUoPh7E0JTSeqr8nMoiUGkWB6YxAD9SiNxH/8zqpDi+9jIkk1VSQ2UdhyrGO8SQe3GOSEs1HhgCRzOyKyQAkEG1CLJgQnMWTl0nTpHZecW5PS7WreRx5dISOURk56ALV0A2qowYi6BE9o1f0Zj1ZL9a79TFrzVnzmUP0B9bnD2YRm3c=</latexit>

ha20i ⇡ 2.15f2
a

<latexit sha1_base64="rRA55R7wJBdaWNTqgkl8+84C/Eg=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBV0gEYK1jYKBJ9SEkUOa7TWrWdyHaQqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89Ucqo0o7zbVVWVtfWN6qbta3tnd09e/+gq5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vpn6vUciFU3Eg56kJOBoKGhMMdJGCu0j3/PvOBmiMEfnvuSQU9Uo/CC0607DmQEuE7ckdVCiHdpf/iDBGSdCY4aU8lwn1UGOpKaYkaLmZ4qkCI/RkHiGCsSJCvLZAwU8NcoAxok0JTScqb8ncsSVmvDIdHKkR2rRm4r/eV6m46sgpyLNNBF4vijOGNQJnKYBB1QSrNnEEIQlNbdCPEISYW0yq5kQ3MWXl0m32XAvGu59s966LuOogmNwAs6ACy5BC9yCNugADArwDF7Bm/VkvVjv1se8tWKVM4fgD6zPH/fUlgA=</latexit>

⌦a,mis.

<latexit sha1_base64="rrc4nHrdxjs946qHF/qirfX2m9E=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBV0gEYK1jYKBJ9SEkUOa7TWrWdyHaQqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89Ucqo0o7zbVVWVtfWN6qbta3tnd09e/+gq5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vpn6vUciFU3Eg56kJOBoKGhMMdJGCu0j3/PvOBmiMEfnvuSQirhR+EFo152GMwNcJm5J6qBEO7S//EGCM06Exgwp5blOqoMcSU0xI0XNzxRJER6jIfEMFYgTFeSzBwp4apQBjBNpSmg4U39P5IgrNeGR6eRIj9SiNxX/87xMx1dBTkWaaSLwfFGcMagTOE0DDqgkWLOJIQhLam6FeIQkwtpkVjMhuIsvL5Nus+FeNNz7Zr11XcZRBcfgBJwBF1yCFrgFbdABGBTgGbyCN+vJerHerY95a8UqZw7BH1ifP+VxlfQ=</latexit>

⌦a,inf.

<latexit sha1_base64="gOIqhrfGyREgBx886FGCWoVoQn8=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWEjYTaGWQRs7I5gH7C5hdnKTDJmZXWZmhbBs46/YWChi62fY+TdOHoUmHrhwOOde7r0nSjjTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ThVFJo05rHqREQDZxKahhkOnUQBERGHdjS6mfjtR1CaxfLBjBMIBRlI1meUGCt1y0eBH9wJGJBuRs4DJbAEU82DsFuuuFV3CrxMvDmpoDka3fJX0ItpKkAayonWvucmJsyIMoxyyEtBqiEhdEQG4FsqiQAdZtMHcnxqlR7ux8qWNHiq/p7IiNB6LCLbKYgZ6kVvIv7n+anpX4UZk0lqQNLZon7KsYnxJA3cYwqo4WNLCFXM3orpkChCjc2sZEPwFl9eJq1a1buoeve1Sv16HkcRHaMTdIY8dInq6BY1UBNRlKNn9IrenCfnxXl3PmatBWc+c4j+wPn8AfTClf4=</latexit>

⌦a,net.

<latexit sha1_base64="en2bdSstom0fjUfKSdVfaP/IhYM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJJRNSNUHTjsoJ9QBvCzWTSDp08mJmIJXbhr7hxoYhbf8Odf+Ok7UJbD1w4nHMv997jJZxJZVnfRmFhcWl5pbhaWlvf2Nwyt3eaMk4FoQ0S81i0PZCUs4g2FFOcthNBIfQ4bXmD69xv3VMhWRzdqWFCnRB6EQsYAaUl19yDysPRJbgWPsZdn3IFOFdcs2xVrTHwPLGnpIymqLvmV9ePSRrSSBEOUnZsK1FOBkIxwumo1E0lTYAMoEc7mkYQUulk4/tH+FArPg5ioStSeKz+nsgglHIYerozBNWXs14u/ud1UhVcOBmLklTRiEwWBSnHKsZ5GNhnghLFh5oAEUzfikkfBBClIyvpEOzZl+dJ86Rqn1Xt29Ny7WoaRxHtowNUQTY6RzV0g+qogQh6RM/oFb0ZT8aL8W58TFoLxnRmF/2B8fkDuzOT/w==</latexit>

a(x) = a0 + �a(x)
<latexit sha1_base64="2AVKv7fHLAfDb8Iei68DN4uH45s=">AAACKHicbVBNS8NAFNz4WetX1KOXxSJ4sSRS1Juil56kBauFJoTN9kWX7iZxdyOWkJ/jxb/iRUSRXv0lbmsVrQ4sDDPzePsmTDlT2nEG1tT0zOzcfGmhvLi0vLJqr61fqCSTFFo04Ylsh0QBZzG0NNMc2qkEIkIOl2HvdOhf3oJULInPdT8FX5CrmEWMEm2kwD7qeooJ7EWSUOzmvSD3pMCNZlF4cJOx2y8H5/XAKbAHd2ln9+w75Qd2xak6I+C/xB2TChqjEdjPXjehmYBYU06U6rhOqv2cSM0oh6LsZQpSQnvkCjqGxkSA8vPRoQXeNkoXR4k0L9Z4pP6cyIlQqi9CkxREX6tJbyj+53UyHR36OYvTTENMPxdFGcc6wcPWcJdJoJr3DSFUMvNXTK+JaUabbsumBHfy5L/kYq/q7ldrzVrl+GRcRwltoi20g1x0gI5RHTVQC1F0jx7RC3q1Hqwn680afEanrPHMBvoF6/0DSB6lfw==</latexit>

d ⇠ 1

kPQ
⌘ 1

H0
exp[�NPQ]

axion emerges at PQ transition,
homogenous today on scales
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axion abundance from inflationary fluctuations

mechanism of inflationary production of minimally coupled scalars

<latexit sha1_base64="FirYi3NvYDcWfqdoavx0Q4y56zo="></latexit>

d⇢infa

d log k
=

�a(⌘e, k)

2

⇥
g00|u̇k|2 � (gijkikj �m2

a)|uk|2
⇤

<latexit sha1_base64="MIqKgCnU3PDyrKRoC5fXugg4xVw="></latexit>

�a(⌘e, k) =
k
3

2⇡2

Z
d
3
xe

�i~k·~xha(⌘e, ~x)a(⌘e, 0)i =
H

2
I

4⇡2
min[1,

k
n

k
n
PQ

] .

classical evolution after horizon exit

<latexit sha1_base64="c83mZi9S1TA1a7pZHzocIy7PKLc=">AAACF3icbVC7TsMwFHXKq5RXgJHFokFiQFXSAViQKlgYi0QfUhtFjuu0Vp2H7BtEFfoXLPwKCwMIscLG3+C2GaDlSFc6Oude+97jJ4IrsO1vo7C0vLK6VlwvbWxube+Yu3tNFaeSsgaNRSzbPlFM8Ig1gINg7UQyEvqCtfzh1cRv3TGpeBzdwihhbkj6EQ84JaAlz6xgK/WGD17WlSFm9xzGF451gq1uLwY879iWZ5btij0FXiROTsooR90zv/RLNA1ZBFQQpTqOnYCbEQmcCjYudVPFEkKHpM86mkYkZMrNpneN8ZFWejiIpa4I8FT9PZGRUKlR6OvOkMBAzXsT8T+vk0Jw7mY8SlJgEZ19FKQCQ4wnIeEel4yCGGlCqOR6V0wHRBIKOsqSDsGZP3mRNKsV57Ti3FTLtcs8jiI6QIfoGDnoDNXQNaqjBqLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHs4yeYw==</latexit>

uk|exit = 1, u̇k|exit = 0

<latexit sha1_base64="OBvKNC+GmLBsJLGYWll44FLnFLs=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJDKUpIMwFjBUrYi0YeUpJHjOq1Vx4lsB1FF/RUWBhBi5UfY+BvcNgO0HOlKR+fcq3vvCVNGpbKsb2NtfWNza7u0U97d2z84NI8qHZlkApM2TlgieiGShFFO2ooqRnqpICgOGemG49uZ330kQtKEP6hJSvwYDTmNKEZKS4FZ8dxmcNd3LmqOl9LzvuP5gVm16tYccJXYBamCAq3A/PIGCc5iwhVmSErXtlLl50goihmZlr1MkhThMRoSV1OOYiL9fH77FJ5pZQCjROjiCs7V3xM5iqWcxKHujJEayWVvJv7nuZmKrv2c8jRThOPFoihjUCVwFgQcUEGwYhNNEBZU3wrxCAmElY6rrEOwl19eJR2nbl/W7Xun2rgp4iiBE3AKasAGV6ABmqAF2gCDJ/AMXsGbMTVejHfjY9G6ZhQzx+APjM8ffK6Syg==</latexit>

H
2
I /(2⇡)

2

<latexit sha1_base64="PUA6yBZd/Wj8ShJSCuGg9sW03Co=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZJU27orunFZwT6giWUynbRDJ5kwMxFr6Je4caGIWz/FnX/jpK2gogcuHM65l3vvCRJGpbLtD2NpeWV1bb2wUdzc2t4pmbt7bclTgUkLc8ZFN0CSMBqTlqKKkW4iCIoCRjrB+CL3O7dESMrjazVJiB+hYUxDipHSUt8seT0PJYngd3B843p+3yzb1lm96p660LZsu+ZWqjlxayduBTpayVEGCzT75rs34DiNSKwwQ1L2HDtRfoaEopiRadFLJUkQHqMh6Wkao4hIP5sdPoVHWhnAkAtdsYIz9ftEhiIpJ1GgOyOkRvK3l4t/eb1UhXU/o3GSKhLj+aIwZVBxmKcAB1QQrNhEE4QF1bdCPEICYaWzKuoQvj6F/5O2azlVy7lyy43zRRwFcAAOwTFwQA00wCVoghbAIAUP4Ak8G/fGo/FivM5bl4zFzD74AePtE5Gnkwo=</latexit>

⇡ k2

<latexit sha1_base64="AFmuhmKsOOZ8BOnaUVkP2r60Pv8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCqzKJUNtd0Y3LCvYBSSyT6aQdOpmEmYlYS7/EjQtF3Pop7vwbJ20FFT1w4XDOvdx7T5hypjRCH1ZhZXVtfaO4Wdra3tkt23v7HZVkktA2SXgieyFWlDNB25ppTnuppDgOOe2G44vc795SqVgirvUkpUGMh4JFjGBtpL5d9j0fp6lM7uD45tQP+nYFVZFBrQZz4tSRY0ijUXfdBnTmFkIVsESrb7/7g4RkMRWacKyU56BUB1MsNSOczkp+pmiKyRgPqWeowDFVwXR++AweG2UAo0SaEhrO1e8TUxwrNYlD0xljPVK/vVz8y/MyHdWDKRNppqkgi0VRxqFOYJ4CHDBJieYTQzCRzNwKyQhLTLTJqmRC+PoU/k86btWpVZ0rt9I8X8ZRBIfgCJwAB5yBJrgELdAGBGTgATyBZ+veerRerNdFa8FazhyAH7DePgGHiZME</latexit>

⇡ k3 PQ broken

10-6 10-5 10-4 10-3 10-2 10-1

k/kmax

<latexit sha1_base64="6GP4PklV3Ud/Xy+O46ht1gbJkds=">AAACAHicbVC7SgNBFJ31GeMramFhMxgECwm7KdQyqIVlBPOA7LLMTu4mQ2YfzNwVw5LGX7GxUMTWz7Dzb5w8Ck08cOFwzr3ce0+QSqHRtr+tpeWV1bX1wkZxc2t7Z7e0t9/USaY4NHgiE9UOmAYpYmigQAntVAGLAgmtYHA99lsPoLRI4nscpuBFrBeLUHCGRvJLh27HvQGJzM/ZmasiCo8CR67nl8p2xZ6ALhJnRspkhrpf+nK7Cc8iiJFLpnXHsVP0cqZQcAmjoptpSBkfsB50DI1ZBNrLJw+M6IlRujRMlKkY6UT9PZGzSOthFJjOiGFfz3tj8T+vk2F46eUiTjOEmE8XhZmkmNBxGrQrFHCUQ0MYV8LcSnmfKcbRZFY0ITjzLy+SZrXinFecu2q5djWLo0COyDE5JQ65IDVyS+qkQTgZkWfySt6sJ+vFerc+pq1L1mzmgPyB9fkDX56WRA==</latexit>

�a,exit

<latexit sha1_base64="KE5jp9Ij0WoRz30jNbici6NmxfY="></latexit>

⌦inf
a

⌦mis
a

⇡ log(
k⇤
kPQ

)⇥
✓

HI

2⇡fa

◆2

sizeable contribution to relic abundance 
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isocurvature power spectrum

10-6 10-5 10-4 10-3 10-2 10-1
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

1

k/kmax

Δ
δa
,is
o[
k] ≈k3

≈k-1
k<kPQ

k>k*

<latexit sha1_base64="+yHXSEkHnZhCwobNMgvzzjjU6BQ="></latexit>

�iso
�a (⌘, k) ⇡

⌦2
a,inf

⌦2
a

k3

3 log2(k⇤/kPQ)k3PQ

generic contribution
(present also for no misalignment)

is universal and goes as k^3



Andrea Tesi (INFN) - The meso-inflationary Qcd axion

isocurvatures: mini-clusters + cosmological bounds

the O(1) overdensity on the plateau leads to the formation of mini-halos and mini-clusters

[Gorghetto et al 2203.10100]

<latexit sha1_base64="bfoWENrkfQrALJ5s/WxA684UUzQ="></latexit>

Ms ⇡ 2⇥ 10�15M� ⇥ (µeV/m)3/2

https://arxiv.org/abs/2203.10100
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isocurvatures: mini-clusters + cosmological bounds

the O(1) overdensity on the plateau leads to the formation of mini-halos and mini-clusters

[Gorghetto et al 2203.10100]

<latexit sha1_base64="bfoWENrkfQrALJ5s/WxA684UUzQ="></latexit>

Ms ⇡ 2⇥ 10�15M� ⇥ (µeV/m)3/2

+ a DM isocurvature power spectrum peaked at small scales parametrized as
<latexit sha1_base64="gsdrpk1aKdMoFdP7h0NMk7laAlA=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1U5Mq6kKhoguXFewDmjRMppN2yOTBzEQoaf/Cjb/ixoUibnXn3zhtA2rrgQtnzrmXufe4MaNCGsaXNje/sLi0nFvJr66tb2zqW9t1ESUckxqOWMSbLhKE0ZDUJJWMNGNOUOAy0nD9q5HfuCdc0Ci8k/2Y2AHqhtSjGEklOXrJuiZMIie1eACpiIYXA+/nMWiX4aUjYNE/9B3joH3k6AWjZIwBZ4mZkQLIUHX0T6sT4SQgocQMCdEyjVjaKeKSYkaGeSsRJEbYR13SUjREARF2Or5rCPeV0oFexFWFEo7V3xMpCoToB67qDJDsiWlvJP7ntRLpndkpDeNEkhBPPvISBmUERyHBDuUES9ZXBGFO1a4Q9xBHWKoo8yoEc/rkWVIvl8yTknl7XKicZ3HkwC7YA0VgglNQATegCmoAgwfwBF7Aq/aoPWtv2vukdU7LZnbAH2gf30cUnqs=</latexit>

�iso = |fiso|2As(k/k0)
3 <latexit sha1_base64="CpASbedjFY4axqbFBPOSQtT/h2w=">AAACG3icbVDLSsNAFJ34rPUVdelmsAhurEnA16JQdeNGqGAfkMQwmU7aoZMHMxOhhP6HG3/FjQtFXAku/BsnbRbaemDgcM69zLnHTxgV0jC+tbn5hcWl5dJKeXVtfWNT39puiTjlmDRxzGLe8ZEgjEakKalkpJNwgkKfkbY/uMr99gPhgsbRnRwmxA1RL6IBxUgqydMtx77wRM1yJA2JgKZxnx2ejxy37Nhw4Bk1o2ocHzkhkn0eZjcJVpanV5Q6BpwlZkEqoEDD0z+dbozTkEQSMySEbRqJdDPEJcWMjMpOKkiC8AD1iK1ohFQSNxvfNoL7SunCIObqRRKO1d8bGQqFGIa+msxTimkvF//z7FQGZ25GoySVJMKTj4KUQRnDvCjYpZxgyYaKIMypygpxH3GEpaqzrEowp0+eJS2rap5UzVurUr8s6iiBXbAHDoAJTkEdXIMGaAIMHsEzeAVv2pP2or1rH5PROa3Y2QF/oH39ADUMnxA=</latexit>

As = 2⇥ 10�9

k0 = 0.05/Mpc

* applies to a broad class of scenarios

tested with CMB and LSS dataset!

[see also Feix et al]

https://arxiv.org/abs/2203.10100
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qcd axion without strings and isocurvatures
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strings Ωa

[cosmological bounds a bit far from interesting region: constraint from strings]
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axion abundance from the string network

inhomogeneities generated at the PQ phase transition leave the horizon immediately
<latexit sha1_base64="uUV9HDf+UQY7ERsqtBtqxiDUlUQ=">AAAB+HicbVC7TsMwFL3hWcqjAUYWiwqpDFRJB2CsYOlYJPqQ0lA5rtNadZzIdpBK1C9hYQAhVj6Fjb/BbTNAy5GudHTOvfa9J0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueRSsVica8nCfUjPBQsZARrI/XtUs+rYNQ4f8gu3Gmx5/ftslN15kCrxM1JGXI0+/ZXbxCTNKJCE46V8lwn0X6GpWaEU/NkqmiCyRgPqWeowBFVfjZffIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/87xUh9d+xkSSairI4qMw5UjHaJYCGjBJieYTQzCRzOyKyAhLTLTJqmhCcJdPXiXtWtW9rLp3tXL9Jo+jACdwChVw4Qrq0IAmtIBACs/wCm/Wk/VivVsfi9Y1K585hj+wPn8ASf2RjQ==</latexit>

(aH)�1

<latexit sha1_base64="I76Z/MOvtQarsvhmrXAR/+a2rFE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBPJSkB/VY9OKxQr8gCWWz3bRLdzdhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmRSln2rjut1Pa2Nza3invVvb2Dw6PqscnXZ1kitAOSXii+hHWlDNJO4YZTvupolhEnPaiyf3c7z1RpVki22aa0lDgkWQxI9hYqRf47cFVEA6qNbfuLoDWiVeQGhRoDapfwTAhmaDSEI619j03NWGOlWGE01klyDRNMZngEfUtlVhQHeaLc2fowipDFCfKljRoof6eyLHQeioi2ymwGetVby7+5/mZiW/DnMk0M1SS5aI448gkaP47GjJFieFTSzBRzN6KyBgrTIxNqGJD8FZfXifdRt27rnuPjVrzroijDGdwDpfgwQ004QFa0AECE3iGV3hzUufFeXc+lq0lp5g5hT9wPn8AkyOPEQ==</latexit>

T⇤

axion oscillations

they re-enter the horizon at Tnet, before or after the QCD transition
when they start to evolve and annihilate

<latexit sha1_base64="j9Mq4mb0yHilADuEtl6VQv3q+TU=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0lqqw14KHjxWKFfkIay2W7bpZtN2J0IJfRnePGgiFd/jTf/jZu2goo+GHi8N8PMvCAWXINtf1i5tfWNza38dmFnd2//oHh41NFRoihr00hEqhcQzQSXrA0cBOvFipEwEKwbTG8yv3vPlOaRbMEsZn5IxpKPOCVgJK81SPsqxJLBfFAs2WW3XqtVK9gu27ZbrV0Y4rquU3ewY5QMJbRCc1B87w8jmoRMAhVEa8+xY/BTooBTweaFfqJZTOiUjJlnqCQh0366OHmOz4wyxKNImZKAF+r3iZSEWs/CwHSGBCb6t5eJf3leAqO6n3IZJ8AkXS4aJQJDhLP/8ZArRkHMDCFUcXMrphOiCAWTUsGE8PUp/p90KmXnsuzcVUuN61UceXSCTtE5ctAVaqBb1ERtRFGEHtATerbAerRerNdla85azRyjH7DePgG/dZGQ</latexit>

Tnet

collapse of the netw
ork

<latexit sha1_base64="gn4t2ICRFrfkaTN0pRzOJEx3W6A=">AAACEnicbVDLSsNAFJ34rPUVdelmsAiKUBIp6sJFwY0raaEvSEKYTCft0EkyzEykJfQb3Pgrblwo4taVO//GaRtEWw9cOJxzL/feE3BGpbKsL2NpeWV1bb2wUdzc2t7ZNff2WzJJBSZNnLBEdAIkCaMxaSqqGOlwQVAUMNIOBjcTv31PhKRJ3FAjTrwI9WIaUoyUlnzztOFnrohgrT6GLuJcJEPY8C3okiF37n68s4rnmyWrbE0BF4mdkxLIUfPNT7eb4DQiscIMSenYFldehoSimJFx0U0l4QgPUI84msYoItLLpi+N4bFWujBMhK5Ywan6eyJDkZSjKNCdEVJ9Oe9NxP88J1XhlZfRmKeKxHi2KEwZVAmc5AO7VBCs2EgThAXVt0LcRwJhpVMs6hDs+ZcXSeu8bF+UK/VKqXqdx1EAh+AInAAbXIIquAU10AQYPIAn8AJejUfj2Xgz3metS0Y+cwD+wPj4BjVwnIk=</latexit>

TPQ ⇡ T0 exp[NPQ + 4]
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strings for the meso-inflationary axion

they behave like a long lived network

<latexit sha1_base64="LPR9q9sko7B4sguxY4XbeaFMDUI=">AAACFXicbZDLSgMxFIYz3q23UZdugkWoIGWmCy/gQnDTZQVrhc44nEkzNphMhiSjlqEv4cZXceNCEbeCO9/G9LLQ6g+Bj/+cw8n544wzbTzvy5manpmdm19YLC0tr6yuuesbF1rmitAmkVyqyxg05SylTcMMp5eZoiBiTlvxzemg3rqlSjOZnpteRkMB1ylLGAFjrcjdC9qB6sqoCJTAnbt+AFmm5D0+wiKCyvkuTiK4quG6xSCM3LJX9YbCf8EfQxmN1Yjcz6AjSS5oaggHrdu+l5mwAGUY4bRfCnJNMyA3cE3bFlMQVIfF8Ko+3rFOBydS2ZcaPHR/ThQgtO6J2HYKMF09WRuY/9XauUkOw4KlWW5oSkaLkpxjI/EgItxhihLDexaAKGb/ikkXFBBjgyzZEPzJk//CRa3q71f9s1r55HgcxwLaQtuognx0gE5QHTVQExH0gJ7QC3p1Hp1n5815H7VOOeOZTfRLzsc3pGmdJw==</latexit>

⇢dw ⇡ 9ma(T )f
2
aH(T )

when they enter the horizon, they immediately decay/annihilate to axions

<latexit sha1_base64="v5i3vc4QzcDf6oLVLjqjgMMAUlo=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBDEIuymUAuLgI1lhLwguyyzk5tkyMzsMjMrhCWFjb9iY6GIrR9h5984eRSaeODC4Zx7ufeeOOVMG8/7dtbWNza3tgs7xd29/YND9+i4pZNMUWjShCeqExMNnEloGmY4dFIFRMQc2vHoduq3H0BplsiGGacQCjKQrM8oMVaK3FLQbUR5oASWYCYBB601E7gRXQRh5Ja9ijcDXiX+gpTRAvXI/Qp6Cc0ESEM50brre6kJc6IMoxwmxSDTkBI6IgPoWiqJAB3msycm+MwqPdxPlC1p8Ez9PZETofVYxLZTEDPUy95U/M/rZqZ/HeZMppkBSeeL+hnHJsHTRHCPKaCGjy0hVDF7K6ZDogg1NreiDcFffnmVtKoV/7Li31fLtZtFHAVUQqfoHPnoCtXQHaqjJqLoET2jV/TmPDkvzrvzMW9dcxYzJ+gPnM8fO+GXzQ==</latexit>

Tnet . T⇤

[see also Harigaya, Wang; 
Baratella, Pomarol, Rompineve]
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strings for the meso-inflationary axion

they behave like a long lived network

<latexit sha1_base64="LPR9q9sko7B4sguxY4XbeaFMDUI=">AAACFXicbZDLSgMxFIYz3q23UZdugkWoIGWmCy/gQnDTZQVrhc44nEkzNphMhiSjlqEv4cZXceNCEbeCO9/G9LLQ6g+Bj/+cw8n544wzbTzvy5manpmdm19YLC0tr6yuuesbF1rmitAmkVyqyxg05SylTcMMp5eZoiBiTlvxzemg3rqlSjOZnpteRkMB1ylLGAFjrcjdC9qB6sqoCJTAnbt+AFmm5D0+wiKCyvkuTiK4quG6xSCM3LJX9YbCf8EfQxmN1Yjcz6AjSS5oaggHrdu+l5mwAGUY4bRfCnJNMyA3cE3bFlMQVIfF8Ko+3rFOBydS2ZcaPHR/ThQgtO6J2HYKMF09WRuY/9XauUkOw4KlWW5oSkaLkpxjI/EgItxhihLDexaAKGb/ikkXFBBjgyzZEPzJk//CRa3q71f9s1r55HgcxwLaQtuognx0gE5QHTVQExH0gJ7QC3p1Hp1n5815H7VOOeOZTfRLzsc3pGmdJw==</latexit>

⇢dw ⇡ 9ma(T )f
2
aH(T )

when they enter the horizon, they immediately decay/annihilate to axions

final abundance depends on details, hard to compute
lower bound given by astrophysical constraints on the axion decay constant

<latexit sha1_base64="zdKriuqs8OnPTQIHmsKV1U1vw7s="></latexit>

fa ⇡ 109GeV $ NPQ ⇡ 18� 20

<latexit sha1_base64="v5i3vc4QzcDf6oLVLjqjgMMAUlo=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBDEIuymUAuLgI1lhLwguyyzk5tkyMzsMjMrhCWFjb9iY6GIrR9h5984eRSaeODC4Zx7ufeeOOVMG8/7dtbWNza3tgs7xd29/YND9+i4pZNMUWjShCeqExMNnEloGmY4dFIFRMQc2vHoduq3H0BplsiGGacQCjKQrM8oMVaK3FLQbUR5oASWYCYBB601E7gRXQRh5Ja9ijcDXiX+gpTRAvXI/Qp6Cc0ESEM50brre6kJc6IMoxwmxSDTkBI6IgPoWiqJAB3msycm+MwqPdxPlC1p8Ez9PZETofVYxLZTEDPUy95U/M/rZqZ/HeZMppkBSeeL+hnHJsHTRHCPKaCGjy0hVDF7K6ZDogg1NreiDcFffnmVtKoV/7Li31fLtZtFHAVUQqfoHPnoCtXQHaqjJqLoET2jV/TmPDkvzrvzMW9dcxYzJ+gPnM8fO+GXzQ==</latexit>

Tnet . T⇤

[a scenario where DM is reproduced at small fa]

[see also Harigaya, Wang; 
Baratella, Pomarol, Rompineve]

<latexit sha1_base64="lM9y9yzd0d39ULY7y18I7cBxfug="></latexit>

⌦dw
a ⇠ ⌦mis

a
⇤QCD

Tnet
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axion abundance from the string network
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[still far from cosmological bounds: maybe constraints from miniclusters?]
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sizeable power spectrum + plateau
phase transition producing DM during inflation

[for example axion-like alps without strings]

inflationary power
isocurvature

more generic phase transitions producing DM

if DM is a light scalar that emerges at the end of inflation:

<latexit sha1_base64="/q2upkzgntjp/kqFhbg+j6xHx6k="></latexit>✓
n

s

◆

today

⇡
r

MPl

m

✓
HI

2⇡MPl

◆2

� 1
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sizeable power spectrum + plateau
phase transition producing DM during inflation

[for example axion-like alps without strings]

miniclusters at the scales corresponding to the plateau
can we constrain them?

inflationary power
isocurvature

more generic phase transitions producing DM

if DM is a light scalar that emerges at the end of inflation:

[in progress with Cabras, Garani, Redi]

<latexit sha1_base64="/q2upkzgntjp/kqFhbg+j6xHx6k="></latexit>✓
n

s

◆

today

⇡
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MPl
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✓
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� 1
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[Dai, Miralda-Escudé 1908.01773]

sensitive to DM substructures

caustics curve

high-magnification
factor ≈10^3

photometric lensing for DM miniclusters

https://arxiv.org/abs/1908.01773
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convergence depends on mass distribution 

claim to be sensitive to 1/10^4 variation to the lensing convergence 

<latexit sha1_base64="5iPT51mpkKag3l+gc0y5Ckf5DP4=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAYhFobdCGoZ1MIygnnA7hpmJ5NkyOzDmbtCWFLZ+Cs2ForY+g12/o2TZAtNPDBwOOdc7tzjx4IrsKxvI7ewuLS8kl8trK1vbG6Z2zsNFSWSsjqNRCRbPlFM8JDVgYNgrVgyEviCNf3B5dhvPjCpeBTewjBmXkB6Ie9ySkBLbXPfdbB7xQSQ0v2R2wOdDLBt3aXHJyPXa5tFq2xNgOeJnZEiylBrm19uJ6JJwEKggijl2FYMXkokcCrYqOAmisWEDkiPOZqGJGDKSydnjPChVjq4G0n9QsAT9fdESgKlhoGvkwGBvpr1xuJ/npNA99xLeRgnwEI6XdRNBIYIjzvBHS4ZBTHUhFDJ9V8x7RNJKOjmCroEe/bkedKolO3Tsn1TKVYvsjryaA8doBKy0RmqomtUQ3VE0SN6Rq/ozXgyXox342MazRnZzC76A+PzBwlRl5I=</latexit>

�(q) & 10�3
<latexit sha1_base64="0TPnOYonMEU1wff7TQc1/72L31s=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwoJJUCFiQCiwMDEUibaUkVI7rtlYdJ9gOUhX1E1j4FRYGEGJlZONvcNoMUDiSpaNz7r2+9wQxo1JZ1pdRmJmdm18oLpaWlldW18z1jYaMEoGJgyMWiVaAJGGUE0dRxUgrFgSFASPNYHCR+c17IiSN+I0axsQPUY/TLsVIaalt7nouvDqtejE9uIMe5dC1rX3buj30oRci1RdheuaMPL9tlq2KNQb8S+yclEGOetv89DoRTkLCFWZISj03Vn6KhKKYkVHJSySJER6gHnE15Sgk0k/HB43gjlY6sBsJ/biCY/VnR4pCKYdhoCuzJeW0l4n/eW6iuid+SnmcKMLx5KNuwqCKYJYO7FBBsGJDTRAWVO8KcR8JhJXOsKRDsKdP/ksa1Yp9VLGvq+XaeR5HEWyBbbAHbHAMauAS1IEDMHgAT+AFvBqPxrPxZrxPSgtG3rMJfsH4+AbHsJqT</latexit>

L = 2⇡/q 2 [10, 104]AU

[Dai, Miralda-Escudé 1908.01773; 
Arvanitaki et al 1909.11665]

<latexit sha1_base64="ymuDYTUoArQpOvAw0YnL3V3sYsY="></latexit>

�(q)2 =
q2

2⇡

⌃cl

⌃2
c

Z
dM

M

df(M)

dM
|⇢NFW(q;Ms)|2

mini-cluster 
mass distribution

<latexit sha1_base64="ayxGolqOmF7EcEEHmpZu4/GYkp0=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWcTeFWlgEbCwjmgfsLmF2MpsMmdlZZu4KYUlv46/YWChi6w/Y+TdOHoUmHrhwOOdeLudEqeAGXPfbWVldW9/YLGwVt3d29/ZLB4ctozJNWZMqoXQnIoYJnrAmcBCsk2pGZCRYOxpeT/z2A9OGq+QeRikLJeknPOaUgJW6pXLgB3qgAuCSGazPgjvel6SbB1piqjmMg7BbqrhVdwq8TLw5qaA5Gt3SV9BTNJMsASqIMb7nphDmRAOngo2LQWZYSuiQ9JlvaULs6zCfZhnjE6v0cKy0nQTwVP19kRNpzEhGdlMSGJhFbyL+5/kZxJdhzpM0A5bQ2aM4ExgUnhSDe1wzCmJkCZkk5xTTAdGEgq2vaEvwFiMvk1at6p1XvdtapX41r6OAjlEZnSIPXaA6ukEN1EQUPaJn9IrenCfnxXl3PmarK8785gj9gfP5AwISmwI=</latexit>

⇢⇥ r/⌃crit

https://arxiv.org/abs/1908.01773
https://arxiv.org/abs/1909.11665
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[preliminary]

ax
io

n 
m

in
ic
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st
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s

typical density

photometric lensing constraints

[comparison with Arvanitaki et al 1909.11665]

https://arxiv.org/abs/1909.11665
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phase transition producing light DM during inflation

[preliminary]

[axion-like ALPs without strings]

summary (mass vs hubble) for light scalar DM



Andrea Tesi (INFN) - The meso-inflationary Qcd axion

axion + isocurvature

so far less explored scenario for axion dark matter, with signatures
lyman-alpha + miniclusters/minihalos/stars..
long-lived domain wall network

interesting to explore the cases: 
- of ALP dark matter
- of phase transitions during inflation (heavy to light, conformal to minimal,..)

outlook

conclusions
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axion + isocurvature

so far less explored scenario for axion dark matter, with signatures
lyman-alpha + miniclusters/minihalos/stars..
long-lived domain wall network

interesting to explore the cases: 
- of ALP dark matter
- of phase transitions during inflation (heavy to light, conformal to minimal,..)

THANK YOU!

outlook

conclusions
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BACKUP
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cosmological tests of DM produced inflationary
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<latexit sha1_base64="nRtrFuLTzoK3iQHI9y5clsIYvaI="></latexit>

�C`/C` / |fiso|2(`/`eq)

iso DM affects CMB TT-power spectrum

<latexit sha1_base64="LiO2qPjqJElUBUfZj1SJp8wnQxs=">AAACB3icbVDLSsNAFJ34rPEVdSnIYBFclaQLdeGi4MZlBfuAJITJdNIOncmEmYlQ0u7c+CtuXCji1l9w5984bbPQ1gMXDufcy733xBmjSrvut7Wyura+sVnZsrd3dvf2nYPDthK5xKSFBROyGyNFGE1JS1PNSDeTBPGYkU48vJn6nQciFRXpvR5lJOSon9KEYqSNFDkngW+Pk6gIJIdUick4YEQpRTl0a/UgjJyqW3NngMvEK0kVlGhGzlfQEzjnJNWYIaV8z810WCCpKWZkYge5IhnCQ9QnvqEp4kSFxeyPCTwzSg8mQppKNZypvycKxJUa8dh0cqQHatGbiv95fq6Tq7CgaZZrkuL5oiRnUAs4DQX2qCRYs5EhCEtqboV4gCTC2kRnmxC8xZeXSbte8y5q3l292rgu46iAY3AKzoEHLkED3IImaAEMHsEzeAVv1pP1Yr1bH/PWFaucOQJ/YH3+APsamLY=</latexit>

|fiso| . 0.2

can be studied in linear theory

[PLANCK likelihoods]
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<latexit sha1_base64="HIZZCFOl0ymYaqoA1Y3kgEh5TBw=">AAACCXicbZC7TsMwFIYdriXcAowsFhUSU5UUCRgYKrEwFolepCaKHNdprdpOZDtIVdqVhVdhYQAhVt6AjbfBaTNAyy9Z+vSfc3R8/ihlVGnX/bZWVtfWNzYrW/b2zu7evnNw2FZJJjFp4YQlshshRRgVpKWpZqSbSoJ4xEgnGt0U9c4DkYom4l6PUxJwNBA0phhpY4UO9Hv2JA5zX3JIVTKd+IwopSiHbs11z/0gdKoFFYLL4JVQBaWaofPl9xOccSI0ZkipnuemOsiR1BQzMrX9TJEU4REakJ5BgThRQT67ZApPjdOHcSLNExrO3N8TOeJKjXlkOjnSQ7VYK8z/ar1Mx1dBTkWaaSLwfFGcMagTWMQC+1QSrNnYAMKSmr9CPEQSYW3Cs00I3uLJy9Cu17yLmndXrzauyzgq4BicgDPggUvQALegCVoAg0fwDF7Bm/VkvVjv1se8dcUqZ47AH1mfP+3nmSs=</latexit>

|fiso| . 0.003

effects grows with k
(like SMEFT at colliders…)

[recast of Murgia et al,
1903.10509]

cosmological tests of DM produced inflationary

<latexit sha1_base64="jtz+iiO+5BHZ5EhrpM8X8kqpIAA="></latexit>

Pm(k) / 1

k3
�
�⇣(k) + ��iso(k)

�
/ �

|fiso|2

k30

https://arxiv.org/abs/1903.10509

