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wave dark matter
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- can be ultralight 

- high occupation numbers  

- treat as a classical !eld*
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wave dark matter
Cold vs. Warm Wave Dark Matter

<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1
<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1

<latexit sha1_base64="zu2qV9W+QMvaKLgsNbmUScu0SCA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahgpREpLosunFZwT6gCWUynbRDJw9mJsUQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW9nfmdChWRR+KDSmLoBHobMZwQrLfXNsjPBIh6xquqzc8fzs8fpWd+sWDVrDrRK7JxUIEezb345g4gkAQ0V4VjKnm3Fys2wUIxwOi05iaQxJmM8pD1NQxxQ6Wbz46foVCsD5EdCV6jQXP09keFAyjTwdGeA1UguezPxP6+XKP/azVgYJ4qGZLHITzhSEZolgQZMUKJ4qgkmgulbERlhgYnSeZV0CPbyy6ukfVGz67X6/WWlcZPHUYRjOIEq2HAFDbiDJrSAQArP8ApvxpPxYrwbH4vWgpHPlOEPjM8fcW+Upw==</latexit>

ϕ(ti,x)

<latexit sha1_base64="PjXjYWadzxWRI/kxdQ0aqJ4zXpo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3U7IZR9jTplcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQUZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zil+tVO8uyrXrPI4CHMMJnIEPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD9rzj1U=</latexit>

x

 axions with PQ before in"ation
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wave dark matter
Cold vs. Warm Wave Dark Matter

<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1
<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1

<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1
<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1

<latexit sha1_base64="zu2qV9W+QMvaKLgsNbmUScu0SCA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahgpREpLosunFZwT6gCWUynbRDJw9mJsUQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW9nfmdChWRR+KDSmLoBHobMZwQrLfXNsjPBIh6xquqzc8fzs8fpWd+sWDVrDrRK7JxUIEezb345g4gkAQ0V4VjKnm3Fys2wUIxwOi05iaQxJmM8pD1NQxxQ6Wbz46foVCsD5EdCV6jQXP09keFAyjTwdGeA1UguezPxP6+XKP/azVgYJ4qGZLHITzhSEZolgQZMUKJ4qgkmgulbERlhgYnSeZV0CPbyy6ukfVGz67X6/WWlcZPHUYRjOIEq2HAFDbiDJrSAQArP8ApvxpPxYrwbH4vWgpHPlOEPjM8fcW+Upw==</latexit>

ϕ(ti,x)

<latexit sha1_base64="zu2qV9W+QMvaKLgsNbmUScu0SCA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahgpREpLosunFZwT6gCWUynbRDJw9mJsUQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW9nfmdChWRR+KDSmLoBHobMZwQrLfXNsjPBIh6xquqzc8fzs8fpWd+sWDVrDrRK7JxUIEezb345g4gkAQ0V4VjKnm3Fys2wUIxwOi05iaQxJmM8pD1NQxxQ6Wbz46foVCsD5EdCV6jQXP09keFAyjTwdGeA1UguezPxP6+XKP/azVgYJ4qGZLHITzhSEZolgQZMUKJ4qgkmgulbERlhgYnSeZV0CPbyy6ukfVGz67X6/WWlcZPHUYRjOIEq2HAFDbiDJrSAQArP8ApvxpPxYrwbH4vWgpHPlOEPjM8fcW+Upw==</latexit>

ϕ(ti,x)

<latexit sha1_base64="PjXjYWadzxWRI/kxdQ0aqJ4zXpo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3U7IZR9jTplcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQUZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zil+tVO8uyrXrPI4CHMMJnIEPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD9rzj1U=</latexit>

x

<latexit sha1_base64="PjXjYWadzxWRI/kxdQ0aqJ4zXpo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3U7IZR9jTplcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQUZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zil+tVO8uyrXrPI4CHMMJnIEPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD9rzj1U=</latexit>

x

 axions with PQ before in"ation

axions with PQ after in"ation

*quantitatively, warmth will depend on parameters

<latexit sha1_base64="w+zloCY76EdnhcGXJwjHCpqv/dY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBBEMOyKRI9BLx4jmAcka5id9CZDZmfXmVkhLPkJLx4U8ervePNvnDwOmljQUFR1090VJIJr47rfztLyyuraem4jv7m1vbNb2Nuv6zhVDGssFrFqBlSj4BJrhhuBzUQhjQKBjWBwM/YbT6g0j+W9GSboR7QnecgZNVZqDjqnD9mZN+oUim7JnYAsEm9GijBDtVP4andjlkYoDRNU65bnJsbPqDKcCRzl26nGhLIB7WHLUkkj1H42uXdEjq3SJWGsbElDJurviYxGWg+jwHZG1PT1vDcW//NaqQmv/IzLJDUo2XRRmApiYjJ+nnS5QmbE0BLKFLe3EtanijJjI8rbELz5lxdJ/bzklUvlu4ti5XoWRw4O4QhOwINLqMAtVKEGDAQ8wyu8OY/Oi/PufExbl5zZzAH8gfP5A0apj30=</latexit>

k
−1

∗

<latexit sha1_base64="sneWN8yRS+LTUc5tkPxe/VenZiw=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCdFFmRKrLohuXFewDOsOQSTNtaJIZkkyhjLPwV9y4UMStv+HOvzFtZ6GtBwKHc+7lnpwwYVRpx/m2VlbX1jc2S1vl7Z3dvX374LCt4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6nfqdMZGKxuJBTxLiczQQNKIYaSMF9vE4qHqKcuhFEuFsFFTzDPE8sCtOzZkBLhO3IBVQoBnYX14/xiknQmOGlOq5TqL9DElNMSN52UsVSRAeoQHpGSoQJ8rPZvlzeGaUPoxiaZ7QcKb+3jCJlJrw0ExypIdq0ZuK/3m9VEfXfkZFkmoi8PxQlDKoYzgtA/apJFiziSEIS2qyQjxEpghtKiubEtzFLy+T9kXNrdfq95eVxk1RRwmcgFNwDlxwBRrgDjRBC2DwCJ7BK3iznqwX6936mI+uWMXOEfgD6/MH0YOWAA==</latexit>

v∗ ∼

k∗

am
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wave dark matter
Cold vs. Warm Wave Dark Matter

<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1
<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1

<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1
<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1

<latexit sha1_base64="zu2qV9W+QMvaKLgsNbmUScu0SCA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahgpREpLosunFZwT6gCWUynbRDJw9mJsUQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW9nfmdChWRR+KDSmLoBHobMZwQrLfXNsjPBIh6xquqzc8fzs8fpWd+sWDVrDrRK7JxUIEezb345g4gkAQ0V4VjKnm3Fys2wUIxwOi05iaQxJmM8pD1NQxxQ6Wbz46foVCsD5EdCV6jQXP09keFAyjTwdGeA1UguezPxP6+XKP/azVgYJ4qGZLHITzhSEZolgQZMUKJ4qgkmgulbERlhgYnSeZV0CPbyy6ukfVGz67X6/WWlcZPHUYRjOIEq2HAFDbiDJrSAQArP8ApvxpPxYrwbH4vWgpHPlOEPjM8fcW+Upw==</latexit>

ϕ(ti,x)

<latexit sha1_base64="zu2qV9W+QMvaKLgsNbmUScu0SCA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahgpREpLosunFZwT6gCWUynbRDJw9mJsUQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW9nfmdChWRR+KDSmLoBHobMZwQrLfXNsjPBIh6xquqzc8fzs8fpWd+sWDVrDrRK7JxUIEezb345g4gkAQ0V4VjKnm3Fys2wUIxwOi05iaQxJmM8pD1NQxxQ6Wbz46foVCsD5EdCV6jQXP09keFAyjTwdGeA1UguezPxP6+XKP/azVgYJ4qGZLHITzhSEZolgQZMUKJ4qgkmgulbERlhgYnSeZV0CPbyy6ukfVGz67X6/WWlcZPHUYRjOIEq2HAFDbiDJrSAQArP8ApvxpPxYrwbH4vWgpHPlOEPjM8fcW+Upw==</latexit>

ϕ(ti,x)

<latexit sha1_base64="PjXjYWadzxWRI/kxdQ0aqJ4zXpo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3U7IZR9jTplcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQUZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zil+tVO8uyrXrPI4CHMMJnIEPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD9rzj1U=</latexit>

x

<latexit sha1_base64="PjXjYWadzxWRI/kxdQ0aqJ4zXpo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3U7IZR9jTplcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQUZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zil+tVO8uyrXrPI4CHMMJnIEPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD9rzj1U=</latexit>

x

 axions with PQ before in"ation

axions with PQ after in"ation

*quantitatively, warmth will depend on parameters

<latexit sha1_base64="w+zloCY76EdnhcGXJwjHCpqv/dY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBBEMOyKRI9BLx4jmAcka5id9CZDZmfXmVkhLPkJLx4U8ervePNvnDwOmljQUFR1090VJIJr47rfztLyyuraem4jv7m1vbNb2Nuv6zhVDGssFrFqBlSj4BJrhhuBzUQhjQKBjWBwM/YbT6g0j+W9GSboR7QnecgZNVZqDjqnD9mZN+oUim7JnYAsEm9GijBDtVP4andjlkYoDRNU65bnJsbPqDKcCRzl26nGhLIB7WHLUkkj1H42uXdEjq3SJWGsbElDJurviYxGWg+jwHZG1PT1vDcW//NaqQmv/IzLJDUo2XRRmApiYjJ+nnS5QmbE0BLKFLe3EtanijJjI8rbELz5lxdJ/bzklUvlu4ti5XoWRw4O4QhOwINLqMAtVKEGDAQ8wyu8OY/Oi/PufExbl5zZzAH8gfP5A0apj30=</latexit>

k
−1

∗

<latexit sha1_base64="sneWN8yRS+LTUc5tkPxe/VenZiw=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCdFFmRKrLohuXFewDOsOQSTNtaJIZkkyhjLPwV9y4UMStv+HOvzFtZ6GtBwKHc+7lnpwwYVRpx/m2VlbX1jc2S1vl7Z3dvX374LCt4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6nfqdMZGKxuJBTxLiczQQNKIYaSMF9vE4qHqKcuhFEuFsFFTzDPE8sCtOzZkBLhO3IBVQoBnYX14/xiknQmOGlOq5TqL9DElNMSN52UsVSRAeoQHpGSoQJ8rPZvlzeGaUPoxiaZ7QcKb+3jCJlJrw0ExypIdq0ZuK/3m9VEfXfkZFkmoi8PxQlDKoYzgtA/apJFiziSEIS2qyQjxEpghtKiubEtzFLy+T9kXNrdfq95eVxk1RRwmcgFNwDlxwBRrgDjRBC2DwCJ7BK3iznqwX6936mI+uWMXOEfgD6/MH0YOWAA==</latexit>

v∗ ∼

k∗

am
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main takeaways

If dark matter density is dominated by sub-Hubble !eld modes

Observationally accessible,  

scale-dependent features  

in the matter power spectrum 

<latexit sha1_base64="oUV5eN8yfdJugjUr1Khz/WWW9Pc=">AAAB+XicbVDLTsMwEHTKq5RXgCMXiwqpXErC+1jBhWOR6ENqQ+S4TmvFdiLbKaqi/gkXDiDElT/hxt/gtjlAy0grjWZ2tbsTJIwq7TjfVmFpeWV1rbhe2tjc2t6xd/eaKk4lJg0cs1i2A6QIo4I0NNWMtBNJEA8YaQXR7cRvDYlUNBYPepQQj6O+oCHFSBvJt+1KdBL5WVdy+CTGx49nvl12qs4UcJG4OSmDHHXf/ur2YpxyIjRmSKmO6yTay5DUFDMyLnVTRRKEI9QnHUMF4kR52fTyMTwySg+GsTQlNJyqvycyxJUa8cB0cqQHat6biP95nVSH115GRZJqIvBsUZgyqGM4iQH2qCRYs5EhCEtqboV4gCTC2oRVMiG48y8vkuZp1b2sXtyfl2s3eRxFcAAOQQW44ArUwB2ogwbAYAiewSt4szLrxXq3PmatBSuf2Qd/YH3+AFJtktM=</latexit>

(k/
kwn

)
3

k
J
(t

e
q
)

k
fs
(t

e
q
)

k
e
q

<latexit sha1_base64="Y5ORBe0kqO6aay00s2QeoyvFaF4=">AAACEXicbZDJSgNBEIZ73I1b1KOXxiBEkDAT3I6iHjwqmETIxFDTqWiTnsXuGiEOeQUvvooXD4p49ebNt7GzHNwKGj7+v4rq+oNESUOu++mMjU9MTk3PzObm5hcWl/LLK1UTp1pgRcQq1hcBGFQywgpJUniRaIQwUFgLOkd9v3aL2sg4Oqdugo0QriLZlgLISs188fyy3Mx8HXJo9Yo0RLzpbXU2/WNUBNb275CgmS+4JXdQ/C94IyiwUZ028x9+KxZpiBEJBcbUPTehRgaapFDYy/mpwQREB66wbjGCEE0jG1zU4xtWafF2rO2LiA/U7xMZhMZ0w8B2hkDX5rfXF//z6im19xuZjJKUMBLDRe1UcYp5Px7ekhoFqa4FEFrav3JxDRoE2RBzNgTv98l/oVouebulnbPtwsHhKI4ZtsbWWZF5bI8dsBN2yipMsHv2yJ7Zi/PgPDmvztuwdcwZzayyH+W8fwFsGpzJ</latexit>

T 2
ad(teq, k)∆

2
ζ

10
-2

10
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10
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10
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10
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10
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10
4

10
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10
-6

10
-3

10
0

<latexit sha1_base64="2u0m2w3MDww0axj+Gc9BF6hXCLk=">AAACCHicbVBNS8NAEN3Ur1q/qh49GCxCBSlJleqx6MVjBfsBTVs2m027ZLMJuxOhhB69+Fe8eFDEqz/Bm//GbZuDVh8MPN6bYWaeG3OmwLK+jNzS8srqWn69sLG5tb1T3N1rqSiRhDZJxCPZcbGinAnaBAacdmJJcehy2naD66nfvqdSsUjcwTimvRAPBfMZwaClQfHQ8SUmadA/m6RVJ2b96qQxcDzKAZfhNDgZFEtWxZrB/EvsjJRQhsag+Ol4EUlCKoBwrFTXtmLopVgCI5xOCk6iaIxJgIe0q6nAIVW9dPbIxDzWimf6kdQlwJypPydSHCo1Dl3dGWIYqUVvKv7ndRPwL3spE3ECVJD5Ij/hJkTmNBXTY5IS4GNNMJFM32qSEdbJgM6uoEOwF1/+S1rVil2r1G7PS/WrLI48OkBHqIxsdIHq6AY1UBMR9ICe0At6NR6NZ+PNeJ+35oxsZh/9gvHxDdUpmTg=</latexit>

k
3

2π
2
P
δ
(t
,
k
)

<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>

k∗

Jeansfree-streaming

whit
e n

oise
 

free-streaming Jeans
whit

e n
oise
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<latexit sha1_base64="JJailsYljAwRgC3Ug9fd+cAlu0c=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL+IpgnlIsoTZyWwyZB7LzKwQlnyFFw+KePVzvPk3TpI9aLSgoajqprsrSjgz1ve/vMLK6tr6RnGztLW9s7tX3j9oGZVqQptEcaU7ETaUM0mblllOO4mmWESctqPx9cxvP1JtmJL3dpLQUOChZDEj2DrpYdzPelqg22m/XPGr/hzoLwlyUoEcjX75szdQJBVUWsKxMd3AT2yYYW0Z4XRa6qWGJpiM8ZB2HZVYUBNm84On6MQpAxQr7UpaNFd/TmRYGDMRkesU2I7MsjcT//O6qY0vw4zJJLVUksWiOOXIKjT7Hg2YpsTyiSOYaOZuRWSENSbWZVRyIQTLL/8lrbNqUKvW7s4r9as8jiIcwTGcQgAXUIcbaEATCAh4ghd49bT37L1574vWgpfPHMIveB/fkfGQRg==</latexit>

kJ

<latexit sha1_base64="8E6nG44EZ3dxFdMi0wReGjPv6g8=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9sl5JNs21okl2SrFCW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6sJOEBZIMFY84JdZJj+N+1tMSR2baL1e8qjcHXiV+TiqQo9Evf/UGMU0lU5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcVkcwE2fziKT5zygBHsXalLJ6rvycyIo2ZyNB1SmJHZtmbif953dRG10HGVZJapuhiUZQKbGM8ex8PuGbUiokjhGrubsV0RDSh1oVUciH4yy+vktZF1a9Va/eXlfpNHkcRTuAUzsGHK6jDHTSgCRQUPMMrvCGDXtA7+li0FlA+cwx/gD5/AJNFkN8=</latexit>

kfs
<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>

k∗



If dark matter density is dominated by sub-Hubble !eld modes

<latexit sha1_base64="oUV5eN8yfdJugjUr1Khz/WWW9Pc=">AAAB+XicbVDLTsMwEHTKq5RXgCMXiwqpXErC+1jBhWOR6ENqQ+S4TmvFdiLbKaqi/gkXDiDElT/hxt/gtjlAy0grjWZ2tbsTJIwq7TjfVmFpeWV1rbhe2tjc2t6xd/eaKk4lJg0cs1i2A6QIo4I0NNWMtBNJEA8YaQXR7cRvDYlUNBYPepQQj6O+oCHFSBvJt+1KdBL5WVdy+CTGx49nvl12qs4UcJG4OSmDHHXf/ur2YpxyIjRmSKmO6yTay5DUFDMyLnVTRRKEI9QnHUMF4kR52fTyMTwySg+GsTQlNJyqvycyxJUa8cB0cqQHat6biP95nVSH115GRZJqIvBsUZgyqGM4iQH2qCRYs5EhCEtqboV4gCTC2oRVMiG48y8vkuZp1b2sXtyfl2s3eRxFcAAOQQW44ArUwB2ogwbAYAiewSt4szLrxXq3PmatBSuf2Qd/YH3+AFJtktM=</latexit>

(k/
kwn

)
3

k
J
(t

e
q
)

k
fs
(t

e
q
)

k
e
q

<latexit sha1_base64="Y5ORBe0kqO6aay00s2QeoyvFaF4=">AAACEXicbZDJSgNBEIZ73I1b1KOXxiBEkDAT3I6iHjwqmETIxFDTqWiTnsXuGiEOeQUvvooXD4p49ebNt7GzHNwKGj7+v4rq+oNESUOu++mMjU9MTk3PzObm5hcWl/LLK1UTp1pgRcQq1hcBGFQywgpJUniRaIQwUFgLOkd9v3aL2sg4Oqdugo0QriLZlgLISs188fyy3Mx8HXJo9Yo0RLzpbXU2/WNUBNb275CgmS+4JXdQ/C94IyiwUZ028x9+KxZpiBEJBcbUPTehRgaapFDYy/mpwQREB66wbjGCEE0jG1zU4xtWafF2rO2LiA/U7xMZhMZ0w8B2hkDX5rfXF//z6im19xuZjJKUMBLDRe1UcYp5Px7ekhoFqa4FEFrav3JxDRoE2RBzNgTv98l/oVouebulnbPtwsHhKI4ZtsbWWZF5bI8dsBN2yipMsHv2yJ7Zi/PgPDmvztuwdcwZzayyH+W8fwFsGpzJ</latexit>

T 2
ad(teq, k)∆

2
ζ

10
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10
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10
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10
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10
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10
3

10
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10
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10
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10
-3

10
0

<latexit sha1_base64="2u0m2w3MDww0axj+Gc9BF6hXCLk=">AAACCHicbVBNS8NAEN3Ur1q/qh49GCxCBSlJleqx6MVjBfsBTVs2m027ZLMJuxOhhB69+Fe8eFDEqz/Bm//GbZuDVh8MPN6bYWaeG3OmwLK+jNzS8srqWn69sLG5tb1T3N1rqSiRhDZJxCPZcbGinAnaBAacdmJJcehy2naD66nfvqdSsUjcwTimvRAPBfMZwaClQfHQ8SUmadA/m6RVJ2b96qQxcDzKAZfhNDgZFEtWxZrB/EvsjJRQhsag+Ol4EUlCKoBwrFTXtmLopVgCI5xOCk6iaIxJgIe0q6nAIVW9dPbIxDzWimf6kdQlwJypPydSHCo1Dl3dGWIYqUVvKv7ndRPwL3spE3ECVJD5Ij/hJkTmNBXTY5IS4GNNMJFM32qSEdbJgM6uoEOwF1/+S1rVil2r1G7PS/WrLI48OkBHqIxsdIHq6AY1UBMR9ICe0At6NR6NZ+PNeJ+35oxsZh/9gvHxDdUpmTg=</latexit>

k
3

2π
2
P
δ
(t
,
k
)

<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>

k∗

Observationally accessible,  

scale-dependent features  

in the matter power spectrum 

Jeansfree-streaming

whit
e n

oise
 

Non-detection —
<latexit sha1_base64="E9Nu7L5/M/tR4V9b0tVxI/rx5EE=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAILrQk4nNXdOOygn1AE8tkOm2HziRhZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfcEMWdKO863lZubX1hcyi8XVlbX1jfsza2aihJJaJVEPJKNACvKWUirmmlOG7GkWASc1oP+9civP1CpWBTe6UFMfYG7IeswgrWRWvaO8Lra2AK5zn165F4OvUNPCkRrLbvolJwx0CxxM1KEDJWW/eW1I5IIGmrCsVJN14m1n2KpGeF0WPASRWNM+rhLm4aGWFDlp+MXhmjfKG3UiaSpUKOx+nsixUKpgQhMp8C6p6a9kfif10x058JPWRgnmoZksqiTcKQjNMoDtZmkRPOBIZhIZm5FpIclJtqkVjAhuNMvz5Lacck9K53enhTLV1kcediFPTgAF86hDDdQgSoQeIRneIU368l6sd6tj0lrzspmtuEPrM8fUPiWGg==</latexit>

m & 10
−19

eV

 8

Lower bound on dark matter mass 

main takeaways



If dark matter density is dominated by sub-Hubble !eld modes

<latexit sha1_base64="oUV5eN8yfdJugjUr1Khz/WWW9Pc=">AAAB+XicbVDLTsMwEHTKq5RXgCMXiwqpXErC+1jBhWOR6ENqQ+S4TmvFdiLbKaqi/gkXDiDElT/hxt/gtjlAy0grjWZ2tbsTJIwq7TjfVmFpeWV1rbhe2tjc2t6xd/eaKk4lJg0cs1i2A6QIo4I0NNWMtBNJEA8YaQXR7cRvDYlUNBYPepQQj6O+oCHFSBvJt+1KdBL5WVdy+CTGx49nvl12qs4UcJG4OSmDHHXf/ur2YpxyIjRmSKmO6yTay5DUFDMyLnVTRRKEI9QnHUMF4kR52fTyMTwySg+GsTQlNJyqvycyxJUa8cB0cqQHat6biP95nVSH115GRZJqIvBsUZgyqGM4iQH2qCRYs5EhCEtqboV4gCTC2oRVMiG48y8vkuZp1b2sXtyfl2s3eRxFcAAOQQW44ArUwB2ogwbAYAiewSt4szLrxXq3PmatBSuf2Qd/YH3+AFJtktM=</latexit>

(k/
kwn

)
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)

k
fs
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)
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e
q

<latexit sha1_base64="Y5ORBe0kqO6aay00s2QeoyvFaF4=">AAACEXicbZDJSgNBEIZ73I1b1KOXxiBEkDAT3I6iHjwqmETIxFDTqWiTnsXuGiEOeQUvvooXD4p49ebNt7GzHNwKGj7+v4rq+oNESUOu++mMjU9MTk3PzObm5hcWl/LLK1UTp1pgRcQq1hcBGFQywgpJUniRaIQwUFgLOkd9v3aL2sg4Oqdugo0QriLZlgLISs188fyy3Mx8HXJo9Yo0RLzpbXU2/WNUBNb275CgmS+4JXdQ/C94IyiwUZ028x9+KxZpiBEJBcbUPTehRgaapFDYy/mpwQREB66wbjGCEE0jG1zU4xtWafF2rO2LiA/U7xMZhMZ0w8B2hkDX5rfXF//z6im19xuZjJKUMBLDRe1UcYp5Px7ekhoFqa4FEFrav3JxDRoE2RBzNgTv98l/oVouebulnbPtwsHhKI4ZtsbWWZF5bI8dsBN2yipMsHv2yJ7Zi/PgPDmvztuwdcwZzayyH+W8fwFsGpzJ</latexit>

T 2
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<latexit sha1_base64="2u0m2w3MDww0axj+Gc9BF6hXCLk=">AAACCHicbVBNS8NAEN3Ur1q/qh49GCxCBSlJleqx6MVjBfsBTVs2m027ZLMJuxOhhB69+Fe8eFDEqz/Bm//GbZuDVh8MPN6bYWaeG3OmwLK+jNzS8srqWn69sLG5tb1T3N1rqSiRhDZJxCPZcbGinAnaBAacdmJJcehy2naD66nfvqdSsUjcwTimvRAPBfMZwaClQfHQ8SUmadA/m6RVJ2b96qQxcDzKAZfhNDgZFEtWxZrB/EvsjJRQhsag+Ol4EUlCKoBwrFTXtmLopVgCI5xOCk6iaIxJgIe0q6nAIVW9dPbIxDzWimf6kdQlwJypPydSHCo1Dl3dGWIYqUVvKv7ndRPwL3spE3ECVJD5Ij/hJkTmNBXTY5IS4GNNMJFM32qSEdbJgM6uoEOwF1/+S1rVil2r1G7PS/WrLI48OkBHqIxsdIHq6AY1UBMR9ICe0At6NR6NZ+PNeJ+35oxsZh/9gvHxDdUpmTg=</latexit>

k
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2π
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P
δ
(t
,
k
)

<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>

k∗

Observationally accessible,  

scale-dependent features  

in the matter power spectrum 

Jeansfree-streaming

whit
e n

oise
 

Non-detection —

Probe of particle identity 
formation mechanism

<latexit sha1_base64="E9Nu7L5/M/tR4V9b0tVxI/rx5EE=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAILrQk4nNXdOOygn1AE8tkOm2HziRhZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfcEMWdKO863lZubX1hcyi8XVlbX1jfsza2aihJJaJVEPJKNACvKWUirmmlOG7GkWASc1oP+9civP1CpWBTe6UFMfYG7IeswgrWRWvaO8Lra2AK5zn165F4OvUNPCkRrLbvolJwx0CxxM1KEDJWW/eW1I5IIGmrCsVJN14m1n2KpGeF0WPASRWNM+rhLm4aGWFDlp+MXhmjfKG3UiaSpUKOx+nsixUKpgQhMp8C6p6a9kfif10x058JPWRgnmoZksqiTcKQjNMoDtZmkRPOBIZhIZm5FpIclJtqkVjAhuNMvz5Lacck9K53enhTLV1kcediFPTgAF86hDDdQgSoQeIRneIU368l6sd6tj0lrzspmtuEPrM8fUPiWGg==</latexit>

m & 10
−19

eV

 9

<latexit sha1_base64="G6yII+FNSU4YXHP0Yjq096OEp8s=">AAACCHicbVDLSsNAFJ34rPUVdenCwSKIaElUqsuiGzdCBfuAJg2T6aQdOpOEmYlQQpZu/BU3LhRx6ye482+ctllo64GBwznncuceP2ZUKsv6NubmFxaXlgsrxdW19Y1Nc2u7IaNEYFLHEYtEy0eSMBqSuqKKkVYsCOI+I01/cD3ymw9ESBqF92oYE5ejXkgDipHSkmfuDbwjp6d0gEPb6pw5x6kjOLyNcdZJT+zMM0tW2RoDzhI7JyWQo+aZX043wgknocIMSdm2rVi5KRKKYkayopNIEiM8QD3S1jREnEg3HR+SwQOtdGEQCf1CBcfq74kUcSmH3NdJjlRfTnsj8T+vnajg0k1pGCeKhHiyKEgYVBEctQK7VBCs2FAThAXVf4W4jwTCSndX1CXY0yfPksZp2a6UK3fnpepVXkcB7IJ9cAhscAGq4AbUQB1g8AiewSt4M56MF+Pd+JhE54x8Zgf8gfH5A8mnmJM=</latexit>

k∗ & 103 Mpc−1

main takeaways



If dark matter density is dominated by sub-Hubble !eld modes

Observationally accessible,  

scale-dependent features  

in the matter power spectrum  

(+ miniclusters, solitons etc.)

 10

main takeaways



structure formation with finite number density and warmth

 11

radiation domination matter domination

(a) (b) (c) (d)free streamingfree streaming grav. clustering

*dots represent de Broglie interference granules/black holes/ etc.



what we have/can provide so far 

2. analytic framework for calculating the scale dependent power spectrum & its evolution 

3. cosmological simulations of particle & wave dark matter (con!rms analytics)

4. predictions of halo mass functions, soliton formation & comparison with simulations

1. relevant scales of features in power spectrum, and rough constraints from observations

MA & Mirbabayi (2022)

MA, Delos & Mirbabayi (2025) MA, May & Mirbabayi (2025) Ling & MA (2024), 

some relevant recent work: Liu, Hu and Xiao (2024,25), Venegas & Long (2025)

Mirbabayi Ling Delos May



models. physics. analytics. simulations. applications 



models with DM density dominated by sub-Hubble fields

q
q3

2π2
Pϕ(t, q)

<latexit sha1_base64="TXLRYde0f8mTazySBs7ODW3hIDM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQPYRd8XUMevEYwTwgu4TZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho7up336iSrNYPppxQgOBB5JFjGBjJX/UO/M5R7hqTkWvXHFr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1EQ3QcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnNu6pdPlxU6rd5HEU4gmOoggfXUId7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+ALf6kNc=</latexit>

k∗ '
<latexit sha1_base64="BuXfDgkn7y4vSFEcWR3eHApRFzg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bseimyyr2Au1QMmmmDU0yQ5IRytA3cONCEbd9GPduxLcxvSy0+kPg4//PIeecMOFMG8/7cnJLyyura/l1d2Nza3unsLtX13GqCK2RmMeqGWJNOZO0ZpjhtJkoikXIaSMc3EzyxgNVmsXy3gwTGgjckyxiBBtr3eFKp1D0St5U6C/4cyhevbuXyfjTrXYKH+1uTFJBpSEca93yvcQEGVaGEU5HbjvVNMFkgHu0ZVFiQXWQTScdoSPrdFEUK/ukQVP3Z0eGhdZDEdpKgU1fL2YT87+slZroIsiYTFJDJZl9FKUcmRhN1kZdpigxfGgBE8XsrIj0scLE2OO49gj+4sp/oX5S8s9Kp7desXwNM+XhAA7hGHw4hzJUoAo1IBDBIzzDizNwnpxX521WmnPmPfvwS874G7iYkH4=</latexit>

aH
<latexit sha1_base64="YGdO2FwWp/lOwHaSAa9/TSaqL/o=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZRV7gXYomTTThiaZIckIZegbuHGhiNs+jHs34tuYXhba+kPg4//PIeecMOFMG8/7dnJLyyura/l1d2Nza3unsLtX03GqCK2SmMeqEWJNOZO0apjhtJEoikXIaT3s34zz+iNVmsXywQwSGgjclSxiBBtr3WPRLhS9kjcRWgR/BsWrD/cyGX25lXbhs9WJSSqoNIRjrZu+l5ggw8owwunQbaWaJpj0cZc2LUosqA6yyaRDdGSdDopiZZ80aOL+7siw0HogQlspsOnp+Wxs/pc1UxNdBBmTSWqoJNOPopQjE6Px2qjDFCWGDyxgopidFZEeVpgYexzXHsGfX3kRaicl/6x0eucVy9cwVR4O4BCOwYdzKMMtVKAKBCJ4ghd4dfrOs/PmvE9Lc86sZx/+yBn9APCskKM=</latexit>

am

<latexit sha1_base64="M1sG4SP2TmG86GOftUPBBmF1wu4=">AAAB83icbVDJSgNBEK1xjXGLelSkMQiewozgcgx68ZiAWSAZQk+nJ2nS0z129yhhyNFf8OJBEa/e8x3e/AZ/ws5y0MQHBY/3qqiqF8ScaeO6X87C4tLyympmLbu+sbm1ndvZrWqZKEIrRHKp6gHWlDNBK4YZTuuxojgKOK0FveuRX7unSjMpbk0/pn6EO4KFjGBjpeZdU7FO12Cl5EMrl3cL7hhonnhTki8eDMvfj4fDUiv32WxLkkRUGMKx1g3PjY2fYmUY4XSQbSaaxpj0cIc2LBU4otpPxzcP0LFV2iiUypYwaKz+nkhxpHU/CmxnhE1Xz3oj8T+vkZjw0k+ZiBNDBZksChOOjESjAFCbKUoM71uCiWL2VkS6WGFibExZG4I3+/I8qZ4WvPPCWdmmcQUTZGAfjuAEPLiAItxACSpAIIYneIFXJ3GenTfnfdK64Exn9uAPnI8fiCCVuQ==</latexit>

q →

in!ationary gravitational particle production  

- eg. dark photon dark matter

non-gravitational production after in!ation (“causal”) 

phase transitions 

- axion-like !elds (including QCD) 

resonant/tachyonic energy transfer from !elds, defects eg. strings 

also works for thermal particle production, but nothing new there
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<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1
<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)−1



relevant physics: initial conditions + evolution

 15



initial conditions

<latexit sha1_base64="D4hGyBNSdrQ9kQaeXSz5kH2Mc5k="></latexit>

Dark matter density dominated by sub-Hubble field modes

 16

1. small length scale “isocurvature” component

2. larger scale adiabatic component

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="BuXfDgkn7y4vSFEcWR3eHApRFzg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bseimyyr2Au1QMmmmDU0yQ5IRytA3cONCEbd9GPduxLcxvSy0+kPg4//PIeecMOFMG8/7cnJLyyura/l1d2Nza3unsLtX13GqCK2RmMeqGWJNOZO0ZpjhtJkoikXIaSMc3EzyxgNVmsXy3gwTGgjckyxiBBtr3eFKp1D0St5U6C/4cyhevbuXyfjTrXYKH+1uTFJBpSEca93yvcQEGVaGEU5HbjvVNMFkgHu0ZVFiQXWQTScdoSPrdFEUK/ukQVP3Z0eGhdZDEdpKgU1fL2YT87+slZroIsiYTFJDJZl9FKUcmRhN1kZdpigxfGgBE8XsrIj0scLE2OO49gj+4sp/oX5S8s9Kp7desXwNM+XhAA7hGHw4hzJUoAo1IBDBIzzDizNwnpxX521WmnPmPfvwS874G7iYkH4=</latexit>

aH

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn

iso
cu

rva
tu

re

adiabatic

q
q3

2π2
Pϕ(t, q)

<latexit sha1_base64="TXLRYde0f8mTazySBs7ODW3hIDM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQPYRd8XUMevEYwTwgu4TZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho7up336iSrNYPppxQgOBB5JFjGBjJX/UO/M5R7hqTkWvXHFr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1EQ3QcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnNu6pdPlxU6rd5HEU4gmOoggfXUId7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+ALf6kNc=</latexit>

k∗ '
<latexit sha1_base64="BuXfDgkn7y4vSFEcWR3eHApRFzg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bseimyyr2Au1QMmmmDU0yQ5IRytA3cONCEbd9GPduxLcxvSy0+kPg4//PIeecMOFMG8/7cnJLyyura/l1d2Nza3unsLtX13GqCK2RmMeqGWJNOZO0ZpjhtJkoikXIaSMc3EzyxgNVmsXy3gwTGgjckyxiBBtr3eFKp1D0St5U6C/4cyhevbuXyfjTrXYKH+1uTFJBpSEca93yvcQEGVaGEU5HbjvVNMFkgHu0ZVFiQXWQTScdoSPrdFEUK/ukQVP3Z0eGhdZDEdpKgU1fL2YT87+slZroIsiYTFJDJZl9FKUcmRhN1kZdpigxfGgBE8XsrIj0scLE2OO49gj+4sp/oX5S8s9Kp7desXwNM+XhAA7hGHw4hzJUoAo1IBDBIzzDizNwnpxX521WmnPmPfvwS874G7iYkH4=</latexit>

aH
<latexit sha1_base64="YGdO2FwWp/lOwHaSAa9/TSaqL/o=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZRV7gXYomTTThiaZIckIZegbuHGhiNs+jHs34tuYXhba+kPg4//PIeecMOFMG8/7dnJLyyura/l1d2Nza3unsLtX03GqCK2SmMeqEWJNOZO0apjhtJEoikXIaT3s34zz+iNVmsXywQwSGgjclSxiBBtr3WPRLhS9kjcRWgR/BsWrD/cyGX25lXbhs9WJSSqoNIRjrZu+l5ggw8owwunQbaWaJpj0cZc2LUosqA6yyaRDdGSdDopiZZ80aOL+7siw0HogQlspsOnp+Wxs/pc1UxNdBBmTSWqoJNOPopQjE6Px2qjDFCWGDyxgopidFZEeVpgYexzXHsGfX3kRaicl/6x0eucVy9cwVR4O4BCOwYdzKMMtVKAKBCJ4ghd4dfrOs/PmvE9Lc86sZx/+yBn9APCskKM=</latexit>

am

<latexit sha1_base64="M1sG4SP2TmG86GOftUPBBmF1wu4=">AAAB83icbVDJSgNBEK1xjXGLelSkMQiewozgcgx68ZiAWSAZQk+nJ2nS0z129yhhyNFf8OJBEa/e8x3e/AZ/ws5y0MQHBY/3qqiqF8ScaeO6X87C4tLyympmLbu+sbm1ndvZrWqZKEIrRHKp6gHWlDNBK4YZTuuxojgKOK0FveuRX7unSjMpbk0/pn6EO4KFjGBjpeZdU7FO12Cl5EMrl3cL7hhonnhTki8eDMvfj4fDUiv32WxLkkRUGMKx1g3PjY2fYmUY4XSQbSaaxpj0cIc2LBU4otpPxzcP0LFV2iiUypYwaKz+nkhxpHU/CmxnhE1Xz3oj8T+vkZjw0k+ZiBNDBZksChOOjESjAFCbKUoM71uCiWL2VkS6WGFibExZG4I3+/I8qZ4WvPPCWdmmcQUTZGAfjuAEPLiAItxACSpAIIYneIFXJ3GenTfnfdK64Exn9uAPnI8fiCCVuQ==</latexit>

q →

<latexit sha1_base64="MFnyThQIMmQGdeVhaZhVJ+EXoKQ=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2Q4IQEeKu4qMM2lhGMA/IxjA7mU2GnZldZmYjYckX2Fraam8ntn5FWr/EyaMw0QMXDufcy7kcP2ZUaccZWZml5ZXVtex6bmNza3vH3t2rqSiRmFRxxCLZ8JEijApS1VQz0oglQdxnpO6HN2O/3idS0Ujc60FMWhx1BQ0oRtpIbdsuhidhO/Ukh49iePRw1rYLTsmZAP4l7owUynnv+HlUHlTa9rfXiXDCidCYIaWarhPrVoqkppiRYc5LFIkRDlGXNA0ViBPVSiefD+GhUTowiKQZoeFE/X2RIq7UgPtmkyPdU4veWPzPayY6uGqlVMSJJgJPg4KEQR3BcQ2wQyXBmg0MQVhS8yvEPSQR1qasuRSfD3OmFHexgr+kdlpyL0rnd6adazBFFhyAPCgCF1yCMrgFFVAFGPTBC3gFb9aT9W59WJ/T1Yw1u9kHc7C+fgAfoZyE</latexit>

(k/kwn)
3



q
q3

2π2
Pϕ(t, q)

<latexit sha1_base64="TXLRYde0f8mTazySBs7ODW3hIDM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQPYRd8XUMevEYwTwgu4TZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho7up336iSrNYPppxQgOBB5JFjGBjJX/UO/M5R7hqTkWvXHFr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1EQ3QcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnNu6pdPlxU6rd5HEU4gmOoggfXUId7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+ALf6kNc=</latexit>

k∗ '
<latexit sha1_base64="BuXfDgkn7y4vSFEcWR3eHApRFzg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bseimyyr2Au1QMmmmDU0yQ5IRytA3cONCEbd9GPduxLcxvSy0+kPg4//PIeecMOFMG8/7cnJLyyura/l1d2Nza3unsLtX13GqCK2RmMeqGWJNOZO0ZpjhtJkoikXIaSMc3EzyxgNVmsXy3gwTGgjckyxiBBtr3eFKp1D0St5U6C/4cyhevbuXyfjTrXYKH+1uTFJBpSEca93yvcQEGVaGEU5HbjvVNMFkgHu0ZVFiQXWQTScdoSPrdFEUK/ukQVP3Z0eGhdZDEdpKgU1fL2YT87+slZroIsiYTFJDJZl9FKUcmRhN1kZdpigxfGgBE8XsrIj0scLE2OO49gj+4sp/oX5S8s9Kp7desXwNM+XhAA7hGHw4hzJUoAo1IBDBIzzDizNwnpxX521WmnPmPfvwS874G7iYkH4=</latexit>

aH
<latexit sha1_base64="YGdO2FwWp/lOwHaSAa9/TSaqL/o=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZRV7gXYomTTThiaZIckIZegbuHGhiNs+jHs34tuYXhba+kPg4//PIeecMOFMG8/7dnJLyyura/l1d2Nza3unsLtX03GqCK2SmMeqEWJNOZO0apjhtJEoikXIaT3s34zz+iNVmsXywQwSGgjclSxiBBtr3WPRLhS9kjcRWgR/BsWrD/cyGX25lXbhs9WJSSqoNIRjrZu+l5ggw8owwunQbaWaJpj0cZc2LUosqA6yyaRDdGSdDopiZZ80aOL+7siw0HogQlspsOnp+Wxs/pc1UxNdBBmTSWqoJNOPopQjE6Px2qjDFCWGDyxgopidFZEeVpgYexzXHsGfX3kRaicl/6x0eucVy9cwVR4O4BCOwYdzKMMtVKAKBCJ4ghd4dfrOs/PmvE9Lc86sZx/+yBn9APCskKM=</latexit>

am

<latexit sha1_base64="M1sG4SP2TmG86GOftUPBBmF1wu4=">AAAB83icbVDJSgNBEK1xjXGLelSkMQiewozgcgx68ZiAWSAZQk+nJ2nS0z129yhhyNFf8OJBEa/e8x3e/AZ/ws5y0MQHBY/3qqiqF8ScaeO6X87C4tLyympmLbu+sbm1ndvZrWqZKEIrRHKp6gHWlDNBK4YZTuuxojgKOK0FveuRX7unSjMpbk0/pn6EO4KFjGBjpeZdU7FO12Cl5EMrl3cL7hhonnhTki8eDMvfj4fDUiv32WxLkkRUGMKx1g3PjY2fYmUY4XSQbSaaxpj0cIc2LBU4otpPxzcP0LFV2iiUypYwaKz+nkhxpHU/CmxnhE1Xz3oj8T+vkZjw0k+ZiBNDBZksChOOjESjAFCbKUoM71uCiWL2VkS6WGFibExZG4I3+/I8qZ4WvPPCWdmmcQUTZGAfjuAEPLiAItxACSpAIIYneIFXJ3GenTfnfdK64Exn9uAPnI8fiCCVuQ==</latexit>

q →

<latexit sha1_base64="BuXfDgkn7y4vSFEcWR3eHApRFzg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bseimyyr2Au1QMmmmDU0yQ5IRytA3cONCEbd9GPduxLcxvSy0+kPg4//PIeecMOFMG8/7cnJLyyura/l1d2Nza3unsLtX13GqCK2RmMeqGWJNOZO0ZpjhtJkoikXIaSMc3EzyxgNVmsXy3gwTGgjckyxiBBtr3eFKp1D0St5U6C/4cyhevbuXyfjTrXYKH+1uTFJBpSEca93yvcQEGVaGEU5HbjvVNMFkgHu0ZVFiQXWQTScdoSPrdFEUK/ukQVP3Z0eGhdZDEdpKgU1fL2YT87+slZroIsiYTFJDJZl9FKUcmRhN1kZdpigxfGgBE8XsrIj0scLE2OO49gj+4sp/oX5S8s9Kp7desXwNM+XhAA7hGHw4hzJUoAo1IBDBIzzDizNwnpxX521WmnPmPfvwS874G7iYkH4=</latexit>

aH

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="MFnyThQIMmQGdeVhaZhVJ+EXoKQ=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2Q4IQEeKu4qMM2lhGMA/IxjA7mU2GnZldZmYjYckX2Fraam8ntn5FWr/EyaMw0QMXDufcy7kcP2ZUaccZWZml5ZXVtex6bmNza3vH3t2rqSiRmFRxxCLZ8JEijApS1VQz0oglQdxnpO6HN2O/3idS0Ujc60FMWhx1BQ0oRtpIbdsuhidhO/Ukh49iePRw1rYLTsmZAP4l7owUynnv+HlUHlTa9rfXiXDCidCYIaWarhPrVoqkppiRYc5LFIkRDlGXNA0ViBPVSiefD+GhUTowiKQZoeFE/X2RIq7UgPtmkyPdU4veWPzPayY6uGqlVMSJJgJPg4KEQR3BcQ2wQyXBmg0MQVhS8yvEPSQR1qasuRSfD3OmFHexgr+kdlpyL0rnd6adazBFFhyAPCgCF1yCMrgFFVAFGPTBC3gFb9aT9W59WJ/T1Yw1u9kHc7C+fgAfoZyE</latexit>

(k/kwn)
3

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn

P
(iso)
δ (t, k) á

m4

ρ̄2(t)

Z
d ln q

q3

2π2
[Pϕ(q, t)]

2
;

<latexit sha1_base64="sz87u6+QYlfzEz51BDW0vKSzHe4=">AAACFHicbZC7TsMwFIadcivlVmDsYlEhMVVJuY4VLIxFohepSSPHdVqrthPZDqiKMvASvAIr7GyIlZ2VJ8G9DLTllyz9+s85OsdfEDOqtG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsY3ozrrQciFY3EvR7FxOOoL2hIMdIm8oslN5QIp1U3pt1qlg791JUcPoqse5r5xbJdsSeCy8aZmTKYqe4Xf9xehBNOhMYMKdVx7Fh7KZKaYkaygpsoEiM8RH3SMVYgTpSXTj6RwWOT9GAYSfOEhpP070SKuFIjHphOjvRALdbG4X+1TqLDKy+lIk40EXi6KEwY1BEcE4E9KgnWbGQMwpKaWyEeIENFG25zWwKeFQwUZxHBsmlWK85F5fzurFy7nuHJgxI4AifAAZegBm5BHTQABk/gBbyCN+vZerc+rM9pa86azRyCOVlfv52Ynts=</latexit>

2π
2

k3
wn

causality & `isocurvature’ density enhancement

<latexit sha1_base64="IVEzqUztkdq2kIdae749/QNJIGM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BItQQUoiUj0WvXisYD+gDWWz2bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbm+YngGh3n28qtrW9sbuW3Czu7e/sHxcOjpo5TRVmDxiJWbZ9oJrhkDeQoWDtRjES+YC1/eDfzWyOmNI/lI44T5kWkL3nIKUEjefVeN2ACSRkvhue9YsmpOHPYq8TNSAky1HvFr24Q0zRiEqkgWndcJ0FvQhRyKti00E01Swgdkj7rGCpJxLQ3mR89tc+MEthhrExJtOfq74kJibQeR77pjAgO9LI3E//zOimGN96EyyRFJuliUZgKG2N7loAdcMUoirEhhCpubrXpgChC0eRUMCG4yy+vkuZlxa1Wqg9XpdptFkceTuAUyuDCNdTgHurQAApP8Ayv8GaNrBfr3fpYtOasbOYY/sD6/AHHRJF4</latexit>

Pδ(t, k)

<latexit sha1_base64="f33B9F/9QZpWH0I47cWuRen973E=">AAACHXicdVDLSgMxFM34rPU16tJNsBXERZkpProsunFZwT6gHYZMmmnDJJMhyQhl6A/4E/6CW927E7fi1i8xnVawPi4hOZx7b+65J0gYVdpx3q2FxaXlldXCWnF9Y3Nr297ZbSmRSkyaWDAhOwFShNGYNDXVjHQSSRAPGGkH0eUk374lUlER3+hRQjyOBjENKUbaUL5dpnGfJMRck6OhCGE5KsNQSPP2GIORf1z27ZJTOXGqNdeFv4FbcfIogVk0fPuj1xc45eZHzJBSXddJtJchqSlmZFzspYokCEdoQLoGxogT5WX5NmN4aJh+riAURlHOfu/IEFdqxANTyZEeqp+5CflXrpvqsOZlNE5STWI8HRSmDGoBJ9bAPpUEazYyAGFJjVaIh0girI2Bc1MCPi4aU742h/+DVrXinlVOr6ul+sXMngLYBwfgCLjgHNTBFWiAJsDgDjyAR/Bk3VvP1ov1Oi1dsGY9e2AurLdPHt2hAA==</latexit>

independendent of k for k ' k∗
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<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn

iso
cu

rv
at

ur
e

adiabatic

aimx

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>
<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>

<latexit sha1_base64="79p22BAECf82syFuzDpczWBlMFc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN0TnuMdErlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSvKgE1Ur1/rJcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/QoyO8Q==</latexit>

<latexit sha1_base64="ojes4IeJ76XQij48X/tcNaCHc/I=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//ci04bF6sJOEBZIMFY84JdZJbdLnWOKnfrniVb058Crxc1KBHI1++as3iGkqmbJUEGO6vpfYICPacirYtNRLDUsIHZMh6zqqiGQmyObnTvGZUwY4irUrZfFc/T2REWnMRIauUxI7MsveTPzP66Y2ug4yrpLUMkUXi6JUYBvj2e94wDWjVkwcIVRzdyumI6IJtS6hkgvBX355lbQuqn6tWru/rNRv8jiKcAKncA4+XEEd7qABTaAwhmd4hTeUoBf0jj4WrQWUzxzDH6DPH5b0jxk=</latexit>

density evolution during radiation domination
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density evolution during radiation domination

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn

iso
cu

rv
at

ur
e

adiabatic

aimx

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>
<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>

<latexit sha1_base64="79p22BAECf82syFuzDpczWBlMFc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN0TnuMdErlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSvKgE1Ur1/rJcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/QoyO8Q==</latexit>

<latexit sha1_base64="ojes4IeJ76XQij48X/tcNaCHc/I=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//ci04bF6sJOEBZIMFY84JdZJbdLnWOKnfrniVb058Crxc1KBHI1++as3iGkqmbJUEGO6vpfYICPacirYtNRLDUsIHZMh6zqqiGQmyObnTvGZUwY4irUrZfFc/T2REWnMRIauUxI7MsveTPzP66Y2ug4yrpLUMkUXi6JUYBvj2e94wDWjVkwcIVRzdyumI6IJtS6hkgvBX355lbQuqn6tWru/rNRv8jiKcAKncA4+XEEd7qABTaAwhmd4hTeUoBf0jj4WrQWUzxzDH6DPH5b0jxk=</latexit>

aimx

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>
<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit>

<latexit sha1_base64="79p22BAECf82syFuzDpczWBlMFc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN0TnuMdErlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSvKgE1Ur1/rJcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/QoyO8Q==</latexit>

<latexit sha1_base64="ojes4IeJ76XQij48X/tcNaCHc/I=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//ci04bF6sJOEBZIMFY84JdZJbdLnWOKnfrniVb058Crxc1KBHI1++as3iGkqmbJUEGO6vpfYICPacirYtNRLDUsIHZMh6zqqiGQmyObnTvGZUwY4irUrZfFc/T2REWnMRIauUxI7MsveTPzP66Y2ug4yrpLUMkUXi6JUYBvj2e94wDWjVkwcIVRzdyumI6IJtS6hkgvBX355lbQuqn6tWru/rNRv8jiKcAKncA4+XEEd7qABTaAwhmd4hTeUoBf0jj4WrQWUzxzDH6DPH5b0jxk=</latexit>

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>
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density evolution during matter domination

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn
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<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn

iso
cu

rva
tu

re

adiabatic

applications



 21

evolution of the matter power spectrum

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn
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<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="iBSvHJLTxw8vIG3Kbt3zC2bBlNc=">AAACA3icbVC7SgNBFJ2Nr7i+opY2g0GwCruCj0YM2lhGMA/ILmF2MpsMmZ0ZZmaVsKT0F2wVLO3E1tpPEFu/xMmjMIkHLhzOuZdzOZFkVBvP+3ZyC4tLyyv5VXdtfWNzq7C9U9MiVZhUsWBCNSKkCaOcVA01jDSkIiiJGKlHvauhX78jSlPBb01fkjBBHU5jipGxUtALFO10DVJK3LcKRa/kjQDniT8hxYtP91y+fLmVVuEnaAucJoQbzJDWTd+TJsyQMhQzMnCDVBOJcA91SNNSjhKiw2z08wAeWKUNY6HscANH6t+LDCVa95PIbibIdPWsNxT/85qpic/CjHKZGsLxOChOGTQCDguAbaoINqxvCcKK2l8h7iKFsLE1TaVEycC1pfizFcyT2lHJPykd33jF8iUYIw/2wD44BD44BWVwDSqgCjCQ4BE8gWfnwXl13pz38WrOmdzsgik4H7+d6Zvv</latexit>

k →

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>

k∗ ∼ kwn

iso
cu

rv
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e

adiabatic

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2π2
Pδ(t, k)

<latexit sha1_base64="F4K29fyswBoZlt+fKyHwZKXSESk=">AAACC3icbVC7SgNBFJ2NrxhfawQbm8EgiEXYFXyUITaWCZgHZMMyO5kkQ2Zml5lZNSz7Cf6CrTZWdmKpH2Fj4Zc4eRQm8cCFwzn3ci4niBhV2nG+rMzS8srqWnY9t7G5tb1j7+brKowlJjUcslA2A6QIo4LUNNWMNCNJEA8YaQSDq5HfuCVS0VDc6GFE2hz1BO1SjLSRfDs/8E88RTkc+IknObwTqW8XnKIzBlwk7pQUSvvVb/pS/qj49o/XCXHMidCYIaVarhPpdoKkppiRNOfFikQID1CPtAwViBPVTsa/p/DIKB3YDaUZoeFY/XuRIK7UkAdmkyPdV/PeSPzPa8W6e9lOqIhiTQSeBHVjBnUIR0XADpUEazY0BGFJza8Q95FEWJu6ZlICnuZMKe58BYukflp0z4tnVdNOGUyQBQfgEBwDF1yAErgGFVADGNyDR/AEnq0H69V6s94nqxlrerMHZmB9/gI5dp5n</latexit>
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<latexit sha1_base64="mDnagoofIRVysBO/Yp+WpCVvj6A="></latexit>

sets kfs w

<latexit sha1_base64="JJailsYljAwRgC3Ug9fd+cAlu0c=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL+IpgnlIsoTZyWwyZB7LzKwQlnyFFw+KePVzvPk3TpI9aLSgoajqprsrSjgz1ve/vMLK6tr6RnGztLW9s7tX3j9oGZVqQptEcaU7ETaUM0mblllOO4mmWESctqPx9cxvP1JtmJL3dpLQUOChZDEj2DrpYdzPelqg22m/XPGr/hzoLwlyUoEcjX75szdQJBVUWsKxMd3AT2yYYW0Z4XRa6qWGJpiM8ZB2HZVYUBNm84On6MQpAxQr7UpaNFd/TmRYGDMRkesU2I7MsjcT//O6qY0vw4zJJLVUksWiOOXIKjT7Hg2YpsTyiSOYaOZuRWSENSbWZVRyIQTLL/8lrbNqUKvW7s4r9as8jiIcwTGcQgAXUIcbaEATCAh4ghd49bT37L1574vWgpfPHMIveB/fkfGQRg==</latexit>

kJ

q
q3

2π2
Pϕ(t, q)

<latexit sha1_base64="TXLRYde0f8mTazySBs7ODW3hIDM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQPYRd8XUMevEYwTwgu4TZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho7up336iSrNYPppxQgOBB5JFjGBjJX/UO/M5R7hqTkWvXHFr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1EQ3QcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnNu6pdPlxU6rd5HEU4gmOoggfXUId7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+ALf6kNc=</latexit>

k∗ '
<latexit sha1_base64="BuXfDgkn7y4vSFEcWR3eHApRFzg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bseimyyr2Au1QMmmmDU0yQ5IRytA3cONCEbd9GPduxLcxvSy0+kPg4//PIeecMOFMG8/7cnJLyyura/l1d2Nza3unsLtX13GqCK2RmMeqGWJNOZO0ZpjhtJkoikXIaSMc3EzyxgNVmsXy3gwTGgjckyxiBBtr3eFKp1D0St5U6C/4cyhevbuXyfjTrXYKH+1uTFJBpSEca93yvcQEGVaGEU5HbjvVNMFkgHu0ZVFiQXWQTScdoSPrdFEUK/ukQVP3Z0eGhdZDEdpKgU1fL2YT87+slZroIsiYTFJDJZl9FKUcmRhN1kZdpigxfGgBE8XsrIj0scLE2OO49gj+4sp/oX5S8s9Kp7desXwNM+XhAA7hGHw4hzJUoAo1IBDBIzzDizNwnpxX521WmnPmPfvwS874G7iYkH4=</latexit>

aH
<latexit sha1_base64="YGdO2FwWp/lOwHaSAa9/TSaqL/o=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZRV7gXYomTTThiaZIckIZegbuHGhiNs+jHs34tuYXhba+kPg4//PIeecMOFMG8/7dnJLyyura/l1d2Nza3unsLtX03GqCK2SmMeqEWJNOZO0apjhtJEoikXIaT3s34zz+iNVmsXywQwSGgjclSxiBBtr3WPRLhS9kjcRWgR/BsWrD/cyGX25lXbhs9WJSSqoNIRjrZu+l5ggw8owwunQbaWaJpj0cZc2LUosqA6yyaRDdGSdDopiZZ80aOL+7siw0HogQlspsOnp+Wxs/pc1UxNdBBmTSWqoJNOPopQjE6Px2qjDFCWGDyxgopidFZEeVpgYexzXHsGfX3kRaicl/6x0eucVy9cwVR4O4BCOwYdzKMMtVKAKBCJ4ghd4dfrOs/PmvE9Lc86sZx/+yBn9APCskKM=</latexit>

am

<latexit sha1_base64="M1sG4SP2TmG86GOftUPBBmF1wu4=">AAAB83icbVDJSgNBEK1xjXGLelSkMQiewozgcgx68ZiAWSAZQk+nJ2nS0z129yhhyNFf8OJBEa/e8x3e/AZ/ws5y0MQHBY/3qqiqF8ScaeO6X87C4tLyympmLbu+sbm1ndvZrWqZKEIrRHKp6gHWlDNBK4YZTuuxojgKOK0FveuRX7unSjMpbk0/pn6EO4KFjGBjpeZdU7FO12Cl5EMrl3cL7hhonnhTki8eDMvfj4fDUiv32WxLkkRUGMKx1g3PjY2fYmUY4XSQbSaaxpj0cIc2LBU4otpPxzcP0LFV2iiUypYwaKz+nkhxpHU/CmxnhE1Xz3oj8T+vkZjw0k+ZiBNDBZksChOOjESjAFCbKUoM71uCiWL2VkS6WGFibExZG4I3+/I8qZ4WvPPCWdmmcQUTZGAfjuAEPLiAItxACSpAIIYneIFXJ3GenTfnfdK64Exn9uAPnI8fiCCVuQ==</latexit>

q →

free-streaming

white noise

Jeans



key physical effects in the density 

<latexit sha1_base64="D4hGyBNSdrQ9kQaeXSz5kH2Mc5k="></latexit>

Dark matter density dominated by sub-Hubble field modes
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1. Scale-dependent density enhancement in an “isocurvature” component

2. Scale-dependent suppression of the adiabatic perturbations

causality + Jeans

free streaming

<latexit sha1_base64="oUV5eN8yfdJugjUr1Khz/WWW9Pc=">AAAB+XicbVDLTsMwEHTKq5RXgCMXiwqpXErC+1jBhWOR6ENqQ+S4TmvFdiLbKaqi/gkXDiDElT/hxt/gtjlAy0grjWZ2tbsTJIwq7TjfVmFpeWV1rbhe2tjc2t6xd/eaKk4lJg0cs1i2A6QIo4I0NNWMtBNJEA8YaQXR7cRvDYlUNBYPepQQj6O+oCHFSBvJt+1KdBL5WVdy+CTGx49nvl12qs4UcJG4OSmDHHXf/ur2YpxyIjRmSKmO6yTay5DUFDMyLnVTRRKEI9QnHUMF4kR52fTyMTwySg+GsTQlNJyqvycyxJUa8cB0cqQHat6biP95nVSH115GRZJqIvBsUZgyqGM4iQH2qCRYs5EhCEtqboV4gCTC2oRVMiG48y8vkuZp1b2sXtyfl2s3eRxFcAAOQQW44ArUwB2ogwbAYAiewSt4szLrxXq3PmatBSuf2Qd/YH3+AFJtktM=</latexit>
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<latexit sha1_base64="Y5ORBe0kqO6aay00s2QeoyvFaF4=">AAACEXicbZDJSgNBEIZ73I1b1KOXxiBEkDAT3I6iHjwqmETIxFDTqWiTnsXuGiEOeQUvvooXD4p49ebNt7GzHNwKGj7+v4rq+oNESUOu++mMjU9MTk3PzObm5hcWl/LLK1UTp1pgRcQq1hcBGFQywgpJUniRaIQwUFgLOkd9v3aL2sg4Oqdugo0QriLZlgLISs188fyy3Mx8HXJo9Yo0RLzpbXU2/WNUBNb275CgmS+4JXdQ/C94IyiwUZ028x9+KxZpiBEJBcbUPTehRgaapFDYy/mpwQREB66wbjGCEE0jG1zU4xtWafF2rO2LiA/U7xMZhMZ0w8B2hkDX5rfXF//z6im19xuZjJKUMBLDRe1UcYp5Px7ekhoFqa4FEFrav3JxDRoE2RBzNgTv98l/oVouebulnbPtwsHhKI4ZtsbWWZF5bI8dsBN2yipMsHv2yJ7Zi/PgPDmvztuwdcwZzayyH+W8fwFsGpzJ</latexit>
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<latexit sha1_base64="2u0m2w3MDww0axj+Gc9BF6hXCLk=">AAACCHicbVBNS8NAEN3Ur1q/qh49GCxCBSlJleqx6MVjBfsBTVs2m027ZLMJuxOhhB69+Fe8eFDEqz/Bm//GbZuDVh8MPN6bYWaeG3OmwLK+jNzS8srqWn69sLG5tb1T3N1rqSiRhDZJxCPZcbGinAnaBAacdmJJcehy2naD66nfvqdSsUjcwTimvRAPBfMZwaClQfHQ8SUmadA/m6RVJ2b96qQxcDzKAZfhNDgZFEtWxZrB/EvsjJRQhsag+Ol4EUlCKoBwrFTXtmLopVgCI5xOCk6iaIxJgIe0q6nAIVW9dPbIxDzWimf6kdQlwJypPydSHCo1Dl3dGWIYqUVvKv7ndRPwL3spE3ECVJD5Ij/hJkTmNBXTY5IS4GNNMJFM32qSEdbJgM6uoEOwF1/+S1rVil2r1G7PS/WrLI48OkBHqIxsdIHq6AY1UBMR9ICe0At6NR6NZ+PNeJ+35oxsZh/9gvHxDdUpmTg=</latexit>

k
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2
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δ
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,
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<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>

k∗



“isocurvature” density evolution — Jeans
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<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>
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<latexit sha1_base64="ha+Z7HxctPPHI10BU1P0shrqcws=">AAAB+nicdVDLSsNAFJ34am19pLp0M1iErmIqtNaFUHTjsoJ9QBvCZDpph04mcWailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1exKhUtv1izM0vLC5lssu5/Mrq2rpZ2GjJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xsdp377gghJQ36mxhFxAjTg1KcYKS25ZgHtIjfpiQCS88mhbdUqrlm0rYMUFVi27Cl+k2I9/3qUyV+/NVzzudcPcRwQrjBDUnbLdqScBAlFMSOTXC+WJEJ4hAakqylHAZFOMj19Ane00od+KHRxBafq14kEBVKOA093BkgN5U8vFf/yurHya05CeRQrwvFskR8zqEKY5gD7VBCs2FgThAXVt0I8RAJhpdPK6RD+//2TtPasctWqnuo0SmCGLNgC26AEymAf1MEJaIAmwOAS3IA7cG9cGbfGg/E4a50zPmY2wTcYT+/wHJYQ</latexit>

a/aeq = 0.85

<latexit sha1_base64="YJx8Tq6bXUEx4SegrvywJzsAtg4=">AAAB+XicdVDLSsNAFJ3UR2vrI+rSzWARuoqJ0KoLoejGZQX7gDaEyXTSDp1J4sykUEL/wE9w40IRt/6JO3/DtQsnrYjPAxcO59zLvff4MaNS2faLkVtYXFrOF1aKpdW19Q1zc6slo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX90lvntMRGSRuGlmsTE5WgQ0oBipLTkmSbaR17aExySq+lJ1ap5Ztm2jjNUoWPZM/wm5Xrp9TRfun5reOZzrx/hhJNQYYak7Dp2rNwUCUUxI9NiL5EkRniEBqSraYg4kW46u3wK97TSh0EkdIUKztSvEyniUk64rzs5UkP508vEv7xuooIjN6VhnCgS4vmiIGFQRTCLAfapIFixiSYIC6pvhXiIBMJKh1XUIfz/+ydpHVhOzapd6DQqYI4C2AG7oAIccAjq4Bw0QBNgMAY34A7cG6lxazwYj/PWnPExsw2+wXh6B3nxldQ=</latexit>

a/aeq = 5.6

<latexit sha1_base64="nnztyEJQT6SI6tfcgPW1IQBavpw=">AAAB+nicdVDLSsNAFJ3UR2vrI9Wlm8EidBUTi7UuhKIblxXsA9oQJtNJO3TycGailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1uxKiQpvmiZebmFxazuaV8YXlldU0vrrdEGHNMmjhkIe+4SBBGA9KUVDLSiThBvstI2x0dp377gnBBw+BMjiNi+2gQUI9iJJXk6EW0g5ykx31IzieHlYpRc/SSaRyk2IOWYU7xm5TqhdejbOH6reHoz71+iGOfBBIzJETXMiNpJ4hLihmZ5HuxIBHCIzQgXUUD5BNhJ9PTJ3BbKX3ohVxVIOFU/TqRIF+Ise+qTh/JofjppeJfXjeWXs1OaBDFkgR4tsiLGZQhTHOAfcoJlmysCMKcqlshHiKOsFRp5VUI///+SVq7hlU1qqcqjTKYIQc2wRYoAwvsgzo4AQ3QBBhcghtwB+61K+1We9AeZ60Z7WNmA3yD9vQO8amWEQ==</latexit>

a/aeq = 33.8

*solid curves are ‘analytic’ results

Jeans
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<latexit sha1_base64="ha+Z7HxctPPHI10BU1P0shrqcws=">AAAB+nicdVDLSsNAFJ34am19pLp0M1iErmIqtNaFUHTjsoJ9QBvCZDpph04mcWailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1exKhUtv1izM0vLC5lssu5/Mrq2rpZ2GjJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xsdp377gghJQ36mxhFxAjTg1KcYKS25ZgHtIjfpiQCS88mhbdUqrlm0rYMUFVi27Cl+k2I9/3qUyV+/NVzzudcPcRwQrjBDUnbLdqScBAlFMSOTXC+WJEJ4hAakqylHAZFOMj19Ane00od+KHRxBafq14kEBVKOA093BkgN5U8vFf/yurHya05CeRQrwvFskR8zqEKY5gD7VBCs2FgThAXVt0I8RAJhpdPK6RD+//2TtPasctWqnuo0SmCGLNgC26AEymAf1MEJaIAmwOAS3IA7cG9cGbfGg/E4a50zPmY2wTcYT+/wHJYQ</latexit>

a/aeq = 0.85
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<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>

k∗

Ã· y=a/aeq

8.

4.

2.

1.

<latexit sha1_base64="ha+Z7HxctPPHI10BU1P0shrqcws=">AAAB+nicdVDLSsNAFJ34am19pLp0M1iErmIqtNaFUHTjsoJ9QBvCZDpph04mcWailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1exKhUtv1izM0vLC5lssu5/Mrq2rpZ2GjJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xsdp377gghJQ36mxhFxAjTg1KcYKS25ZgHtIjfpiQCS88mhbdUqrlm0rYMUFVi27Cl+k2I9/3qUyV+/NVzzudcPcRwQrjBDUnbLdqScBAlFMSOTXC+WJEJ4hAakqylHAZFOMj19Ane00od+KHRxBafq14kEBVKOA093BkgN5U8vFf/yurHya05CeRQrwvFskR8zqEKY5gD7VBCs2FgThAXVt0I8RAJhpdPK6RD+//2TtPasctWqnuo0SmCGLNgC26AEymAf1MEJaIAmwOAS3IA7cG9cGbfGg/E4a50zPmY2wTcYT+/wHJYQ</latexit>

a/aeq = 0.85

<latexit sha1_base64="YJx8Tq6bXUEx4SegrvywJzsAtg4=">AAAB+XicdVDLSsNAFJ3UR2vrI+rSzWARuoqJ0KoLoejGZQX7gDaEyXTSDp1J4sykUEL/wE9w40IRt/6JO3/DtQsnrYjPAxcO59zLvff4MaNS2faLkVtYXFrOF1aKpdW19Q1zc6slo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX90lvntMRGSRuGlmsTE5WgQ0oBipLTkmSbaR17aExySq+lJ1ap5Ztm2jjNUoWPZM/wm5Xrp9TRfun5reOZzrx/hhJNQYYak7Dp2rNwUCUUxI9NiL5EkRniEBqSraYg4kW46u3wK97TSh0EkdIUKztSvEyniUk64rzs5UkP508vEv7xuooIjN6VhnCgS4vmiIGFQRTCLAfapIFixiSYIC6pvhXiIBMJKh1XUIfz/+ydpHVhOzapd6DQqYI4C2AG7oAIccAjq4Bw0QBNgMAY34A7cG6lxazwYj/PWnPExsw2+wXh6B3nxldQ=</latexit>

a/aeq = 5.6

<latexit sha1_base64="nnztyEJQT6SI6tfcgPW1IQBavpw=">AAAB+nicdVDLSsNAFJ3UR2vrI9Wlm8EidBUTi7UuhKIblxXsA9oQJtNJO3TycGailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1uxKiQpvmiZebmFxazuaV8YXlldU0vrrdEGHNMmjhkIe+4SBBGA9KUVDLSiThBvstI2x0dp377gnBBw+BMjiNi+2gQUI9iJJXk6EW0g5ykx31IzieHlYpRc/SSaRyk2IOWYU7xm5TqhdejbOH6reHoz71+iGOfBBIzJETXMiNpJ4hLihmZ5HuxIBHCIzQgXUUD5BNhJ9PTJ3BbKX3ohVxVIOFU/TqRIF+Ise+qTh/JofjppeJfXjeWXs1OaBDFkgR4tsiLGZQhTHOAfcoJlmysCMKcqlshHiKOsFRp5VUI///+SVq7hlU1qqcqjTKYIQc2wRYoAwvsgzo4AQ3QBBhcghtwB+61K+1We9AeZ60Z7WNmA3yD9vQO8amWEQ==</latexit>

a/aeq = 33.8

(enahanced) adiabatic + isocurvature — free-streaming+Jeans

MA, May & Mirbabayi (2025) 

Free-streaming

Jeans



the analytic framework 

Pδ(t, k)

⇑

f (2)(t,x1,x2,p1,p2)
| {z }

2-particle phase space
distribution function

⇑

L
(1)
t f (1)(t,p1) = S[f (2)], L

(2)
t f (2)(t,x1,x2,p1,p2) ≈ S[f (1)]

| {z }

(truncated) BBGKY hierarchy

<latexit sha1_base64="RVbfwPBMCe0o2CFcQuSI2ydyMzI="></latexit>

i (∂t + 3H/2)Ψ = �(2ma2)−1
r

2
Ψ+mΦΨ, r

2
Φ = 4πGa2 (ρ� ρ̄)

works for classical particles and waves

MA, Delos & Mirbabayi (2025), MA, May & Mirbabayi (2025) 



the analytic framework - solve one Volterra eq.

f0(p) = (m/a3ρ̄)Pψ(p),

q
q3

2π2
Pϕ(t, q)

<latexit sha1_base64="TXLRYde0f8mTazySBs7ODW3hIDM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQPYRd8XUMevEYwTwgu4TZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho7up336iSrNYPppxQgOBB5JFjGBjJX/UO/M5R7hqTkWvXHFr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1EQ3QcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnNu6pdPlxU6rd5HEU4gmOoggfXUId7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+ALf6kNc=</latexit>
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q →



the analytic framework - solve one Volterra eq.

f0(p) = (m/a3ρ̄)Pψ(p),

q
q3

2π2
Pϕ(t, q)
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aH
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where y = a/aeq,



the analytic framework - solve one Volterra eq.
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f0(p) = (m/a3ρ̄)Pψ(p),

q
q3

2π2
Pϕ(t, q)
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the isocurvature transfer function is non-trivial

|

where y = a/aeq,

f0(p) = (m/a3ρ̄)Pψ(p),

q
q3

2π2
Pϕ(t, q)
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structure formation with small number density and warmth

 30

radiation domination matter domination

(a) (b) (c) (d)free streamingfree streaming grav. clustering

*dots represent interference granules/quasi-particles/black holes etc.



applications
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the lower bound on wave DM mass

<latexit sha1_base64="D4hGyBNSdrQ9kQaeXSz5kH2Mc5k="></latexit>

Dark matter density dominated by sub-Hubble field modes

<latexit sha1_base64="oy4dICi6fCiusM8PJSGMK4Q69Bc="></latexit>

1. and 2. not seen for k < kobs ∼ 10Mpc−1

<latexit sha1_base64="hPY5vGhzgnszwapaswrrUim80SI="></latexit>

1. white-noise excess in isocurvature density pert.

2. free-streaming suppression in adiabatic density pert.

<latexit sha1_base64="E9Nu7L5/M/tR4V9b0tVxI/rx5EE=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAILrQk4nNXdOOygn1AE8tkOm2HziRhZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfcEMWdKO863lZubX1hcyi8XVlbX1jfsza2aihJJaJVEPJKNACvKWUirmmlOG7GkWASc1oP+9civP1CpWBTe6UFMfYG7IeswgrWRWvaO8Lra2AK5zn165F4OvUNPCkRrLbvolJwx0CxxM1KEDJWW/eW1I5IIGmrCsVJN14m1n2KpGeF0WPASRWNM+rhLm4aGWFDlp+MXhmjfKG3UiaSpUKOx+nsixUKpgQhMp8C6p6a9kfif10x058JPWRgnmoZksqiTcKQjNMoDtZmkRPOBIZhIZm5FpIclJtqkVjAhuNMvz5Lacck9K53enhTLV1kcediFPTgAF86hDDdQgSoQeIRneIU368l6sd6tj0lrzspmtuEPrM8fUPiWGg==</latexit>

m & 10
−19

eV
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Then in density power spectrum:

MA & Mirbabayi 2022 



comparison  with literature

<latexit sha1_base64="G+OZPibYYRO4ukXErtURdTkO4x0="></latexit>

2022): m & 3× 10−19 eV

<latexit sha1_base64="VSCovT2p2w3T5NobutVJmySb+xM="></latexit>

2017): m & 2× 10−21 eV Irsic et. al (2017) — Ly α

Dalal & Kravtsov (2022) — dynamical heating of stars

Powell et. al (2023) — lensing
<latexit sha1_base64="uIbEZNPurjBrM2a+hyGz4CvohV8="></latexit>

2023): m & 4× 10−21 eV

Nadler et. al (2021) — MW satellites
<latexit sha1_base64="PLObK8d21zw7nraag+ZuDfQUurU=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2g0nAQsNuxEcZtLGMYB6QXcPsZJIMmdldZu4KYckX2PgrNhaK2Frb+TdOHoUmHrhwOOde7r0niAXX4DjfVmZpeWV1Lbue29jc2t6xd/fqOkoUZTUaiUg1A6KZ4CGrAQfBmrFiRAaCNYLB9dhvPDCleRTewTBmviS9kHc5JWCktl0sSK8HxpcYn3rAJdPYde7Tk7I78o49JTGrF3DbzjslZwK8SNwZyaMZqm37y+tENJEsBCqI1i3XicFPiQJOBRvlvESzmNAB6bGWoSExe/108s4IF43Swd1ImQoBT9TfEymRWg9lYDolgb6e98bif14rge6ln/IwToCFdLqomwgMER5ngztcMQpiaAihiptbMe0TRSiYBHMmBHf+5UVSL5fc89LZbTlfuZrFkUUH6BAdIRddoAq6QVVUQxQ9omf0it6sJ+vFerc+pq0Zazazj/7A+vwBjRGZ4g==</latexit>

m & 3× 10
−21

eV

MA & Mirbabayi (2022/24)

* constraints come from di#erent observations, compare with care. 

 

Assumptions matter: For thermal production, this becomes many keV.

<latexit sha1_base64="E9Nu7L5/M/tR4V9b0tVxI/rx5EE=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAILrQk4nNXdOOygn1AE8tkOm2HziRhZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfcEMWdKO863lZubX1hcyi8XVlbX1jfsza2aihJJaJVEPJKNACvKWUirmmlOG7GkWASc1oP+9civP1CpWBTe6UFMfYG7IeswgrWRWvaO8Lra2AK5zn165F4OvUNPCkRrLbvolJwx0CxxM1KEDJWW/eW1I5IIGmrCsVJN14m1n2KpGeF0WPASRWNM+rhLm4aGWFDlp+MXhmjfKG3UiaSpUKOx+nsixUKpgQhMp8C6p6a9kfif10x058JPWRgnmoZksqiTcKQjNMoDtZmkRPOBIZhIZm5FpIclJtqkVjAhuNMvz5Lacck9K53enhTLV1kcediFPTgAF86hDDdQgSoQeIRneIU368l6sd6tj0lrzspmtuEPrM8fUPiWGg==</latexit>

m & 10
−19

eV

 33

Banik et. al (2019) —  Streams
<latexit sha1_base64="opK2fJnHdFO6hrrxu29YKNhRDyU=">AAACCnicbVA9SwNBEN2LXzF+nVrarAbBQsNdkGgZtLGMYD4gd4a9zSZZsnt37M4J4Uht41+xsVDE1l9g579xk1yhiQ8GHu/NMDMviAXX4DjfVm5peWV1Lb9e2Njc2t6xd/caOkoUZXUaiUi1AqKZ4CGrAwfBWrFiRAaCNYPh9cRvPjCleRTewShmviT9kPc4JWCkjn0ovT4YW2LXAy6Zxq5zn56V3bF36imJWaNjF52SMwVeJG5GiihDrWN/ed2IJpKFQAXRuu06MfgpUcCpYOOCl2gWEzokfdY2NCRmq59OXxnjY6N0cS9SpkLAU/X3REqk1iMZmE5JYKDnvYn4n9dOoHfppzyME2AhnS3qJQJDhCe54C5XjIIYGUKo4uZWTAdEEQomvYIJwZ1/eZE0yiW3UqrcnherV1kceXSAjtAJctEFqqIbVEN1RNEjekav6M16sl6sd+tj1pqzspl99AfW5w8FKZkz</latexit>

m & 1× 10
−21

eV



the lower bound on “PBH” mass

<latexit sha1_base64="oy4dICi6fCiusM8PJSGMK4Q69Bc="></latexit>

1. and 2. not seen for k < kobs ∼ 10Mpc−1

<latexit sha1_base64="hPY5vGhzgnszwapaswrrUim80SI="></latexit>

1. white-noise excess in isocurvature density pert.

2. free-streaming suppression in adiabatic density pert.
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Then in density power spectrum:

<latexit sha1_base64="FppQITnbT3w49NKokIDninQjezk=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaZIdVl040aoYB/QqSWTZtrQZDIkd5QyzHe48VfcuFDEnbjxb0wfC209EDiccy439wSx4AZc99tZWl5ZXVvPbeQ3t7Z3dgt7+w2jEk1ZnSqhdCsghgkesTpwEKwVa0ZkIFgzGF6O/eY904ar6BZGMetI0o94yCkBK3UL3nU39bXEcTDI/D7YoMQTIWQPmQ9cMoM9966MxznVU5B1C0W35E6AF4k3I0U0Q61b+PR7iiaSRUAFMabtuTF0UqKBU8GyvJ8YFhM6JH3WtjQidmcnnZyW4WOr9HCotH0R4In6eyIl0piRDGxSEhiYeW8s/ue1EwjPOymP4gRYRKeLwkRgUHjcE+5xzSiIkSWEam7/iumAaELBtpm3JXjzJy+SRrnkVUqVm9Ni9WJWRw4doiN0gjx0hqroCtVQHVH0iJ7RK3pznpwX5935mEaXnNnMAfoD5+sHEwCg5Q==</latexit>

Mpbh & few × 10
2
M�

<latexit sha1_base64="TcxJVmwq9H9kP5ldstpe/y2wYDA="></latexit>

σeq . few × 10 km s
−1



enhanced power on small scales
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<latexit sha1_base64="nAIFnZaTZv5Mkg6AzPFIgaB7/Jo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIVI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw6h33iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w5wnlx3p2PeeuKk88cwR84nz/wyY2X</latexit>
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30.

10.

3.

1.

0.31

0.12

0.0068

101 102 103 104

10-5

10-4

10-3

10-2

10-1

100

k [Mpc-1]

k
3

2
Ã2P

·(y,
k
)

y

<latexit sha1_base64="ha+Z7HxctPPHI10BU1P0shrqcws=">AAAB+nicdVDLSsNAFJ34am19pLp0M1iErmIqtNaFUHTjsoJ9QBvCZDpph04mcWailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1exKhUtv1izM0vLC5lssu5/Mrq2rpZ2GjJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xsdp377gghJQ36mxhFxAjTg1KcYKS25ZgHtIjfpiQCS88mhbdUqrlm0rYMUFVi27Cl+k2I9/3qUyV+/NVzzudcPcRwQrjBDUnbLdqScBAlFMSOTXC+WJEJ4hAakqylHAZFOMj19Ane00od+KHRxBafq14kEBVKOA093BkgN5U8vFf/yurHya05CeRQrwvFskR8zqEKY5gD7VBCs2FgThAXVt0I8RAJhpdPK6RD+//2TtPasctWqnuo0SmCGLNgC26AEymAf1MEJaIAmwOAS3IA7cG9cGbfGg/E4a50zPmY2wTcYT+/wHJYQ</latexit>

a/aeq = 0.85

<latexit sha1_base64="YJx8Tq6bXUEx4SegrvywJzsAtg4=">AAAB+XicdVDLSsNAFJ3UR2vrI+rSzWARuoqJ0KoLoejGZQX7gDaEyXTSDp1J4sykUEL/wE9w40IRt/6JO3/DtQsnrYjPAxcO59zLvff4MaNS2faLkVtYXFrOF1aKpdW19Q1zc6slo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX90lvntMRGSRuGlmsTE5WgQ0oBipLTkmSbaR17aExySq+lJ1ap5Ztm2jjNUoWPZM/wm5Xrp9TRfun5reOZzrx/hhJNQYYak7Dp2rNwUCUUxI9NiL5EkRniEBqSraYg4kW46u3wK97TSh0EkdIUKztSvEyniUk64rzs5UkP508vEv7xuooIjN6VhnCgS4vmiIGFQRTCLAfapIFixiSYIC6pvhXiIBMJKh1XUIfz/+ydpHVhOzapd6DQqYI4C2AG7oAIccAjq4Bw0QBNgMAY34A7cG6lxazwYj/PWnPExsw2+wXh6B3nxldQ=</latexit>

a/aeq = 5.6

<latexit sha1_base64="nnztyEJQT6SI6tfcgPW1IQBavpw=">AAAB+nicdVDLSsNAFJ3UR2vrI9Wlm8EidBUTi7UuhKIblxXsA9oQJtNJO3TycGailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1uxKiQpvmiZebmFxazuaV8YXlldU0vrrdEGHNMmjhkIe+4SBBGA9KUVDLSiThBvstI2x0dp377gnBBw+BMjiNi+2gQUI9iJJXk6EW0g5ykx31IzieHlYpRc/SSaRyk2IOWYU7xm5TqhdejbOH6reHoz71+iGOfBBIzJETXMiNpJ4hLihmZ5HuxIBHCIzQgXUUD5BNhJ9PTJ3BbKX3ohVxVIOFU/TqRIF+Ise+qTh/JofjppeJfXjeWXs1OaBDFkgR4tsiLGZQhTHOAfcoJlmysCMKcqlshHiKOsFRp5VUI///+SVq7hlU1qqcqjTKYIQc2wRYoAwvsgzo4AQ3QBBhcghtwB+61K+1We9AeZ60Z7WNmA3yD9vQO8amWEQ==</latexit>

a/aeq = 33.8

<latexit sha1_base64="bwr7PvqNcKfVIpbEqAjlJXONkOo="></latexit>

kJ(a) = a

√

4πGρ̄

σ

<latexit sha1_base64="2DlLq4jcb1pkB+I91jSLXK2t9/I=">AAACAnicbVDLSsNAFL3xWesr6krcDBZBXJREpLosunFZwT6gCWEynbRDZ5IwMxFKKG78FTcuFHHrV7jzb5y2WWjrgRkO59zLvfeEKWdKO863tbS8srq2Xtoob25t7+zae/stlWSS0CZJeCI7IVaUs5g2NdOcdlJJsQg5bYfDm4nffqBSsSS+16OU+gL3YxYxgrWRAvvQU6wvsPkF8iKJST4MzsY5FuPArjhVZwq0SNyCVKBAI7C/vF5CMkFjTThWqus6qfZzLDUjnI7LXqZoiskQ92nX0BgLqvx8esIYnRilh6JEmhdrNFV/d5iNlBqJ0FQKrAdq3puI/3ndTEdXfs7iNNM0JrNBUcaRTtAkD9RjkhLNR4ZgIpnZFZEBNkFok1rZhODOn7xIWudVt1at3V1U6tdFHCU4gmM4BRcuoQ630IAmEHiEZ3iFN+vJerHerY9Z6ZJV9BzAH1ifP4vil4w=</latexit>

σ ∼

k∗

am



we can predict the halo mass function

<latexit sha1_base64="YJx8Tq6bXUEx4SegrvywJzsAtg4=">AAAB+XicdVDLSsNAFJ3UR2vrI+rSzWARuoqJ0KoLoejGZQX7gDaEyXTSDp1J4sykUEL/wE9w40IRt/6JO3/DtQsnrYjPAxcO59zLvff4MaNS2faLkVtYXFrOF1aKpdW19Q1zc6slo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX90lvntMRGSRuGlmsTE5WgQ0oBipLTkmSbaR17aExySq+lJ1ap5Ztm2jjNUoWPZM/wm5Xrp9TRfun5reOZzrx/hhJNQYYak7Dp2rNwUCUUxI9NiL5EkRniEBqSraYg4kW46u3wK97TSh0EkdIUKztSvEyniUk64rzs5UkP508vEv7xuooIjN6VhnCgS4vmiIGFQRTCLAfapIFixiSYIC6pvhXiIBMJKh1XUIfz/+ydpHVhOzapd6DQqYI4C2AG7oAIccAjq4Bw0QBNgMAY34A7cG6lxazwYj/PWnPExsw2+wXh6B3nxldQ=</latexit>

a/aeq = 5.6

<latexit sha1_base64="nnztyEJQT6SI6tfcgPW1IQBavpw=">AAAB+nicdVDLSsNAFJ3UR2vrI9Wlm8EidBUTi7UuhKIblxXsA9oQJtNJO3TycGailNg/8BfcuFDErV/izt9w7cJJK+LzwIXDOfdy7z1uxKiQpvmiZebmFxazuaV8YXlldU0vrrdEGHNMmjhkIe+4SBBGA9KUVDLSiThBvstI2x0dp377gnBBw+BMjiNi+2gQUI9iJJXk6EW0g5ykx31IzieHlYpRc/SSaRyk2IOWYU7xm5TqhdejbOH6reHoz71+iGOfBBIzJETXMiNpJ4hLihmZ5HuxIBHCIzQgXUUD5BNhJ9PTJ3BbKX3ohVxVIOFU/TqRIF+Ise+qTh/JofjppeJfXjeWXs1OaBDFkgR4tsiLGZQhTHOAfcoJlmysCMKcqlshHiKOsFRp5VUI///+SVq7hlU1qqcqjTKYIQc2wRYoAwvsgzo4AQ3QBBhcghtwB+61K+1We9AeZ60Z7WNmA3yD9vQO8amWEQ==</latexit>

a/aeq = 33.8
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solitons — time scales, abundance …

<latexit sha1_base64="YJx8Tq6bXUEx4SegrvywJzsAtg4=">AAAB+XicdVDLSsNAFJ3UR2vrI+rSzWARuoqJ0KoLoejGZQX7gDaEyXTSDp1J4sykUEL/wE9w40IRt/6JO3/DtQsnrYjPAxcO59zLvff4MaNS2faLkVtYXFrOF1aKpdW19Q1zc6slo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX90lvntMRGSRuGlmsTE5WgQ0oBipLTkmSbaR17aExySq+lJ1ap5Ztm2jjNUoWPZM/wm5Xrp9TRfun5reOZzrx/hhJNQYYak7Dp2rNwUCUUxI9NiL5EkRniEBqSraYg4kW46u3wK97TSh0EkdIUKztSvEyniUk64rzs5UkP508vEv7xuooIjN6VhnCgS4vmiIGFQRTCLAfapIFixiSYIC6pvhXiIBMJKh1XUIfz/+ydpHVhOzapd6DQqYI4C2AG7oAIccAjq4Bw0QBNgMAY34A7cG6lxazwYj/PWnPExsw2+wXh6B3nxldQ=</latexit>

a/aeq = 5.6

* can be order unity fraction of mass in collapsed objects, at least at early times



summary

If dark matter density is dominated by sub-Hubble !eld modes

isocurvature enhancement 

+Jeans & free-streaming features 

(+ miniclusters, solitons etc.)

Non-detection —

Probe of formation mechanism

<latexit sha1_base64="E9Nu7L5/M/tR4V9b0tVxI/rx5EE=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAILrQk4nNXdOOygn1AE8tkOm2HziRhZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfcEMWdKO863lZubX1hcyi8XVlbX1jfsza2aihJJaJVEPJKNACvKWUirmmlOG7GkWASc1oP+9civP1CpWBTe6UFMfYG7IeswgrWRWvaO8Lra2AK5zn165F4OvUNPCkRrLbvolJwx0CxxM1KEDJWW/eW1I5IIGmrCsVJN14m1n2KpGeF0WPASRWNM+rhLm4aGWFDlp+MXhmjfKG3UiaSpUKOx+nsixUKpgQhMp8C6p6a9kfif10x058JPWRgnmoZksqiTcKQjNMoDtZmkRPOBIZhIZm5FpIclJtqkVjAhuNMvz5Lacck9K53enhTLV1kcediFPTgAF86hDDdQgSoQeIRneIU368l6sd6tj0lrzspmtuEPrM8fUPiWGg==</latexit>
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<latexit sha1_base64="TXLRYde0f8mTazySBs7ODW3hIDM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQPYRd8XUMevEYwTwgu4TZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho7up336iSrNYPppxQgOBB5JFjGBjJX/UO/M5R7hqTkWvXHFr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1EQ3QcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnNu6pdPlxU6rd5HEU4gmOoggfXUId7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+ALf6kNc=</latexit>

k∗ '
<latexit sha1_base64="BuXfDgkn7y4vSFEcWR3eHApRFzg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bseimyyr2Au1QMmmmDU0yQ5IRytA3cONCEbd9GPduxLcxvSy0+kPg4//PIeecMOFMG8/7cnJLyyura/l1d2Nza3unsLtX13GqCK2RmMeqGWJNOZO0ZpjhtJkoikXIaSMc3EzyxgNVmsXy3gwTGgjckyxiBBtr3eFKp1D0St5U6C/4cyhevbuXyfjTrXYKH+1uTFJBpSEca93yvcQEGVaGEU5HbjvVNMFkgHu0ZVFiQXWQTScdoSPrdFEUK/ukQVP3Z0eGhdZDEdpKgU1fL2YT87+slZroIsiYTFJDJZl9FKUcmRhN1kZdpigxfGgBE8XsrIj0scLE2OO49gj+4sp/oX5S8s9Kp7desXwNM+XhAA7hGHw4hzJUoAo1IBDBIzzDizNwnpxX521WmnPmPfvwS874G7iYkH4=</latexit>

aH
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generality — warmth + shot noise

101 102 103

10-8

10-6

10-4

10-2

100

k [Mpc-1]

k
3

2
Ã2P

·(y,
k
)

y

Ã·

k∗

Ã·

Ã·
³ ÷

· ·

÷

³ ÷

· ·

÷

ï

ï
ï

ï

ï

ï ï

ï

ï

ï
ï

ï

ï ï ï

ï

ï
ï

ï ï ï ï
ï

ï ï
ï ï

ï ï

ï

ï ï
ï

ï ï
ï ï ï

ï ï

/

Ã·
Ã· y=a/aeq

100.

32.

10.

3.

1.

- also works for PBHs, solitons, miniclusters etc

- fractional amounts  

- on-grav. interactions 

For mixed cases, see: Verdiani, Castorina, Salvioni (2025), Celik & Schmidt (2025)

PBH bounds from Lya= Ivanov & Trifonopolis (2025)



soliton formation

with Ling (2024) 
with Jain, Thomas, Wanichwecharungruang 
(2023)

with Mocz (2018)



soliton formation

with Ling (2024) 
with Jain, Thomas, Wanichwecharungruang 
(2023)
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