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Primordial Perturbations

Peizhi Du (USTC)

Cosmic Microwave Background Large Scale Structure

Our universe is mostly homogeneous and isotropic, but with small perturbations on large scales.

Primoridal density perturbation O(10-5)

•  

•  
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Primordial Perturbations

Peizhi Du (USTC)

Cosmic Microwave Background Large Scale Structure

We are all coming from these small primordial perturbations!

Our universe is mostly homogeneous and isotropic, but with small perturbations on large scales.

Primoridal density perturbation O(10-5)

•  

•  

Galaxies

Stars Planets
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Origin of Primordial Perturbations

Peizhi Du (USTC)

Inflation:

<latexit sha1_base64="OGJqpSpY4MzB53+obkk0bvR7+JM=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoxmUF+4B2KJk004ZmMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnr5cFGu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+HII8O</latexit>

V (ω)

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

ω

<latexit sha1_base64="SdzKmt4+F+2uYq+wo5khwUiW3GA=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAh1UxLxtSy6cVnBPiAJZTKdtEMnM2HmRiihn+HGhSJu/Rp3/o3TNgttPXDhcM693HtPlApuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirTlLWoEkp3I2KY4JK1gINg3VQzkkSCdaLR3dTvPDFtuJKPME5ZmJCB5DGnBKzkBxHRQTrkNTjrVapu3Z0BLxOvIFVUoNmrfAV9RbOESaCCGON7bgphTjRwKtikHGSGpYSOyID5lkqSMBPms5Mn+NQqfRwrbUsCnqm/J3KSGDNOItuZEBiaRW8q/uf5GcQ3Yc5lmgGTdL4ozgQGhaf/4z7XjIIYW0Ko5vZWTIdEEwo2pbINwVt8eZm0z+veVf3y4aLauC3iKKFjdIJqyEPXqIHuURO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gC2t5Dl</latexit>

ω̄(t)

slow roll inflation

Inflation Reheating

•  



         sets initial conditions for metric and density perturbations (                  )
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Origin of Primordial Perturbations

Peizhi Du (USTC)

Inflation: quatum fluctuations of the inflaton generates primordial perturbations 

<latexit sha1_base64="OGJqpSpY4MzB53+obkk0bvR7+JM=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoxmUF+4B2KJk004ZmMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnr5cFGu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+HII8O</latexit>

V (ω)

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

ω

<latexit sha1_base64="SdzKmt4+F+2uYq+wo5khwUiW3GA=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAh1UxLxtSy6cVnBPiAJZTKdtEMnM2HmRiihn+HGhSJu/Rp3/o3TNgttPXDhcM693HtPlApuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirTlLWoEkp3I2KY4JK1gINg3VQzkkSCdaLR3dTvPDFtuJKPME5ZmJCB5DGnBKzkBxHRQTrkNTjrVapu3Z0BLxOvIFVUoNmrfAV9RbOESaCCGON7bgphTjRwKtikHGSGpYSOyID5lkqSMBPms5Mn+NQqfRwrbUsCnqm/J3KSGDNOItuZEBiaRW8q/uf5GcQ3Yc5lmgGTdL4ozgQGhaf/4z7XjIIYW0Ko5vZWTIdEEwo2pbINwVt8eZm0z+veVf3y4aLauC3iKKFjdIJqyEPXqIHuURO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gC2t5Dl</latexit>

ω̄(t)

<latexit sha1_base64="W9NJcdoYsnxibjY2+0NNnjZMqb4=">AAAB/3icdVBLSwMxGMzWV62vquDFS7AI9bJkF1vbW9GLxwr2Ad2lZNNsG5p9kGTFsvbgX/HiQRGv/g1v/huzbQUVHQgZZr6PTMaLOZMKoQ8jt7S8srqWXy9sbG5t7xR399oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0440vMr9zQ4VkUXitJjF1AzwMmc8IVlrqFw+cAeUKO/GIlZ0Aq5Hnp7fTk36xhExk1yqoDpFp68uuaFJBVr1ah5aJZiiBBZr94rsziEgS0FARjqXsWShWboqFYoTTacFJJI0xGeMh7Wka4oBKN53ln8JjrQygHwl9QgVn6veNFAdSTgJPT2YR5W8vE//yeonya27KwjhRNCTzh/yEQxXBrAw4YIISxSeaYCKYzgrJCAtMlK6soEv4+in8n7Rt06qalavTUuN8UUceHIIjUAYWOAMNcAmaoAUIuAMP4Ak8G/fGo/FivM5Hc8ZiZx/8gPH2CXvolnA=</latexit>

ωε(x)

slow roll inflation

<latexit sha1_base64="tNh4JYPxZA5tn3ose5xx+bOmn/o=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZREfC2LblxWsA9oQplMJu3QyYOZG7HELvwVNy4UcetvuPNvnLRZaOuBgcM593LPHC8RXIFlfRsLi0vLK6ultfL6xubWtrmz21JxKilr0ljEsuMRxQSPWBM4CNZJJCOhJ1jbG17nfvueScXj6A5GCXND0o94wCkBLfXMfcdnAoiTDHjVCQkMvCB7GB/3zIpVsybA88QuSAUVaPTML8ePaRqyCKggSnVtKwE3IxI4FWxcdlLFEkKHpM+6mkYkZMrNJvnH+EgrPg5iqV8EeKL+3shIqNQo9PRkHlHNern4n9dNIbh0Mx4lKbCITg8FqcAQ47wM7HPJKIiRJoRKrrNiOiCSUNCVlXUJ9uyX50nrpGaf185uTyv1q6KOEjpAh6iKbHSB6ugGNVATUfSIntErejOejBfj3fiYji4Yxc4e+gPj8wcM3pYj</latexit>

ωε(x)
<latexit sha1_base64="z1awp+i+dsmbFdQfI9DVTGRjW5w=">AAAB+HicbVDLTsMwEHTKq5RHAxy5WFRInEqCeB0ruHAsEn1ITVQ5zra16sSR7SCVqF/ChQMIceVTuPE3OG0O0DLSrkYzu/J6goQzpR3n2yqtrK6tb5Q3K1vbO7tVe2+/rUQqKbSo4EJ2A6KAsxhammkO3UQCiQIOnWB8m/udR5CKifhBTxLwIzKM2YBRoo3Ut6teCFwTT47Ead76ds2pOzPgZeIWpIYKNPv2lxcKmkYQa8qJUj3XSbSfEakZ5TCteKmChNAxGULP0JhEoPxsdvgUHxslxAMhTcUaz9TfGxmJlJpEgZmMiB6pRS8X//N6qR5c+xmLk1RDTOcPDVKOtcB5CjhkEqjmE0MIlczciumISEK1yapiQnAXv7xM2md197J+cX9ea9wUcZTRITpCJ8hFV6iB7lATtRBFKXpGr+jNerJerHfrYz5asoqdA/QH1ucPwD+TKg==</latexit>

ωε/ε

Inflation Reheating

•  

•  <latexit sha1_base64="/q1Co6PNH3hwZRKVGFWYgbWEmPM=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgopREfC2LblxGsA9sQplMJ+3QySTMTIQS+hduXCji1r9x5984bbPQ1gMXDufcy733hClnSjvOt1VaWV1b3yhvVra2d3b37P2DlkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD0e3Ubz9RqVgiHvQ4pUGMB4JFjGBtpEffU6zme0NW69lVp+7MgJaJW5AqFPB69pffT0gWU6EJx0p1XSfVQY6lZoTTScXPFE0xGeEB7RoqcExVkM8unqATo/RRlEhTQqOZ+nsix7FS4zg0nTHWQ7XoTcX/vG6mo+sgZyLNNBVkvijKONIJmr6P+kxSovnYEEwkM7ciMsQSE21CqpgQ3MWXl0nrrO5e1i/uz6uNmyKOMhzBMZyCC1fQgDvwoAkEBDzDK7xZynqx3q2PeWvJKmYO4Q+szx+o/5BF</latexit>

!,”,



         sets initial conditions for metric and density perturbations (                  )
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Origin of Primordial Perturbations

Peizhi Du (USTC)

Inflation: quatum fluctuations of the inflaton generates primordial perturbations 

<latexit sha1_base64="OGJqpSpY4MzB53+obkk0bvR7+JM=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoxmUF+4B2KJk004ZmMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnr5cFGu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+HII8O</latexit>

V (ω)

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

ω

<latexit sha1_base64="SdzKmt4+F+2uYq+wo5khwUiW3GA=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAh1UxLxtSy6cVnBPiAJZTKdtEMnM2HmRiihn+HGhSJu/Rp3/o3TNgttPXDhcM693HtPlApuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirTlLWoEkp3I2KY4JK1gINg3VQzkkSCdaLR3dTvPDFtuJKPME5ZmJCB5DGnBKzkBxHRQTrkNTjrVapu3Z0BLxOvIFVUoNmrfAV9RbOESaCCGON7bgphTjRwKtikHGSGpYSOyID5lkqSMBPms5Mn+NQqfRwrbUsCnqm/J3KSGDNOItuZEBiaRW8q/uf5GcQ3Yc5lmgGTdL4ozgQGhaf/4z7XjIIYW0Ko5vZWTIdEEwo2pbINwVt8eZm0z+veVf3y4aLauC3iKKFjdIJqyEPXqIHuURO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gC2t5Dl</latexit>

ω̄(t)

<latexit sha1_base64="W9NJcdoYsnxibjY2+0NNnjZMqb4=">AAAB/3icdVBLSwMxGMzWV62vquDFS7AI9bJkF1vbW9GLxwr2Ad2lZNNsG5p9kGTFsvbgX/HiQRGv/g1v/huzbQUVHQgZZr6PTMaLOZMKoQ8jt7S8srqWXy9sbG5t7xR399oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0440vMr9zQ4VkUXitJjF1AzwMmc8IVlrqFw+cAeUKO/GIlZ0Aq5Hnp7fTk36xhExk1yqoDpFp68uuaFJBVr1ah5aJZiiBBZr94rsziEgS0FARjqXsWShWboqFYoTTacFJJI0xGeMh7Wka4oBKN53ln8JjrQygHwl9QgVn6veNFAdSTgJPT2YR5W8vE//yeonya27KwjhRNCTzh/yEQxXBrAw4YIISxSeaYCKYzgrJCAtMlK6soEv4+in8n7Rt06qalavTUuN8UUceHIIjUAYWOAMNcAmaoAUIuAMP4Ak8G/fGo/FivM5Hc8ZiZx/8gPH2CXvolnA=</latexit>

ωε(x)

slow roll inflation
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ωε(x)
<latexit sha1_base64="z1awp+i+dsmbFdQfI9DVTGRjW5w=">AAAB+HicbVDLTsMwEHTKq5RHAxy5WFRInEqCeB0ruHAsEn1ITVQ5zra16sSR7SCVqF/ChQMIceVTuPE3OG0O0DLSrkYzu/J6goQzpR3n2yqtrK6tb5Q3K1vbO7tVe2+/rUQqKbSo4EJ2A6KAsxhammkO3UQCiQIOnWB8m/udR5CKifhBTxLwIzKM2YBRoo3Ut6teCFwTT47Ead76ds2pOzPgZeIWpIYKNPv2lxcKmkYQa8qJUj3XSbSfEakZ5TCteKmChNAxGULP0JhEoPxsdvgUHxslxAMhTcUaz9TfGxmJlJpEgZmMiB6pRS8X//N6qR5c+xmLk1RDTOcPDVKOtcB5CjhkEqjmE0MIlczciumISEK1yapiQnAXv7xM2md197J+cX9ea9wUcZTRITpCJ8hFV6iB7lATtRBFKXpGr+jNerJerHfrYz5asoqdA/QH1ucPwD+TKg==</latexit>

ωε/ε

Inflation Reheating

•  

•  <latexit sha1_base64="/q1Co6PNH3hwZRKVGFWYgbWEmPM=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgopREfC2LblxGsA9sQplMJ+3QySTMTIQS+hduXCji1r9x5984bbPQ1gMXDufcy733hClnSjvOt1VaWV1b3yhvVra2d3b37P2DlkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD0e3Ubz9RqVgiHvQ4pUGMB4JFjGBtpEffU6zme0NW69lVp+7MgJaJW5AqFPB69pffT0gWU6EJx0p1XSfVQY6lZoTTScXPFE0xGeEB7RoqcExVkM8unqATo/RRlEhTQqOZ+nsix7FS4zg0nTHWQ7XoTcX/vG6mo+sgZyLNNBVkvijKONIJmr6P+kxSovnYEEwkM7ciMsQSE21CqpgQ3MWXl0nrrO5e1i/uz6uNmyKOMhzBMZyCC1fQgDvwoAkEBDzDK7xZynqx3q2PeWvJKmYO4Q+szx+o/5BF</latexit>

!,”,

Quatum fluctuations can be observed on cosmological scales!
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More Options for Primordial Perturbations

Peizhi Du (USTC)

Models/Dynamics

Single field inflation

Initial conditions for metric and density perturbations

Adiabatic 

(Single source of perturbations)
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More Options for Primordial Perturbations

Peizhi Du (USTC)

Models/Dynamics

Current data suggest adiabatic initial conditions, leaving constraints on isocurvature

Single field inflation

Initial conditions for metric and density perturbations

Adiabatic 

Multi-field inflation

Axion/curvaton

Phase transitions
……

Adiabatic + Isocurvature 

(Single source of perturbations)

(Multiple sources of perturbations)
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Classification of Primordial Perturbations

Curvature perturbation

Peizhi Du (USTC)

<latexit sha1_base64="cMckV3OG+bDcDYUzoxSJ7J+bVeY=">AAACFHicbZA9SwNBEIb3/IzxK2ppsxhEQYx34lcjiDaWEYwKuRDmNhOzZO+D3TkhhvwIG/+KjYUithZ2/hv3khQafWHh4Z0ZduYNEiUNue6XMzY+MTk1nZvJz87NLywWlpavTJxqgRURq1jfBGBQyQgrJEnhTaIRwkDhddA+y+rXd6iNjKNL6iRYC+E2kk0pgKxVL2z590hwvO2Xjdz2Q6CWAMXPud9AReDrVrzjB6Az2KgXim7J7Yv/BW8IRTZUuV749BuxSEOMSCgwpuq5CdW6oEkKhb28nxpMQLThFqsWIwjR1Lr9o3p83ToN3oy1fRHxvvtzoguhMZ0wsJ3Z2ma0lpn/1aopNY9qXRklKWEkBh81U8Up5llCvCE1ClIdCyC0tLty0QINgmyOeRuCN3ryX7jaLXkHpf2LveLJ6TCOHFtla2yTeeyQnbBzVmYVJtgDe2Iv7NV5dJ6dN+d90DrmDGdW2C85H9+ND53n</latexit>

ω = →!→Hεϑ/ϑ̄→

Isocurvature perturbation

<latexit sha1_base64="CVQ4KuPKtl7tfOUWzGxSOWpZj5M="></latexit>

ds2 = a2(ω)
[
→(1 + 2!)dω2 + (1→ 2”)εijdx

idxj
]

<latexit sha1_base64="ww6+wRwm0BhuF4uIX+tXmT1FK3E="></latexit>

Sωε = 3(ωω → ωε) =
εω

1 + wω
→ εε

1 + wε

Perturbed FRW metric:•  
Gauge-invariant perturbations
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Classification of Primordial Perturbations

Curvature perturbation

Peizhi Du (USTC)

<latexit sha1_base64="cMckV3OG+bDcDYUzoxSJ7J+bVeY=">AAACFHicbZA9SwNBEIb3/IzxK2ppsxhEQYx34lcjiDaWEYwKuRDmNhOzZO+D3TkhhvwIG/+KjYUithZ2/hv3khQafWHh4Z0ZduYNEiUNue6XMzY+MTk1nZvJz87NLywWlpavTJxqgRURq1jfBGBQyQgrJEnhTaIRwkDhddA+y+rXd6iNjKNL6iRYC+E2kk0pgKxVL2z590hwvO2Xjdz2Q6CWAMXPud9AReDrVrzjB6Az2KgXim7J7Yv/BW8IRTZUuV749BuxSEOMSCgwpuq5CdW6oEkKhb28nxpMQLThFqsWIwjR1Lr9o3p83ToN3oy1fRHxvvtzoguhMZ0wsJ3Z2ma0lpn/1aopNY9qXRklKWEkBh81U8Up5llCvCE1ClIdCyC0tLty0QINgmyOeRuCN3ryX7jaLXkHpf2LveLJ6TCOHFtla2yTeeyQnbBzVmYVJtgDe2Iv7NV5dJ6dN+d90DrmDGdW2C85H9+ND53n</latexit>

ω = →!→Hεϑ/ϑ̄→

Isocurvature perturbation

<latexit sha1_base64="CVQ4KuPKtl7tfOUWzGxSOWpZj5M="></latexit>

ds2 = a2(ω)
[
→(1 + 2!)dω2 + (1→ 2”)εijdx

idxj
]

<latexit sha1_base64="ww6+wRwm0BhuF4uIX+tXmT1FK3E="></latexit>

Sωε = 3(ωω → ωε) =
εω

1 + wω
→ εε

1 + wε

Perturbed FRW metric:•  
Gauge-invariant perturbations

Primordial perturbations determine initial conditions for                             …    

Adiabatic initial conditions

<latexit sha1_base64="WaL0tWjltrkuxlqV+KuqJEpv8BI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U395hMqzSP5YMYx+iEdSN7njBor1W66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuU2iyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5ANjMs=</latexit>=

<latexit sha1_base64="riyXjrgnmBx6HQGaocaXTjnLdgg=">AAACEXicbVA9SwNBEN3z2/h1ammzGAQLCXfiVyMEbSwjGiPkQpjbTMzi3t65uyfE4/wJNv4VGwtFbO3s/DduPgqNPhh4vDfDzLwwEVwbz/tyxsYnJqemZ2YLc/MLi0vu8sqFjlPFsMpiEavLEDQKLrFquBF4mSiEKBRYC6+Pe37tFpXmsTw33QQbEVxJ3uYMjJWa7mZwhwYCiTfe/dZ9FjAQ9CxvZgGIpANBaM2c0kPqNd2iV/L6oH+JPyRFMkSl6X4GrZilEUrDBGhd973ENDJQhjOBeSFINSbAruEK65ZKiFA3sv5HOd2wSou2Y2VLGtpXf05kEGndjULbGYHp6FGvJ/7n1VPTPmhkXCapQckGi9qpoCamvXhoiytkRnQtAaa4vZWyDihgxoZYsCH4oy//JRfbJX+vtHu6UywfDeOYIWtknWwSn+yTMjkhFVIljDyQJ/JCXp1H59l5c94HrWPOcGaV/ILz8Q12oZzC</latexit>

ω →= 0 , Sωε = 0

CDM Iso initial conditions

<latexit sha1_base64="WxRC5H9J/NGzm7Fn2SzeVE0B7dU=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYnnWTIzOw6MyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrjDnTxvO+ncLK6tr6RnGztLW9s7tX3j9o6ihRFBs04pFqh0QjZxIbhhmO7VghESHHVji+zfzWEyrNIvlgJjEGggwlGzBKTCZ1JT72yhWv6s3gLhM/JxXIUe+Vv7r9iCYCpaGcaN3xvdgEKVGGUY7TUjfRGBM6JkPsWCqJQB2ks1un7olV+u4gUrakcWfq74mUCK0nIrSdgpiRXvQy8T+vk5jBdZAyGScGJZ0vGiTcNZGbPe72mUJq+MQSQhWzt7p0RBShxsZTsiH4iy8vk+ZZ1b+sXtyfV2o3eRxFOIJjOAUfrqAGd1CHBlAYwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AEbTY5M</latexit>

→=

DR Iso initial conditions

<latexit sha1_base64="WxRC5H9J/NGzm7Fn2SzeVE0B7dU=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYnnWTIzOw6MyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrjDnTxvO+ncLK6tr6RnGztLW9s7tX3j9o6ihRFBs04pFqh0QjZxIbhhmO7VghESHHVji+zfzWEyrNIvlgJjEGggwlGzBKTCZ1JT72yhWv6s3gLhM/JxXIUe+Vv7r9iCYCpaGcaN3xvdgEKVGGUY7TUjfRGBM6JkPsWCqJQB2ks1un7olV+u4gUrakcWfq74mUCK0nIrSdgpiRXvQy8T+vk5jBdZAyGScGJZ0vGiTcNZGbPe72mUJq+MQSQhWzt7p0RBShxsZTsiH4iy8vk+ZZ1b+sXtyfV2o3eRxFOIJjOAUfrqAGd1CHBlAYwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AEbTY5M</latexit>

→=<latexit sha1_base64="WaL0tWjltrkuxlqV+KuqJEpv8BI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U395hMqzSP5YMYx+iEdSN7njBor1W66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuU2iyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5ANjMs=</latexit>=
<latexit sha1_base64="kSE7Dbonb5phbAqjAU3zfKD/oeA=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyFpamN3RTcuK9gHNKVMJpN26OTBzEQoIeCvuHGhiFu/w51/46StoKIHLhzOuZd77/ESRoU0zQ+ttLK6tr5R3qxsbe/s7un7B10RpxyTDo5ZzPseEoTRiHQklYz0E05Q6DHS86ZXhd+7I1zQOLqVs4QMQzSOaEAxkkoa6UduwBHO6nlm565PmESjDOcjvWoaTq1p121oGmaj6VhWQWynUbOgZZhzVMES7ZH+7voxTkMSScyQEAPLTOQwQ1xSzEhecVNBEoSnaEwGikYoJGKYzc/P4alSfBjEXFUk4Vz9PpGhUIhZ6KnOEMmJ+O0V4l/eIJXBxTCjUZJKEuHFoiBlUMawyAL6lBMs2UwRhDlVt0I8QSoPqRKrqBC+PoX/k27NsBrG+U292rpcxlEGx+AEnAELOKAFrkEbdAAGGXgAT+BZu9cetRftddFa0pYzh+AHtLdPEjqWPQ==</latexit>

4

3
ωc

•  <latexit sha1_base64="/q1Co6PNH3hwZRKVGFWYgbWEmPM=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgopREfC2LblxGsA9sQplMJ+3QySTMTIQS+hduXCji1r9x5984bbPQ1gMXDufcy733hClnSjvOt1VaWV1b3yhvVra2d3b37P2DlkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD0e3Ubz9RqVgiHvQ4pUGMB4JFjGBtpEffU6zme0NW69lVp+7MgJaJW5AqFPB69pffT0gWU6EJx0p1XSfVQY6lZoTTScXPFE0xGeEB7RoqcExVkM8unqATo/RRlEhTQqOZ+nsix7FS4zg0nTHWQ7XoTcX/vG6mo+sgZyLNNBVkvijKONIJmr6P+kxSovnYEEwkM7ciMsQSE21CqpgQ3MWXl0nrrO5e1i/uz6uNmyKOMhzBMZyCC1fQgDvwoAkEBDzDK7xZynqx3q2PeWvJKmYO4Q+szx+o/5BF</latexit>

!,”,

<latexit sha1_base64="+v+MhDgN7w/JgdASpLGrLU5NYE0=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoPgadlNYtbcgl48RjAPyC6hdzJJhszsrjOzgRDyHV48KOLVj/Hm3zh5CCpa0FBUddPdFSacKe04H1ZmbX1jcyu7ndvZ3ds/yB8eNVWcSkIbJOaxbIegKGcRbWimOW0nkoIIOW2Fo+u53xpTqVgc3elJQgMBg4j1GQFtpMDvUa6h6w9ACOjmC47tFaulcgk7tlOpeq47JyWvUnSxazsLFNAK9W7+3e/FJBU00oSDUh3XSXQwBakZ4XSW81NFEyAjGNCOoREIqoLp4ugZPjNKD/djaSrSeKF+n5iCUGoiQtMpQA/Vb28u/uV1Ut2/DKYsSlJNI7Jc1E851jGeJ4B7TFKi+cQQIJKZWzEZggSiTU45E8LXp/h/0izabsW+uC0XalerOLLoBJ2ic+QiD9XQDaqjBiLoHj2gJ/Rsja1H68V6XbZmrNXMMfoB6+0TP8KScQ==</latexit>

ωω

<latexit sha1_base64="NGEQKxmGbSmcpnUPUSfHdhR861w=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKkzaVNtd0Y3LCvYBbQiT6aQdOnkwMxFCqL/ixoUibv0Qd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5uFRV8apILRDYh6Lvo8l5SyiHcUUp/1EUBz6nPb86dXc791RIVkc3aosoW6IxxELGMFKS55ZHgYCk9yZ5bXZcES5wh7xzAqymk3kOA2IrDqqVp26JqhWbTRsaFtogQpYoe2Z78NRTNKQRopwLOXARolycywUI5zOSsNU0gSTKR7TgaYRDql088XxM3iqlREMYqErUnChfp/IcShlFvq6M8RqIn97c/Evb5CqoOHmLEpSRSOyXBSkHKoYzpOAIyYoUTzTBBPB9K2QTLBOQ+m8SjqEr0/h/6Rbtexzq37jVFqXqziK4BicgDNggwvQAtegDTqAgAw8gCfwbNwbj8aL8bpsLRirmTL4AePtE0TDlTQ=</latexit>

4

3
ωc

<latexit sha1_base64="+v+MhDgN7w/JgdASpLGrLU5NYE0=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoPgadlNYtbcgl48RjAPyC6hdzJJhszsrjOzgRDyHV48KOLVj/Hm3zh5CCpa0FBUddPdFSacKe04H1ZmbX1jcyu7ndvZ3ds/yB8eNVWcSkIbJOaxbIegKGcRbWimOW0nkoIIOW2Fo+u53xpTqVgc3elJQgMBg4j1GQFtpMDvUa6h6w9ACOjmC47tFaulcgk7tlOpeq47JyWvUnSxazsLFNAK9W7+3e/FJBU00oSDUh3XSXQwBakZ4XSW81NFEyAjGNCOoREIqoLp4ugZPjNKD/djaSrSeKF+n5iCUGoiQtMpQA/Vb28u/uV1Ut2/DKYsSlJNI7Jc1E851jGeJ4B7TFKi+cQQIJKZWzEZggSiTU45E8LXp/h/0izabsW+uC0XalerOLLoBJ2ic+QiD9XQDaqjBiLoHj2gJ/Rsja1H68V6XbZmrNXMMfoB6+0TP8KScQ==</latexit>

ωω

<latexit sha1_base64="NGEQKxmGbSmcpnUPUSfHdhR861w=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKkzaVNtd0Y3LCvYBbQiT6aQdOnkwMxFCqL/ixoUibv0Qd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5uFRV8apILRDYh6Lvo8l5SyiHcUUp/1EUBz6nPb86dXc791RIVkc3aosoW6IxxELGMFKS55ZHgYCk9yZ5bXZcES5wh7xzAqymk3kOA2IrDqqVp26JqhWbTRsaFtogQpYoe2Z78NRTNKQRopwLOXARolycywUI5zOSsNU0gSTKR7TgaYRDql088XxM3iqlREMYqErUnChfp/IcShlFvq6M8RqIn97c/Evb5CqoOHmLEpSRSOyXBSkHKoYzpOAIyYoUTzTBBPB9K2QTLBOQ+m8SjqEr0/h/6Rbtexzq37jVFqXqziK4BicgDNggwvQAtegDTqAgAw8gCfwbNwbj8aL8bpsLRirmTL4AePtE0TDlTQ=</latexit>

4

3
ωc

<latexit sha1_base64="+v+MhDgN7w/JgdASpLGrLU5NYE0=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoPgadlNYtbcgl48RjAPyC6hdzJJhszsrjOzgRDyHV48KOLVj/Hm3zh5CCpa0FBUddPdFSacKe04H1ZmbX1jcyu7ndvZ3ds/yB8eNVWcSkIbJOaxbIegKGcRbWimOW0nkoIIOW2Fo+u53xpTqVgc3elJQgMBg4j1GQFtpMDvUa6h6w9ACOjmC47tFaulcgk7tlOpeq47JyWvUnSxazsLFNAK9W7+3e/FJBU00oSDUh3XSXQwBakZ4XSW81NFEyAjGNCOoREIqoLp4ugZPjNKD/djaSrSeKF+n5iCUGoiQtMpQA/Vb28u/uV1Ut2/DKYsSlJNI7Jc1E851jGeJ4B7TFKi+cQQIJKZWzEZggSiTU45E8LXp/h/0izabsW+uC0XalerOLLoBJ2ic+QiD9XQDaqjBiLoHj2gJ/Rsja1H68V6XbZmrNXMMfoB6+0TP8KScQ==</latexit>

ωω
<latexit sha1_base64="/+6++8JGb2QGaFT5ABUWxLlpMPk=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFSYx1XRXdOOygn1AU8pkMmmHTh7MTIQa+iVuXCji1k9x5984fQgqeuDC4Zx7ufeeIONMKoQ+jJXVtfWNzdJWeXtnd69i7h+0ZZoLQlsk5anoBlhSzhLaUkxx2s0ExXHAaScYX838zh0VkqXJrZpktB/jYcIiRrDS0sCs+CHlCg8KX8QwFNOBWUVWvY5c14PIqiHHcWuaoDPH82xoW2iOKliiOTDf/TAleUwTRTiWsmejTPULLBQjnE7Lfi5phskYD2lP0wTHVPaL+eFTeKKVEEap0JUoOFe/TxQ4lnISB7ozxmokf3sz8S+vl6vI6xcsyXJFE7JYFOUcqhTOUoAhE5QoPtEEE8H0rZCMsMBE6azKOoSvT+H/pO1Y9rlVu3GrjctlHCVwBI7BKbDBBWiAa9AELUBADh7AE3g27o1H48V4XbSuGMuZQ/ADxtsnQtSTgw==</latexit>

ωdr

<latexit sha1_base64="ieHz5IGUEMhowgfTSPI4n1940QY=">AAACEnicbVA9SwNBEN3z2/gVtbRZDIKChDvxqxGCNpaKRoVcCHObSbK4u3fu7gnxSP6CjX/FxkIRWys7/42bmEKjDwYe780wMy9KBDfW9z+9kdGx8YnJqenczOzc/EJ+cenCxKlmWGaxiPVVBAYFV1i23Aq8SjSCjAReRtdHPf/yFrXhsTq37QSrEpqKNzgD66RafiO8QwsHfnezG0qwLQaCntWyUEta12ETpIROqPCG+rV8wS/6fdC/JBiQAhngpJb/COsxSyUqywQYUwn8xFYz0JYzgZ1cmBpMgF1DEyuOKpBoqln/pQ5dc0qdNmLtSlnaV39OZCCNacvIdfbONsNeT/zPq6S2sV/NuEpSi4p9L2qkgtqY9vKhda6RWdF2BJjm7lbKWqCBWZdizoUQDL/8l1xsFYPd4s7pdqF0OIhjiqyQVbJOArJHSuSYnJAyYeSePJJn8uI9eE/eq/f23TriDWaWyS9471+gO510</latexit>

ω = 0 , Sdrω →= 0<latexit sha1_base64="OdYC1AZmu7p+mAEIGi47wd5AtgQ=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFhDvxqxGCNpaKRoVcCHObSbK4u3fu7gnxSH6AjX/FxkIRW3s7/42bmEKjDwYe780wMy9KBDfW9z+9kdGx8YnJqenczOzc/EJ+cenCxKlmWGaxiPVVBAYFV1i23Aq8SjSCjAReRtdHPf/yFrXhsTq37QSrEpqKNzgD66Rafi28QwsHfnezG0qwLQaCntUyFjZBSuiECm+oX8sX/KLfB/1LggEpkAFOavmPsB6zVKKyTIAxlcBPbDUDbTkT2MmFqcEE2DU0seKoAommmvW/6dB1p9RpI9aulKV99edEBtKYtoxcZ+9iM+z1xP+8Smob+9WMqyS1qNj3okYqqI1pLxpa5xqZFW1HgGnubqWsBRqYdQHmXAjB8Mt/ycVWMdgt7pxuF0qHgzimyApZJRskIHukRI7JCSkTRu7JI3kmL96D9+S9em/frSPeYGaZ/IL3/gXjiZt0</latexit>

ω = 0 , Scω →= 0

<latexit sha1_base64="Uevkv/MVxq5EBzPeqWfKoiwrt24=">AAACHXicbZC7TgJBFIZn8YZ4W7W02UhMrHDX4KUk2lhiIpeE3WzODgeYMHtxZpaEEF7ExlexsdAYCxvj2zjAFgj+yST/fOeczJw/SDiTyrZ/jNzK6tr6Rn6zsLW9s7tn7h/UZZwKijUa81g0A5DIWYQ1xRTHZiIQwoBjI+jfTuqNAQrJ4uhBDRP0QuhGrMMoKI18s+y2kSvwXeBJD1x8TNlghlzRizN85gYg5u6+WbRL9lTWsnEyUySZqr755bZjmoYYKcpBypZjJ8obgVCMchwX3FRiArQPXWxpG0GI0htNtxtbJ5q0rU4s9ImUNaXzEyMIpRyGge4MQfXkYm0C/6u1UtW59kYsSlKFEZ091Em5pWJrEpXVZgKp4kNtgAqm/2rRHgigSgda0CE4iysvm/p5ybksXdyXi5WbLI48OSLH5JQ45IpUyB2pkhqh5Im8kDfybjwbr8aH8TlrzRnZzCH5I+P7F2aio1w=</latexit>

ωω → ωεω/ε̄ω
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Examples for Isocruvature Perturbations

Peizhi Du (USTC)

<latexit sha1_base64="B1zLsoDJrRpPcUf/tPum5VEviyk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0nEr2PRi8cK1haSUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelAluwHW/ncrK6tr6RnWztrW9s7tX3z94NCrXlHWoEkr3ImKY4JJ1gINgvUwzkkaCdaPR7dTvPjFtuJIPMM5YmJKB5AmnBKzkBzETQHCQDXm/3nCb7gx4mXglaaAS7X79K4gVzVMmgQpijO+5GYQF0cCpYJNakBuWEToiA+ZbKknKTFjMTp7gE6vEOFHalgQ8U39PFCQ1ZpxGtjMlMDSL3lT8z/NzSK7DgsssBybpfFGSCwwKT//HMdeMghhbQqjm9lZMh0QTCjalmg3BW3x5mTyeNb3L5sX9eaN1U8ZRRUfoGJ0iD12hFrpDbdRBFCn0jF7RmwPOi/PufMxbK045c4j+wPn8Af8BkRU=</latexit>

ωε
<latexit sha1_base64="9ocKmONdm6Kc4HUT/jyQwfidCwk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0nEr2PRi8cK1haSUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelAluwHW/ncrK6tr6RnWztrW9s7tX3z94NCrXlHWoEkr3ImKY4JJ1gINgvUwzkkaCdaPR7dTvPjFtuJIPMM5YmJKB5AmnBKzkBzETQHBAh7xfb7hNdwa8TLySNFCJdr/+FcSK5imTQAUxxvfcDMKCaOBUsEktyA3LCB2RAfMtlSRlJixmJ0/wiVVinChtSwKeqb8nCpIaM04j25kSGJpFbyr+5/k5JNdhwWWWA5N0vijJBQaFp//jmGtGQYwtIVRzeyumQ6IJBZtSzYbgLb68TB7Pmt5l8+L+vNG6KeOooiN0jE6Rh65QC92hNuogihR6Rq/ozQHnxXl3PuatFaecOUR/4Hz+AOszkQg=</latexit>

ωε
Inflaton Curvaton

Inflation

Reheating

Curvaton decay

<latexit sha1_base64="gmQwHpnzDXGdnFk0/QsFsSyLD4M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4Kon4WhbduBEq2gc0oUymN+3QmUmYmYg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3njBhVGnX/bbm5hcWl5YLK8XVtfWNTXtru67iVBKokZjFshliBYwKqGmqGTQTCZiHDBph/3LkN+5BKhqLOz1IIOC4K2hECdZGatu7ftKjjq9jU/CgJc9ur4dtu+SW3TGcWeLlpIRyVNv2l9+JScpBaMKwUi3PTXSQYakpYTAs+qmCBJM+7kLLUIE5qCAbXz90DozScaJYmhLaGau/JzLMlRrw0HRyrHtq2huJ/3mtVEfnQUZFkmoQZLIoSpljnh1F4XSoBKLZwBBMJDW3OqSHJSbaBFY0IXjTL8+S+lHZOy2f3ByXKhd5HAW0h/bRIfLQGaqgK1RFNUTQI3pGr+jNerJerHfrY9I6Z+UzO+gPrM8fXo6VMQ==</latexit>

ω → SM

<latexit sha1_base64="9ocKmONdm6Kc4HUT/jyQwfidCwk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0nEr2PRi8cK1haSUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelAluwHW/ncrK6tr6RnWztrW9s7tX3z94NCrXlHWoEkr3ImKY4JJ1gINgvUwzkkaCdaPR7dTvPjFtuJIPMM5YmJKB5AmnBKzkBzETQHBAh7xfb7hNdwa8TLySNFCJdr/+FcSK5imTQAUxxvfcDMKCaOBUsEktyA3LCB2RAfMtlSRlJixmJ0/wiVVinChtSwKeqb8nCpIaM04j25kSGJpFbyr+5/k5JNdhwWWWA5N0vijJBQaFp//jmGtGQYwtIVRzeyumQ6IJBZtSzYbgLb68TB7Pmt5l8+L+vNG6KeOooiN0jE6Rh65QC92hNuogihR6Rq/ozQHnxXl3PuatFaecOUR/4Hz+AOszkQg=</latexit>

ωε

<latexit sha1_base64="rNzx3zo1b3vDteHOztpuQCKwQY4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHERUnE17LoxmUF+4AmhJvppB06k4SZiVJiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufeeMOVMacf5tpaWV1bX1ksb5c2t7Z1du7LXUkkmCW2ShCeyE4KinMW0qZnmtJNKCiLktB0ObyZ++4FKxZL4Xo9S6gvoxyxiBLSRArvi9SjXEOReH4SA4GQc2FWn5kyBF4lbkCoq0AjsL6+XkEzQWBMOSnVdJ9V+DlIzwum47GWKpkCG0KddQ2MQVPn59PQxPjJKD0eJNBVrPFV/T+QglBqJ0HQK0AM1703E/7xupqMrP2dxmmkak9miKONYJ3iSA+4xSYnmI0OASGZuxWQAEog2aZVNCO78y4ukdVpzL2rnd2fV+nURRwkdoEN0jFx0ieroFjVQExH0iJ7RK3qznqwX6936mLUuWcXMPvoD6/MHQ6yUBA==</latexit>

ωω→

<latexit sha1_base64="4tv6d6eiDJ1SZIVHaGBzfPQBEfM=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwISURX8uiG5cV7APSUCaTSTt0MhNmboQS+hluXCji1q9x5984bbPQ1gMXDufcy733hKngBlz32ymtrK6tb5Q3K1vbO7t71f2DtlGZpqxFlVC6GxLDBJesBRwE66aakSQUrBOO7qZ+54lpw5V8hHHKgoQMJI85JWAl/6wXMQGkn4eTfrXm1t0Z8DLxClJDBZr96lcvUjRLmAQqiDG+56YQ5EQDp4JNKr3MsJTQERkw31JJEmaCfHbyBJ9YJcKx0rYk4Jn6eyIniTHjJLSdCYGhWfSm4n+en0F8E+RcphkwSeeL4kxgUHj6P464ZhTE2BJCNbe3YjokmlCwKVVsCN7iy8ukfV73ruqXDxe1xm0RRxkdoWN0ijx0jRroHjVRC1Gk0DN6RW8OOC/Ou/Mxby05xcwh+gPn8wc6m5E9</latexit>

, ωb

<latexit sha1_base64="xev7zkT4VU6hPCWv0wHhLQMvwbA=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkoivpZFNy4r2Ac0IUwmk3boZCbM3AilduGvuHGhiFt/w51/47TNQlsPXDhzzr3MvSfKONPgut9WaWl5ZXWtvF7Z2Nza3rF391pa5orQJpFcqk6ENeVM0CYw4LSTKYrTiNN2NLiZ+O0HqjST4h6GGQ1S3BMsYQSDkUL7wI8pBxz6pM98kMWLhHbVrblTOIvEK0gVFWiE9pcfS5KnVADhWOuu52YQjLACRjgdV/xc0wyTAe7RrqECp1QHo+n+Y+fYKLGTSGVKgDNVf0+McKr1MI1MZ4qhr+e9ifif180huQpGTGQ5UEFmHyU5d0A6kzCcmClKgA8NwUQxs6tD+lhhAiayignBmz95kbROa95F7fzurFq/LuIoo0N0hE6Qhy5RHd2iBmoigh7RM3pFb9aT9WK9Wx+z1pJVzOyjP7A+fwBNzpZN</latexit>

ωω → ωc

CDM Iso

<latexit sha1_base64="1RVAZgEYKOsneTik3ssqYxy+GYQ=">AAACEXicbVDLSsNAFJ3UV62vqks3wSIUkZKIr2XRjcsK9gFNCTfTaTt0JgkzN0IJ/QU3/oobF4q4defOv3HaZqGtBy6cOede5t4TxIJrdJxvK7e0vLK6ll8vbGxube8Ud/caOkoUZXUaiUi1AtBM8JDVkaNgrVgxkIFgzWB4M/GbD0xpHoX3OIpZR0I/5D1OAY3kF8telwkE34sH3MMoe6VeH6QE/3h8kimBXyw5FWcKe5G4GSmRDDW/+OV1I5pIFiIVoHXbdWLspKCQU8HGBS/RLAY6hD5rGxqCZLqTTi8a20dG6dq9SJkK0Z6qvydSkFqPZGA6JeBAz3sT8T+vnWDvqpPyME6QhXT2US8RNkb2JB67yxWjKEaGAFXc7GrTASigaEIsmBDc+ZMXSeO04l5Uzu/OStXrLI48OSCHpExcckmq5JbUSJ1Q8kieySt5s56sF+vd+pi15qxsZp/8gfX5Ay0xnd4=</latexit>

ωω → ωε→ , ωb

<latexit sha1_base64="1BcDVx2C3DdbaTM5Wh52HWT5o1c=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFclUR8LYt14UaoYB/QhDKZTtqhk0yYuRFLyMaNv+LGhSJu/Qd3/o3TNoK2Hrjcwzn3MnOPH3OmwLa/jLn5hcWl5cJKcXVtfWPT3NpuKJFIQutEcCFbPlaUs4jWgQGnrVhSHPqcNv1BdeQ376hUTES3MIypF+JexAJGMGipY+65pM9cEC7Qe5Bh+tOrl9dZ1jFLdtkew5olTk5KKEetY366XUGSkEZAOFaq7dgxeCmWwAinWdFNFI0xGeAebWsa4ZAqLx1fkVkHWulagZC6IrDG6u+NFIdKDUNfT4YY+mraG4n/ee0EgnMvZVGcAI3I5KEg4RYIaxSJ1WWSEuBDTTCRTP/VIn0sMQEdXFGH4EyfPEsaR2XntHxyc1yqXORxFNAu2keHyEFnqIKuUA3VEUEP6Am9oFfj0Xg23oz3yeicke/soD8wPr4Bu/OZYA==</latexit>

ω → CDM

<latexit sha1_base64="E8fWFrTGSrY7lQH3v1rtqIJNtJ0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiTia1nUhcsq9gFNKJPppB06eTBzI5aQhRt/xY0LRdz6Ee78G6dtBG09cLmHc+5l5h4vFlyBZX0ZhYXFpeWV4mppbX1jc8vc3mmqKJGUNWgkItn2iGKCh6wBHARrx5KRwBOs5Q0vxn7rjknFo/AWRjFzA9IPuc8pAS11zbJDB9yByAF2DzJIf/rlTZZ1zYpVtSbA88TOSQXlqHfNT6cX0SRgIVBBlOrYVgxuSiRwKlhWchLFYkKHpM86moYkYMpNJ0dkeF8rPexHUlcIeKL+3khJoNQo8PRkQGCgZr2x+J/XScA/c1MexgmwkE4f8hOBIcLjRHCPS0ZBjDQhVHL9V0wHRBIKOreSDsGePXmeNA+r9kn1+PqoUjvP4yiiMtpDB8hGp6iGrlAdNRBFD+gJvaBX49F4Nt6M9+lowch3dtEfGB/fLf2ZGA==</latexit>

ω → DR DR Iso

<latexit sha1_base64="3epqgp+rOVvxwL3Y+/MhFB/fKnQ=">AAACC3icbVC5TsNAEF2HK4TLQEljJUKiimzEVUZAQRkQOaTYstabSbLK+tDuGBFZ6Wn4FRoKEKLlB+j4GzaJCwg8aaS3781oZ16QCK7Qtr+MwsLi0vJKcbW0tr6xuWVu7zRVnEoGDRaLWLYDqkDwCBrIUUA7kUDDQEArGF5M/NYdSMXj6BZHCXgh7Ue8xxlFLflm2e2CQOq7bMBdjPNX5iLcowyzy5vx2DcrdtWewvpLnJxUSI66b3663ZilIUTIBFWq49gJehmVyJmAcclNFSSUDWkfOppGNATlZdNbxta+VrpWL5a6IrSm6s+JjIZKjcJAd4YUB2rem4j/eZ0Ue2dexqMkRYjY7KNeKiyMrUkwVpdLYChGmlAmud7VYgMqKUMdX0mH4Myf/Jc0D6vOSfX4+qhSO8/jKJI9UiYHxCGnpEauSJ00CCMP5Im8kFfj0Xg23oz3WWvByGd2yS8YH99bm5vo</latexit>

ωω → ωDR or  or

tim
e
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Spatial distribution of Primordial Perturbations

Peizhi Du (USTC)

•  Power Spectrum encodes spatial distribution:

<latexit sha1_base64="oIDYrgRiWwYuE40VpD7vkP0qJ6M="></latexit>

→c(ωk)c(ωk→)↑ ↓ 2ε2

k3
P (k)(2ε)3ϑ3(ωk + ωk→),

Transfer function (time dependence) 

Primordial spatial distribution
<latexit sha1_base64="sfkoeIk5MO5jecWC2MmBILtTdAw=">AAACEnicbVDLSgMxFM3UV62vqks3g0VQKMOM+FoW3bisYB/QKSWT3rahmcyQ3BHK0G9w46+4caGIW1fu/BvTdhbaeiC5h3PuJbkniAXX6LrfVm5peWV1Lb9e2Njc2t4p7u7VdZQoBjUWiUg1A6pBcAk15CigGSugYSCgEQxvJn7jAZTmkbzHUQztkPYl73FG0Uid4knT59JP/eqAl/2qNlcXBNKyjwOYFM37IXUcxx93iiXXcaewF4mXkRLJUO0Uv/xuxJIQJDJBtW55boztlCrkTMC44CcaYsqGtA8tQyUNQbfT6Upj+8goXbsXKXMk2lP190RKQ61HYWA6Q4oDPe9NxP+8VoK9q3bKZZwgSDZ7qJcIGyN7ko/d5QoYipEhlClu/mqzAVWUoUmxYELw5ldeJPVTx7twzu/OSpXrLI48OSCH5Jh45JJUyC2pkhph5JE8k1fyZj1ZL9a79TFrzVnZzD75A+vzBwANnQ4=</latexit>

X → {!,”, ω, ε,ϑ...}

<latexit sha1_base64="RIH1rs5TgiacUlwvB+5oc9H3oy8=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJoQcqM+NoIRTcuK9gHdIaSSTNtaOZBkimUoV/gxl9x40IRt67d+Tem7QjaeuDCyTn3knuPF3MmlWV9GUvLK6tr67mN/ObW9s6uubffkFEiCK2TiEei5WFJOQtpXTHFaSsWFAcep01vcDPxm0MqJIvCezWKqRvgXsh8RrDSUscsolbJGVKSDsbHjsJJ+Yr8vMvaGszEjlmwKtYUaJHYGSlAhlrH/HS6EUkCGirCsZRt24qVm2KhGOF0nHcSSWNMBrhH25qGOKDSTafnjFFRK13kR0JXqNBU/T2R4kDKUeDpzgCrvpz3JuJ/XjtR/qWbsjBOFA3J7CM/4UhFaJIN6jJBieIjTTARTO+KSB8LTJROMK9DsOdPXiSNk4p9Xjm7Oy1Ur7M4cnAIR1ACGy6gCrdQgzoQeIAneIFX49F4Nt6M91nrkpHNHMAfGB/fzH+asw==</latexit>

X(ωk, ε) = c(ωk)X(k, ε)
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Spatial distribution of Primordial Perturbations

Peizhi Du (USTC)

•  Power Spectrum encodes spatial distribution:

<latexit sha1_base64="oIDYrgRiWwYuE40VpD7vkP0qJ6M="></latexit>

→c(ωk)c(ωk→)↑ ↓ 2ε2

k3
P (k)(2ε)3ϑ3(ωk + ωk→),

Transfer function (time dependence) 

Primordial spatial distribution
<latexit sha1_base64="sfkoeIk5MO5jecWC2MmBILtTdAw=">AAACEnicbVDLSgMxFM3UV62vqks3g0VQKMOM+FoW3bisYB/QKSWT3rahmcyQ3BHK0G9w46+4caGIW1fu/BvTdhbaeiC5h3PuJbkniAXX6LrfVm5peWV1Lb9e2Njc2t4p7u7VdZQoBjUWiUg1A6pBcAk15CigGSugYSCgEQxvJn7jAZTmkbzHUQztkPYl73FG0Uid4knT59JP/eqAl/2qNlcXBNKyjwOYFM37IXUcxx93iiXXcaewF4mXkRLJUO0Uv/xuxJIQJDJBtW55boztlCrkTMC44CcaYsqGtA8tQyUNQbfT6Upj+8goXbsXKXMk2lP190RKQ61HYWA6Q4oDPe9NxP+8VoK9q3bKZZwgSDZ7qJcIGyN7ko/d5QoYipEhlClu/mqzAVWUoUmxYELw5ldeJPVTx7twzu/OSpXrLI48OSCH5Jh45JJUyC2pkhph5JE8k1fyZj1ZL9a79TFrzVnZzD75A+vzBwANnQ4=</latexit>

X → {!,”, ω, ε,ϑ...}

<latexit sha1_base64="RIH1rs5TgiacUlwvB+5oc9H3oy8=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJoQcqM+NoIRTcuK9gHdIaSSTNtaOZBkimUoV/gxl9x40IRt67d+Tem7QjaeuDCyTn3knuPF3MmlWV9GUvLK6tr67mN/ObW9s6uubffkFEiCK2TiEei5WFJOQtpXTHFaSsWFAcep01vcDPxm0MqJIvCezWKqRvgXsh8RrDSUscsolbJGVKSDsbHjsJJ+Yr8vMvaGszEjlmwKtYUaJHYGSlAhlrH/HS6EUkCGirCsZRt24qVm2KhGOF0nHcSSWNMBrhH25qGOKDSTafnjFFRK13kR0JXqNBU/T2R4kDKUeDpzgCrvpz3JuJ/XjtR/qWbsjBOFA3J7CM/4UhFaJIN6jJBieIjTTARTO+KSB8LTJROMK9DsOdPXiSNk4p9Xjm7Oy1Ur7M4cnAIR1ACGy6gCrdQgzoQeIAneIFX49F4Nt6M91nrkpHNHMAfGB/fzH+asw==</latexit>

X(ωk, ε) = c(ωk)X(k, ε)

Adiabatic

<latexit sha1_base64="P5RzmqWZRREFScF7xrawLXhkWII=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWm+NxV3bisYB/QGYdMmrahmUlIMmIZCm78FTcuFHHrT7jzb0zbWWjrgQuHc+7l3ntCwajSjvNt5ebmFxaX8suFldW19Q17c6uueCIxqWHOuGyGSBFGY1LTVDPSFJKgKGSkEfavRn7jnkhFeXyrB4L4EerGtEMx0kYK7J2LQHlICMkfYNnTNCIKus5deng+DOyiU3LGgLPEzUgRZKgG9pfX5jiJSKwxQ0q1XEdoP0VSU8zIsOAligiE+6hLWobGyCzz0/EPQ7hvlDbscGkq1nCs/p5IUaTUIApNZ4R0T017I/E/r5Xozpmf0lgkmsR4sqiTMKg5HAUC21QSrNnAEIQlNbdC3EMSYW1iK5gQ3OmXZ0m9XHJPSsc3R8XKZRZHHuyCPXAAXHAKKuAaVEENYPAInsEreLOerBfr3fqYtOasbGYb/IH1+QOGH5bP</latexit>

As → 2↑ 10→9

<latexit sha1_base64="LHss8wXZZaW3zMoSoA/55w6R6uw=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCq2FGtOqu6MZlBfuAdhgyadqGZpKQZMQ69EvcuFDErZ/izr8xbWehrQcuHM65l3vviSWj2vj+t1NYWV1b3yhulra2d3bL7t5+U4tUYdLAggnVjpEmjHLSMNQw0paKoCRmpBWPbqZ+64EoTQW/N2NJwgQNOO1TjIyVIrfMI91FUirxCH3vqhq5Fd/zZ4DLJMhJBeSoR+5XtydwmhBuMENadwJfmjBDylDMyKTUTTWRCI/QgHQs5SghOsxmh0/gsVV6sC+ULW7gTP09kaFE63ES284EmaFe9Kbif14nNf3LMKNcpoZwPF/UTxk0Ak5TgD2qCDZsbAnCitpbIR4ihbCxWZVsCMHiy8ukeeoFVe/87qxSu87jKIJDcAROQAAuQA3cgjpoAAxS8AxewZvz5Lw4787HvLXg5DMH4A+czx+jPJJu</latexit>

ns → 0.96

Slow roll inflation

Planck, 2018

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k

<latexit sha1_base64="Sujv4OL0O0+IWQX8F2oaFQ0w69Q=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmZnZ5MhM7PrzGwgLPkOLx4U8erHePNvnCR70MSChqKqm+6uIOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epIrRBYh6rdoA15UzShmGG03aiKBYBp61geDf1WyOqNIvloxkn1Be4L1nECDZW8uu9rKsEwuGkMjzrlcpu1Z0BLRMvJ2XIUe+VvrphTFJBpSEca93x3MT4GVaGEU4nxW6qaYLJEPdpx1KJBdV+Njt6gk6tEqIoVrakQTP190SGhdZjEdhOgc1AL3pT8T+vk5roxs+YTFJDJZkvilKOTIymCaCQKUoMH1uCiWL2VkQGWGFibE5FG4K3+PIyaZ5Xvavq5cNFuXabx1GAYziBCnhwDTW4hzo0gMATPMMrvDkj58V5dz7mrStOPnMEf+B8/gDiopGJ</latexit>

Pad(k) <latexit sha1_base64="Om45ut+wy96TquPcq04iiaM3NXw="></latexit>

As(k/kpivot)
ns→1
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Spatial distribution of Primordial Perturbations

Peizhi Du (USTC)

•  Power Spectrum encodes spatial distribution:

<latexit sha1_base64="oIDYrgRiWwYuE40VpD7vkP0qJ6M="></latexit>

→c(ωk)c(ωk→)↑ ↓ 2ε2

k3
P (k)(2ε)3ϑ3(ωk + ωk→),

Transfer function (time dependence) 

Primordial spatial distribution
<latexit sha1_base64="sfkoeIk5MO5jecWC2MmBILtTdAw=">AAACEnicbVDLSgMxFM3UV62vqks3g0VQKMOM+FoW3bisYB/QKSWT3rahmcyQ3BHK0G9w46+4caGIW1fu/BvTdhbaeiC5h3PuJbkniAXX6LrfVm5peWV1Lb9e2Njc2t4p7u7VdZQoBjUWiUg1A6pBcAk15CigGSugYSCgEQxvJn7jAZTmkbzHUQztkPYl73FG0Uid4knT59JP/eqAl/2qNlcXBNKyjwOYFM37IXUcxx93iiXXcaewF4mXkRLJUO0Uv/xuxJIQJDJBtW55boztlCrkTMC44CcaYsqGtA8tQyUNQbfT6Upj+8goXbsXKXMk2lP190RKQ61HYWA6Q4oDPe9NxP+8VoK9q3bKZZwgSDZ7qJcIGyN7ko/d5QoYipEhlClu/mqzAVWUoUmxYELw5ldeJPVTx7twzu/OSpXrLI48OSCH5Jh45JJUyC2pkhph5JE8k1fyZj1ZL9a79TFrzVnZzD75A+vzBwANnQ4=</latexit>

X → {!,”, ω, ε,ϑ...}

<latexit sha1_base64="RIH1rs5TgiacUlwvB+5oc9H3oy8=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJoQcqM+NoIRTcuK9gHdIaSSTNtaOZBkimUoV/gxl9x40IRt67d+Tem7QjaeuDCyTn3knuPF3MmlWV9GUvLK6tr67mN/ObW9s6uubffkFEiCK2TiEei5WFJOQtpXTHFaSsWFAcep01vcDPxm0MqJIvCezWKqRvgXsh8RrDSUscsolbJGVKSDsbHjsJJ+Yr8vMvaGszEjlmwKtYUaJHYGSlAhlrH/HS6EUkCGirCsZRt24qVm2KhGOF0nHcSSWNMBrhH25qGOKDSTafnjFFRK13kR0JXqNBU/T2R4kDKUeDpzgCrvpz3JuJ/XjtR/qWbsjBOFA3J7CM/4UhFaJIN6jJBieIjTTARTO+KSB8LTJROMK9DsOdPXiSNk4p9Xjm7Oy1Ur7M4cnAIR1ACGy6gCrdQgzoQeIAneIFX49F4Nt6M91nrkpHNHMAfGB/fzH+asw==</latexit>

X(ωk, ε) = c(ωk)X(k, ε)

Adiabatic

<latexit sha1_base64="P5RzmqWZRREFScF7xrawLXhkWII=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWm+NxV3bisYB/QGYdMmrahmUlIMmIZCm78FTcuFHHrT7jzb0zbWWjrgQuHc+7l3ntCwajSjvNt5ebmFxaX8suFldW19Q17c6uueCIxqWHOuGyGSBFGY1LTVDPSFJKgKGSkEfavRn7jnkhFeXyrB4L4EerGtEMx0kYK7J2LQHlICMkfYNnTNCIKus5deng+DOyiU3LGgLPEzUgRZKgG9pfX5jiJSKwxQ0q1XEdoP0VSU8zIsOAligiE+6hLWobGyCzz0/EPQ7hvlDbscGkq1nCs/p5IUaTUIApNZ4R0T017I/E/r5Xozpmf0lgkmsR4sqiTMKg5HAUC21QSrNnAEIQlNbdC3EMSYW1iK5gQ3OmXZ0m9XHJPSsc3R8XKZRZHHuyCPXAAXHAKKuAaVEENYPAInsEreLOerBfr3fqYtOasbGYb/IH1+QOGH5bP</latexit>

As → 2↑ 10→9

<latexit sha1_base64="LHss8wXZZaW3zMoSoA/55w6R6uw=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCq2FGtOqu6MZlBfuAdhgyadqGZpKQZMQ69EvcuFDErZ/izr8xbWehrQcuHM65l3vviSWj2vj+t1NYWV1b3yhulra2d3bL7t5+U4tUYdLAggnVjpEmjHLSMNQw0paKoCRmpBWPbqZ+64EoTQW/N2NJwgQNOO1TjIyVIrfMI91FUirxCH3vqhq5Fd/zZ4DLJMhJBeSoR+5XtydwmhBuMENadwJfmjBDylDMyKTUTTWRCI/QgHQs5SghOsxmh0/gsVV6sC+ULW7gTP09kaFE63ES284EmaFe9Kbif14nNf3LMKNcpoZwPF/UTxk0Ak5TgD2qCDZsbAnCitpbIR4ihbCxWZVsCMHiy8ukeeoFVe/87qxSu87jKIJDcAROQAAuQA3cgjpoAAxS8AxewZvz5Lw4787HvLXg5DMH4A+czx+jPJJu</latexit>

ns → 0.96

Slow roll inflation

Planck, 2018

Curvaton/Axion

Phase transition during inflation

Inflationary dynamics

<latexit sha1_base64="oNnV4WUIJHGRO+BNxmtlMe9C1+o=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgasgUp7a7ohuXFe0D2rFk0kwbmnmQZIQy9BPcuFDErV/kzr8xfQgqeiDkcM693HuPnwiuNMYfVm5ldW19I79Z2Nre2d0r7h+0VJxKypo0FrHs+EQxwSPW1FwL1kkkI6EvWNsfX8789j2TisfRrZ4kzAvJMOIBp0Qb6WZ8h/vFErZxueriGsJ22Xxl1xAXO7VKDTk2nqMESzT6xffeIKZpyCJNBVGq6+BEexmRmlPBpoVeqlhC6JgMWdfQiIRMedl81Sk6McoABbE0L9Jorn7vyEio1CT0TWVI9Ej99mbiX1431UHVy3iUpJpFdDEoSAXSMZrdjQZcMqrFxBBCJTe7IjoiklBt0imYEL4uRf+TVtl2KrZ7fVaqXyzjyMMRHMMpOHAOdbiCBjSBwhAe4AmeLWE9Wi/W66I0Zy17DuEHrLdPZyON6A==</latexit>

k0
<latexit sha1_base64="kIEdy5MzpDKjmwRAVjR4cOPLClI=">AAAB6nicdVDLSgMxFL3js9ZX1aWbYBFcDZnRqe2u6MZlRfuAdiyZNNOGZh4kGaGUfoIbF4q49Yvc+TemD0FFD4QczrmXe+8JUsGVxvjDWlpeWV1bz23kN7e2d3YLe/sNlWSSsjpNRCJbAVFM8JjVNdeCtVLJSBQI1gyGl1O/ec+k4kl8q0cp8yPSj3nIKdFGuhnenXYLRWxjt+zhCsK2az7XM8TDTqVUQY6NZyjCArVu4b3TS2gWsVhTQZRqOzjV/phIzalgk3wnUywldEj6rG1oTCKm/PFs1Qk6NkoPhYk0L9Zopn7vGJNIqVEUmMqI6IH67U3Fv7x2psOyP+ZxmmkW0/mgMBNIJ2h6N+pxyagWI0MIldzsiuiASEK1SSdvQvi6FP1PGq7tlGzv+qxYvVjEkYNDOIITcOAcqnAFNagDhT48wBM8W8J6tF6s13npkrXoOYAfsN4+AWuvjes=</latexit>

k3

<latexit sha1_base64="LvfMuTTQ3lbLZ1SpoNmc63Wni6A=">AAAB+nicdVDLSgMxFM34rPXV6tJNsAhuHDKDre2u6MZlBfuAtpZMmrahSWZIMkoZ51PcuFDErV/izr8xfQgqeuByD+fcS25OEHGmDUIfztLyyuraemYju7m1vbOby+81dBgrQusk5KFqBVhTziStG2Y4bUWKYhFw2gzGF1O/eUuVZqG8NpOIdgUeSjZgBBsr9XL58U0ie0lHCch0mJ54aS9XQC7yy0VUgcj1bfOLlhSRVylVoOeiGQpggVov997phyQWVBrCsdZtD0Wmm2BlGOE0zXZiTSNMxnhI25ZKLKjuJrPTU3hklT4chMqWNHCmft9IsNB6IgI7KbAZ6d/eVPzLa8dmUO4mTEaxoZLMHxrEHJoQTnOAfaYoMXxiCSaK2VshGWGFibFpZW0IXz+F/5OG73olt3h1WqieL+LIgANwCI6BB85AFVyCGqgDAu7AA3gCz8698+i8OK/z0SVnsbMPfsB5+wSKRZQ2</latexit>

kniso→1

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
log-normal

Buckley,PD,Fernandez,Weikert, JCAP, 2024
Barir, Geller, Sun, Volansky, PRD, 2023

Marsh, Phys.Rept., 2016
Mazumda, Rocher, Phys.Rept., 2011

Pi, Zhang, Huang, Sasaki, JCAP, 2018
Pi, Sasaki, JCAP, 2020

Isocurvature <latexit sha1_base64="LE4AMiGSQaKpM7iUb/27JLAMp9A=">AAAB9XicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJCMoafTSZr0MnT3KGHIf3jxoIhX/8Wbf2MnmYMmPih4vFdFVb0o5sxY3//2lpZXVtfWcxv5za3tnd3C3n7dqEQTWiOKK92MsKGcSVqzzHLajDXFIuK0EQ1vJn7jkWrDlLy3o5iGAvcl6zGCrZMeqp20rQViRo1Lw5NOoeiX/SnQIgkyUoQM1U7hq91VJBFUWsKxMa3Aj22YYm0Z4XScbyeGxpgMcZ+2HJVYUBOm06vH6NgpXdRT2pW0aKr+nkixMGYkItcpsB2YeW8i/ue1Etu7ClMm48RSSWaLeglHVqFJBKjLNCWWjxzBRDN3KyIDrDGxLqi8CyGYf3mR1E/LwUX5/O6sWLnO4sjBIRxBCQK4hArcQhVqQEDDM7zCm/fkvXjv3sesdcnLZg7gD7zPH9hGkhk=</latexit>

Piso(k)

<latexit sha1_base64="LE4AMiGSQaKpM7iUb/27JLAMp9A=">AAAB9XicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJCMoafTSZr0MnT3KGHIf3jxoIhX/8Wbf2MnmYMmPih4vFdFVb0o5sxY3//2lpZXVtfWcxv5za3tnd3C3n7dqEQTWiOKK92MsKGcSVqzzHLajDXFIuK0EQ1vJn7jkWrDlLy3o5iGAvcl6zGCrZMeqp20rQViRo1Lw5NOoeiX/SnQIgkyUoQM1U7hq91VJBFUWsKxMa3Aj22YYm0Z4XScbyeGxpgMcZ+2HJVYUBOm06vH6NgpXdRT2pW0aKr+nkixMGYkItcpsB2YeW8i/ue1Etu7ClMm48RSSWaLeglHVqFJBKjLNCWWjxzBRDN3KyIDrDGxLqi8CyGYf3mR1E/LwUX5/O6sWLnO4sjBIRxBCQK4hArcQhVqQEDDM7zCm/fkvXjv3sesdcnLZg7gD7zPH9hGkhk=</latexit>

Piso(k)

<latexit sha1_base64="LE4AMiGSQaKpM7iUb/27JLAMp9A=">AAAB9XicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJCMoafTSZr0MnT3KGHIf3jxoIhX/8Wbf2MnmYMmPih4vFdFVb0o5sxY3//2lpZXVtfWcxv5za3tnd3C3n7dqEQTWiOKK92MsKGcSVqzzHLajDXFIuK0EQ1vJn7jkWrDlLy3o5iGAvcl6zGCrZMeqp20rQViRo1Lw5NOoeiX/SnQIgkyUoQM1U7hq91VJBFUWsKxMa3Aj22YYm0Z4XScbyeGxpgMcZ+2HJVYUBOm06vH6NgpXdRT2pW0aKr+nkixMGYkItcpsB2YeW8i/ue1Etu7ClMm48RSSWaLeglHVqFJBKjLNCWWjxzBRDN3KyIDrDGxLqi8CyGYf3mR1E/LwUX5/O6sWLnO4sjBIRxBCQK4hArcQhVqQEDDM7zCm/fkvXjv3sesdcnLZg7gD7zPH9hGkhk=</latexit>

Piso(k)

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k

<latexit sha1_base64="Sujv4OL0O0+IWQX8F2oaFQ0w69Q=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmZnZ5MhM7PrzGwgLPkOLx4U8erHePNvnCR70MSChqKqm+6uIOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epIrRBYh6rdoA15UzShmGG03aiKBYBp61geDf1WyOqNIvloxkn1Be4L1nECDZW8uu9rKsEwuGkMjzrlcpu1Z0BLRMvJ2XIUe+VvrphTFJBpSEca93x3MT4GVaGEU4nxW6qaYLJEPdpx1KJBdV+Njt6gk6tEqIoVrakQTP190SGhdZjEdhOgc1AL3pT8T+vk5roxs+YTFJDJZkvilKOTIymCaCQKUoMH1uCiWL2VkQGWGFibE5FG4K3+PIyaZ5Xvavq5cNFuXabx1GAYziBCnhwDTW4hzo0gMATPMMrvDkj58V5dz7mrStOPnMEf+B8/gDiopGJ</latexit>

Pad(k) <latexit sha1_base64="Om45ut+wy96TquPcq04iiaM3NXw="></latexit>

As(k/kpivot)
ns→1



9

General Constraints on Primordial Perturbations

Peizhi Du (USTC)

•  General parametrization:
<latexit sha1_base64="vV8hSsobZzw2xEoGc3NmPHRPe50=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahBS2J+NoIVTcuK9gHNKVMJpN2yGQSZiZCCV268VfcuFDErZ/gzr9xmmah1QOXezjnXmbucWNGpbKsL6MwN7+wuFRcLq2srq1vmJtbLRklApMmjlgkOi6ShFFOmooqRjqxICh0GWm7wfXEb98TIWnE79QoJr0QDTj1KUZKS31zt1EJqheXzgF0PMIUqjiMwwAeZq1vVftm2apZGeBfYuekDHI0+uan40U4CQlXmCEpu7YVq16KhKKYkXHJSSSJEQ7QgHQ15Sgkspdmh4zhvlY86EdCF1cwU39upCiUchS6ejJEaihnvYn4n9dNlH/eSymPE0U4nj7kJwyqCE5SgR4VBCs20gRhQfVfIR4igbDS2ZV0CPbsyX9J66hmn9ZObo/L9as8jiLYAXugAmxwBurgBjRAE2DwAJ7AC3g1Ho1n4814n44WjHxnG/yC8fENnhWXMg==</latexit>

P (k) = A ω(ln k → ln k0) simple and useful
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General Constraints on Primordial Perturbations

Peizhi Du (USTC)

Curvature Power Spectrum

•  General parametrization:
<latexit sha1_base64="vV8hSsobZzw2xEoGc3NmPHRPe50=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahBS2J+NoIVTcuK9gHNKVMJpN2yGQSZiZCCV268VfcuFDErZ/gzr9xmmah1QOXezjnXmbucWNGpbKsL6MwN7+wuFRcLq2srq1vmJtbLRklApMmjlgkOi6ShFFOmooqRjqxICh0GWm7wfXEb98TIWnE79QoJr0QDTj1KUZKS31zt1EJqheXzgF0PMIUqjiMwwAeZq1vVftm2apZGeBfYuekDHI0+uan40U4CQlXmCEpu7YVq16KhKKYkXHJSSSJEQ7QgHQ15Sgkspdmh4zhvlY86EdCF1cwU39upCiUchS6ejJEaihnvYn4n9dNlH/eSymPE0U4nj7kJwyqCE5SgR4VBCs20gRhQfVfIR4igbDS2ZV0CPbsyX9J66hmn9ZObo/L9as8jiLYAXugAmxwBurgBjRAE2DwAJ7AC3g1Ho1n4814n44WjHxnG/yC8fENnhWXMg==</latexit>

P (k) = A ω(ln k → ln k0) simple and useful

Byrnes, Cole, Patil, JCAP, 2019
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General Constraints on Primordial Perturbations

Peizhi Du (USTC)

Curvature Power Spectrum

•  General parametrization:
<latexit sha1_base64="vV8hSsobZzw2xEoGc3NmPHRPe50=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahBS2J+NoIVTcuK9gHNKVMJpN2yGQSZiZCCV268VfcuFDErZ/gzr9xmmah1QOXezjnXmbucWNGpbKsL6MwN7+wuFRcLq2srq1vmJtbLRklApMmjlgkOi6ShFFOmooqRjqxICh0GWm7wfXEb98TIWnE79QoJr0QDTj1KUZKS31zt1EJqheXzgF0PMIUqjiMwwAeZq1vVftm2apZGeBfYuekDHI0+uan40U4CQlXmCEpu7YVq16KhKKYkXHJSSSJEQ7QgHQ15Sgkspdmh4zhvlY86EdCF1cwU39upCiUchS6ejJEaihnvYn4n9dNlH/eSymPE0U4nj7kJwyqCE5SgR4VBCs20gRhQfVfIR4igbDS2ZV0CPbsyX9J66hmn9ZObo/L9as8jiLYAXugAmxwBurgBjRAE2DwAJ7AC3g1Ho1n4814n44WjHxnG/yC8fENnhWXMg==</latexit>

P (k) = A ω(ln k → ln k0) simple and useful

Isocurvature Power Spectrum

Byrnes, Cole, Patil, JCAP, 2019 Cai, PD, Zhong, JCAP, 2026
Buckley,PD,Fernandez,Weikert, JCAP, 2025

CMB CMB

PTA PTACMB
distortion

CMB
distortion
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Gravitational Waves

Powerful probes of physics in the early Universe

Peizhi Du (USTC)
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Gravitational Waves

Exciting experimental probesPowerful probes of physics in the early Universe

PTA

Ground Interferometers

Peizhi Du (USTC)

Space Interferometers
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Sources of Gavitational Waves

True vacuum

False vacuum

GW

GW

First order phase transitions•  

Peizhi Du (USTC)
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Sources of Gavitational Waves

True vacuum

False vacuum

GW

GW

First order phase transitions•  

Peizhi Du (USTC)

Primordial tensor modes•  
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Sources of Gavitational Waves

True vacuum

False vacuum

GW

GW

First order phase transitions•  

Peizhi Du (USTC)

Primordial tensor modes•  

Scalar induced GWs•  
Baumann,Steinhardt,Takahashi,Ichiki, PRD, 2007
Domenech, Universe, 2021

<latexit sha1_base64="tgKNP26OEgAKiLVLnW+d7yvHUAA=">AAACEXicbZC7TsMwFIZPyq2UW4CRJaJCKkuVIG5jBQtjkehFakPkuE5rcJzIdpCqqK/AwquwMIAQKxsbb4PTRlxafsnSr++cY/v8fsyoVLb9aRTm5hcWl4rLpZXVtfUNc3OrKaNEYNLAEYtE20eSMMpJQ1HFSDsWBIU+Iy3/9jyrt+6IkDTiV2oYEzdEfU4DipHSyDMr3RgJRRHzaLc+oNdpxdkffbObH+aZZbtqj2XNGic3ZchV98yPbi/CSUi4wgxJ2XHsWLlpdjNmZFTqJpLECN+iPuloy1FIpJuONxpZe5r0rCAS+nBljenviRSFUg5DX3eGSA3kdC2D/9U6iQpO3ZTyOFGE48lDQcIsFVlZPFaPCoIVG2qDsKD6rxYeIIGw0iGWdAjO9MqzpnlQdY6rR5eH5dpZHkcRdmAXKuDACdTgAurQAAz38AjP8GI8GE/Gq/E2aS0Y+cw2/JHx/gXs2J0S</latexit>

ωi!
(1)ωj!

(1)
<latexit sha1_base64="JOxoRJZ7eG1eTqEV+E85Pj/yzGg=">AAAB9HicbVDLTsJAFL3FF+ILdelmIjHBDWmJryXRjUtM5JFAJdNhCiPTaZ2ZkpCm3+HGhca49WPc+TcO0IWCJ7nJyTn35t57vIgzpW3728qtrK6tb+Q3C1vbO7t7xf2DpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80c3Ub42pVCwU93oSUTfAA8F8RrA2kjvsJYg9pg9JuXqa9oolu2LPgJaJk5ESZKj3il/dfkjigApNOFaq49iRdhMsNSOcpoVurGiEyQgPaMdQgQOq3GR2dIpOjNJHfihNCY1m6u+JBAdKTQLPdAZYD9WiNxX/8zqx9q/chIko1lSQ+SI/5kiHaJoA6jNJieYTQzCRzNyKyBBLTLTJqWBCcBZfXibNasW5qJzfnZVq11kceTiCYyiDA5dQg1uoQwMIPMEzvMKbNbZerHfrY96as7KZQ/gD6/MH7reRkQ==</latexit>

h(2)
ij
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Scalar Induced GWs

Peizhi Du (USTC)

<latexit sha1_base64="3SizGYu89rIfmwC2CiEARj5yD3c="></latexit>

ds2 = a2(ω)
[
→(1 + 2!)dω2 + (εij → 2”εij + hij)dx

idxj
]

First-order perturbations:  no source term for GWs•  
but a damping term if free-streaming radiation (neutrinos, DR) exists 

Weinberg, PRD, 2004
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Scalar Induced GWs

Peizhi Du (USTC)

<latexit sha1_base64="hbtl1YBQL7THAxHGvwfUoEHKIqQ=">AAACTnicbVFJSwMxGM3Urdat6tFLsEgFpcwUt4tQ9NJjRbtAp5ZM+rUTmllIMoUyjH/Qi3jzZ3jxoIimy0HbfhB4vIUveXFCzqQyzTcjtbS8srqWXs9sbG5t72R392oyiASFKg14IBoOkcCZD1XFFIdGKIB4Doe6078d6fUBCMkC/0ENQ2h5pOezLqNEaaqdBezm8+3YHgCN+8mpzXW0Q5ITXMSxTQnH5UQ7Fhj6j0V3nsbX+H6efWpnc2bBHA+eB9YU5NB0Ku3sq90JaOSBrygnUjYtM1StmAjFKIckY0cSQkL7pAdNDX3igWzF4zoSfKSZDu4GQh9f4TH7NxETT8qh52inR5QrZ7URuUhrRqp71YqZH0YKfDpZ1I04VgEedYs7TABVfKgBoYLpu2LqEkGo0j+Q0SVYs0+eB7ViwboonN+d5Uo30zrS6AAdomNkoUtUQmVUQVVE0TN6R5/oy3gxPoxv42diTRnTzD76N6n0LyaDtIY=</latexit>

h→→
ωk,ε

+ 2Hh→
ωk,ε

+ k2hωk,ε = Sωk,ε

<latexit sha1_base64="3SizGYu89rIfmwC2CiEARj5yD3c="></latexit>

ds2 = a2(ω)
[
→(1 + 2!)dω2 + (εij → 2”εij + hij)dx

idxj
]

First-order perturbations:  no source term for GWs•  
but a damping term if free-streaming radiation (neutrinos, DR) exists 

Weinberg, PRD, 2004

<latexit sha1_base64="HK3yj4G9mVbN4XXWSsEnX9qE3ns=">AAACFnicbZDLSsNAFIYnXmu9RV26GSyCG2si3pZFNy6r2As0IUymk3boJBNnJoUS+hRufBU3LhRxK+58GydpEG39YeDnO+dw5vx+zKhUlvVlzM0vLC4tl1bKq2vrG5vm1nZT8kRg0sCccdH2kSSMRqShqGKkHQuCQp+Rlj+4yuqtIRGS8uhOjWLihqgX0YBipDTyzMNbL3VECAM5dsh9QoeOj4Qj+vwHH2UE5kh4ZsWqWrngrLELUwGF6p756XQ5TkISKcyQlB3bipWbIqEoZmRcdhJJYoQHqEc62kYoJNJN87PGcF+TLgy40C9SMKe/J1IUSjkKfd0ZItWX07UM/lfrJCq4cFMaxYkiEZ4sChIGFYdZRrBLBcGKjbRBWFD9V4j7SCCsdJJlHYI9ffKsaR5X7bPq6c1JpXZZxFECu2APHAAbnIMauAZ10AAYPIAn8AJejUfj2Xgz3ietc0YxswP+yPj4BhCnn/E=</latexit>

Rfs → ω̄fs/ω̄r

<latexit sha1_base64="fbXe1bdtPKEs9YMrm2cjjwks6kk=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxLx0Y1QdFGXFfqCNobJdNKOnUzCzEQoIVs3/oobF4q49Q/c+TdO2yxq64ELh3Pu5d57vIhRqSzrx1haXlldW89t5De3tnd2zb39pgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS84c3Ybz0SIWnI62oUESdAfU59ipHSkmvC6n1StE9SN6EP6VW5G1FYhfUZzTULVsmaAC4SOyMFkKHmmt/dXojjgHCFGZKyY1uRchIkFMWMpPluLEmE8BD1SUdTjgIinWTySQqPtdKDfih0cQUn6uxEggIpR4GnOwOkBnLeG4v/eZ1Y+WUnoTyKFeF4usiPGVQhHMcCe1QQrNhIE4QF1bdCPEACYaXDy+sQ7PmXF0nztGRflM7vzgqV6yyOHDgER6AIbHAJKuAW1EADYPAEXsAbeDeejVfjw/icti4Z2cwB+APj6xcwY5jF</latexit>

G(1)
ij = 8ωGT (1)

ij

<latexit sha1_base64="k3I4EqRuXzYNP/fxPpiOv+DFriE=">AAACFXicbVDLSgMxFM34rPU16tJNsAgVpMyIr2XRhS4r2Ad0asmkd9rYzIMkI5RhfsKNv+LGhSJuBXf+jel0Ftp6IOHknHu5uceNOJPKsr6NufmFxaXlwkpxdW19Y9Pc2m7IMBYU6jTkoWi5RAJnAdQVUxxakQDiuxya7vBy7DcfQEgWBrdqFEHHJ/2AeYwSpaWueXh1l5Ttg7SbsPvUkXEkQeFB9soMJxLMh8mdds2SVbEy4Fli56SEctS65pfTC2nsQ6AoJ1K2bStSnYQIxSiHtOjEEiJCh6QPbU0D4oPsJNlWKd7XSg97odAnUDhTf3ckxJdy5Lu60idqIKe9sfif146Vd95JWBDFCgI6GeTFHKsQjyPCPSaAKj7ShFDB9F8xHRBBqNJBFnUI9vTKs6RxVLFPKyc3x6XqRR5HAe2iPVRGNjpDVXSNaqiOKHpEz+gVvRlPxovxbnxMSueMvGcH/YHx+QOzX58y</latexit>

G(1)
ij → h(1)→→

ij

First-order Einstein’s equation

<latexit sha1_base64="eJvLGOGQrl3g+UJXdn5YnbG4AAQ="></latexit>

T (1)
ij → ↑ω̄fs

∫ ω

ωfs

dε →
j2(k(ε ↑ ε →))

(ε ↑ ε →)2
ϑωh

(1)
ij

<latexit sha1_base64="CIhUneh8arWmm6hv6YAic7HF3Vo="></latexit>

Sωk,ε = →24RfsH
2

∫ ϑ

ϑfs

dω →
j2(k(ω → ω →))

(ω → ω →)2
εϑhωk,ε



12

Scalar Induced GWs

Peizhi Du (USTC)

<latexit sha1_base64="hbtl1YBQL7THAxHGvwfUoEHKIqQ=">AAACTnicbVFJSwMxGM3Urdat6tFLsEgFpcwUt4tQ9NJjRbtAp5ZM+rUTmllIMoUyjH/Qi3jzZ3jxoIimy0HbfhB4vIUveXFCzqQyzTcjtbS8srqWXs9sbG5t72R392oyiASFKg14IBoOkcCZD1XFFIdGKIB4Doe6078d6fUBCMkC/0ENQ2h5pOezLqNEaaqdBezm8+3YHgCN+8mpzXW0Q5ITXMSxTQnH5UQ7Fhj6j0V3nsbX+H6efWpnc2bBHA+eB9YU5NB0Ku3sq90JaOSBrygnUjYtM1StmAjFKIckY0cSQkL7pAdNDX3igWzF4zoSfKSZDu4GQh9f4TH7NxETT8qh52inR5QrZ7URuUhrRqp71YqZH0YKfDpZ1I04VgEedYs7TABVfKgBoYLpu2LqEkGo0j+Q0SVYs0+eB7ViwboonN+d5Uo30zrS6AAdomNkoUtUQmVUQVVE0TN6R5/oy3gxPoxv42diTRnTzD76N6n0LyaDtIY=</latexit>

h→→
ωk,ε

+ 2Hh→
ωk,ε

+ k2hωk,ε = Sωk,ε

<latexit sha1_base64="3SizGYu89rIfmwC2CiEARj5yD3c="></latexit>

ds2 = a2(ω)
[
→(1 + 2!)dω2 + (εij → 2”εij + hij)dx

idxj
]

<latexit sha1_base64="6fKg7W3ZaGJUKkk67KpsoONG6L0="></latexit>

Sωk,ε = 4

∫
d3ωq

(2ε)3
eijωk,εqiqjc(ωq)c(

ωk → ωq)f(ϑ, q, |ωk → ωq|)

Second-order perturbations:

First-order perturbations:  no source term for GWs

<latexit sha1_base64="be6zz3EbO8n905PVinvX1mndwuA="></latexit>

!GW →
∑

ω

↑hωhω↓ ↔ A2
ad,iso

•  

•  

•  GW energy spectrum

but a damping term if free-streaming radiation (neutrinos, DR) exists 
Weinberg, PRD, 2004

<latexit sha1_base64="HSKFEDQvIhYzebdokHhXK+BdV5E="></latexit>

G(2)
ij → ωi!

(1)ωj!
(1), h(2)→→

ij
<latexit sha1_base64="yviQ5S8qntZg3f/WC+RgM/j59gs="></latexit>

T (2)
ij → ω̄rεiv

(1)εjv
(1)

Sources for GWs

<latexit sha1_base64="5CA7Hcu+D7D9aPBuNvXT7OSIMgI=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5IUH90IRRd1WaEvaGOYTCft2MkkzEyEErp146+4caGIW//AnX/jtM2ith64cDjnXu69x4sYlcqyfozMyura+kZ2M7e1vbO7Z+4fNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TlDW8mfuuRCElDXlejiDgB6nPqU4yUllwTVu+TQul07Cb0YXxV7kYUVmF9TnPNvFW0poDLxE5JHqSoueZ3txfiOCBcYYak7NhWpJwECUUxI+NcN5YkQniI+qSjKUcBkU4y/WQMT7TSg34odHEFp+r8RIICKUeBpzsDpAZy0ZuI/3mdWPllJ6E8ihXheLbIjxlUIZzEAntUEKzYSBOEBdW3QjxAAmGlw8vpEOzFl5dJs1S0L4rnd2f5ynUaRxYcgWNQADa4BBVwC2qgATB4Ai/gDbwbz8ar8WF8zlozRjpzCP7A+PoFM42Yxw==</latexit>

G(2)
ij = 8ωGT (2)

ij
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Isocurvature Induced GWs

Peizhi Du (USTC)

<latexit sha1_base64="Fqie6BelWbiccaO6SJ51FNDmpu4="></latexit>

f(x, u, v) = !(u, x)!(v, x) +
1

2
(!(u, x) + xωx!(u, x)) (!(v, x) + xωx!(v, x))

Cases with no DR (               ) 
<latexit sha1_base64="JtNlglcsytEcfKWYqsNPKsgAFdc=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiTiayMU3biMYB/ShDKZTtqhM5MwMxFK6Fe4caGIWz/HnX/jtM1CqwcuHM65l3vviVLOtHHdL6e0tLyyulZer2xsbm3vVHf3WjrJFKFNkvBEdSKsKWeSNg0znHZSRbGIOG1Ho5up336kSrNE3ptxSkOBB5LFjGBjpYfA1+wq8IesV625dXcG9Jd4BalBAb9X/Qz6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBB1ZpY/iRNmSBs3UnxM5FlqPRWQ7BTZDvehNxf+8bmbiyzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZf/ktZJ3Tuvn92d1hrXRRxlOIBDOAYPLqABt+BDEwgIeIIXeHWU8+y8Oe/z1pJTzOzDLzgf31gykCA=</latexit>

! = ”•  Studied in the literature

<latexit sha1_base64="QiqjL5f3fztr59Hs0GQ7uu1bl8o=">AAACIXicbVDLTgIxFO3gC/E16tJNIzFxoTBjfLAkunGpiSgJQ0inXLSZzoM+iGTAT3Hjr7hxoTHujD9jgVmoeJKm55x7b9p7/IQzqRzn08rNzM7NL+QXC0vLK6tr9vrGtYy1oFCjMY9F3ScSOIugppjiUE8EkNDncOMHZ6P6TQ+EZHF0pfoJNENyG7EOo0QZq2VX7j3oatbDgaeIfth70JnulgOjehM18HpA02C4P767w0E5aNlFp+SMgaeJm5EiynDRsj+8dkx1CJGinEjZcJ1ENVMiFKMchgVPS0gIDcgtNAyNSAiymY43HOId47RxJxbmRAqP3Z8TKQml7Ie+6QyJupN/ayPzv1pDq06lmbIo0QoiOnmoozlWMR7FhdtMAFW8bwihgpm/YnpHBKHKhFowIbh/V54m1wcl97h0dHlYrJ5mceTRFtpGu8hFJ6iKztEFqiGKHtEzekVv1pP1Yr1bH5PWnJXNbKJfsL6+AfiLpUU=</latexit>

x → kω , u → q/k , v → |εk ↑ εq|/k

<latexit sha1_base64="g1obMs6ooySgoQpSjqPVOyYKTro=">AAACC3icbVDLSgMxFM3UV62vUZduQosoiHWm+NoIRTddjmAf0BlLJk3b0ExmSDKFMnTvxl9x40IRt/6AO//GtB1EWw9cODnnXnLv8SNGpbKsLyOzsLi0vJJdza2tb2xumds7NRnGApMqDlkoGj6ShFFOqooqRhqRICjwGan7/ZuxXx8QIWnI79QwIl6Aupx2KEZKSy0z7zqSHpwkLkYMVkb3pSPX6dGf99VxadAyC1bRmgDOEzslBZDCaZmfbjvEcUC4wgxJ2bStSHkJEopiRkY5N5YkQriPuqSpKUcBkV4yuWUE97XShp1Q6OIKTtTfEwkKpBwGvu4MkOrJWW8s/uc1Y9W59BLKo1gRjqcfdWIGVQjHwcA2FQQrNtQEYUH1rhD3kEBY6fhyOgR79uR5UisV7fPi2e1poXydxpEFeyAPDoENLkAZVIADqgCDB/AEXsCr8Wg8G2/G+7Q1Y6Qzu+APjI9vI0eZOA==</latexit>

!→/H2 + ”/H = →2v

<latexit sha1_base64="qZeO8aGYZnCHHNpWgtq6qt13GFQ="></latexit>

T (2)
µω → 4

3
ω̄rεµv

(1)
ε→ εωv

(1)
ε→

Domenech, Universe, 2021
Domenech, AAPPS Bull., 2024



13Peizhi Du (USTC)

<latexit sha1_base64="Fqie6BelWbiccaO6SJ51FNDmpu4="></latexit>

f(x, u, v) = !(u, x)!(v, x) +
1

2
(!(u, x) + xωx!(u, x)) (!(v, x) + xωx!(v, x))

DR density iso (DRDI)
<latexit sha1_base64="4IGw1dAOBgWJEEvs3h+V/vizj+0="></latexit>

f(x, u, v) =
1

2
!(u)!(v) +

1

2
”(u)”(v)

+ 2

(
1

2
(!(u) + xωx”(u)) +RdrHvdr(u)

)(
1

2
(!(v) + xωx”(v)) +RdrHvdr(v)

)

→
16

5x
RdrH

∫ x

0
dx̃ vdr(u)!(v)

[
j0(x→ x̃) +

10

7
j2(x→ x̃) +

3

7
j4(x→ x̃))

]

<latexit sha1_base64="g1obMs6ooySgoQpSjqPVOyYKTro=">AAACC3icbVDLSgMxFM3UV62vUZduQosoiHWm+NoIRTddjmAf0BlLJk3b0ExmSDKFMnTvxl9x40IRt/6AO//GtB1EWw9cODnnXnLv8SNGpbKsLyOzsLi0vJJdza2tb2xumds7NRnGApMqDlkoGj6ShFFOqooqRhqRICjwGan7/ZuxXx8QIWnI79QwIl6Aupx2KEZKSy0z7zqSHpwkLkYMVkb3pSPX6dGf99VxadAyC1bRmgDOEzslBZDCaZmfbjvEcUC4wgxJ2bStSHkJEopiRkY5N5YkQriPuqSpKUcBkV4yuWUE97XShp1Q6OIKTtTfEwkKpBwGvu4MkOrJWW8s/uc1Y9W59BLKo1gRjqcfdWIGVQjHwcA2FQQrNtQEYUH1rhD3kEBY6fhyOgR79uR5UisV7fPi2e1poXydxpEFeyAPDoENLkAZVIADqgCDB/AEXsCr8Wg8G2/G+7Q1Y6Qzu+APjI9vI0eZOA==</latexit>

!→/H2 + ”/H = →2v

Cases with no DR (               ) 
<latexit sha1_base64="JtNlglcsytEcfKWYqsNPKsgAFdc=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiTiayMU3biMYB/ShDKZTtqhM5MwMxFK6Fe4caGIWz/HnX/jtM1CqwcuHM65l3vviVLOtHHdL6e0tLyyulZer2xsbm3vVHf3WjrJFKFNkvBEdSKsKWeSNg0znHZSRbGIOG1Ho5up336kSrNE3ptxSkOBB5LFjGBjpYfA1+wq8IesV625dXcG9Jd4BalBAb9X/Qz6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBB1ZpY/iRNmSBs3UnxM5FlqPRWQ7BTZDvehNxf+8bmbiyzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZf/ktZJ3Tuvn92d1hrXRRxlOIBDOAYPLqABt+BDEwgIeIIXeHWU8+y8Oe/z1pJTzOzDLzgf31gykCA=</latexit>

! = ”

<latexit sha1_base64="QiqjL5f3fztr59Hs0GQ7uu1bl8o=">AAACIXicbVDLTgIxFO3gC/E16tJNIzFxoTBjfLAkunGpiSgJQ0inXLSZzoM+iGTAT3Hjr7hxoTHujD9jgVmoeJKm55x7b9p7/IQzqRzn08rNzM7NL+QXC0vLK6tr9vrGtYy1oFCjMY9F3ScSOIugppjiUE8EkNDncOMHZ6P6TQ+EZHF0pfoJNENyG7EOo0QZq2VX7j3oatbDgaeIfth70JnulgOjehM18HpA02C4P767w0E5aNlFp+SMgaeJm5EiynDRsj+8dkx1CJGinEjZcJ1ENVMiFKMchgVPS0gIDcgtNAyNSAiymY43HOId47RxJxbmRAqP3Z8TKQml7Ie+6QyJupN/ayPzv1pDq06lmbIo0QoiOnmoozlWMR7FhdtMAFW8bwihgpm/YnpHBKHKhFowIbh/V54m1wcl97h0dHlYrJ5mceTRFtpGu8hFJ6iKztEFqiGKHtEzekVv1pP1Yr1bH5PWnJXNbKJfsL6+AfiLpUU=</latexit>

x → kω , u → q/k , v → |εk ↑ εq|/k

•  

•  
<latexit sha1_base64="uA6q2Awajw7wBwy4Vr7Xdse7OAI="></latexit>

T (2)
µω → 4

3
ω̄rεµv

(1)
ε→ εωv

(1)
ε→ + ω̄dr!

(2)
drµω

<latexit sha1_base64="qZeO8aGYZnCHHNpWgtq6qt13GFQ="></latexit>

T (2)
µω → 4

3
ω̄rεµv

(1)
ε→ εωv

(1)
ε→

<latexit sha1_base64="QTUOO+SyEUwBofzcP3pQ6pPETKw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURX8uiG5dV7AOaECaTaTt0ZhJmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57woRRpR3n2yqtrK6tb5Q3K1vbO7t79n61o+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpn63UciFY3Fg54kxOdoKOiAYqSNFNjV+n2QeZLDSObQYwy6J4FdcxrODHCZuAWpgQKtwP7yohinnAiNGVKq7zqJ9jMkNcWM5BUvVSRBeIyGpG+oQJwoP5vdnsNjo0RwEEtTQsOZ+nsiQ1ypCQ9NJ0d6pBa9qfif10/14MrPqEhSTQSeLxqkDOoYToOAEZUEazYxBGFJza0Qj5BEWJu4KiYEd/HlZdI5bbgXjfO7s1rzuoijDA7BEagDF1yCJrgFLdAGGDyBZ/AK3qzcerHerY95a8kqZg7AH1ifPyRJkzk=</latexit>

(Rdr → 1)

<latexit sha1_base64="wxOFqXWnoYPM6qGVbPs0w+G86RI="></latexit>

vω→ = →
1

2
(!→/H2 + ”/H)→Rdrvdr

Studied in the literature

Our new results

Isocurvature Induced GWs

Domenech, Universe, 2021
Domenech, AAPPS Bull., 2024

Cai, PD, Zhong, JCAP, 2026 Freestreaming DR



14Peizhi Du (USTC)
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DRDI superhorizon source term is not suppressed!•  

Isocurvature Induced GWs

Cai, PD, Zhong, JCAP, 2026

10°2 10°1 100 101 102 103

kø

10°3

10°2

10°1

100

101

|≥
|

≥AD

≥CDI £ (k/keq)

≥DRDI £ R°1
dr

GW can be induced without curvature



14Peizhi Du (USTC)
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DRDI superhorizon source term is not suppressed!

DRDI GWs can be much larger than CDI for large k

•  
•  

Isocurvature Induced GWs

GW can be induced without curvature



14Peizhi Du (USTC)
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DRDI superhorizon source term is not suppressed!

DRDI GWs can be much larger than CDI for large k

•  
•  

Isocurvature Induced GWs
<latexit sha1_base64="vV8hSsobZzw2xEoGc3NmPHRPe50=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahBS2J+NoIVTcuK9gHNKVMJpN2yGQSZiZCCV268VfcuFDErZ/gzr9xmmah1QOXezjnXmbucWNGpbKsL6MwN7+wuFRcLq2srq1vmJtbLRklApMmjlgkOi6ShFFOmooqRjqxICh0GWm7wfXEb98TIWnE79QoJr0QDTj1KUZKS31zt1EJqheXzgF0PMIUqjiMwwAeZq1vVftm2apZGeBfYuekDHI0+uan40U4CQlXmCEpu7YVq16KhKKYkXHJSSSJEQ7QgHQ15Sgkspdmh4zhvlY86EdCF1cwU39upCiUchS6ejJEaihnvYn4n9dNlH/eSymPE0U4nj7kJwyqCE5SgR4VBCs20gRhQfVfIR4igbDS2ZV0CPbsyX9J66hmn9ZObo/L9as8jiLYAXugAmxwBurgBjRAE2DwAJ7AC3g1Ho1n4814n44WjHxnG/yC8fENnhWXMg==</latexit>

P (k) = A ω(ln k → ln k0)

GW can be induced without curvature
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Constraints from PTA

Peizhi Du (USTC)
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Data analysis with PTArcade
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Stringent constraints around 106 Mpc-1 •  
Cai, PD, Zhong, JCAP, 2026
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Future Directions

Peizhi Du (USTC)

Primordial black holes

GW probed at LISA/Taiji/Tianqin

Mixture of different isocurvatures

CMB

CMB
distortion

PTA •  

•  

•  
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Conclusions

Many well-motivated BSM models can generate isocurvature perturbations

Isocurvature induced GWs have distinct spectrum compared to curvature induced GWs 

Pulsar Timing Arrays set limits on isocurvature power spectrum around 106 Mpc-1

•  

•  

•  

Peizhi Du (USTC)

CMB

CMB
distortion

PTADR Iso initial conditions

<latexit sha1_base64="WxRC5H9J/NGzm7Fn2SzeVE0B7dU=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYnnWTIzOw6MyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrjDnTxvO+ncLK6tr6RnGztLW9s7tX3j9o6ihRFBs04pFqh0QjZxIbhhmO7VghESHHVji+zfzWEyrNIvlgJjEGggwlGzBKTCZ1JT72yhWv6s3gLhM/JxXIUe+Vv7r9iCYCpaGcaN3xvdgEKVGGUY7TUjfRGBM6JkPsWCqJQB2ks1un7olV+u4gUrakcWfq74mUCK0nIrSdgpiRXvQy8T+vk5jBdZAyGScGJZ0vGiTcNZGbPe72mUJq+MQSQhWzt7p0RBShxsZTsiH4iy8vk+ZZ1b+sXtyfV2o3eRxFOIJjOAUfrqAGd1CHBlAYwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AEbTY5M</latexit>

→=<latexit sha1_base64="WaL0tWjltrkuxlqV+KuqJEpv8BI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U395hMqzSP5YMYx+iEdSN7njBor1W66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuU2iyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5ANjMs=</latexit>=
<latexit sha1_base64="kSE7Dbonb5phbAqjAU3zfKD/oeA=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyFpamN3RTcuK9gHNKVMJpN26OTBzEQoIeCvuHGhiFu/w51/46StoKIHLhzOuZd77/ESRoU0zQ+ttLK6tr5R3qxsbe/s7un7B10RpxyTDo5ZzPseEoTRiHQklYz0E05Q6DHS86ZXhd+7I1zQOLqVs4QMQzSOaEAxkkoa6UduwBHO6nlm565PmESjDOcjvWoaTq1p121oGmaj6VhWQWynUbOgZZhzVMES7ZH+7voxTkMSScyQEAPLTOQwQ1xSzEhecVNBEoSnaEwGikYoJGKYzc/P4alSfBjEXFUk4Vz9PpGhUIhZ6KnOEMmJ+O0V4l/eIJXBxTCjUZJKEuHFoiBlUMawyAL6lBMs2UwRhDlVt0I8QSoPqRKrqBC+PoX/k27NsBrG+U292rpcxlEGx+AEnAELOKAFrkEbdAAGGXgAT+BZu9cetRftddFa0pYzh+AHtLdPEjqWPQ==</latexit>

4

3
ωc

<latexit sha1_base64="+v+MhDgN7w/JgdASpLGrLU5NYE0=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoPgadlNYtbcgl48RjAPyC6hdzJJhszsrjOzgRDyHV48KOLVj/Hm3zh5CCpa0FBUddPdFSacKe04H1ZmbX1jcyu7ndvZ3ds/yB8eNVWcSkIbJOaxbIegKGcRbWimOW0nkoIIOW2Fo+u53xpTqVgc3elJQgMBg4j1GQFtpMDvUa6h6w9ACOjmC47tFaulcgk7tlOpeq47JyWvUnSxazsLFNAK9W7+3e/FJBU00oSDUh3XSXQwBakZ4XSW81NFEyAjGNCOoREIqoLp4ugZPjNKD/djaSrSeKF+n5iCUGoiQtMpQA/Vb28u/uV1Ut2/DKYsSlJNI7Jc1E851jGeJ4B7TFKi+cQQIJKZWzEZggSiTU45E8LXp/h/0izabsW+uC0XalerOLLoBJ2ic+QiD9XQDaqjBiLoHj2gJ/Rsja1H68V6XbZmrNXMMfoB6+0TP8KScQ==</latexit>

ωω
<latexit sha1_base64="/+6++8JGb2QGaFT5ABUWxLlpMPk=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFSYx1XRXdOOygn1AU8pkMmmHTh7MTIQa+iVuXCji1k9x5984fQgqeuDC4Zx7ufeeIONMKoQ+jJXVtfWNzdJWeXtnd69i7h+0ZZoLQlsk5anoBlhSzhLaUkxx2s0ExXHAaScYX838zh0VkqXJrZpktB/jYcIiRrDS0sCs+CHlCg8KX8QwFNOBWUVWvY5c14PIqiHHcWuaoDPH82xoW2iOKliiOTDf/TAleUwTRTiWsmejTPULLBQjnE7Lfi5phskYD2lP0wTHVPaL+eFTeKKVEEap0JUoOFe/TxQ4lnISB7ozxmokf3sz8S+vl6vI6xcsyXJFE7JYFOUcqhTOUoAhE5QoPtEEE8H0rZCMsMBE6azKOoSvT+H/pO1Y9rlVu3GrjctlHCVwBI7BKbDBBWiAa9AELUBADh7AE3g27o1H48V4XbSuGMuZQ/ADxtsnQtSTgw==</latexit>

ωdr

<latexit sha1_base64="ieHz5IGUEMhowgfTSPI4n1940QY=">AAACEnicbVA9SwNBEN3z2/gVtbRZDIKChDvxqxGCNpaKRoVcCHObSbK4u3fu7gnxSP6CjX/FxkIRWys7/42bmEKjDwYe780wMy9KBDfW9z+9kdGx8YnJqenczOzc/EJ+cenCxKlmWGaxiPVVBAYFV1i23Aq8SjSCjAReRtdHPf/yFrXhsTq37QSrEpqKNzgD66RafiO8QwsHfnezG0qwLQaCntWyUEta12ETpIROqPCG+rV8wS/6fdC/JBiQAhngpJb/COsxSyUqywQYUwn8xFYz0JYzgZ1cmBpMgF1DEyuOKpBoqln/pQ5dc0qdNmLtSlnaV39OZCCNacvIdfbONsNeT/zPq6S2sV/NuEpSi4p9L2qkgtqY9vKhda6RWdF2BJjm7lbKWqCBWZdizoUQDL/8l1xsFYPd4s7pdqF0OIhjiqyQVbJOArJHSuSYnJAyYeSePJJn8uI9eE/eq/f23TriDWaWyS9471+gO510</latexit>

ω = 0 , Sdrω →= 0



Thank you!
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General isocurvature constraints

Buckley,PD,Fernandez,Weikert, 2025
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Peizhi Du (USTC)


