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comoving scale [AU]~ 1000 AU

0.1 AU ~ 10^12 cm



Storyline

- Intro: Axions and ALPs 

- (QCD) Axion dark matter in the post-inflationary scenario 

- Seeds of axion miniclusters (Sim 1) 

- Gravitational evolution (Sim 2)



- Peccei-Quinn, if theta is a field implies  ✓ = 0
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Axion field = Goldstone boson of a new Global Spontaneously-broken colour-anomalous U(1) symmetry = ✓
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Axions

- Motivated by the strong CP problem,                                        why are nuclear EDMs sooo small?  

Peccei, Quinn, Weinberg, Wilczek 1978
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- Why is                        ? ✓ < 10�10

- QCD Axion and axion-like particles fit BSM (pseudo Nambu-Goldstone bosons, stringy axions...)
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new energy scale (decay constant)

O(1) model-dependent parameters

- Low-energy effective action is restricted by U(1) shift symmetry a ! a+ ct.
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If Cag is non-zero, 
you ALP is the QCD axion

At low-energies VQCD(✓) ⇠ �(1� cos ✓)
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Shift-symmetry breaking corrections can generate a small mass + ...
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what do we know about        ?
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Cold DM predictions
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<latexit sha1_base64="hcseoUaYV0rVluf7pAM5TWzX32o=">AAAB73icbVDLSsNAFL2prxpfVZdugkVwY0laStqFWHDjsoJ9QBvLZDpph04ezkyEEgp+gxsXirj1C/wPd/6N06SIrwMDh3POZe49bsSokKb5oeWWlldW1/Lr+sbm1vZOYXevLcKYY9LCIQt510WCMBqQlqSSkW7ECfJdRjru5Hzud24JFzQMruQ0Io6PRgH1KEZSSV3LvE5OrMpsUCiaJTOF8ZdYC1I8e9NP7wCgOSi894chjn0SSMyQED3LjKSTIC4pZmSm92NBIoQnaER6igbIJ8JJ0n1nxpFShoYXcvUCaaTq94kE+UJMfVclfSTH4rc3F//zerH0ak5CgyiWJMDZR17MDBka8+ONIeUESzZVBGFO1a4GHiOOsFQV6WkJVtm2q5a6vV6v29VKRsxK7auEdrlkqdilWWyUIUMeDuAQjsECGxpwAU1oAQYG9/AIT9qN9qA9ay9ZNKctZvbhB7TXTy1KkR8=</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="F3MxFS5DuFR5Np+w1wajzSawxnE=">AAAB73icbVDLSgMxFM3UV62vqks3wSK4sSQtZdpdwY3LCvYB7VgyadqGZjJjkhHK0J9w40IRt/6OO//GdDqIrwOBwznnknuPHwmuDUIfTm5tfWNzK79d2Nnd2z8oHh51dBgryto0FKHq+UQzwSVrG24E60WKkcAXrOvPLpd+954pzUN5Y+YR8wIykXzMKTFW6mF0m1zg6mJYLKEySgH/EpyREsjQGhbfB6OQxgGThgqidR+jyHgJUYZTwRaFQaxZROiMTFjfUkkCpr0k3XcBz6wyguNQ2ScNTNXvEwkJtJ4Hvk0GxEz1b28p/uf1YzOuewmXUWyYpKuPxrGAJoTL4+GIK0aNmFtCqOJ2V0inRBFqbEWFtARccd0atrc3Gg23Vl0RVK1/ldCplLGNXaNSs5LVkQcn4BScAwxc0ARXoAXagAIBHsATeHbunEfnxXldRXNONnMMfsB5+wTTs49i</latexit>
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<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

A
<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

Stellar evolution accelerated*Black hole spin radiated 

More interactingLess interacting

fA
<latexit sha1_base64="g4I401iM4lweUTsXj4L7mE8Ul/s=">AAAB6nicbVDLTgIxFL2DL8QX6tJNIzFxRWZAHNhh3LjEKEgCE9IpHWjodCZtx4RM+AQ3LjTGrV/kzr+xDMT4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7Jro8V5UzQtmaa024sKQ59Tu/8yeXcv7unUrFI3OppTL0QjwQLGMHaSDfB4GJQLNnlhu00zh30lzhlO0MJlmgNiu/9YUSSkApNOFaq59ix9lIsNSOczgr9RNEYkwke0Z6hAodUeWm26gydGGWIgkiaJzTK1O8TKQ6Vmoa+SYZYj9Vvby7+5/USHdS9lIk40VSQxUdBwpGO0PxuNGSSEs2nhmAimdkVkTGWmGjTTiErwam4bi27vdFwa9UFsav1rxI6lbJjYtdnpWZ9WUcejuAYTsEBF5pwBS1oA4ERPMATPFvcerRerNdFNGctZw7hB6y3T6DNjkY=</latexit><latexit sha1_base64="g4I401iM4lweUTsXj4L7mE8Ul/s=">AAAB6nicbVDLTgIxFL2DL8QX6tJNIzFxRWZAHNhh3LjEKEgCE9IpHWjodCZtx4RM+AQ3LjTGrV/kzr+xDMT4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7Jro8V5UzQtmaa024sKQ59Tu/8yeXcv7unUrFI3OppTL0QjwQLGMHaSDfB4GJQLNnlhu00zh30lzhlO0MJlmgNiu/9YUSSkApNOFaq59ix9lIsNSOczgr9RNEYkwke0Z6hAodUeWm26gydGGWIgkiaJzTK1O8TKQ6Vmoa+SYZYj9Vvby7+5/USHdS9lIk40VSQxUdBwpGO0PxuNGSSEs2nhmAimdkVkTGWmGjTTiErwam4bi27vdFwa9UFsav1rxI6lbJjYtdnpWZ9WUcejuAYTsEBF5pwBS1oA4ERPMATPFvcerRerNdFNGctZw7hB6y3T6DNjkY=</latexit><latexit sha1_base64="g4I401iM4lweUTsXj4L7mE8Ul/s=">AAAB6nicbVDLTgIxFL2DL8QX6tJNIzFxRWZAHNhh3LjEKEgCE9IpHWjodCZtx4RM+AQ3LjTGrV/kzr+xDMT4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7Jro8V5UzQtmaa024sKQ59Tu/8yeXcv7unUrFI3OppTL0QjwQLGMHaSDfB4GJQLNnlhu00zh30lzhlO0MJlmgNiu/9YUSSkApNOFaq59ix9lIsNSOczgr9RNEYkwke0Z6hAodUeWm26gydGGWIgkiaJzTK1O8TKQ6Vmoa+SYZYj9Vvby7+5/USHdS9lIk40VSQxUdBwpGO0PxuNGSSEs2nhmAimdkVkTGWmGjTTiErwam4bi27vdFwa9UFsav1rxI6lbJjYtdnpWZ9WUcejuAYTsEBF5pwBS1oA4ERPMATPFvcerRerNdFNGctZw7hB6y3T6DNjkY=</latexit><latexit sha1_base64="g4I401iM4lweUTsXj4L7mE8Ul/s=">AAAB6nicbVDLTgIxFL2DL8QX6tJNIzFxRWZAHNhh3LjEKEgCE9IpHWjodCZtx4RM+AQ3LjTGrV/kzr+xDMT4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7Jro8V5UzQtmaa024sKQ59Tu/8yeXcv7unUrFI3OppTL0QjwQLGMHaSDfB4GJQLNnlhu00zh30lzhlO0MJlmgNiu/9YUSSkApNOFaq59ix9lIsNSOczgr9RNEYkwke0Z6hAodUeWm26gydGGWIgkiaJzTK1O8TKQ6Vmoa+SYZYj9Vvby7+5/USHdS9lIk40VSQxUdBwpGO0PxuNGSSEs2nhmAimdkVkTGWmGjTTiErwam4bi27vdFwa9UFsav1rxI6lbJjYtdnpWZ9WUcejuAYTsEBF5pwBS1oA4ERPMATPFvcerRerNdFNGctZw7hB6y3T6DNjkY=</latexit><latexit sha1_base64="g4I401iM4lweUTsXj4L7mE8Ul/s=">AAAB6nicbVDLTgIxFL2DL8QX6tJNIzFxRWZAHNhh3LjEKEgCE9IpHWjodCZtx4RM+AQ3LjTGrV/kzr+xDMT4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7Jro8V5UzQtmaa024sKQ59Tu/8yeXcv7unUrFI3OppTL0QjwQLGMHaSDfB4GJQLNnlhu00zh30lzhlO0MJlmgNiu/9YUSSkApNOFaq59ix9lIsNSOczgr9RNEYkwke0Z6hAodUeWm26gydGGWIgkiaJzTK1O8TKQ6Vmoa+SYZYj9Vvby7+5/USHdS9lIk40VSQxUdBwpGO0PxuNGSSEs2nhmAimdkVkTGWmGjTTiErwam4bi27vdFwa9UFsav1rxI6lbJjYtdnpWZ9WUcejuAYTsEBF5pwBS1oA4ERPMATPFvcerRerNdFNGctZw7hB6y3T6DNjkY=</latexit><latexit sha1_base64="g4I401iM4lweUTsXj4L7mE8Ul/s=">AAAB6nicbVDLTgIxFL2DL8QX6tJNIzFxRWZAHNhh3LjEKEgCE9IpHWjodCZtx4RM+AQ3LjTGrV/kzr+xDMT4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7Jro8V5UzQtmaa024sKQ59Tu/8yeXcv7unUrFI3OppTL0QjwQLGMHaSDfB4GJQLNnlhu00zh30lzhlO0MJlmgNiu/9YUSSkApNOFaq59ix9lIsNSOczgr9RNEYkwke0Z6hAodUeWm26gydGGWIgkiaJzTK1O8TKQ6Vmoa+SYZYj9Vvby7+5/USHdS9lIk40VSQxUdBwpGO0PxuNGSSEs2nhmAimdkVkTGWmGjTTiErwam4bi27vdFwa9UFsav1rxI6lbJjYtdnpWZ9WUcejuAYTsEBF5pwBS1oA4ERPMATPFvcerRerNdFNGctZw7hB6y3T6DNjkY=</latexit>



Axion dark matter in a nutshell

✓ =
A

fA
<latexit sha1_base64="j05/Ffg7ksSJ/4lHjk+ghJq1FWw=">AAAB/XicbVDJSgNBEK2JW4zbuNy8DAbBU5gRxFzEBC8eI5gFkmHo6fQkTXoWumuEOAR/xYsHRbx69Ru86dfYWQ6a+KDg8V4VVfX8RHCFtv1l5JaWV1bX8uuFjc2t7R1zd6+h4lRSVqexiGXLJ4oJHrE6chSslUhGQl+wpj+4GvvNOyYVj6NbHCbMDUkv4gGnBLXkmQcd7DMkF51AEppVR1ngVUeeWbRL9gTWInFmpFg5u/z+AICaZ352ujFNQxYhFUSptmMn6GZEIqeCjQqdVLGE0AHpsbamEQmZcrPJ9SPrWCtdK4ilrgitifp7IiOhUsPQ150hwb6a98bif147xaDsZjxKUmQRnS4KUmFhbI2jsLpcMopiqAmhkutbLdonOgfUgRV0CM78y4ukcVpy7JJzo9MowxR5OIQjOAEHzqEC11CDOlC4h0d4hhfjwXgyXo23aWvOmM3swx8Y7z+2dZeR</latexit><latexit sha1_base64="yx7mwdVzrGRl/R81Vq0CG/eLHGw=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRxFzEBC8eI5gFMmHo6fQkTXoWumuEOAzevfoDXjwo4tU/8AO86dfYWQ6a+KDg8V4VVfW8WHAFlvVl5BYWl5ZX8quFtfWNzS1ze6ehokRSVqeRiGTLI4oJHrI6cBCsFUtGAk+wpje4GPnNGyYVj8JrGMasE5BeyH1OCWjJNfcc6DMgZ44vCU2rWeq71cw1i1bJGgPPE3tKipWT8++P+wdRc81PpxvRJGAhUEGUattWDJ2USOBUsKzgJIrFhA5Ij7U1DUnAVCcdX5/hQ610sR9JXSHgsfp7IiWBUsPA050Bgb6a9Ubif147Ab/cSXkYJ8BCOlnkJwJDhEdR4C6XjIIYakKo5PpWTPtE5wA6sIIOwZ59eZ40jku2VbKvdBplNEEe7aMDdIRsdIoq6BLVUB1RdIse0TN6Me6MJ+PVeJu05ozpzC76A+P9B8vHmSA=</latexit><latexit sha1_base64="yx7mwdVzrGRl/R81Vq0CG/eLHGw=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRxFzEBC8eI5gFMmHo6fQkTXoWumuEOAzevfoDXjwo4tU/8AO86dfYWQ6a+KDg8V4VVfW8WHAFlvVl5BYWl5ZX8quFtfWNzS1ze6ehokRSVqeRiGTLI4oJHrI6cBCsFUtGAk+wpje4GPnNGyYVj8JrGMasE5BeyH1OCWjJNfcc6DMgZ44vCU2rWeq71cw1i1bJGgPPE3tKipWT8++P+wdRc81PpxvRJGAhUEGUattWDJ2USOBUsKzgJIrFhA5Ij7U1DUnAVCcdX5/hQ610sR9JXSHgsfp7IiWBUsPA050Bgb6a9Ubif147Ab/cSXkYJ8BCOlnkJwJDhEdR4C6XjIIYakKo5PpWTPtE5wA6sIIOwZ59eZ40jku2VbKvdBplNEEe7aMDdIRsdIoq6BLVUB1RdIse0TN6Me6MJ+PVeJu05ozpzC76A+P9B8vHmSA=</latexit><latexit sha1_base64="Zy9UlhSCt4mwH9qhAShSmQOtdb0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5K4sRuhxY3LCvYBTQiT6aQdOpmEmRuhhuKvuHGhiFv/w51/47TNQlsPXDiccy/33hOmgmtwnG+rtLa+sblV3q7s7O7tH9iHRx2dZIqyNk1Eonoh0UxwydrAQbBeqhiJQ8G64fhm5ncfmNI8kfcwSZkfk6HkEacEjBTYJx6MGJBrL1KE5s1pHgXNaWBXnZozB14lbkGqqEArsL+8QUKzmEmggmjdd50U/Jwo4FSwacXLNEsJHZMh6xsqScy0n8+vn+JzowxwlChTEvBc/T2Rk1jrSRyazpjASC97M/E/r59BVPdzLtMMmKSLRVEmMCR4FgUecMUoiIkhhCpubsV0REwOYAKrmBDc5ZdXSeey5jo1986pNupFHGV0is7QBXLRFWqgW9RCbUTRI3pGr+jNerJerHfrY9FasoqZY/QH1ucPmoGVQw==</latexit>�⇡

<latexit sha1_base64="unNOnWnANSRGx13f74prrsQ/Ur4=">AAAB63icbVC7SgNBFL0bXzG+opY2g0GwMezamDJgYxnBPCBZwuxkNhkyj2VmVghLfsHGQhFbf8Av8Bvs/BB7Z5MUmnjgwuGce7n3nijhzFjf//IKa+sbm1vF7dLO7t7+QfnwqGVUqgltEsWV7kTYUM4kbVpmOe0kmmIRcdqOxte5376n2jAl7+wkoaHAQ8liRrDNpYtewvrlil/1Z0CrJFiQSh2+3z8AoNEvf/YGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbHbrFJ05ZYBipV1Ji2bq74kMC2MmInKdAtuRWfZy8T+vm9q4FmZMJqmlkswXxSlHVqH8cTRgmhLLJ45gopm7FZER1phYF0/JhRAsv7xKWpfVwK8Gty6NGsxRhBM4hXMI4ArqcAMNaAKBETzAEzx7wnv0XrzXeWvBW8wcwx94bz9JXpCd</latexit><latexit sha1_base64="DmhobvOZcCPzby0PV5HJOKPh6F8=">AAAB63icbVC7SgNBFL0bXzG+opY2g0GwMezamDJgI9hEMA9IljA7mU2GzMwuM7PCsuQXbCwUsfUH/BRJ44fYO5uk0MQDFw7n3Mu99wQxZ9q47pdTWFvf2Nwqbpd2dvf2D8qHRy0dJYrQJol4pDoB1pQzSZuGGU47saJYBJy2g/F17rcfqNIskvcmjakv8FCykBFscumiF7N+ueJW3RnQKvEWpFKH74/ptHDb6Jc/e4OIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sdusEnVllgMJI2ZIGzdTfExkWWqcisJ0Cm5Fe9nLxP6+bmLDmZ0zGiaGSzBeFCUcmQvnjaMAUJYanlmCimL0VkRFWmBgbT8mG4C2/vEpal1XPrXp3No0azFGEEziFc/DgCupwAw1oAoERPMIzvDjCeXJenbd5a8FZzBzDHzjvP+bskdI=</latexit><latexit sha1_base64="DmhobvOZcCPzby0PV5HJOKPh6F8=">AAAB63icbVC7SgNBFL0bXzG+opY2g0GwMezamDJgI9hEMA9IljA7mU2GzMwuM7PCsuQXbCwUsfUH/BRJ44fYO5uk0MQDFw7n3Mu99wQxZ9q47pdTWFvf2Nwqbpd2dvf2D8qHRy0dJYrQJol4pDoB1pQzSZuGGU47saJYBJy2g/F17rcfqNIskvcmjakv8FCykBFscumiF7N+ueJW3RnQKvEWpFKH74/ptHDb6Jc/e4OIJIJKQzjWuuu5sfEzrAwjnE5KvUTTGJMxHtKupRILqv1sdusEnVllgMJI2ZIGzdTfExkWWqcisJ0Cm5Fe9nLxP6+bmLDmZ0zGiaGSzBeFCUcmQvnjaMAUJYanlmCimL0VkRFWmBgbT8mG4C2/vEpal1XPrXp3No0azFGEEziFc/DgCupwAw1oAoERPMIzvDjCeXJenbd5a8FZzBzDHzjvP+bskdI=</latexit><latexit sha1_base64="UzmxYhRFh7MdDL6ilZOeqvo0nC4=">AAAB63icbVA9SwNBEJ3zM8avqKXNYhBsDHc2pgzYWEYwH5AcYW8zSZbs7h27e0I48hdsLBSx9Q/Z+W/cS67QxAcDj/dmmJkXJYIb6/vf3sbm1vbObmmvvH9weHRcOTltmzjVDFssFrHuRtSg4ApblluB3UQjlZHATjS9y/3OE2rDY/VoZwmGko4VH3FGbS5d9xM+qFT9mr8AWSdBQapQoDmofPWHMUslKssENaYX+IkNM6otZwLn5X5qMKFsSsfYc1RRiSbMFrfOyaVThmQUa1fKkoX6eyKj0piZjFynpHZiVr1c/M/rpXZUDzOuktSiYstFo1QQG5P8cTLkGpkVM0co09zdStiEasqsi6fsQghWX14n7Zta4NeCB7/aqBdxlOAcLuAKAriFBtxDE1rAYALP8ApvnvRevHfvY9m64RUzZ/AH3ucPtR6N9g==</latexit> 0
<latexit sha1_base64="43L7HRh0Q5e+sd5ZzJQaFulX2lI=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWIQrMKsjekM2FgmYi6QLGF2cjYZMzu7zMwKYckT2FgoYutTWPkQdr6Nk0uhiT8MfPz/Ocw5J0gE14aQbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/z1gMqzWN5Z8YJ+hEdSB5yRo216qRXLJEymcldBW8BpavPj1uwqvWKX91+zNIIpWGCat3xSGL8jCrDmcBJoZtqTCgb0QF2LEoaofaz2aAT98w6fTeMlX3SuDP3d0dGI63HUWArI2qGejmbmv9lndSEFT/jMkkNSjb/KEyFa2J3urXb5wqZEWMLlCluZ3XZkCrKjL1NwR7BW155FZoXZY+UvTopVSswVx5O4BTOwYNLqMIN1KABDBAe4RlenHvnyXl13ualOWfRcwx/5Lz/ADNkjq0=</latexit><latexit sha1_base64="S0f1jRcMN/TyyTLOJUeA4B/Jjjw=">AAAB5HicbZC7SgNBFIbPeo3rLdoKMhgEq7BrYzoDNpYJmAskIcxOziZjZmeXmVkhLCmtbCwUWx8jlQ9h5zP4Ek4uhSb+MPDx/+cw55wgEVwbz/ty1tY3Nre2czvu7t7+wWHeParrOFUMaywWsWoGVKPgEmuGG4HNRCGNAoGNYHgzzRsPqDSP5Z0ZJdiJaF/ykDNqrFX1uvmCV/RmIqvgL6Bw/TGpfj+eTird/Ge7F7M0QmmYoFq3fC8xnYwqw5nAsdtONSaUDWkfWxYljVB3stmgY3JunR4JY2WfNGTm/u7IaKT1KApsZUTNQC9nU/O/rJWasNTJuExSg5LNPwpTQUxMpluTHlfIjBhZoExxOythA6ooM/Y2rj2Cv7zyKtQvi75X9AvlEsyVgxM4gwvw4QrKcAsVqAEDhCd4gVfn3nl23uaFa86i4xj+yHn/AcMuj8w=</latexit><latexit sha1_base64="S0f1jRcMN/TyyTLOJUeA4B/Jjjw=">AAAB5HicbZC7SgNBFIbPeo3rLdoKMhgEq7BrYzoDNpYJmAskIcxOziZjZmeXmVkhLCmtbCwUWx8jlQ9h5zP4Ek4uhSb+MPDx/+cw55wgEVwbz/ty1tY3Nre2czvu7t7+wWHeParrOFUMaywWsWoGVKPgEmuGG4HNRCGNAoGNYHgzzRsPqDSP5Z0ZJdiJaF/ykDNqrFX1uvmCV/RmIqvgL6Bw/TGpfj+eTird/Ge7F7M0QmmYoFq3fC8xnYwqw5nAsdtONSaUDWkfWxYljVB3stmgY3JunR4JY2WfNGTm/u7IaKT1KApsZUTNQC9nU/O/rJWasNTJuExSg5LNPwpTQUxMpluTHlfIjBhZoExxOythA6ooM/Y2rj2Cv7zyKtQvi75X9AvlEsyVgxM4gwvw4QrKcAsVqAEDhCd4gVfn3nl23uaFa86i4xj+yHn/AcMuj8w=</latexit><latexit sha1_base64="qe3NlLpNv6Cxlfwv8Z9I1tvTV50=">AAAB5HicbVA9SwNBEJ2LX/H8irY2i0GwCns2pgzYWEYwH5AcYW8zl6zZ2zt294Rw5BfYWCi2/iY7/42b5AqNPhh4vDfDzLwok8JYSr+8ytb2zu5edd8/ODw6Pqn5p12T5ppjh6cy1f2IGZRCYccKK7GfaWRJJLEXzW6Xfu8JtRGperDzDMOETZSIBWfWSfd0VKvTBl2B/CVBSepQoj2qfQ7HKc8TVJZLZswgoJkNC6at4BIX/jA3mDE+YxMcOKpYgiYsVocuyKVTxiROtStlyUr9OVGwxJh5ErnOhNmp2fSW4n/eILdxMyyEynKLiq8XxbkkNiXLr8lYaORWzh1hXAt3K+FTphm3LhvfhRBsvvyXdK8bAW0E9VazDKMK53ABVxDADbTgDtrQAQ4Iz/AKb96j9+K9rxsrXjlxBr/gfXwDC+WLgA==</latexit>

⇡
<latexit sha1_base64="xK+8aPVjfApawzkC8KHkUfAusAk=">AAAB6nicbZC7SgNBFIbPxluMt6ilzWAQrMKujekSsLGMl1wgWcLsZDYZMju7zJwVwpJHsLFQxNaHsPIh7HwbJ5dCE38Y+Pj/c5hzTpBIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlfTvPXAtRGxusdxwv2IDpQIBaNorbtuInrFklt2ZyKr4C2gVP38uAWreq/41e3HLI24QiapMR3PTdDPqEbBJJ8UuqnhCWUjOuAdi4pG3PjZbNQJObNOn4Sxtk8hmbm/OzIaGTOOAlsZURya5Wxq/pd1UgwrfiZUkiJXbP5RmEqCMZnuTfpCc4ZybIEyLeyshA2ppgztdQr2CN7yyqvQvCh7btm7cUu1CsyVhxM4hXPw4BJqcA11aACDATzCM7w40nlyXp23eWnOWfQcwx857z8KCI/G</latexit><latexit sha1_base64="JzjTaeFm+yuKhXlT1N2+DNiUSM8=">AAAB6nicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTNBdIQpidnE2GzM4uM7NCWFJa2lgoYutDpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+SdGcbYDmlP8oAzaqx124p5J5d3C+5UZBm8OeSvPsaV74eTcbmT+2x1I5aEKA0TVOum58amnVJlOBM4yrYSjTFlA9rDpkVJQ9TtdDrqiJxZp0uCSNknDZm6vztSGmo9DH1bGVLT14vZxPwvayYmKLZTLuPEoGSzj4JEEBORyd6kyxUyI4YWKFPczkpYnyrKjL1O1h7BW1x5GWoXBc8teBU3XyrCTBk4hlM4Bw8uoQQ3UIYqMOjBIzzDiyOcJ+fVeZuVrjjzniP4I+f9BxQDkgs=</latexit><latexit sha1_base64="JzjTaeFm+yuKhXlT1N2+DNiUSM8=">AAAB6nicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTNBdIQpidnE2GzM4uM7NCWFJa2lgoYutDpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+SdGcbYDmlP8oAzaqx124p5J5d3C+5UZBm8OeSvPsaV74eTcbmT+2x1I5aEKA0TVOum58amnVJlOBM4yrYSjTFlA9rDpkVJQ9TtdDrqiJxZp0uCSNknDZm6vztSGmo9DH1bGVLT14vZxPwvayYmKLZTLuPEoGSzj4JEEBORyd6kyxUyI4YWKFPczkpYnyrKjL1O1h7BW1x5GWoXBc8teBU3XyrCTBk4hlM4Bw8uoQQ3UIYqMOjBIzzDiyOcJ+fVeZuVrjjzniP4I+f9BxQDkgs=</latexit><latexit sha1_base64="AjlcWKHB1+A2NAT06C/eQfG2BjI=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswp6NKQM2lhHNByRH2NvsJUv29o7dOSEc+Qk2ForY+ovs/Ddukis08cHA470ZZuaFqZIWKf32Nja3tnd2S3vl/YPDo+PKyWnbJpnhosUTlZhuyKxQUosWSlSimxrB4lCJTji5nfudJ2GsTPQjTlMRxGykZSQ5Qyc99FM5qFRpjS5A1olfkCoUaA4qX/1hwrNYaOSKWdvzaYpBzgxKrsSs3M+sSBmfsJHoOapZLGyQL06dkUunDEmUGFcayUL9PZGz2NppHLrOmOHYrnpz8T+vl2FUD3Kp0wyF5stFUaYIJmT+NxlKIziqqSOMG+luJXzMDOPo0im7EPzVl9dJ+7rm05p/T6uNehFHCc7hAq7AhxtowB00oQUcRvAMr/DmKe/Fe/c+lq0bXjFzBn/gff4AS3uNvw==</latexit>

1: The axion field (A) is the dynamical 
version of the theta angle of QCD 

We observe ✓ ' 0
<latexit sha1_base64="3MfmsEgjGDE1mkMnfbyoGEp9nqU=">AAAB9XicdVC7SkNBEJ3r2/iKWtosBsEq7I2PaGXAxlLFqJBE2buZmMW9D3fnKiHkP2wsFLG1tfIj7Pwb9yYKKnpg4HDODDNzgkQrS5y/e0PDI6Nj4xOTuanpmdm5/PzCsY1TI7EqYx2b00BY1CrCKinSeJoYFGGg8SS43M38k2s0VsXREXUSbITiIlItJQU56axObSRRtyrEK8bP8wVe3C7zjZLPMlLa9MsZ4aW19U3mF3kfhZ3Xl0Nw2D/Pv9WbsUxDjEhqYW3N5wk1usKQkhp7uXpqMRHyUlxgzdFIhGgb3f7VPbbilCZrxcZVRKyvfp/oitDaThi4zlBQ2/72MvEvr5ZSa6vRVVGSEkZysKiVakYxyyJgTWVQku44IqRR7lYm28IISS6onAvh61P2PzkuFX1e9A94obIFA0zAEizDKvhQhgrswT5UQYKBW7iHB+/Gu/MevadB65D3ObMIP+A9fwBUlpSM</latexit><latexit sha1_base64="kl0xPHihGSAdB5/T8DIMn0g/Oac=">AAAB9XicdVDLSgNBEJz1GeMr6lGQwSB4CrPxET0Z8OIxglEhiWF20psMzj6c6VVC8Og/ePGgiFevOfkR3vwGf8LZREFFCxqKqm66u7xYSYOMvTkjo2PjE5OZqez0zOzcfG5h8dhEiRZQFZGK9KnHDSgZQhUlKjiNNfDAU3Dine+n/sklaCOj8Ai7MTQC3g6lLwVHK53VsQPI60YGcEFZM5dnhd0S2yq6NCXFbbeUElbc2NymboENkN976R++36z0K83ca70ViSSAEIXixtRcFmOjxzVKoeA6W08MxFyc8zbULA15AKbRG1x9Tdes0qJ+pG2FSAfq94keD4zpBp7tDDh2zG8vFf/yagn6O42eDOMEIRTDRX6iKEY0jYC2pAaBqmsJF1raW6nocM0F2qCyNoSvT+n/5LhYcFnBPWT58g4ZIkOWySpZJy4pkTI5IBVSJYJockvuyYNz5dw5j87TsHXE+ZxZIj/gPH8AXpGW0Q==</latexit><latexit sha1_base64="kl0xPHihGSAdB5/T8DIMn0g/Oac=">AAAB9XicdVDLSgNBEJz1GeMr6lGQwSB4CrPxET0Z8OIxglEhiWF20psMzj6c6VVC8Og/ePGgiFevOfkR3vwGf8LZREFFCxqKqm66u7xYSYOMvTkjo2PjE5OZqez0zOzcfG5h8dhEiRZQFZGK9KnHDSgZQhUlKjiNNfDAU3Dine+n/sklaCOj8Ai7MTQC3g6lLwVHK53VsQPI60YGcEFZM5dnhd0S2yq6NCXFbbeUElbc2NymboENkN976R++36z0K83ca70ViSSAEIXixtRcFmOjxzVKoeA6W08MxFyc8zbULA15AKbRG1x9Tdes0qJ+pG2FSAfq94keD4zpBp7tDDh2zG8vFf/yagn6O42eDOMEIRTDRX6iKEY0jYC2pAaBqmsJF1raW6nocM0F2qCyNoSvT+n/5LhYcFnBPWT58g4ZIkOWySpZJy4pkTI5IBVSJYJockvuyYNz5dw5j87TsHXE+ZxZIj/gPH8AXpGW0Q==</latexit><latexit sha1_base64="pVaH16nhnBwNHv4ALlLZsTc2MOU=">AAAB9XicdVBNS0JBFJ1nX2ZfVss2QxK0knlWajuhTUuD/AA1mTdedXDeRzP3FSL+jzYtimjbf2nXv2meGlTUgQuHc+7l3nu8SEmDjH04qaXlldW19HpmY3Nreye7u1c3YawF1ESoQt30uAElA6ihRAXNSAP3PQUNb3SR+I070EaGwTWOI+j4fBDIvhQcrXTTxiEgbxvpwy1l3WyO5c9L7Kzg0oQUim4pIaxwclqkbp7NkCMLVLvZ93YvFLEPAQrFjWm5LMLOhGuUQsE0044NRFyM+ABalgbcB9OZzK6e0iOr9Gg/1LYCpDP1+8SE+8aMfc92+hyH5reXiH95rRj75c5EBlGMEIj5on6sKIY0iYD2pAaBamwJF1raW6kYcs0F2qAyNoSvT+n/pF7IuyzvXrFcpbyII00OyCE5Ji4pkQq5JFVSI4Jo8kCeyLNz7zw6L87rvDXlLGb2yQ84b5+WCZKF</latexit>

VQCD(✓)
<latexit sha1_base64="lpkKWzp+rJRzWtP67b7NTM7R3dM=">AAAB/HicbVDJTgJBEK3BDXFDOXLpSEzwQma8yJGIB4+QyJLAZNLTNNChZ0l3jQmZ4K948aAxXv0Qb/6GX2CzHBR8SSUv71Wlqp4fS6HRtr+szNb2zu5edj93cHh0fJI/PWvrKFGMt1gkI9X1qeZShLyFAiXvxorTwJe840/qc7/zwJUWUXiP05i7AR2FYigYRSN5+ULbS/sqIM367azcxzFHeunlS3bFXoBsEmdFSrXi9w0YNLz8Z38QsSTgITJJte45doxuShUKJvks1080jymb0BHvGRrSgGs3XRw/IxdGGZBhpEyFSBbq74mUBlpPA990BhTHet2bi/95vQSHVTcVYZwgD9ly0TCRBCMyT4IMhOIM5dQQypQwtxI2pooyNHnlTAjO+subpH1VceyK0zRpVGGJLBThHMrgwDXU4A4a0AIGU3iCF3i1Hq1n6816X7ZmrNVMAf7A+vgBpcOVjQ==</latexit><latexit sha1_base64="h+gsu+K79mtdKTb8WNB7obhFLKk=">AAAB/HicbVC7TgJBFJ3FBwg+UEqaicQEG7JrIyURC0tI5JGwm83sMAsTZh+ZuWtCNvgF/oONhcbY+iF2/oa1hcOjUPAkNzk5597ce48XC67AND+NzNb2zm42t5cv7B8cHhWPT7oqSiRlHRqJSPY9opjgIesAB8H6sWQk8ATreZPm3O/dMal4FN7CNGZOQEYh9zkloCW3WOq6qS0D3G5ez6o2jBmQc7dYMWvmAniTWCtSaZS/rrKFh++WW/ywhxFNAhYCFUSpgWXG4KREAqeCzfJ2olhM6ISM2EDTkARMOeni+Bk+08oQ+5HUFQJeqL8nUhIoNQ083RkQGKt1by7+5w0S8OtOysM4ARbS5SI/ERgiPE8CD7lkFMRUE0Il17diOiaSUNB55XUI1vrLm6R7UbPMmtXWadTREjlURqeoiix0iRroBrVQB1E0RY/oGb0Y98aT8Wq8LVszxmqmhP7AeP8ByLqXJw==</latexit><latexit sha1_base64="h+gsu+K79mtdKTb8WNB7obhFLKk=">AAAB/HicbVC7TgJBFJ3FBwg+UEqaicQEG7JrIyURC0tI5JGwm83sMAsTZh+ZuWtCNvgF/oONhcbY+iF2/oa1hcOjUPAkNzk5597ce48XC67AND+NzNb2zm42t5cv7B8cHhWPT7oqSiRlHRqJSPY9opjgIesAB8H6sWQk8ATreZPm3O/dMal4FN7CNGZOQEYh9zkloCW3WOq6qS0D3G5ez6o2jBmQc7dYMWvmAniTWCtSaZS/rrKFh++WW/ywhxFNAhYCFUSpgWXG4KREAqeCzfJ2olhM6ISM2EDTkARMOeni+Bk+08oQ+5HUFQJeqL8nUhIoNQ083RkQGKt1by7+5w0S8OtOysM4ARbS5SI/ERgiPE8CD7lkFMRUE0Il17diOiaSUNB55XUI1vrLm6R7UbPMmtXWadTREjlURqeoiix0iRroBrVQB1E0RY/oGb0Y98aT8Wq8LVszxmqmhP7AeP8ByLqXJw==</latexit><latexit sha1_base64="yJUPLR4X9fswPDAuK5/5+awNhY0=">AAAB/HicbVBNS8NAEN34WetXtEcvi0Wol5J4scdCPXhswX5AE8Jmu22XbjZhdyKEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFyaCa3Ccb2tre2d3b790UD48Oj45tc/OezpOFWVdGotYDUKimeCSdYGDYINEMRKFgvXDWWvh9x+Z0jyWD5AlzI/IRPIxpwSMFNiVXpB7KsKd1t285sGUAbkO7KpTd5bAm8QtSBUVaAf2lzeKaRoxCVQQrYeuk4CfEwWcCjYve6lmCaEzMmFDQyWJmPbz5fFzfGWUER7HypQEvFR/T+Qk0jqLQtMZEZjqdW8h/ucNUxg3/JzLJAUm6WrROBUYYrxIAo+4YhREZgihiptbMZ0SRSiYvMomBHf95U3Su6m7Tt3tONVmo4ijhC7QJaohF92iJrpHbdRFFGXoGb2iN+vJerHerY9V65ZVzFTQH1ifP4oGk/4=</latexit>

  2: The QCD vacuum energy depends on   
      it has a minimum at                 !!!!✓ = 0

<latexit sha1_base64="cpRqxfdamH4fCgTLHlAwC823tpg=">AAAB8HicdZDLSgMxFIbPeK31VnXpJlgEV0NmvFQXouDGpYq1lbZIJs3Y0MyF5IxQSp/CjQtF3PoErnwId76NmVZBRX8IfPz/OeScE6RKGqT03Rkbn5icmi7MFGfn5hcWS0vLFybJNBdVnqhE1wNmhJKxqKJEJeqpFiwKlKgF3aM8r90IbWQSn2MvFa2IXccylJyhtS6b2BHI9gm9KpWpu1eh275HcvB3vEoO1N/c2iGeS4cqH7y+nIHVyVXprdlOeBaJGLlixjQ8mmKrzzRKrsSg2MyMSBnvsmvRsBizSJhWfzjwgKxbp03CRNsXIxm63zv6LDKmFwW2MmLYMb+z3Pwra2QY7rb6Mk4zFDEffRRmimBC8u1JW2rBUfUsMK6lnZXwDtOMo71R0R7ha1PyP1z4rkdd75SWD3dhpAKswhpsgAcVOIRjOIEqcIjgFu7hwdHOnfPoPI1Kx5zPnhX4Ief5Ax7Ckhw=</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="PpQ1qjvmuj422l54NfIvsCeiqxQ=">AAAB8HicdVDLSgNBEJz1GeMr6tHLYBA8LbOrJvEgBLx4jGAekixhdjKbDJl9MNMrhCVf4cWDIl79HG/+jbNJBBUtaCiquunu8hMpNBDyYS0tr6yurRc2iptb2zu7pb39lo5TxXiTxTJWHZ9qLkXEmyBA8k6iOA19ydv++Cr32/dcaRFHtzBJuBfSYSQCwSgY6a4HIw70EpN+qUzsiyo5dx2cE7fiVHNC3NOzCnZsMkMZLdDol957g5ilIY+ASap11yEJeBlVIJjk02Iv1TyhbEyHvGtoREOuvWx28BQfG2WAg1iZigDP1O8TGQ21noS+6QwpjPRvLxf/8ropBDUvE1GSAo/YfFGQSgwxzr/HA6E4AzkxhDIlzK2YjaiiDExGRRPC16f4f9JybYfYzg0p12uLOAroEB2hE+SgKqqja9RATcRQiB7QE3q2lPVovViv89YlazFzgH7AevsEYDWQFQ==</latexit>

✓
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  3: Axions field rolls down potential at  

     and becomes dark matter (like inflaton)
tosc ⇠ 1/mA
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5: Scenario B : Initial conditions after inflation 

   dark matter inhomogeneous at scales below ~ pc
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  4: Axion dark matter abundance depends: 
      - Axion mass 
      - Initial angle  
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6: Scenario A : Inflation AFTER initial conditions 

   dark matter homogeneous
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post-inflationary scenario
After the Phase transition, initial misalignment angle is different in causally disconnected regions of the Universe
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miniclusters

� =
⇢ � ⇢̄

⇢̄
<latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit><latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit><latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit><latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit>

Regions with overdensity       collapse gravitationally at                      (keep a fixed size) 

DM distribution is frozen shortly after          : the density field expands with the Universe
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<latexit sha1_base64="BV9hWkeD98jfCuE2MpeFKs7+jOM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlComMlFsYi0YfURJHj3rZW7STYDlKJMrPwKywMIMTKF7DxN7htBmg5kqXjc+699j1hwpnSjvNtlVZW19Y3ypuVre2d3T17/6Ct4lRSaNGYx7IbEgWcRdDSTHPoJhKICDl0wvHV1O/cg1Qsjm71JAFfkGHEBowSbaTAPn4IMk8KbCblnmICF3e4y7HXB65JYFedmjMDXiZuQaqoQDOwv7x+TFMBkaacKNVznUT7GZGaUQ55xUsVJISOyRB6hkZEgPKz2So5PjVKHw9iaU6k8Uz93ZERodREhKZSED1Si95U/M/rpXpQ9zMWJamGiM4fGqQc6xhPc8F9JoFqPjGEUMnMXzEdEUmoNulVTAju4srLpH1ec52ae3NRbdSLOMroCJ2gM+SiS9RA16iJWoiiR/SMXtGb9WS9WO/Wx7y0ZBU9h+gPrM8fXNKaog==</latexit><latexit sha1_base64="BV9hWkeD98jfCuE2MpeFKs7+jOM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlComMlFsYi0YfURJHj3rZW7STYDlKJMrPwKywMIMTKF7DxN7htBmg5kqXjc+699j1hwpnSjvNtlVZW19Y3ypuVre2d3T17/6Ct4lRSaNGYx7IbEgWcRdDSTHPoJhKICDl0wvHV1O/cg1Qsjm71JAFfkGHEBowSbaTAPn4IMk8KbCblnmICF3e4y7HXB65JYFedmjMDXiZuQaqoQDOwv7x+TFMBkaacKNVznUT7GZGaUQ55xUsVJISOyRB6hkZEgPKz2So5PjVKHw9iaU6k8Uz93ZERodREhKZSED1Si95U/M/rpXpQ9zMWJamGiM4fGqQc6xhPc8F9JoFqPjGEUMnMXzEdEUmoNulVTAju4srLpH1ec52ae3NRbdSLOMroCJ2gM+SiS9RA16iJWoiiR/SMXtGb9WS9WO/Wx7y0ZBU9h+gPrM8fXNKaog==</latexit><latexit sha1_base64="BV9hWkeD98jfCuE2MpeFKs7+jOM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlComMlFsYi0YfURJHj3rZW7STYDlKJMrPwKywMIMTKF7DxN7htBmg5kqXjc+699j1hwpnSjvNtlVZW19Y3ypuVre2d3T17/6Ct4lRSaNGYx7IbEgWcRdDSTHPoJhKICDl0wvHV1O/cg1Qsjm71JAFfkGHEBowSbaTAPn4IMk8KbCblnmICF3e4y7HXB65JYFedmjMDXiZuQaqoQDOwv7x+TFMBkaacKNVznUT7GZGaUQ55xUsVJISOyRB6hkZEgPKz2So5PjVKHw9iaU6k8Uz93ZERodREhKZSED1Si95U/M/rpXpQ9zMWJamGiM4fGqQc6xhPc8F9JoFqPjGEUMnMXzEdEUmoNulVTAju4srLpH1ec52ae3NRbdSLOMroCJ2gM+SiS9RA16iJWoiiR/SMXtGb9WS9WO/Wx7y0ZBU9h+gPrM8fXNKaog==</latexit><latexit sha1_base64="BV9hWkeD98jfCuE2MpeFKs7+jOM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlComMlFsYi0YfURJHj3rZW7STYDlKJMrPwKywMIMTKF7DxN7htBmg5kqXjc+699j1hwpnSjvNtlVZW19Y3ypuVre2d3T17/6Ct4lRSaNGYx7IbEgWcRdDSTHPoJhKICDl0wvHV1O/cg1Qsjm71JAFfkGHEBowSbaTAPn4IMk8KbCblnmICF3e4y7HXB65JYFedmjMDXiZuQaqoQDOwv7x+TFMBkaacKNVznUT7GZGaUQ55xUsVJISOyRB6hkZEgPKz2So5PjVKHw9iaU6k8Uz93ZERodREhKZSED1Si95U/M/rpXpQ9zMWJamGiM4fGqQc6xhPc8F9JoFqPjGEUMnMXzEdEUmoNulVTAju4srLpH1ec52ae3NRbdSLOMroCJ2gM+SiS9RA16iJWoiiR/SMXtGb9WS9WO/Wx7y0ZBU9h+gPrM8fXNKaog==</latexit>

overdense not so 

re
ds

hi
ft

⇠ zosc
<latexit sha1_base64="6gaE+hgP6vwznNbYuKJX3kwn3KI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEsMeCF48VbCs0IWy2m3bp7ibsbgo19J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccaZNp737VQ2Nre2d6q7tb39g8Mj9/ikq9NcEdohKU/VY4w15UzSjmGG08dMUSxiTnvx+Hbu9yZUaZbKBzPNaCjwULKEEWysFLluoJlAT1ERKIFSTWaRW/ca3gJonfglqUOJduR+BYOU5IJKQzjWuu97mQkLrAwjnM5qQa5phskYD2nfUokF1WGxuHyGLqwyQEmqbEmDFurviQILracitp0Cm5Fe9ebif14/N0kzLJjMckMlWS5Kco5MiuYxoAFTlBg+tQQTxeytiIywwsTYsGo2BH/15XXSvWr4XsO/v663mmUcVTiDc7gEH26gBXfQhg4QmMAzvMKbUzgvzrvzsWytOOXMKfyB8/kDZ76Tdw==</latexit><latexit sha1_base64="6gaE+hgP6vwznNbYuKJX3kwn3KI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEsMeCF48VbCs0IWy2m3bp7ibsbgo19J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccaZNp737VQ2Nre2d6q7tb39g8Mj9/ikq9NcEdohKU/VY4w15UzSjmGG08dMUSxiTnvx+Hbu9yZUaZbKBzPNaCjwULKEEWysFLluoJlAT1ERKIFSTWaRW/ca3gJonfglqUOJduR+BYOU5IJKQzjWuu97mQkLrAwjnM5qQa5phskYD2nfUokF1WGxuHyGLqwyQEmqbEmDFurviQILracitp0Cm5Fe9ebif14/N0kzLJjMckMlWS5Kco5MiuYxoAFTlBg+tQQTxeytiIywwsTYsGo2BH/15XXSvWr4XsO/v663mmUcVTiDc7gEH26gBXfQhg4QmMAzvMKbUzgvzrvzsWytOOXMKfyB8/kDZ76Tdw==</latexit><latexit sha1_base64="6gaE+hgP6vwznNbYuKJX3kwn3KI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEsMeCF48VbCs0IWy2m3bp7ibsbgo19J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccaZNp737VQ2Nre2d6q7tb39g8Mj9/ikq9NcEdohKU/VY4w15UzSjmGG08dMUSxiTnvx+Hbu9yZUaZbKBzPNaCjwULKEEWysFLluoJlAT1ERKIFSTWaRW/ca3gJonfglqUOJduR+BYOU5IJKQzjWuu97mQkLrAwjnM5qQa5phskYD2nfUokF1WGxuHyGLqwyQEmqbEmDFurviQILracitp0Cm5Fe9ebif14/N0kzLJjMckMlWS5Kco5MiuYxoAFTlBg+tQQTxeytiIywwsTYsGo2BH/15XXSvWr4XsO/v663mmUcVTiDc7gEH26gBXfQhg4QmMAzvMKbUzgvzrvzsWytOOXMKfyB8/kDZ76Tdw==</latexit><latexit sha1_base64="6gaE+hgP6vwznNbYuKJX3kwn3KI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEsMeCF48VbCs0IWy2m3bp7ibsbgo19J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccaZNp737VQ2Nre2d6q7tb39g8Mj9/ikq9NcEdohKU/VY4w15UzSjmGG08dMUSxiTnvx+Hbu9yZUaZbKBzPNaCjwULKEEWysFLluoJlAT1ERKIFSTWaRW/ca3gJonfglqUOJduR+BYOU5IJKQzjWuu97mQkLrAwjnM5qQa5phskYD2nfUokF1WGxuHyGLqwyQEmqbEmDFurviQILracitp0Cm5Fe9ebif14/N0kzLJjMckMlWS5Kco5MiuYxoAFTlBg+tQQTxeytiIywwsTYsGo2BH/15XXSvWr4XsO/v663mmUcVTiDc7gEH26gBXfQhg4QmMAzvMKbUzgvzrvzsWytOOXMKfyB8/kDZ76Tdw==</latexit>

⇠ zeq ⇠ 1000
<latexit sha1_base64="PQn+6kFHFBrN4yHy/o5IrMpLzxk=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCHZZcOOygn1AZxgyadqGJpkxyQh1qBt/xY0LRdz6F+78G9PpLLT1wIWTc+4l954o4UwbhL6d0srq2vpGebOytb2zu+fuH7R1nCpCWyTmsepGWFPOJG0ZZjjtJopiEXHaicZXM79zT5Vmsbw1k4QGAg8lGzCCjZVC98jXTMCHMPOVgPRumj89hFDoVlEN5YDLxCtIFRRohu6X349JKqg0hGOtex5KTJBhZRjhdFrxU00TTMZ4SHuWSiyoDrL8gik8tUofDmJlSxqYq78nMiy0nojIdgpsRnrRm4n/eb3UDOpBxmSSGirJ/KNByqGJ4SwO2GeKEsMnlmCimN0VkhFWmBgbWsWG4C2evEza5zUP1bybi2qjXsRRBsfgBJwBD1yCBrgGTdACBDyCZ/AK3pwn58V5dz7mrSWnmDkEf+B8/gD2hZXe</latexit><latexit sha1_base64="PQn+6kFHFBrN4yHy/o5IrMpLzxk=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCHZZcOOygn1AZxgyadqGJpkxyQh1qBt/xY0LRdz6F+78G9PpLLT1wIWTc+4l954o4UwbhL6d0srq2vpGebOytb2zu+fuH7R1nCpCWyTmsepGWFPOJG0ZZjjtJopiEXHaicZXM79zT5Vmsbw1k4QGAg8lGzCCjZVC98jXTMCHMPOVgPRumj89hFDoVlEN5YDLxCtIFRRohu6X349JKqg0hGOtex5KTJBhZRjhdFrxU00TTMZ4SHuWSiyoDrL8gik8tUofDmJlSxqYq78nMiy0nojIdgpsRnrRm4n/eb3UDOpBxmSSGirJ/KNByqGJ4SwO2GeKEsMnlmCimN0VkhFWmBgbWsWG4C2evEza5zUP1bybi2qjXsRRBsfgBJwBD1yCBrgGTdACBDyCZ/AK3pwn58V5dz7mrSWnmDkEf+B8/gD2hZXe</latexit><latexit sha1_base64="PQn+6kFHFBrN4yHy/o5IrMpLzxk=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCHZZcOOygn1AZxgyadqGJpkxyQh1qBt/xY0LRdz6F+78G9PpLLT1wIWTc+4l954o4UwbhL6d0srq2vpGebOytb2zu+fuH7R1nCpCWyTmsepGWFPOJG0ZZjjtJopiEXHaicZXM79zT5Vmsbw1k4QGAg8lGzCCjZVC98jXTMCHMPOVgPRumj89hFDoVlEN5YDLxCtIFRRohu6X349JKqg0hGOtex5KTJBhZRjhdFrxU00TTMZ4SHuWSiyoDrL8gik8tUofDmJlSxqYq78nMiy0nojIdgpsRnrRm4n/eb3UDOpBxmSSGirJ/KNByqGJ4SwO2GeKEsMnlmCimN0VkhFWmBgbWsWG4C2evEza5zUP1bybi2qjXsRRBsfgBJwBD1yCBrgGTdACBDyCZ/AK3pwn58V5dz7mrSWnmDkEf+B8/gD2hZXe</latexit><latexit sha1_base64="PQn+6kFHFBrN4yHy/o5IrMpLzxk=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCHZZcOOygn1AZxgyadqGJpkxyQh1qBt/xY0LRdz6F+78G9PpLLT1wIWTc+4l954o4UwbhL6d0srq2vpGebOytb2zu+fuH7R1nCpCWyTmsepGWFPOJG0ZZjjtJopiEXHaicZXM79zT5Vmsbw1k4QGAg8lGzCCjZVC98jXTMCHMPOVgPRumj89hFDoVlEN5YDLxCtIFRRohu6X349JKqg0hGOtex5KTJBhZRjhdFrxU00TTMZ4SHuWSiyoDrL8gik8tUofDmJlSxqYq78nMiy0nojIdgpsRnrRm4n/eb3UDOpBxmSSGirJ/KNByqGJ4SwO2GeKEsMnlmCimN0VkhFWmBgbWsWG4C2evEza5zUP1bybi2qjXsRRBsfgBJwBD1yCBrgGTdACBDyCZ/AK3pwn58V5dz7mrSWnmDkEf+B8/gD2hZXe</latexit>

z = 1
<latexit sha1_base64="ilpO/Ta4cOhyov4PxYb4s0iyGaI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsBeh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSsHnCScD+iQyVCwSha6f7p2uuXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHNz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiWti6rnVr27y0q9lsdRhBM4hXPw4ArqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx/YAY12</latexit><latexit sha1_base64="ilpO/Ta4cOhyov4PxYb4s0iyGaI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsBeh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSsHnCScD+iQyVCwSha6f7p2uuXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHNz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiWti6rnVr27y0q9lsdRhBM4hXPw4ArqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx/YAY12</latexit><latexit sha1_base64="ilpO/Ta4cOhyov4PxYb4s0iyGaI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsBeh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSsHnCScD+iQyVCwSha6f7p2uuXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHNz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiWti6rnVr27y0q9lsdRhBM4hXPw4ArqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx/YAY12</latexit><latexit sha1_base64="ilpO/Ta4cOhyov4PxYb4s0iyGaI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsBeh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSsHnCScD+iQyVCwSha6f7p2uuXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHNz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiWti6rnVr27y0q9lsdRhBM4hXPw4ArqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx/YAY12</latexit> ? ?

T1
<latexit sha1_base64="u/GC37BYIfmt6wLxGZQgz/vFa0o="></latexit><latexit sha1_base64="u/GC37BYIfmt6wLxGZQgz/vFa0o="></latexit><latexit sha1_base64="u/GC37BYIfmt6wLxGZQgz/vFa0o="></latexit><latexit sha1_base64="u/GC37BYIfmt6wLxGZQgz/vFa0o="></latexit><latexit sha1_base64="u/GC37BYIfmt6wLxGZQgz/vFa0o="></latexit><latexit sha1_base64="u/GC37BYIfmt6wLxGZQgz/vFa0o="></latexit>

local Matter-Radiation eq

local Matter-Radiation eq



miniclusters

Kolb -Tkachev 1996

�(= �) distribution
<latexit sha1_base64="LJgoSLPFeWtREedTX4iBOavsYVU=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQm7ArgmmEgI1lBPOAbAizk5tkyOyDmbtiWNLb+Cs2ForY+gN2/o2TZAtNPDBwOOde7pzjx1JodJxvK7e2vrG5ld8u7Ozu7R/Yh0dNHSWKQ4NHMlJtn2mQIoQGCpTQjhWwwJfQ8sfXM791D0qLKLzDSQzdgA1DMRCcoZF6dtGrj0T5yuuDRHZGPYQHTGnfHFbCT2Yz055dcirOHHSVuBkpkQz1nv3l9SOeBBAil0zrjuvE2E2ZQsElTAteoiFmfMyG0DE0ZAHobjrPMqWnRunTQaTMC5HO1d8bKQu0ngS+mQwYjvSyNxP/8zoJDqrdVIRxghDyxaFBIilGdFaMyayAo5wYwrgS5q+Uj5hiHE19BVOCuxx5lTTPK65TcW8vSrVqVkeenJAiKROXXJIauSF10iCcPJJn8krerCfrxXq3PhajOSvbOSZ/YH3+AMjhmt8=</latexit><latexit sha1_base64="LJgoSLPFeWtREedTX4iBOavsYVU=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQm7ArgmmEgI1lBPOAbAizk5tkyOyDmbtiWNLb+Cs2ForY+gN2/o2TZAtNPDBwOOde7pzjx1JodJxvK7e2vrG5ld8u7Ozu7R/Yh0dNHSWKQ4NHMlJtn2mQIoQGCpTQjhWwwJfQ8sfXM791D0qLKLzDSQzdgA1DMRCcoZF6dtGrj0T5yuuDRHZGPYQHTGnfHFbCT2Yz055dcirOHHSVuBkpkQz1nv3l9SOeBBAil0zrjuvE2E2ZQsElTAteoiFmfMyG0DE0ZAHobjrPMqWnRunTQaTMC5HO1d8bKQu0ngS+mQwYjvSyNxP/8zoJDqrdVIRxghDyxaFBIilGdFaMyayAo5wYwrgS5q+Uj5hiHE19BVOCuxx5lTTPK65TcW8vSrVqVkeenJAiKROXXJIauSF10iCcPJJn8krerCfrxXq3PhajOSvbOSZ/YH3+AMjhmt8=</latexit><latexit sha1_base64="LJgoSLPFeWtREedTX4iBOavsYVU=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQm7ArgmmEgI1lBPOAbAizk5tkyOyDmbtiWNLb+Cs2ForY+gN2/o2TZAtNPDBwOOde7pzjx1JodJxvK7e2vrG5ld8u7Ozu7R/Yh0dNHSWKQ4NHMlJtn2mQIoQGCpTQjhWwwJfQ8sfXM791D0qLKLzDSQzdgA1DMRCcoZF6dtGrj0T5yuuDRHZGPYQHTGnfHFbCT2Yz055dcirOHHSVuBkpkQz1nv3l9SOeBBAil0zrjuvE2E2ZQsElTAteoiFmfMyG0DE0ZAHobjrPMqWnRunTQaTMC5HO1d8bKQu0ngS+mQwYjvSyNxP/8zoJDqrdVIRxghDyxaFBIilGdFaMyayAo5wYwrgS5q+Uj5hiHE19BVOCuxx5lTTPK65TcW8vSrVqVkeenJAiKROXXJIauSF10iCcPJJn8krerCfrxXq3PhajOSvbOSZ/YH3+AMjhmt8=</latexit><latexit sha1_base64="LJgoSLPFeWtREedTX4iBOavsYVU=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQm7ArgmmEgI1lBPOAbAizk5tkyOyDmbtiWNLb+Cs2ForY+gN2/o2TZAtNPDBwOOde7pzjx1JodJxvK7e2vrG5ld8u7Ozu7R/Yh0dNHSWKQ4NHMlJtn2mQIoQGCpTQjhWwwJfQ8sfXM791D0qLKLzDSQzdgA1DMRCcoZF6dtGrj0T5yuuDRHZGPYQHTGnfHFbCT2Yz055dcirOHHSVuBkpkQz1nv3l9SOeBBAil0zrjuvE2E2ZQsElTAteoiFmfMyG0DE0ZAHobjrPMqWnRunTQaTMC5HO1d8bKQu0ngS+mQwYjvSyNxP/8zoJDqrdVIRxghDyxaFBIilGdFaMyayAo5wYwrgS5q+Uj5hiHE19BVOCuxx5lTTPK65TcW8vSrVqVkeenJAiKROXXJIauSF10iCcPJJn8krerCfrxXq3PhajOSvbOSZ/YH3+AMjhmt8=</latexit>

Kolb-Tkachev, properties determined by �
<latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit><latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit><latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit><latexit sha1_base64="iQ4ORUiHst2zQwu8MobQx3XYS+Q=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Ae0oWw2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0mt3O/+8S1EYl6wGnK/ZiOlIgEo2ilziDkEumwWnPr7gJknXgFqUGB1rD6NQgTlsVcIZPUmL7npujnVKNgks8qg8zwlLIJHfG+pYrG3Pj54toZubBKSKJE21JIFurviZzGxkzjwHbGFMdm1ZuL/3n9DKOGnwuVZsgVWy6KMkkwIfPXSSg0ZyinllCmhb2VsDHVlKENqGJD8FZfXiedq7rn1r3761qzUcRRhjM4h0vw4AaacActaAODR3iGV3hzEufFeXc+lq0lp5g5hT9wPn8AjoqPEg==</latexit>

⇠ 1012cm
<latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit><latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit><latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit><latexit sha1_base64="dWns119QlNPZzd7ffMku2zjqp3w=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XwVLJFsMeCF48V7Ac0sWy2m3bpbhJ2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Nq777Wxsbm3v7Jb2yvsHh0fHlZPTro5TRVmHxiJW/YBoJnjEOoYbwfqJYkQGgvWC6c3c7z0ypXkc3ZssYb4k44iHnBJjpWGl6mkuEXYfctyYIU9JROWwUnPr7gJoneCC1KBAe1j58kYxTSWLDBVE6wF2E+PnRBlOBZuVvVSzhNApGbOBpRGRTPv54vgZurDKCIWxshUZtFB/T+REap3JwHZKYiZ61ZuL/3mD1IRNP+dRkhoW0eWiMBXIxGieBBpxxagRmSWEKm5vRXRCFKHG5lW2IeDVl9dJt1HHbh3fXdVazSKOEpzBOVwChmtowS20oQMUMniGV3hznpwX5935WLZuOMVMFf7A+fwBznOTiQ==</latexit>

⇠ 10�12g/cm3
<latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit><latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit><latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit><latexit sha1_base64="CcugzPdpyN0p5BPx9OjGflGl6jA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FgnVbDLghuXFewDOtOSSTNtaJIZkoxQhrrxV9y4UMStf+HOvzF9LLT1wIXDOfdy7z1hwpk2nvft5FZW19Y38puFre2d3T13/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNB6o0i+W9GSU0ELgvWcQINlbquke+ZgIir5Odo/IY+krA/gURncuuW/RK3hRwmaA5KYI5al33y+/FJBVUGsKx1m3kJSbIsDKMcDou+KmmCSZD3KdtSyUWVAfZ9IMxPLVKD0axsiUNnKq/JzIstB6J0HYKbAZ60ZuI/3nt1ESVIGMySQ2VZLYoSjk0MZzEAXtMUWL4yBJMFLO3QjLAChNjQyvYENDiy8ukUS4hr4TurorVyjyOPDgGJ+AMIHANquAW1EAdEPAInsEreHOenBfn3fmYteac+cwh+APn8werYZUP</latexit>

M ⇠ (1 + �)M0
<latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit><latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit><latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit><latexit sha1_base64="mtAKZ/VsDpQeWfFRiL+IURjZ4kQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0WoCCURwS4LbtwUKtgHNCFMJpN26MwkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMqq043xbK6tr6xubpa3y9s7u3r59cNhRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uA5GKJuJej1PiczQQNKYYaSMF9nHTU5TDqnvhRYRpdA6bgRPYFafmzACXiVuQCijQCuwvL0pwxonQmCGl+q6Taj9HUlPMyKTsZYqkCI/QgPQNFYgT5eez6yfwzCgRjBNpSmg4U39P5IgrNeah6eRID9WiNxX/8/qZjut+TkWaaSLwfFGcMagTOI0CRlQSrNnYEIQlNbdCPEQSYW0CK5sQ3MWXl0nnsuY6NffuqtKoF3GUwAk4BVXggmvQALegBdoAg0fwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP+slk4o=</latexit>

⇢ ⇠ ⇢eq�
3(1 + �)

<latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit><latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit><latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit><latexit sha1_base64="Omezo8L4bGkyOfKOYaxV8PFL/Yo=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahIpQZFeyy4MZlBXuBTh0ymdM2NMmMSUYoQ1/Bja/ixoUibt25821MLwtt/SHw8Z9zODl/mHCmjet+O0vLK6tr67mN/ObW9s5uYW+/oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHgalxvPoDSLJa3ZphAR5CeZF1GibFWUCj5qh/7mgk8hiDzlcBwP/Ij4IbcnZe80ymeBIWiW3YnwovgzaCIZqoFhS8/imkqQBrKidZtz01MJyPKMMphlPdTDQmhA9KDtkVJBOhONrlohI+tE+FurOyTBk/c3xMZEVoPRWg7BTF9PV8bm//V2qnpVjoZk0lqQNLpom7KsYnxOB4cMQXU8KEFQhWzf8W0TxShxoaYtyF48ycvQuOs7Lll7+aiWK3M4sihQ3SESshDl6iKrlEN1RFFj+gZvaI358l5cd6dj2nrkjObOUB/5Hz+AKQlnNI=</latexit>

Important issues are quantitative: 
- how many MCs?, which mass and radius? 
- how void is the space between them?  (direct detection?) 
- encounter rates with Earth? 
- sensitivity to lensing?

this was not a MC  
probability distribution!

4⇡

3
R3

mc⇢DM ⇠ 10�12M�
<latexit sha1_base64="wQ2lOJE/SuznhE77MFIVkdbNqgQ="></latexit><latexit sha1_base64="wQ2lOJE/SuznhE77MFIVkdbNqgQ="></latexit><latexit sha1_base64="wQ2lOJE/SuznhE77MFIVkdbNqgQ="></latexit><latexit sha1_base64="wQ2lOJE/SuznhE77MFIVkdbNqgQ="></latexit><latexit sha1_base64="wQ2lOJE/SuznhE77MFIVkdbNqgQ="></latexit><latexit sha1_base64="wQ2lOJE/SuznhE77MFIVkdbNqgQ="></latexit>

Rmc ⇠ L1/(zeq�)
<latexit sha1_base64="+ZfPzs51TggiQTujsQLhQkGWrkg="></latexit><latexit sha1_base64="+ZfPzs51TggiQTujsQLhQkGWrkg="></latexit><latexit sha1_base64="+ZfPzs51TggiQTujsQLhQkGWrkg="></latexit><latexit sha1_base64="+ZfPzs51TggiQTujsQLhQkGWrkg="></latexit><latexit sha1_base64="+ZfPzs51TggiQTujsQLhQkGWrkg="></latexit><latexit sha1_base64="+ZfPzs51TggiQTujsQLhQkGWrkg="></latexit>



Zurek Hogan Quinn 2007 

first simulations (Scalar Miniclusters ScaMs)

- Simulated axion field 
- Initial conditions ad-hoc (tuned to avoid domain-walls) white noise in field values 

- Evolve until density field is frozen -> switch to N-body simulations 
- Generalisation to ALPs, Femtolensing estimates, no MC distribution function, IC-dependent!
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- Recent semi-analytical estimates with linear equation have the same IC problem 
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Microlensing

Niikura 2017

*See however Inomata 2018 (Wave effect decreases constraints below 10^-10 Msun)

- Subaru HSC dedicated search of Primordial Planck hole events along M31 
- 107 stars, t~2 min sampling rate  
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Microlensing by MCs
Marsh, Fairbairn , Quevillon 2017- Axion MCs are fluffy than PBHs (less signal, more duration) but could be detected!
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Uncertainties in the  
MC  mass, profile,  

mass function dn/dM 
merging history 

Constraints ALP (n=0) QCD axion (n=3.34)

note the relevance of M0

- model the MC mass function by Press-Schechter 
- Used a generous value of M0 ⇠ (⇡)3M0,Tkachev
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New simulations of the axion field 
- Previous works used inconsistent ICs 
- Random initial conditions in theta imply a network of cosmic (global) strings Kibble 1980

Vaquero, Stadler, JR 2018

0 ⇡�⇡

✓color code for the theta' field

QCD-potential
✓ 2 (0, 2⇡)
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around one point (2D) one line (3D)

String tension - divergent, needs UV
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- High-effective tension models available later (work in progress) Klaer and Moore 2017
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- Simplest UV completion                   to regularise string core� = ⇢ei✓
<latexit sha1_base64="lL66ZF1CDKnhNfC0zdnoqHv63Sg=">AAAB/nicbVDJSgNBFOxxjXGLiicvjUHwFGZcSHIQAl48RjALZMbQ03lxGnsWut8IYQj4K148KOLV7/Dm39hJBnEraCiq6vFel59IodG2P6y5+YXFpeXCSnF1bX1js7S13dZxqji0eCxj1fWZBikiaKFACd1EAQt9CR3/9nzid+5AaRFHVzhKwAvZTSSGgjM0Ur+06zYDceaqIKZwnQkXA0A27pfKdsWegv4lTk7KJEezX3p3BzFPQ4iQS6Z1z7ET9DKmUHAJ46KbakgYv2U30DM0YiFoL5ueP6YHRhnQYazMi5BO1e8TGQu1HoW+SYYMA/3bm4j/eb0UhzUvE1GSIkR8tmiYSooxnXRBB0IBRzkyhHElzK2UB0wxjqax4rQE56haPXXM3+v1evX0eEbs49pXCe2jimNilyflRi2vo0D2yD45JA6pkga5IE3SIpxk5IE8kWfr3nq0XqzXWXTOymd2yA9Yb59BWZXs</latexit><latexit sha1_base64="lL66ZF1CDKnhNfC0zdnoqHv63Sg=">AAAB/nicbVDJSgNBFOxxjXGLiicvjUHwFGZcSHIQAl48RjALZMbQ03lxGnsWut8IYQj4K148KOLV7/Dm39hJBnEraCiq6vFel59IodG2P6y5+YXFpeXCSnF1bX1js7S13dZxqji0eCxj1fWZBikiaKFACd1EAQt9CR3/9nzid+5AaRFHVzhKwAvZTSSGgjM0Ur+06zYDceaqIKZwnQkXA0A27pfKdsWegv4lTk7KJEezX3p3BzFPQ4iQS6Z1z7ET9DKmUHAJ46KbakgYv2U30DM0YiFoL5ueP6YHRhnQYazMi5BO1e8TGQu1HoW+SYYMA/3bm4j/eb0UhzUvE1GSIkR8tmiYSooxnXRBB0IBRzkyhHElzK2UB0wxjqax4rQE56haPXXM3+v1evX0eEbs49pXCe2jimNilyflRi2vo0D2yD45JA6pkga5IE3SIpxk5IE8kWfr3nq0XqzXWXTOymd2yA9Yb59BWZXs</latexit><latexit sha1_base64="lL66ZF1CDKnhNfC0zdnoqHv63Sg=">AAAB/nicbVDJSgNBFOxxjXGLiicvjUHwFGZcSHIQAl48RjALZMbQ03lxGnsWut8IYQj4K148KOLV7/Dm39hJBnEraCiq6vFel59IodG2P6y5+YXFpeXCSnF1bX1js7S13dZxqji0eCxj1fWZBikiaKFACd1EAQt9CR3/9nzid+5AaRFHVzhKwAvZTSSGgjM0Ur+06zYDceaqIKZwnQkXA0A27pfKdsWegv4lTk7KJEezX3p3BzFPQ4iQS6Z1z7ET9DKmUHAJ46KbakgYv2U30DM0YiFoL5ueP6YHRhnQYazMi5BO1e8TGQu1HoW+SYYMA/3bm4j/eb0UhzUvE1GSIkR8tmiYSooxnXRBB0IBRzkyhHElzK2UB0wxjqax4rQE56haPXXM3+v1evX0eEbs49pXCe2jimNilyflRi2vo0D2yD45JA6pkga5IE3SIpxk5IE8kWfr3nq0XqzXWXTOymd2yA9Yb59BWZXs</latexit><latexit sha1_base64="lL66ZF1CDKnhNfC0zdnoqHv63Sg=">AAAB/nicbVDJSgNBFOxxjXGLiicvjUHwFGZcSHIQAl48RjALZMbQ03lxGnsWut8IYQj4K148KOLV7/Dm39hJBnEraCiq6vFel59IodG2P6y5+YXFpeXCSnF1bX1js7S13dZxqji0eCxj1fWZBikiaKFACd1EAQt9CR3/9nzid+5AaRFHVzhKwAvZTSSGgjM0Ur+06zYDceaqIKZwnQkXA0A27pfKdsWegv4lTk7KJEezX3p3BzFPQ4iQS6Z1z7ET9DKmUHAJ46KbakgYv2U30DM0YiFoL5ueP6YHRhnQYazMi5BO1e8TGQu1HoW+SYYMA/3bm4j/eb0UhzUvE1GSIkR8tmiYSooxnXRBB0IBRzkyhHElzK2UB0wxjqax4rQE56haPXXM3+v1evX0eEbs49pXCe2jimNilyflRi2vo0D2yD45JA6pkga5IE3SIpxk5IE8kWfr3nq0XqzXWXTOymd2yA9Yb59BWZXs</latexit><latexit sha1_base64="lL66ZF1CDKnhNfC0zdnoqHv63Sg=">AAAB/nicbVDJSgNBFOxxjXGLiicvjUHwFGZcSHIQAl48RjALZMbQ03lxGnsWut8IYQj4K148KOLV7/Dm39hJBnEraCiq6vFel59IodG2P6y5+YXFpeXCSnF1bX1js7S13dZxqji0eCxj1fWZBikiaKFACd1EAQt9CR3/9nzid+5AaRFHVzhKwAvZTSSGgjM0Ur+06zYDceaqIKZwnQkXA0A27pfKdsWegv4lTk7KJEezX3p3BzFPQ4iQS6Z1z7ET9DKmUHAJ46KbakgYv2U30DM0YiFoL5ueP6YHRhnQYazMi5BO1e8TGQu1HoW+SYYMA/3bm4j/eb0UhzUvE1GSIkR8tmiYSooxnXRBB0IBRzkyhHElzK2UB0wxjqax4rQE56haPXXM3+v1evX0eEbs49pXCe2jimNilyflRi2vo0D2yD45JA6pkga5IE3SIpxk5IE8kWfr3nq0XqzXWXTOymd2yA9Yb59BWZXs</latexit><latexit sha1_base64="lL66ZF1CDKnhNfC0zdnoqHv63Sg=">AAAB/nicbVDJSgNBFOxxjXGLiicvjUHwFGZcSHIQAl48RjALZMbQ03lxGnsWut8IYQj4K148KOLV7/Dm39hJBnEraCiq6vFel59IodG2P6y5+YXFpeXCSnF1bX1js7S13dZxqji0eCxj1fWZBikiaKFACd1EAQt9CR3/9nzid+5AaRFHVzhKwAvZTSSGgjM0Ur+06zYDceaqIKZwnQkXA0A27pfKdsWegv4lTk7KJEezX3p3BzFPQ4iQS6Z1z7ET9DKmUHAJ46KbakgYv2U30DM0YiFoL5ueP6YHRhnQYazMi5BO1e8TGQu1HoW+SYYMA/3bm4j/eb0UhzUvE1GSIkR8tmiYSooxnXRBB0IBRzkyhHElzK2UB0wxjqax4rQE56haPXXM3+v1evX0eEbs49pXCe2jimNilyflRi2vo0D2yD45JA6pkga5IE3SIpxk5IE8kWfr3nq0XqzXWXTOymd2yA9Yb59BWZXs</latexit>

�̈� 1

R2
r2

�+ 3H�̇+ ���(|�|2 � f
2
a ) +m

2
afa = 0

<latexit sha1_base64="bKJ7tVEtJwi2tYq+exhlhUnZJdA="></latexit><latexit sha1_base64="bKJ7tVEtJwi2tYq+exhlhUnZJdA="></latexit><latexit sha1_base64="bKJ7tVEtJwi2tYq+exhlhUnZJdA="></latexit><latexit sha1_base64="bKJ7tVEtJwi2tYq+exhlhUnZJdA="></latexit><latexit sha1_base64="bKJ7tVEtJwi2tYq+exhlhUnZJdA="></latexit><latexit sha1_base64="bKJ7tVEtJwi2tYq+exhlhUnZJdA="></latexit>

- Evolve in large cartesian grids (as much dynamical range as possible) 
Phi simulation -> theta only simulation ->theta frozen... (?) 
Compute final density distribution 
Public MPI/OpenMP code developed ready for HPC https://github.com/veintemillas/jaxions



Evolution, time scales

Zero mode is "frozen" and starts to oscillate when 

Wantz-Shellard 2010

ma(tosc)tosc ⇠ O(1)
<latexit sha1_base64="PYFKO4LYc/PsxdQUL+yaCGKgE38=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0FMmrArgikDNnZGMImQXZbZySQZMo9lZlYISz7Bxl+xsVDE1tLOv3GSbBETD1w4c869zL0nThjVxvN+nMLa+sbmVnG7tLO7t3/gHh61tUwVJi0smVQPMdKEUUFahhpGHhJFEI8Z6cSj66nfeSRKUynuzTghIUcDQfsUI2OlyD3nEaqYKAsUh1LjSRUuPCAMNOXwtuJXI7fs1bwZ4Crxc1IGOZqR+x30JE45EQYzpHXX9xITZkgZihmZlIJUkwThERqQrqUCcaLDbHbQBJ5ZpQf7UtkSBs7UxYkMca3HPLadHJmhXvam4n9eNzX9ephRkaSGCDz/qJ8yaCScpgN7VBFs2NgShBW1u0I8RAphYzMs2RD85ZNXSfui5ns1/+6y3KjncRTBCTgFFeCDK9AAN6AJWgCDJ/AC3sC78+y8Oh/O57y14OQzx+APnK9fWkKbcQ==</latexit><latexit sha1_base64="PYFKO4LYc/PsxdQUL+yaCGKgE38=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0FMmrArgikDNnZGMImQXZbZySQZMo9lZlYISz7Bxl+xsVDE1tLOv3GSbBETD1w4c869zL0nThjVxvN+nMLa+sbmVnG7tLO7t3/gHh61tUwVJi0smVQPMdKEUUFahhpGHhJFEI8Z6cSj66nfeSRKUynuzTghIUcDQfsUI2OlyD3nEaqYKAsUh1LjSRUuPCAMNOXwtuJXI7fs1bwZ4Crxc1IGOZqR+x30JE45EQYzpHXX9xITZkgZihmZlIJUkwThERqQrqUCcaLDbHbQBJ5ZpQf7UtkSBs7UxYkMca3HPLadHJmhXvam4n9eNzX9ephRkaSGCDz/qJ8yaCScpgN7VBFs2NgShBW1u0I8RAphYzMs2RD85ZNXSfui5ns1/+6y3KjncRTBCTgFFeCDK9AAN6AJWgCDJ/AC3sC78+y8Oh/O57y14OQzx+APnK9fWkKbcQ==</latexit><latexit sha1_base64="PYFKO4LYc/PsxdQUL+yaCGKgE38=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0FMmrArgikDNnZGMImQXZbZySQZMo9lZlYISz7Bxl+xsVDE1tLOv3GSbBETD1w4c869zL0nThjVxvN+nMLa+sbmVnG7tLO7t3/gHh61tUwVJi0smVQPMdKEUUFahhpGHhJFEI8Z6cSj66nfeSRKUynuzTghIUcDQfsUI2OlyD3nEaqYKAsUh1LjSRUuPCAMNOXwtuJXI7fs1bwZ4Crxc1IGOZqR+x30JE45EQYzpHXX9xITZkgZihmZlIJUkwThERqQrqUCcaLDbHbQBJ5ZpQf7UtkSBs7UxYkMca3HPLadHJmhXvam4n9eNzX9ephRkaSGCDz/qJ8yaCScpgN7VBFs2NgShBW1u0I8RAphYzMs2RD85ZNXSfui5ns1/+6y3KjncRTBCTgFFeCDK9AAN6AJWgCDJ/AC3sC78+y8Oh/O57y14OQzx+APnK9fWkKbcQ==</latexit><latexit sha1_base64="PYFKO4LYc/PsxdQUL+yaCGKgE38=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0FMmrArgikDNnZGMImQXZbZySQZMo9lZlYISz7Bxl+xsVDE1tLOv3GSbBETD1w4c869zL0nThjVxvN+nMLa+sbmVnG7tLO7t3/gHh61tUwVJi0smVQPMdKEUUFahhpGHhJFEI8Z6cSj66nfeSRKUynuzTghIUcDQfsUI2OlyD3nEaqYKAsUh1LjSRUuPCAMNOXwtuJXI7fs1bwZ4Crxc1IGOZqR+x30JE45EQYzpHXX9xITZkgZihmZlIJUkwThERqQrqUCcaLDbHbQBJ5ZpQf7UtkSBs7UxYkMca3HPLadHJmhXvam4n9eNzX9ephRkaSGCDz/qJ8yaCScpgN7VBFs2NgShBW1u0I8RAphYzMs2RD85ZNXSfui5ns1/+6y3KjncRTBCTgFFeCDK9AAN6AJWgCDJ/AC3sC78+y8Oh/O57y14OQzx+APnK9fWkKbcQ==</latexit>

Temperature

Redshift

Comoving Horizon size

mA(T1) = H(T1) = H1
<latexit sha1_base64="McpnvQHuUIEEpfmhNOpOW24W+dY="></latexit><latexit sha1_base64="McpnvQHuUIEEpfmhNOpOW24W+dY="></latexit><latexit sha1_base64="McpnvQHuUIEEpfmhNOpOW24W+dY="></latexit><latexit sha1_base64="McpnvQHuUIEEpfmhNOpOW24W+dY="></latexit><latexit sha1_base64="McpnvQHuUIEEpfmhNOpOW24W+dY="></latexit><latexit sha1_base64="McpnvQHuUIEEpfmhNOpOW24W+dY="></latexit>

T1 ' 1.694GeV

✓
mA

50µeV

◆0.1638

,
<latexit sha1_base64="6dFyqDEaYcuN/ZEwQ5q+rogYfVo="></latexit><latexit sha1_base64="6dFyqDEaYcuN/ZEwQ5q+rogYfVo="></latexit><latexit sha1_base64="6dFyqDEaYcuN/ZEwQ5q+rogYfVo="></latexit><latexit sha1_base64="6dFyqDEaYcuN/ZEwQ5q+rogYfVo="></latexit><latexit sha1_base64="6dFyqDEaYcuN/ZEwQ5q+rogYfVo="></latexit><latexit sha1_base64="6dFyqDEaYcuN/ZEwQ5q+rogYfVo="></latexit>

H1 ' 3.45⇥ 10�3
µeV

✓
mA

50µeV

◆0.338

<latexit sha1_base64="k1E/y7Uywh9mWXUkCIR4jxBgHpI="></latexit><latexit sha1_base64="k1E/y7Uywh9mWXUkCIR4jxBgHpI="></latexit><latexit sha1_base64="k1E/y7Uywh9mWXUkCIR4jxBgHpI="></latexit><latexit sha1_base64="k1E/y7Uywh9mWXUkCIR4jxBgHpI="></latexit><latexit sha1_base64="k1E/y7Uywh9mWXUkCIR4jxBgHpI="></latexit><latexit sha1_base64="k1E/y7Uywh9mWXUkCIR4jxBgHpI="></latexit>

Hubble rate

1 + z1 ' R�1
1 = 1.956 ⇥ 1013

✓
mA

50µeV

◆0.1712

<latexit sha1_base64="rCjNuMvakLcFy8CCXZjQ/kHkzf4="></latexit><latexit sha1_base64="rCjNuMvakLcFy8CCXZjQ/kHkzf4="></latexit><latexit sha1_base64="rCjNuMvakLcFy8CCXZjQ/kHkzf4="></latexit><latexit sha1_base64="rCjNuMvakLcFy8CCXZjQ/kHkzf4="></latexit><latexit sha1_base64="rCjNuMvakLcFy8CCXZjQ/kHkzf4="></latexit><latexit sha1_base64="rCjNuMvakLcFy8CCXZjQ/kHkzf4="></latexit>

L1 ⌘ 1

H1R1
' 1.116⇥ 1017cm

✓
50µeV

mA

◆0.167

= 0.0362 pc

✓
50µeV

mA

◆0.167

<latexit sha1_base64="ErI9iF47aSl41JmGBPm9eGxFyOc="></latexit><latexit sha1_base64="ErI9iF47aSl41JmGBPm9eGxFyOc="></latexit><latexit sha1_base64="ErI9iF47aSl41JmGBPm9eGxFyOc="></latexit><latexit sha1_base64="ErI9iF47aSl41JmGBPm9eGxFyOc="></latexit><latexit sha1_base64="ErI9iF47aSl41JmGBPm9eGxFyOc="></latexit><latexit sha1_base64="ErI9iF47aSl41JmGBPm9eGxFyOc="></latexit>

mA, H from Borsanyi 2016

Axion number in comoving volume>adiabatic invariant 

Na ⇠ ⇢a

ma
R3

<latexit sha1_base64="vOVERG8yHe8vNlpbdu9MexiL5Nw=">AAACBnicbVBLSwMxGMzWV62vqkcRgkXwVHZbS9tbwYsnqWIf0F2XbJptQ5PdJckKZenJi3/FiwdFvPobvPlvTLeL+BpIGGbmI/nGixiVyjQ/jNzS8srqWn69sLG5tb1T3N3ryjAWmHRwyELR95AkjAako6hipB8JgrjHSM+bnM393i0RkobBtZpGxOFoFFCfYqS05BYPL1xkS8qh7QuEE1uMQxfNEq6vq5uqWyyZZTMF/EusjJRAhrZbfLeHIY45CRRmSMqBZUbKSZBQFDMyK9ixJBHCEzQiA00DxIl0knSNGTzWyhD6odAnUDBVv08kiEs55Z5OcqTG8rc3F//zBrHyG05CgyhWJMCLh/yYQRXCeSdwSAXBik01QVhQ/VeIx0j3oXRzhbQEq1Kv1yy9e7PZrNeqC2JWG18ldCtlS8cuT0utRlZHHhyAI3ACLFAHLXAO2qADMLgDD+AJPBv3xqPxYrwuojkjm9kHP2C8fQJudJlX</latexit><latexit sha1_base64="vOVERG8yHe8vNlpbdu9MexiL5Nw=">AAACBnicbVBLSwMxGMzWV62vqkcRgkXwVHZbS9tbwYsnqWIf0F2XbJptQ5PdJckKZenJi3/FiwdFvPobvPlvTLeL+BpIGGbmI/nGixiVyjQ/jNzS8srqWn69sLG5tb1T3N3ryjAWmHRwyELR95AkjAako6hipB8JgrjHSM+bnM393i0RkobBtZpGxOFoFFCfYqS05BYPL1xkS8qh7QuEE1uMQxfNEq6vq5uqWyyZZTMF/EusjJRAhrZbfLeHIY45CRRmSMqBZUbKSZBQFDMyK9ixJBHCEzQiA00DxIl0knSNGTzWyhD6odAnUDBVv08kiEs55Z5OcqTG8rc3F//zBrHyG05CgyhWJMCLh/yYQRXCeSdwSAXBik01QVhQ/VeIx0j3oXRzhbQEq1Kv1yy9e7PZrNeqC2JWG18ldCtlS8cuT0utRlZHHhyAI3ACLFAHLXAO2qADMLgDD+AJPBv3xqPxYrwuojkjm9kHP2C8fQJudJlX</latexit><latexit sha1_base64="vOVERG8yHe8vNlpbdu9MexiL5Nw=">AAACBnicbVBLSwMxGMzWV62vqkcRgkXwVHZbS9tbwYsnqWIf0F2XbJptQ5PdJckKZenJi3/FiwdFvPobvPlvTLeL+BpIGGbmI/nGixiVyjQ/jNzS8srqWn69sLG5tb1T3N3ryjAWmHRwyELR95AkjAako6hipB8JgrjHSM+bnM393i0RkobBtZpGxOFoFFCfYqS05BYPL1xkS8qh7QuEE1uMQxfNEq6vq5uqWyyZZTMF/EusjJRAhrZbfLeHIY45CRRmSMqBZUbKSZBQFDMyK9ixJBHCEzQiA00DxIl0knSNGTzWyhD6odAnUDBVv08kiEs55Z5OcqTG8rc3F//zBrHyG05CgyhWJMCLh/yYQRXCeSdwSAXBik01QVhQ/VeIx0j3oXRzhbQEq1Kv1yy9e7PZrNeqC2JWG18ldCtlS8cuT0utRlZHHhyAI3ACLFAHLXAO2qADMLgDD+AJPBv3xqPxYrwuojkjm9kHP2C8fQJudJlX</latexit><latexit sha1_base64="vOVERG8yHe8vNlpbdu9MexiL5Nw=">AAACBnicbVBLSwMxGMzWV62vqkcRgkXwVHZbS9tbwYsnqWIf0F2XbJptQ5PdJckKZenJi3/FiwdFvPobvPlvTLeL+BpIGGbmI/nGixiVyjQ/jNzS8srqWn69sLG5tb1T3N3ryjAWmHRwyELR95AkjAako6hipB8JgrjHSM+bnM393i0RkobBtZpGxOFoFFCfYqS05BYPL1xkS8qh7QuEE1uMQxfNEq6vq5uqWyyZZTMF/EusjJRAhrZbfLeHIY45CRRmSMqBZUbKSZBQFDMyK9ixJBHCEzQiA00DxIl0knSNGTzWyhD6odAnUDBVv08kiEs55Z5OcqTG8rc3F//zBrHyG05CgyhWJMCLh/yYQRXCeSdwSAXBik01QVhQ/VeIx0j3oXRzhbQEq1Kv1yy9e7PZrNeqC2JWG18ldCtlS8cuT0utRlZHHhyAI3ACLFAHLXAO2qADMLgDD+AJPBv3xqPxYrwuojkjm9kHP2C8fQJudJlX</latexit><latexit sha1_base64="vOVERG8yHe8vNlpbdu9MexiL5Nw=">AAACBnicbVBLSwMxGMzWV62vqkcRgkXwVHZbS9tbwYsnqWIf0F2XbJptQ5PdJckKZenJi3/FiwdFvPobvPlvTLeL+BpIGGbmI/nGixiVyjQ/jNzS8srqWn69sLG5tb1T3N3ryjAWmHRwyELR95AkjAako6hipB8JgrjHSM+bnM393i0RkobBtZpGxOFoFFCfYqS05BYPL1xkS8qh7QuEE1uMQxfNEq6vq5uqWyyZZTMF/EusjJRAhrZbfLeHIY45CRRmSMqBZUbKSZBQFDMyK9ixJBHCEzQiA00DxIl0knSNGTzWyhD6odAnUDBVv08kiEs55Z5OcqTG8rc3F//zBrHyG05CgyhWJMCLh/yYQRXCeSdwSAXBik01QVhQ/VeIx0j3oXRzhbQEq1Kv1yy9e7PZrNeqC2JWG18ldCtlS8cuT0utRlZHHhyAI3ACLFAHLXAO2qADMLgDD+AJPBv3xqPxYrwuojkjm9kHP2C8fQJudJlX</latexit><latexit sha1_base64="vOVERG8yHe8vNlpbdu9MexiL5Nw=">AAACBnicbVBLSwMxGMzWV62vqkcRgkXwVHZbS9tbwYsnqWIf0F2XbJptQ5PdJckKZenJi3/FiwdFvPobvPlvTLeL+BpIGGbmI/nGixiVyjQ/jNzS8srqWn69sLG5tb1T3N3ryjAWmHRwyELR95AkjAako6hipB8JgrjHSM+bnM393i0RkobBtZpGxOFoFFCfYqS05BYPL1xkS8qh7QuEE1uMQxfNEq6vq5uqWyyZZTMF/EusjJRAhrZbfLeHIY45CRRmSMqBZUbKSZBQFDMyK9ixJBHCEzQiA00DxIl0knSNGTzWyhD6odAnUDBVv08kiEs55Z5OcqTG8rc3F//zBrHyG05CgyhWJMCLh/yYQRXCeSdwSAXBik01QVhQ/VeIx0j3oXRzhbQEq1Kv1yy9e7PZrNeqC2JWG18ldCtlS8cuT0utRlZHHhyAI3ACLFAHLXAO2qADMLgDD+AJPBv3xqPxYrwuojkjm9kHP2C8fQJudJlX</latexit>



Cosmological model dependence... Visinelli, Redondo 2018

Alternative pre-BBN cosmologies change T1 and R1 and so: 
 - the suitable axion mass  
 - The typical Minicluster mass and radius  

Standard Radiation Domination 
Decaying matter domination 
kination 
kination with decaying field
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OLD-NEW!
Visinelli, Redondo 2019



~Scale-invariant equations

Switching to conformal coordinates and field normalised to natural values, L1, H1, ...
<latexit sha1_base64="qGvBY7HiKebydxS88qAofj28PHk=">AAAB9HicbVDNS8MwHE3n15xfU49egkPwIKXdHN1uAy87eJjgNmErI83SLSxNa5IORtnf4cWDIl79Y7z535h2Rfx6kPB47/3IL8+LGJXKsj6Mwtr6xuZWcbu0s7u3f1A+POrJMBaYdHHIQnHnIUkY5aSrqGLkLhIEBR4jfW92lfr9ORGShvxWLSLiBmjCqU8xUlpyr0f2BWynl2mao3LFMq0M8C+xc1IBOTqj8vtwHOI4IFxhhqQc2Fak3AQJRTEjy9IwliRCeIYmZKApRwGRbpItvYRnWhlDPxT6cAUz9ftEggIpF4GnkwFSU/nbS8X/vEGs/IabUB7FinC8esiPGVQhTBuAYyoIVmyhCcKC6l0hniKBsNI9lbIS7Krj1G3992az6dRrK2LVGl8l9KqmrWM3l5VWI6+jCE7AKTgHNnBAC7RBB3QBBvfgATyBZ2NuPBovxusqWjDymWPwA8bbJ3JskCw=</latexit><latexit sha1_base64="qGvBY7HiKebydxS88qAofj28PHk=">AAAB9HicbVDNS8MwHE3n15xfU49egkPwIKXdHN1uAy87eJjgNmErI83SLSxNa5IORtnf4cWDIl79Y7z535h2Rfx6kPB47/3IL8+LGJXKsj6Mwtr6xuZWcbu0s7u3f1A+POrJMBaYdHHIQnHnIUkY5aSrqGLkLhIEBR4jfW92lfr9ORGShvxWLSLiBmjCqU8xUlpyr0f2BWynl2mao3LFMq0M8C+xc1IBOTqj8vtwHOI4IFxhhqQc2Fak3AQJRTEjy9IwliRCeIYmZKApRwGRbpItvYRnWhlDPxT6cAUz9ftEggIpF4GnkwFSU/nbS8X/vEGs/IabUB7FinC8esiPGVQhTBuAYyoIVmyhCcKC6l0hniKBsNI9lbIS7Krj1G3992az6dRrK2LVGl8l9KqmrWM3l5VWI6+jCE7AKTgHNnBAC7RBB3QBBvfgATyBZ2NuPBovxusqWjDymWPwA8bbJ3JskCw=</latexit><latexit sha1_base64="qGvBY7HiKebydxS88qAofj28PHk=">AAAB9HicbVDNS8MwHE3n15xfU49egkPwIKXdHN1uAy87eJjgNmErI83SLSxNa5IORtnf4cWDIl79Y7z535h2Rfx6kPB47/3IL8+LGJXKsj6Mwtr6xuZWcbu0s7u3f1A+POrJMBaYdHHIQnHnIUkY5aSrqGLkLhIEBR4jfW92lfr9ORGShvxWLSLiBmjCqU8xUlpyr0f2BWynl2mao3LFMq0M8C+xc1IBOTqj8vtwHOI4IFxhhqQc2Fak3AQJRTEjy9IwliRCeIYmZKApRwGRbpItvYRnWhlDPxT6cAUz9ftEggIpF4GnkwFSU/nbS8X/vEGs/IabUB7FinC8esiPGVQhTBuAYyoIVmyhCcKC6l0hniKBsNI9lbIS7Krj1G3992az6dRrK2LVGl8l9KqmrWM3l5VWI6+jCE7AKTgHNnBAC7RBB3QBBvfgATyBZ2NuPBovxusqWjDymWPwA8bbJ3JskCw=</latexit><latexit sha1_base64="qGvBY7HiKebydxS88qAofj28PHk=">AAAB9HicbVDNS8MwHE3n15xfU49egkPwIKXdHN1uAy87eJjgNmErI83SLSxNa5IORtnf4cWDIl79Y7z535h2Rfx6kPB47/3IL8+LGJXKsj6Mwtr6xuZWcbu0s7u3f1A+POrJMBaYdHHIQnHnIUkY5aSrqGLkLhIEBR4jfW92lfr9ORGShvxWLSLiBmjCqU8xUlpyr0f2BWynl2mao3LFMq0M8C+xc1IBOTqj8vtwHOI4IFxhhqQc2Fak3AQJRTEjy9IwliRCeIYmZKApRwGRbpItvYRnWhlDPxT6cAUz9ftEggIpF4GnkwFSU/nbS8X/vEGs/IabUB7FinC8esiPGVQhTBuAYyoIVmyhCcKC6l0hniKBsNI9lbIS7Krj1G3992az6dRrK2LVGl8l9KqmrWM3l5VWI6+jCE7AKTgHNnBAC7RBB3QBBvfgATyBZ2NuPBovxusqWjDymWPwA8bbJ3JskCw=</latexit><latexit sha1_base64="qGvBY7HiKebydxS88qAofj28PHk=">AAAB9HicbVDNS8MwHE3n15xfU49egkPwIKXdHN1uAy87eJjgNmErI83SLSxNa5IORtnf4cWDIl79Y7z535h2Rfx6kPB47/3IL8+LGJXKsj6Mwtr6xuZWcbu0s7u3f1A+POrJMBaYdHHIQnHnIUkY5aSrqGLkLhIEBR4jfW92lfr9ORGShvxWLSLiBmjCqU8xUlpyr0f2BWynl2mao3LFMq0M8C+xc1IBOTqj8vtwHOI4IFxhhqQc2Fak3AQJRTEjy9IwliRCeIYmZKApRwGRbpItvYRnWhlDPxT6cAUz9ftEggIpF4GnkwFSU/nbS8X/vEGs/IabUB7FinC8esiPGVQhTBuAYyoIVmyhCcKC6l0hniKBsNI9lbIS7Krj1G3992az6dRrK2LVGl8l9KqmrWM3l5VWI6+jCE7AKTgHNnBAC7RBB3QBBvfgATyBZ2NuPBovxusqWjDymWPwA8bbJ3JskCw=</latexit><latexit sha1_base64="qGvBY7HiKebydxS88qAofj28PHk=">AAAB9HicbVDNS8MwHE3n15xfU49egkPwIKXdHN1uAy87eJjgNmErI83SLSxNa5IORtnf4cWDIl79Y7z535h2Rfx6kPB47/3IL8+LGJXKsj6Mwtr6xuZWcbu0s7u3f1A+POrJMBaYdHHIQnHnIUkY5aSrqGLkLhIEBR4jfW92lfr9ORGShvxWLSLiBmjCqU8xUlpyr0f2BWynl2mao3LFMq0M8C+xc1IBOTqj8vtwHOI4IFxhhqQc2Fak3AQJRTEjy9IwliRCeIYmZKApRwGRbpItvYRnWhlDPxT6cAUz9ftEggIpF4GnkwFSU/nbS8X/vEGs/IabUB7FinC8esiPGVQhTBuAYyoIVmyhCcKC6l0hniKBsNI9lbIS7Krj1G3992az6dRrK2LVGl8l9KqmrWM3l5VWI6+jCE7AKTgHNnBAC7RBB3QBBvfgATyBZ2NuPBovxusqWjDymWPwA8bbJ3JskCw=</latexit>

�00 � r2� � ��(|�|2 � ⌧2) � ⌧n+3 = 0
<latexit sha1_base64="jn7AQDI2v43vfENIYUWs9m3WZOQ="></latexit><latexit sha1_base64="jn7AQDI2v43vfENIYUWs9m3WZOQ="></latexit><latexit sha1_base64="jn7AQDI2v43vfENIYUWs9m3WZOQ="></latexit><latexit sha1_base64="jn7AQDI2v43vfENIYUWs9m3WZOQ="></latexit><latexit sha1_base64="jn7AQDI2v43vfENIYUWs9m3WZOQ="></latexit><latexit sha1_base64="jn7AQDI2v43vfENIYUWs9m3WZOQ="></latexit>

and approximating m
2
A ⇠ m

2
A(T1)

✓
T1

T

◆n

= H
2
1 ⌧

n

<latexit sha1_base64="4AanoJBaM/mKea+KzhGcKxw6X5A="></latexit><latexit sha1_base64="4AanoJBaM/mKea+KzhGcKxw6X5A="></latexit><latexit sha1_base64="4AanoJBaM/mKea+KzhGcKxw6X5A="></latexit><latexit sha1_base64="4AanoJBaM/mKea+KzhGcKxw6X5A="></latexit><latexit sha1_base64="4AanoJBaM/mKea+KzhGcKxw6X5A="></latexit><latexit sha1_base64="4AanoJBaM/mKea+KzhGcKxw6X5A="></latexit>

the dependence on L1 is implicit

⌧
<latexit sha1_base64="3923WsQYjONkdpJQiXrNpcSe/zk="></latexit><latexit sha1_base64="3923WsQYjONkdpJQiXrNpcSe/zk="></latexit><latexit sha1_base64="3923WsQYjONkdpJQiXrNpcSe/zk="></latexit><latexit sha1_base64="3923WsQYjONkdpJQiXrNpcSe/zk="></latexit><latexit sha1_base64="3923WsQYjONkdpJQiXrNpcSe/zk="></latexit><latexit sha1_base64="3923WsQYjONkdpJQiXrNpcSe/zk="></latexit>(    conformal time)

Simulations valid for all consistent values of L1 (function of axion mass today)

n~7-7.5 in the relevant T-range 

Borsanyi 2016

Parameters

String tension

(dynamical range^2)

� = ��
f
2
a

H
2
1

=
m

2
s

H
2
1

⇠ 1060

<latexit sha1_base64="BEhQcCGlokxTINJdb5l5oNtMSRw="></latexit><latexit sha1_base64="BEhQcCGlokxTINJdb5l5oNtMSRw="></latexit><latexit sha1_base64="BEhQcCGlokxTINJdb5l5oNtMSRw="></latexit><latexit sha1_base64="BEhQcCGlokxTINJdb5l5oNtMSRw="></latexit><latexit sha1_base64="BEhQcCGlokxTINJdb5l5oNtMSRw="></latexit><latexit sha1_base64="BEhQcCGlokxTINJdb5l5oNtMSRw="></latexit>

Largest simulations + PRS

Volume L/L1 & 6
<latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit>

⌧ ⇠ 2
<latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit>

Around                    strings are 
strongly pulled by axionic domain 
walls to collapse in loops

� ⇠ 2⇥ 106

⌧2
<latexit sha1_base64="bGwbNPNAIdj28y6EWMG9hW2TzaU="></latexit><latexit sha1_base64="bGwbNPNAIdj28y6EWMG9hW2TzaU="></latexit><latexit sha1_base64="bGwbNPNAIdj28y6EWMG9hW2TzaU="></latexit><latexit sha1_base64="bGwbNPNAIdj28y6EWMG9hW2TzaU="></latexit><latexit sha1_base64="bGwbNPNAIdj28y6EWMG9hW2TzaU="></latexit><latexit sha1_base64="bGwbNPNAIdj28y6EWMG9hW2TzaU="></latexit>

(8192^3, L=6)

log
ms

H
⇠ 8

<latexit sha1_base64="82LujO0mRmg0b1928FYAPy+OE10="></latexit><latexit sha1_base64="82LujO0mRmg0b1928FYAPy+OE10="></latexit><latexit sha1_base64="82LujO0mRmg0b1928FYAPy+OE10="></latexit><latexit sha1_base64="82LujO0mRmg0b1928FYAPy+OE10="></latexit><latexit sha1_base64="82LujO0mRmg0b1928FYAPy+OE10="></latexit><latexit sha1_base64="82LujO0mRmg0b1928FYAPy+OE10="></latexit>



Constraints

Parameters

Volume L/L1 & 6
<latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit><latexit sha1_base64="YhZEf3wVRNq4ombp4zjncnB/ngs="></latexit>

⌧ ⇠ 2
<latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit><latexit sha1_base64="V/H4egpoT+SgkOiswPr+xV5tKIw="></latexit>

Around                    strings are 
strongly pulled by axionic domain 
walls to collapse in loops

String tension : unphysical destruction of domain walls



slice of theta



Tkachev Initial conditions 

✓ = A
X

k=1,...,6/L

sin(kxx) sin(kyy) sin(kzz)

<latexit sha1_base64="JnXUoam7V8dDxaSL0bluWO2Moyc="></latexit><latexit sha1_base64="JnXUoam7V8dDxaSL0bluWO2Moyc="></latexit><latexit sha1_base64="JnXUoam7V8dDxaSL0bluWO2Moyc="></latexit><latexit sha1_base64="JnXUoam7V8dDxaSL0bluWO2Moyc="></latexit><latexit sha1_base64="JnXUoam7V8dDxaSL0bluWO2Moyc="></latexit><latexit sha1_base64="JnXUoam7V8dDxaSL0bluWO2Moyc="></latexit>

White noise in theta angle



string evolution



Final density is highly inhomogenous

� =
⇢ � ⇢̄

⇢̄
<latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit><latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit><latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit><latexit sha1_base64="4z3CeM7pZ9kWDE9J3aaYd+y9Shc=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR3FgSEXQjFN24rGAv0IQymUzaoZOZMDMRSugbuPFV3LhQxK1bd76NkzQLbf1h4OM/53Dm/EHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjG/yeveBSEUFv9eThPgxGnIaUYy0sQb2sRcSptGVF0mEM0+OxKkXIJnDNMsJFjiw607DKQQXwS2hDkq1BvaXFwqcxoRrzJBSfddJtJ8hqSlmZFrzUkUShMdoSPoGOYqJ8rPinik8Mk4IIyHN4xoW7u+JDMVKTeLAdMZIj9R8LTf/q/VTHV36GeVJqgnHs0VRyqAWMA8HhlQSrNnEAMKSmr9CPEImGW0irJkQ3PmTF6Fz1nCdhnt3Xm9el3FUwQE4BCfABRegCW5BC7QBBo/gGbyCN+vJerHerY9Za8UqZ/bBH1mfP7EtnRA=</latexit>

Axion overdensity contrast

Low resolution example

1 + �
<latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit>

Shown is a 2D slice of 1 + �
<latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit><latexit sha1_base64="RbYGql5niqeOFhLF6YMteaT8nIY=">AAAB73icbVDLSsNAFJ34rPVVdekmWARBKElrSbsrunFZwT6gDWUyuWmHTiZxZiKU0J9w40IRt/6OO//GaRrE14GBwznnMvceL2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhV0aJINAhEYtE38MSGOXQUVQx6McCcOgx6HnTq4XfuwchacRv1SwGN8RjTgNKsNJS3z4f+sAUHpXKVsXKYP4ldk7KKEd7VHof+hFJQuCKMCzlwLZi5aZYKEoYzIvDREKMyRSPYaApxyFIN832nZunWvHNIBL6cWVm6veJFIdSzkJPJ0OsJvK3txD/8waJChpuSnmcKOBk+VGQMFNF5uJ406cCiGIzTTARVO9qkgkWmChdUTErwa46Tt3WtzebTadeWxKr1vgqoVut2Dp2c1FuXeZ1FNAxOkFnyEYOaqFr1EYdRBBDD+gJPRt3xqPxYrwuoytGPnOEfsB4+wSTlY/w</latexit>

- Starts after last string-domain-wall collapses 
- quickly axions become non-relativistic 
- long wavelengths become frozen 
- small scales very visible 
- interference patterns not washed out



Distribution of theta, density
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Density contrast evolution
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<latexit sha1_base64="foFcPPnjgg/g3vD1Ms5WIAjVD3w="></latexit><latexit sha1_base64="foFcPPnjgg/g3vD1Ms5WIAjVD3w="></latexit><latexit sha1_base64="foFcPPnjgg/g3vD1Ms5WIAjVD3w="></latexit><latexit sha1_base64="foFcPPnjgg/g3vD1Ms5WIAjVD3w="></latexit><latexit sha1_base64="foFcPPnjgg/g3vD1Ms5WIAjVD3w="></latexit><latexit sha1_base64="foFcPPnjgg/g3vD1Ms5WIAjVD3w="></latexit>

L=6, N=8192

Early times, strings Domain walls, axion mass peak freeze out, axiton peak

white noise below  
correlation length

Coherence length  
increases as 1/H

large contrast  
due to strings

⌧
<latexit sha1_base64="RPDcwJhXtuBMXxek3KYokz0Dils=">AAAB63icbVDLSsNAFL3xWeur6tLNYBFclaS1pN0V3bisYB/QhjKZTtuhM0mYmQgl9BfcuFDErT/kzr9xkgbxdWDgcM65zL3HjzhT2rY/rLX1jc2t7cJOcXdv/+CwdHTcVWEsCe2QkIey72NFOQtoRzPNaT+SFAuf054/v0793j2VioXBnV5E1BN4GrAJI1in0lDjeFQq2xU7A/pLnJyUIUd7VHofjkMSCxpowrFSA8eOtJdgqRnhdFkcxopGmMzxlA4MDbCgykuyXZfo3ChjNAmleYFGmfp9IsFCqYXwTVJgPVO/vVT8zxvEetLwEhZEsaYBWX00iTnSIUoPR2MmKdF8YQgmkpldEZlhiYk29RSzEpyq69Ydc3uz2XTrtRWxa42vErrVimNit5fl1lVeRwFO4QwuwAEXWnADbegAgRk8wBM8W8J6tF6s11V0zcpnTuAHrLdPS4COrA==</latexit><latexit sha1_base64="RPDcwJhXtuBMXxek3KYokz0Dils=">AAAB63icbVDLSsNAFL3xWeur6tLNYBFclaS1pN0V3bisYB/QhjKZTtuhM0mYmQgl9BfcuFDErT/kzr9xkgbxdWDgcM65zL3HjzhT2rY/rLX1jc2t7cJOcXdv/+CwdHTcVWEsCe2QkIey72NFOQtoRzPNaT+SFAuf054/v0793j2VioXBnV5E1BN4GrAJI1in0lDjeFQq2xU7A/pLnJyUIUd7VHofjkMSCxpowrFSA8eOtJdgqRnhdFkcxopGmMzxlA4MDbCgykuyXZfo3ChjNAmleYFGmfp9IsFCqYXwTVJgPVO/vVT8zxvEetLwEhZEsaYBWX00iTnSIUoPR2MmKdF8YQgmkpldEZlhiYk29RSzEpyq69Ydc3uz2XTrtRWxa42vErrVimNit5fl1lVeRwFO4QwuwAEXWnADbegAgRk8wBM8W8J6tF6s11V0zcpnTuAHrLdPS4COrA==</latexit><latexit sha1_base64="RPDcwJhXtuBMXxek3KYokz0Dils=">AAAB63icbVDLSsNAFL3xWeur6tLNYBFclaS1pN0V3bisYB/QhjKZTtuhM0mYmQgl9BfcuFDErT/kzr9xkgbxdWDgcM65zL3HjzhT2rY/rLX1jc2t7cJOcXdv/+CwdHTcVWEsCe2QkIey72NFOQtoRzPNaT+SFAuf054/v0793j2VioXBnV5E1BN4GrAJI1in0lDjeFQq2xU7A/pLnJyUIUd7VHofjkMSCxpowrFSA8eOtJdgqRnhdFkcxopGmMzxlA4MDbCgykuyXZfo3ChjNAmleYFGmfp9IsFCqYXwTVJgPVO/vVT8zxvEetLwEhZEsaYBWX00iTnSIUoPR2MmKdF8YQgmkpldEZlhiYk29RSzEpyq69Ydc3uz2XTrtRWxa42vErrVimNit5fl1lVeRwFO4QwuwAEXWnADbegAgRk8wBM8W8J6tF6s11V0zcpnTuAHrLdPS4COrA==</latexit><latexit sha1_base64="RPDcwJhXtuBMXxek3KYokz0Dils=">AAAB63icbVDLSsNAFL3xWeur6tLNYBFclaS1pN0V3bisYB/QhjKZTtuhM0mYmQgl9BfcuFDErT/kzr9xkgbxdWDgcM65zL3HjzhT2rY/rLX1jc2t7cJOcXdv/+CwdHTcVWEsCe2QkIey72NFOQtoRzPNaT+SFAuf054/v0793j2VioXBnV5E1BN4GrAJI1in0lDjeFQq2xU7A/pLnJyUIUd7VHofjkMSCxpowrFSA8eOtJdgqRnhdFkcxopGmMzxlA4MDbCgykuyXZfo3ChjNAmleYFGmfp9IsFCqYXwTVJgPVO/vVT8zxvEetLwEhZEsaYBWX00iTnSIUoPR2MmKdF8YQgmkpldEZlhiYk29RSzEpyq69Ydc3uz2XTrtRWxa42vErrVimNit5fl1lVeRwFO4QwuwAEXWnADbegAgRk8wBM8W8J6tF6s11V0zcpnTuAHrLdPS4COrA==</latexit><latexit sha1_base64="RPDcwJhXtuBMXxek3KYokz0Dils=">AAAB63icbVDLSsNAFL3xWeur6tLNYBFclaS1pN0V3bisYB/QhjKZTtuhM0mYmQgl9BfcuFDErT/kzr9xkgbxdWDgcM65zL3HjzhT2rY/rLX1jc2t7cJOcXdv/+CwdHTcVWEsCe2QkIey72NFOQtoRzPNaT+SFAuf054/v0793j2VioXBnV5E1BN4GrAJI1in0lDjeFQq2xU7A/pLnJyUIUd7VHofjkMSCxpowrFSA8eOtJdgqRnhdFkcxopGmMzxlA4MDbCgykuyXZfo3ChjNAmleYFGmfp9IsFCqYXwTVJgPVO/vVT8zxvEetLwEhZEsaYBWX00iTnSIUoPR2MmKdF8YQgmkpldEZlhiYk29RSzEpyq69Ydc3uz2XTrtRWxa42vErrVimNit5fl1lVeRwFO4QwuwAEXWnADbegAgRk8wBM8W8J6tF6s11V0zcpnTuAHrLdPS4COrA==</latexit><latexit sha1_base64="RPDcwJhXtuBMXxek3KYokz0Dils=">AAAB63icbVDLSsNAFL3xWeur6tLNYBFclaS1pN0V3bisYB/QhjKZTtuhM0mYmQgl9BfcuFDErT/kzr9xkgbxdWDgcM65zL3HjzhT2rY/rLX1jc2t7cJOcXdv/+CwdHTcVWEsCe2QkIey72NFOQtoRzPNaT+SFAuf054/v0793j2VioXBnV5E1BN4GrAJI1in0lDjeFQq2xU7A/pLnJyUIUd7VHofjkMSCxpowrFSA8eOtJdgqRnhdFkcxopGmMzxlA4MDbCgykuyXZfo3ChjNAmleYFGmfp9IsFCqYXwTVJgPVO/vVT8zxvEetLwEhZEsaYBWX00iTnSIUoPR2MmKdF8YQgmkpldEZlhiYk29RSzEpyq69Ydc3uz2XTrtRWxa42vErrVimNit5fl1lVeRwFO4QwuwAEXWnADbegAgRk8wBM8W8J6tF6s11V0zcpnTuAHrLdPS4COrA==</latexit>

Coherence length  
~freezes after 1.6

last strings  
disappear

Domain walls?
k ⇠ mA

<latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit>

CL decreases a bit 
(free-streaming?) 
non-linearities

k ⇠ mA
<latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit><latexit sha1_base64="lTUXPuBZ2dfKZiVmL0W/yOmRGRs=">AAAB8HicbVDLTgIxFL2DL8QX6tJNIzFxRWZAMrBD3bjEREADE9IpHWhoZyZtx4QQvsKNC41x6+e4828sw8T4OkmTk3POTe89fsyZ0rb9YeVWVtfWN/Kbha3tnd294v5BR0WJJLRNIh7JWx8ryllI25ppTm9jSbHwOe36k8uF372nUrEovNHTmHoCj0IWMIK1ke4mfcUEEoPzQbFkl+0U6C9xMlKCDK1B8b0/jEgiaKgJx0r1HDvW3gxLzQin80I/UTTGZIJHtGdoiAVV3ixdeI5OjDJEQSTNCzVK1e8TMyyUmgrfJAXWY/XbW4j/eb1EB3VvxsI40TQky4+ChCMdocX1aMgkJZpPDcFEMrMrImMsMdGmo0JaglNx3Zpjbm80Gm6tuiR2tf5VQqdSdkzs+qzUvMjqyMMRHMMpOOBCE66gBW0gIOABnuDZktaj9WK9LqM5K5s5hB+w3j4BeLqQdQ==</latexit>



Density contrast evolution in conf. space
L=6, N=8192
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Early times, strings scaling solution with O(1) string/Hubble volume ... (scaling violations*)

projection plots of density^2 (3D->2D)

⇠ ⇠ ls
VH
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Density contrast evolution in conf. space
L=6, N=8192

Early times, strings scaling solution with O(1) string/Hubble volume ... (scaling violations*)

Reconnection hard emission, string cores, hard emission from loop collapse



Density contrast evolution in conf. space
L=6, N=8192

projection plots of density^2 (3D->2D)
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Domain walls, string network collapse .... ... .... ... ... ... axitons
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axitons



- Axitons start as dense lumps below the critical line 
- They contract until                and SI saturate 
- They become pseudo-breathers 
- They breathe emitting relativistic axions and finally relax 
- In expanding Universe, they are fuelled by increasing axion masss 
   they are resilient until axion mass saturates

Axitons

- The axion equation (Sine-Gordon) has a NR instability (self interactions are attractive) 

Kolb-Tkachev 1993

Kolb, Tkachev 1993

- Energy of a axion Gaussian lump of size R (fixed axion number) 

R ⇠ mA
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Rend ⇠ mA(⌧ ⇠ 16) ⌧ H
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Dilute and dense axion stars
Visinelli et al 2017

DILUTE axion-stars 
Equilibrium between gravity and quantum pressure

Critical line

DENSE axion-stars 
Equilibrium between Si and quantum pressure?  
nope! lumps decay emitting relativistic axions! 
relativistic + non-perturbative effects required 

lifetimes ~ 10^3-10^4 1/mass

COLLAPSE

Kaup 68, Ruffini 69, Tkachev 91

Braaten 2015 vs Visinelli 2017

EXPANSION

COLLAPSE

EXPANSION



Collapse of a dilute axion star
Tkachev et al 2016

- Initial conditions slightly above critical mass 
- Emission of relativistic axions



Axitons in our simulations 

Axiton peak in the power spectrum

position amplitude

- Assuming uncorrelated positions ...

discretisation effects?

- Direct measurement

Number of  axitons increases tremendously



Axitons are family people

Highly correlated, they appear in regions of large theta ... close to the last domain-walls collapsed?



Axitons under control?

Axitons convert NR axions into relativistic axions > 

As time evolves, radius ~ 1/m_A decreases (Volume and power too) and emitted energy >> H

First emitted axions are most important  

(are more abundant and free-stream less)



More on axion stars and axitons ... 

- Huge overdensities at small scales -> largely diffuse away                               but some remnants... 
- New studies to come   

- Relativistic axions from bose-star collapse 
- Formation of bose stars in axion/ALP miniclusters 
- Some astrophysical implications ....  
- Lasing photons   
- Fast radio bursts 
- ....

Vaquero, Stadler, JR 2018

Buschman, Safdi 2018?

Tkachev 2016

Tkachev 2018, Niemeyer 2018

Hertzberg 2018

Iwazaki 14, Raby 16



WKBing the axitons away

- Axitons do not seem to alter large scales much after time ~ 4 
- New axitons are small and relatively unimportant (although many could be produced) 
- Axiton cores shrink in our simulations and eventually cannot be resolved 
- Axions in axiton remnants will free-stream a long distance) 

>>> we force them to free-stream at the end of our simulations (only impact at very smal scales)

Rc ⇠ 1/mA
<latexit sha1_base64="QwKiw1qUEflTIcIl7ucN1/ffixc=">AAAB9HicbVDLTsJAFJ3iC/GFunQzkZi4whYkhR3qxiUaeSTQNNNhChNm2jozJSEN3+HGhca49WPc+TcOpTG+TjLJyTnn5t45XsSoVKb5YeRWVtfWN/Kbha3tnd294v5BR4axwKSNQxaKnockYTQgbUUVI71IEMQ9Rrre5Grhd6dESBoGd2oWEYejUUB9ipHSknPr4oGkHFpn3L1wiyWzbKaAf4mVkRLI0HKL74NhiGNOAoUZkrJvmZFyEiQUxYzMC4NYkgjhCRqRvqYB4kQ6SXr0HJ5oZQj9UOgXKJiq3ycSxKWccU8nOVJj+dtbiP95/Vj5dSehQRQrEuDlIj9mUIVw0QAcUkGwYjNNEBZU3wrxGAmEle6pkJZgVWy7Zum/NxoNu1ZdErNa/yqhUylbOnZzXmpeZnXkwRE4BqfAAjZogmvQAm2AwT14AE/g2Zgaj8aL8bqM5oxs5hD8gPH2CaumkaY=</latexit><latexit sha1_base64="QwKiw1qUEflTIcIl7ucN1/ffixc=">AAAB9HicbVDLTsJAFJ3iC/GFunQzkZi4whYkhR3qxiUaeSTQNNNhChNm2jozJSEN3+HGhca49WPc+TcOpTG+TjLJyTnn5t45XsSoVKb5YeRWVtfWN/Kbha3tnd294v5BR4axwKSNQxaKnockYTQgbUUVI71IEMQ9Rrre5Grhd6dESBoGd2oWEYejUUB9ipHSknPr4oGkHFpn3L1wiyWzbKaAf4mVkRLI0HKL74NhiGNOAoUZkrJvmZFyEiQUxYzMC4NYkgjhCRqRvqYB4kQ6SXr0HJ5oZQj9UOgXKJiq3ycSxKWccU8nOVJj+dtbiP95/Vj5dSehQRQrEuDlIj9mUIVw0QAcUkGwYjNNEBZU3wrxGAmEle6pkJZgVWy7Zum/NxoNu1ZdErNa/yqhUylbOnZzXmpeZnXkwRE4BqfAAjZogmvQAm2AwT14AE/g2Zgaj8aL8bqM5oxs5hD8gPH2CaumkaY=</latexit><latexit sha1_base64="QwKiw1qUEflTIcIl7ucN1/ffixc=">AAAB9HicbVDLTsJAFJ3iC/GFunQzkZi4whYkhR3qxiUaeSTQNNNhChNm2jozJSEN3+HGhca49WPc+TcOpTG+TjLJyTnn5t45XsSoVKb5YeRWVtfWN/Kbha3tnd294v5BR4axwKSNQxaKnockYTQgbUUVI71IEMQ9Rrre5Grhd6dESBoGd2oWEYejUUB9ipHSknPr4oGkHFpn3L1wiyWzbKaAf4mVkRLI0HKL74NhiGNOAoUZkrJvmZFyEiQUxYzMC4NYkgjhCRqRvqYB4kQ6SXr0HJ5oZQj9UOgXKJiq3ycSxKWccU8nOVJj+dtbiP95/Vj5dSehQRQrEuDlIj9mUIVw0QAcUkGwYjNNEBZU3wrxGAmEle6pkJZgVWy7Zum/NxoNu1ZdErNa/yqhUylbOnZzXmpeZnXkwRE4BqfAAjZogmvQAm2AwT14AE/g2Zgaj8aL8bqM5oxs5hD8gPH2CaumkaY=</latexit><latexit sha1_base64="QwKiw1qUEflTIcIl7ucN1/ffixc=">AAAB9HicbVDLTsJAFJ3iC/GFunQzkZi4whYkhR3qxiUaeSTQNNNhChNm2jozJSEN3+HGhca49WPc+TcOpTG+TjLJyTnn5t45XsSoVKb5YeRWVtfWN/Kbha3tnd294v5BR4axwKSNQxaKnockYTQgbUUVI71IEMQ9Rrre5Grhd6dESBoGd2oWEYejUUB9ipHSknPr4oGkHFpn3L1wiyWzbKaAf4mVkRLI0HKL74NhiGNOAoUZkrJvmZFyEiQUxYzMC4NYkgjhCRqRvqYB4kQ6SXr0HJ5oZQj9UOgXKJiq3ycSxKWccU8nOVJj+dtbiP95/Vj5dSehQRQrEuDlIj9mUIVw0QAcUkGwYjNNEBZU3wrxGAmEle6pkJZgVWy7Zum/NxoNu1ZdErNa/yqhUylbOnZzXmpeZnXkwRE4BqfAAjZogmvQAm2AwT14AE/g2Zgaj8aL8bqM5oxs5hD8gPH2CaumkaY=</latexit><latexit sha1_base64="QwKiw1qUEflTIcIl7ucN1/ffixc=">AAAB9HicbVDLTsJAFJ3iC/GFunQzkZi4whYkhR3qxiUaeSTQNNNhChNm2jozJSEN3+HGhca49WPc+TcOpTG+TjLJyTnn5t45XsSoVKb5YeRWVtfWN/Kbha3tnd294v5BR4axwKSNQxaKnockYTQgbUUVI71IEMQ9Rrre5Grhd6dESBoGd2oWEYejUUB9ipHSknPr4oGkHFpn3L1wiyWzbKaAf4mVkRLI0HKL74NhiGNOAoUZkrJvmZFyEiQUxYzMC4NYkgjhCRqRvqYB4kQ6SXr0HJ5oZQj9UOgXKJiq3ycSxKWccU8nOVJj+dtbiP95/Vj5dSehQRQrEuDlIj9mUIVw0QAcUkGwYjNNEBZU3wrxGAmEle6pkJZgVWy7Zum/NxoNu1ZdErNa/yqhUylbOnZzXmpeZnXkwRE4BqfAAjZogmvQAm2AwT14AE/g2Zgaj8aL8bqM5oxs5hD8gPH2CaumkaY=</latexit><latexit sha1_base64="QwKiw1qUEflTIcIl7ucN1/ffixc=">AAAB9HicbVDLTsJAFJ3iC/GFunQzkZi4whYkhR3qxiUaeSTQNNNhChNm2jozJSEN3+HGhca49WPc+TcOpTG+TjLJyTnn5t45XsSoVKb5YeRWVtfWN/Kbha3tnd294v5BR4axwKSNQxaKnockYTQgbUUVI71IEMQ9Rrre5Grhd6dESBoGd2oWEYejUUB9ipHSknPr4oGkHFpn3L1wiyWzbKaAf4mVkRLI0HKL74NhiGNOAoUZkrJvmZFyEiQUxYzMC4NYkgjhCRqRvqYB4kQ6SXr0HJ5oZQj9UOgXKJiq3ycSxKWccU8nOVJj+dtbiP95/Vj5dSehQRQrEuDlIj9mUIVw0QAcUkGwYjNNEBZU3wrxGAmEle6pkJZgVWy7Zum/NxoNu1ZdErNa/yqhUylbOnZzXmpeZnXkwRE4BqfAAjZogmvQAm2AwT14AE/g2Zgaj8aL8bqM5oxs5hD8gPH2CaumkaY=</latexit>

0 1 2 3 4 5 6

x[L1]

0

1

2

3

4

5

6

y[
L
1
]

⌧ = 6.00, z = 0.00L1

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

lo
g
%/
%̄

0 1 2 3 4 5 6

x[L1]

0

1

2

3

4

5

6

y[
L
1
]

⌧ = 4.50, z = 0.00L1

100 101 102 103

k [1/L1]

10�2

10�1

100

101

102

�
2 k

⌧ = 5.0

WKB

from n(k)



WKB



Typical fluctuation 
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- Density contrast averaged over a Gaussian window function of a given sigma 
- Around sigma~L1, already in the white noise regime, very small "overdensities" at large scales 
- Few high-density high-mass miniclusters expected 
- Loads of high-density small-radius (small mass) Mcs! 



Comparison to Tkachev-



Distribution of Minicluster seeds 
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- If we want to talk about mass, we need to specify the amount of DM mass in L1 
- It is output by our numerical simulations (function of ma itself) 
- Expressed as function of the axion DM fraction, it is

- Distribution of seeds with all points more dense than 5, or 10

very few dense & large mass seeds 

- Halo mass function needs the gravitational evolution



Minicluster gravitational collapse

F. Wiebe, J. Niemeyer, in preparation - Gravitational evolution with out final density maps 
- deBroglie wavelength so small -> n-Body gravitational solvers (here Enzo)



F. Wiebe, J. Niemeyer, in preparation - Gravitational evolution with out final density maps
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Using gadget2
- Axion DM inhomogeneous at ~ pc scales -> first structures form at z & zeq ⇠ 4000
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L~0.2 pc



number of halos
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mass in MC's

- how much mass lies in DM halos? is there some for us to detect on earth?
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halo mass function
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halo mass function (Gadget)



critical line

dilute axion-stars

In the context of axion-stars

The smallest and most compact  
objects in my simulation require  
wave-evolution

Line of constant density

small spread at high mass

mass resolution

maximum density 
initial conditions! 



- New simulations of the axion dark matter field 
- Study of the evolution of density perturbations at extremely small scales > non-trivial 
- Role of axitons at high-k unhappily avoided > ultradense clumps?* 

- Final density at large scales seems little affected by uncertainties (the ones we can simulate!) 
- First estimates of minicluster mass and distribution with "correct" initial conditions! 

- Study of minicluster seeds > many small seeds, large seeds are not very dense 

- Gravitational evolution (N-body) with Enzo and Gadget 
- Confirms estimates of typical minicluster mass  
- O(1) DM mass unbound 
- HMF steeper than 1/M^0.5 
- Many low mass miniclusters not previously considered (dominate number, but not mass) 
- Smallest and densest clusters (presumably cores of large MCs) require wave-evolution 

Conclusions and more
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