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Particle production

during the inflation

Imprint localized signals on the CMB

Search with Convolutional  
Neural Network (CNN) 
or Matched Filter 

Cosmological Particle Production  

=> Pairwise Hotspot signals on CMB
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Can probe particle mass  
of inflationary Hubble scale
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using inflationary dynamics + CMB signals
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• In the context of “cosmological collider physics”, we usually 
focus on signals of non-Gaussianity (    3-pt functions)
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What if we elevate the particle mass even further,  

leading to tiny production rate  

that only occurs at specific moments? 
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Particle production

Particle production

during the inflation

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M



8

Consider a scalar particle       that  

 carries a mass depending on the inflaton-VEV 
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• Sigma mass is typically heavy (compared to Hubble scale) 
• mass takes its minimum value at time 
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M

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M
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Consider a scalar particle       that  

 carries a mass depending on the inflaton-VEV 

<latexit sha1_base64="1exhBqah32KyeEUFfcpSQmvOcNA=">AAAB7XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOlVk+zocD9fAG5pVqpXLmAyL30kFesQs9Fc3yTAlii0c9/9AYRSQSVhnCsdddDsfFTrAwjnE5zvUTTGJMxHtKupRILqv10fu0UnlllAMNI2ZIGztWfEykWWk9EYDsFNiP915uJ/3ndxIQ1P2UyTgyVZLEoTDg0EZy9DgdMUWL4xBJMFLO3QjLCChNjA8rZEFZeXiWtoutVXHRbLtSvlnFkwQk4BefAA1VQBzegAZqAgHvwCJ7BixM5T86r87ZozTjLmWPwC877F+cOj1k=</latexit>�

<latexit sha1_base64="17zS8VdTwUuCnpbtGnjq6RAIsF4=">AAAB+3icjVDLSsNAFL3xWesr1qWbwSK4Kokouiy6cVnBPqAJZTK9bYdOJmFmIpbQX3HjQhG3/og7/8Zp2oWKggcuHM65l3s4USq4Np734Swtr6yurZc2yptb2zu77l6lpZNMMWyyRCSqE1GNgktsGm4EdlKFNI4EtqPx1cxv36HSPJG3ZpJiGNOh5APOqLFSz60EgsqhwCAd8UAVtOdW/ZpXgPxNqrBAo+e+B/2EZTFKwwTVuut7qQlzqgxnAqflINOYUjamQ+xaKmmMOsyL7FNyZJU+GSTKjjSkUL9e5DTWehJHdjOmZqR/ejPxN6+bmcFFmHOZZgYlmz8aZIKYhMyKIH2ukBkxsYQyxW1WwkZUUWZsXeX/ldA6qflnNe/mtFq/XNRRggM4hGPw4RzqcA0NaAKDe3iAJ3h2ps6j8+K8zleXnMXNPnyD8/YJXu6Upw==</latexit>

h�i

<latexit sha1_base64="RKc4BJ34BkVCUS/+8rRb9ZLFqg0=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOle9FPe5oNBZ728wXklmqlcuUCIvfSQ16xCj0XzfFNCmCJRj//0RtEJBFUGsKx1l0PxcZPsTKMcDrN9RJNY0zGeEi7lkosqPbT+cVTeGaVAQwjZUsaOFd/TqRYaD0Rge0U2Iz0X28m/ud1ExPW/JTJODFUksWiMOHQRHD2PhwwRYnhE0swUczeCskIK0yMDSlnQ1h5eZW0iq5XcdFtuVC/WsaRBSfgFJwDD1RBHdyABmgCAiR4BM/gxdHOk/PqvC1aM85y5hj8gvP+BTS1kUU=</latexit>m�

• Can be embedded into a periodic potential   
   or with a monodromy structure  

see Flauger, Mirbabayi, Senatore, Silverstein (2017),  
and Munchmeyer and Smith. (2019) for the N-point function study

m2
σ = M + 02 + g2 f 2 cos(ϕ/f )

m2
σ = M2

0 + g2(ϕ − 2πnf )2

<latexit sha1_base64="Ax6/fxCB8kwCsceecwe3IKtkuxI=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoMgHpbd4Jocg148RjAPSJYwO+lNRmdnlplZIYT8gxcPinj1f7z5N04eQhQtaCiquunuilLOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlpmikKDSi5VOyIaOBPQMMxwaKcKSBJxaEX3V1O/9QBKMyluzSiFMCEDwWJGibFSswuG9M56xZLvejNgz61UvfJFYIlf8ctBgL+tElqg3it+dPuSZgkIQznRuuN7qQnHRBlGOUwK3UxDSug9GUDHUkES0OF4du0En1ilj2OpbAmDZ+ryxJgkWo+SyHYmxAz1b28q/uV1MhNXwzETaWZA0PmiOOPYSDx9HfeZAmr4yBJCFbO3YjokilBjAyosh/A/aZZdP3C9m/NS7XIRRx4doWN0inxUQTV0jeqogSi6Q4/oGb040nlyXp23eWvOWcwcoh9w3r8AbvWPCw==</latexit>⌘⇤

<latexit sha1_base64="9czO9vGNTNPNIZbTbjOaqgXySOc=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZ0T6gHUomzbShSWZIMkIZ+gluXCji1i9y59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jem0lMfYGHkoWMYGOlO9FH/XwBuaVaqVy5gMi99JBXrELPRXN8kwJYotHPf/QGEUkElYZwrHXXQ7HxU6wMI5xOc71E0xiTMR7SrqUSC6r9dH7qFJ5ZZQDDSNmSBs7VnxMpFlpPRGA7BTYj/debif953cSENT9lMk4MlWSxKEw4NBGc/Q0HTFFi+MQSTBSzt0IywgoTY9PJ2RBWXl4lraLrVVx0Wy7Ur5ZxZMEJOAXnwANVUAc3oAGagIAheATP4MXhzpPz6rwtWjPOcuYY/ILz/gVEGY3K</latexit>m0

9

mass

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M
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<latexit sha1_base64="17zS8VdTwUuCnpbtGnjq6RAIsF4=">AAAB+3icjVDLSsNAFL3xWesr1qWbwSK4Kokouiy6cVnBPqAJZTK9bYdOJmFmIpbQX3HjQhG3/og7/8Zp2oWKggcuHM65l3s4USq4Np734Swtr6yurZc2yptb2zu77l6lpZNMMWyyRCSqE1GNgktsGm4EdlKFNI4EtqPx1cxv36HSPJG3ZpJiGNOh5APOqLFSz60EgsqhwCAd8UAVtOdW/ZpXgPxNqrBAo+e+B/2EZTFKwwTVuut7qQlzqgxnAqflINOYUjamQ+xaKmmMOsyL7FNyZJU+GSTKjjSkUL9e5DTWehJHdjOmZqR/ejPxN6+bmcFFmHOZZgYlmz8aZIKYhMyKIH2ukBkxsYQyxW1WwkZUUWZsXeX/ldA6qflnNe/mtFq/XNRRggM4hGPw4RzqcA0NaAKDe3iAJ3h2ps6j8+K8zleXnMXNPnyD8/YJXu6Upw==</latexit>

h�i

<latexit sha1_base64="RKc4BJ34BkVCUS/+8rRb9ZLFqg0=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOle9FPe5oNBZ728wXklmqlcuUCIvfSQ16xCj0XzfFNCmCJRj//0RtEJBFUGsKx1l0PxcZPsTKMcDrN9RJNY0zGeEi7lkosqPbT+cVTeGaVAQwjZUsaOFd/TqRYaD0Rge0U2Iz0X28m/ud1ExPW/JTJODFUksWiMOHQRHD2PhwwRYnhE0swUczeCskIK0yMDSlnQ1h5eZW0iq5XcdFtuVC/WsaRBSfgFJwDD1RBHdyABmgCAiR4BM/gxdHOk/PqvC1aM85y5hj8gvP+BTS1kUU=</latexit>m�

<latexit sha1_base64="Ax6/fxCB8kwCsceecwe3IKtkuxI=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoMgHpbd4Jocg148RjAPSJYwO+lNRmdnlplZIYT8gxcPinj1f7z5N04eQhQtaCiquunuilLOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlpmikKDSi5VOyIaOBPQMMxwaKcKSBJxaEX3V1O/9QBKMyluzSiFMCEDwWJGibFSswuG9M56xZLvejNgz61UvfJFYIlf8ctBgL+tElqg3it+dPuSZgkIQznRuuN7qQnHRBlGOUwK3UxDSug9GUDHUkES0OF4du0En1ilj2OpbAmDZ+ryxJgkWo+SyHYmxAz1b28q/uV1MhNXwzETaWZA0PmiOOPYSDx9HfeZAmr4yBJCFbO3YjokilBjAyosh/A/aZZdP3C9m/NS7XIRRx4doWN0inxUQTV0jeqogSi6Q4/oGb040nlyXp23eWvOWcwcoh9w3r8AbvWPCw==</latexit>⌘⇤

<latexit sha1_base64="9czO9vGNTNPNIZbTbjOaqgXySOc=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZ0T6gHUomzbShSWZIMkIZ+gluXCji1i9y59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jem0lMfYGHkoWMYGOlO9FH/XwBuaVaqVy5gMi99JBXrELPRXN8kwJYotHPf/QGEUkElYZwrHXXQ7HxU6wMI5xOc71E0xiTMR7SrqUSC6r9dH7qFJ5ZZQDDSNmSBs7VnxMpFlpPRGA7BTYj/debif953cSENT9lMk4MlWSxKEw4NBGc/Q0HTFFi+MQSTBSzt0IywgoTY9PJ2RBWXl4lraLrVVx0Wy7Ur5ZxZMEJOAXnwANVUAc3oAGagIAheATP4MXhzpPz6rwtWjPOcuYY/ILz/gVEGY3K</latexit>m0

9

mass

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M

Since particle production only happens around  η*

can re-parametrize the mass without loss of generality

ℒσ = −
1
2

(∂μσ)2 −
1
2 [(gϕ − μ)2 + M2

0] σ2g M0
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e.o.m. during the inflation

simple harmonic oscillator 
with time-dependent frequency  

<latexit sha1_base64="ShgfYJwpusiiznSjgLlN8WsOiTo="></latexit>

�
00 � 2

⌘
�
0 +

✓
k
2 +

M
2(⌘)

H2⌘2

◆
� = 0

<latexit sha1_base64="WVOLvFN8Wowc1Y14SSuNc10bWfc="></latexit>

u
00 +

✓
k
2 +

M
2(⌘)/H2 � 2

⌘2

◆
u ⌘ u

00 + !(⌘)2u = 0

<latexit sha1_base64="z5K7E6ejeh01oice+iisso89rXw=">AAACFHicjVDLSsNAFJ3UV62vqEs3wSJUCiUNim6Eohs3QgX7gCYpk+lNO3TyYGYilJCPcOOvuHGhiFsX7vwbJ20XKgoeGOZwzr3ce48XMyqkaX5ohYXFpeWV4mppbX1jc0vf3mmLKOEEWiRiEe96WACjIbQklQy6MQcceAw63vgi9zu3wAWNwhs5icEJ8DCkPiVYKqmvV+0ogCGu2CDxoWudjV2ravsck/TKtWZqluafa2V9vVyvmVMYf5MymqPZ19/tQUSSAEJJGBaiVzdj6aSYS0oYZCU7ERBjMsZD6Cka4gCEk06PyowDpQwMP+LqhdKYql87UhwIMQk8VRlgORI/vVz8zesl0j91UhrGiYSQzAb5CTNkZOQJGQPKgUg2UQQTTtWuBhlhFYlUOZb+F0LbqtWPa+b1UblxPo+jiPbQPqqgOjpBDXSJmqiFCLpDD+gJPWv32qP2or3OSgvavGcXfYP29gnVIp1x</latexit>

!(⌘)2 = k2 +
M2(⌘)

⌘2

<latexit sha1_base64="Qx8Cflptbnh+5vtBhiH8yfzQPzU=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8xV1R9CIEvXiMYB6QXcLsZDYZMju7zvQGwpLv8OJBEa9+jDf/xsnjoKJgQUNR1U0XFaZSGHTdD2dhcWl5ZbWwVlzf2NzaLu3sNkySacbrLJGJboXUcCkUr6NAyVup5jQOJW+Gg+uJ3xxybUSi7nCU8iCmPSUiwShaKcgufSN6MT32OdJOqexV3CnI36QMc9Q6pXe/m7As5gqZpMa0PTfFIKcaBZN8XPQzw1PKBrTH25YqGnMT5NPQY3JolS6JEm1HIZmqXy9yGhszikO7GVPsm5/eRPzNa2cYXQS5UGmGXLHZoyiTBBMyaYB0heYM5cgSyrSwWQnrU00Z2p6K/yuhcVLxziru7Wm5ejWvowD7cABH4ME5VOEGalAHBvfwAE/w7AydR+fFeZ2tLjjzmz34BuftE3izkec=</latexit>

u = �/⌘

10Yuhsin Tsai yhtsai@nd.edu
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         are the initial & final  
          mode functions

…

<latexit sha1_base64="z0NId866qShvZF6W9Rn6Ydt/K18=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuE17UFHwwcDjvRlm5gWJ4Nq47odTWFpeWV0rrpc2Nre2d8q7ey0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9nfvseleaxvDWTBP2IDiUPOaPGSo3LfrniVd0c5G9SgQXq/fJ7bxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5ssqAhLGyJQ3J1a8TGY20nkSB7YyoGemf3kz8zeumJrzwMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpvS/EFonVe+s6jZOK7WrRRxFOIBDOAYPzqEGN1CHJjBAeIAneHbunEfnxXmdtxacxcw+fIPz9gmShIzI</latexit>=
<latexit sha1_base64="wAHUZ7lhALRCx6DQQ2zAwlWqsAQ=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoiih6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3PIy2</latexit>

+
<latexit sha1_base64="wAHUZ7lhALRCx6DQQ2zAwlWqsAQ=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoiih6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3PIy2</latexit>

+
<latexit sha1_base64="wAHUZ7lhALRCx6DQQ2zAwlWqsAQ=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoiih6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3PIy2</latexit>

+

<latexit sha1_base64="Miqm3SW66xp36blE7i/hydVQhI8=">AAACAXicdVBNSwMxEM3W7/pV9SJ4CRZBD5bdYq0XQfTiUcF+QHdZsmm2hibZJZkVylIv/hUvHhTx6r/w5r8xrRVU9MHA470ZZuZFqeAGXPfdKUxNz8zOzS8UF5eWV1ZLa+tNk2SasgZNRKLbETFMcMUawEGwdqoZkZFgrah/NvJbN0wbnqgrGKQskKSneMwpASuFpU0Z5r7hPUmGuz4DcrzvcxXDYC8slb2KOwZ2K/Ujt3pYs8Sre9VaDX9ZZTTBRVh687sJzSRTQAUxpuO5KQQ50cCpYMOinxmWEtonPdaxVBHJTJCPPxjiHat0cZxoWwrwWP0+kRNpzEBGtlMSuDa/vZH4l9fJID4Kcq7SDJiin4viTGBI8CgO3OWaURADSwjV3N6K6TXRhIINrfg9hP9Js1rxahX38qB8cjqJYx5toW20izxURyfoHF2gBqLoFt2jR/Tk3DkPzrPz8tlacCYzG+gHnNcPYV6W2Q==</latexit>

m�(⌘ = �1)
<latexit sha1_base64="FEbPE+1L1Y6pLUtYinKVpa+MGZI=">AAAB+3icdVDLSsNAFJ3UV62vWJduBotQXZSkGNtl0Y3LCvYBTQiT6aQdOpOEmYlYQn7FjQtF3Poj7vwbpw+hih64cDjnXu7hBAmjUlnWp1FYW9/Y3Cpul3Z29/YPzMNyV8apwKSDYxaLfoAkYTQiHUUVI/1EEMQDRnrB5Hrm9+6JkDSO7tQ0IR5Ho4iGFCOlJd8scz9zJR1xlFddopB/fuabFbtmzQGtWqNp1S8dTeyGXXcc+G1VwBJt3/xwhzFOOYkUZkjKgW0lysuQUBQzkpfcVJIE4QkakYGmEeJEetk8ew5PtTKEYSz0RArO1dWLDHEppzzQmxypsfztzcS/vEGqwqaX0ShJFYnw4lGYMqhiOCsCDqkgWLGpJggLqrNCPEYCYaXrKq2W8D/p1mu2U7NuLyqtq2UdRXAMTkAV2KABWuAGtEEHYPAAHsEzeDFy48l4Nd4WqwVjeXMEfsB4/wKvppQ2</latexit>

m�(⌘⇤)

when promoting field into an operator, the initial raising and lowering 
operators will mix in the later time raising/lowering operators  

<latexit sha1_base64="dXBX2qdEb8uRfjNsOeW0Bgupi9M=">AAACAnicjVDLSsNAFL3xWesr6krcDBbBRSmpKLosCqK7CvYBTSiT6aQdOpmEmYlQQnDjr7hxoYhbv8Kdf+OkLaKi4IELZ865l7n3+DFnSjvOuzUzOze/sFhYKi6vrK6t2xubTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35w7Pcb91QqVgkrvUopl6I+4IFjGBtpK697YZYDwjm6WVWdsufr/Osa5eqFWcM9DcpwRT1rv3m9iKShFRowrFSnaoTay/FUjPCaVZ0E0VjTIa4TzuGChxS5aXjEzK0Z5QeCiJpSmg0Vr9OpDhUahT6pjNfUf30cvE3r5Po4MRLmYgTTQWZfBQkHOkI5XmgHpOUaD4yBBPJzK6IDLDERJvUiv8LoXlQqR5VnKvDUu10GkcBdmAX9qEKx1CDC6hDAwjcwj08wpN1Zz1Yz9bLpHXGms5swTdYrx8vmZdL</latexit>

I, F

…

Non-adiabatic particle production  

Bogolyubov transformation

11Yuhsin Tsai yhtsai@nd.edu



13

…

<latexit sha1_base64="z0NId866qShvZF6W9Rn6Ydt/K18=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuE17UFHwwcDjvRlm5gWJ4Nq47odTWFpeWV0rrpc2Nre2d8q7ey0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9nfvseleaxvDWTBP2IDiUPOaPGSo3LfrniVd0c5G9SgQXq/fJ7bxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5ssqAhLGyJQ3J1a8TGY20nkSB7YyoGemf3kz8zeumJrzwMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpvS/EFonVe+s6jZOK7WrRRxFOIBDOAYPzqEGN1CHJjBAeIAneHbunEfnxXmdtxacxcw+fIPz9gmShIzI</latexit>=
<latexit sha1_base64="wAHUZ7lhALRCx6DQQ2zAwlWqsAQ=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoiih6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3PIy2</latexit>

+
<latexit sha1_base64="wAHUZ7lhALRCx6DQQ2zAwlWqsAQ=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoiih6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3PIy2</latexit>

+
<latexit sha1_base64="wAHUZ7lhALRCx6DQQ2zAwlWqsAQ=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoiih6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3PIy2</latexit>

+

<latexit sha1_base64="Miqm3SW66xp36blE7i/hydVQhI8=">AAACAXicdVBNSwMxEM3W7/pV9SJ4CRZBD5bdYq0XQfTiUcF+QHdZsmm2hibZJZkVylIv/hUvHhTx6r/w5r8xrRVU9MHA470ZZuZFqeAGXPfdKUxNz8zOzS8UF5eWV1ZLa+tNk2SasgZNRKLbETFMcMUawEGwdqoZkZFgrah/NvJbN0wbnqgrGKQskKSneMwpASuFpU0Z5r7hPUmGuz4DcrzvcxXDYC8slb2KOwZ2K/Ujt3pYs8Sre9VaDX9ZZTTBRVh687sJzSRTQAUxpuO5KQQ50cCpYMOinxmWEtonPdaxVBHJTJCPPxjiHat0cZxoWwrwWP0+kRNpzEBGtlMSuDa/vZH4l9fJID4Kcq7SDJiin4viTGBI8CgO3OWaURADSwjV3N6K6TXRhIINrfg9hP9Js1rxahX38qB8cjqJYx5toW20izxURyfoHF2gBqLoFt2jR/Tk3DkPzrPz8tlacCYzG+gHnNcPYV6W2Q==</latexit>

m�(⌘ = �1)
<latexit sha1_base64="FEbPE+1L1Y6pLUtYinKVpa+MGZI=">AAAB+3icdVDLSsNAFJ3UV62vWJduBotQXZSkGNtl0Y3LCvYBTQiT6aQdOpOEmYlYQn7FjQtF3Poj7vwbpw+hih64cDjnXu7hBAmjUlnWp1FYW9/Y3Cpul3Z29/YPzMNyV8apwKSDYxaLfoAkYTQiHUUVI/1EEMQDRnrB5Hrm9+6JkDSO7tQ0IR5Ho4iGFCOlJd8scz9zJR1xlFddopB/fuabFbtmzQGtWqNp1S8dTeyGXXcc+G1VwBJt3/xwhzFOOYkUZkjKgW0lysuQUBQzkpfcVJIE4QkakYGmEeJEetk8ew5PtTKEYSz0RArO1dWLDHEppzzQmxypsfztzcS/vEGqwqaX0ShJFYnw4lGYMqhiOCsCDqkgWLGpJggLqrNCPEYCYaXrKq2W8D/p1mu2U7NuLyqtq2UdRXAMTkAV2KABWuAGtEEHYPAAHsEzeDFy48l4Nd4WqwVjeXMEfsB4/wKvppQ2</latexit>

m�(⌘⇤)

…

Non-adiabatic particle production  

Bogolyubov transformation

12Yuhsin Tsai yhtsai@nd.edu

• Solve the time-dependent harmonic oscillation equation 
• Choose initial condition with one sign of frequency  
• Find the pre-factor of opposite signal frequency in the full solution 
• The pre-factor contributes to particle production 
                              (see the paper or backup slides for more details)
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Number of  pairs around the  

CMB last scattering surface (with )

σ
η = ηrec ± η*

Nσ pairs =
1

2π2 ( g ·ϕ0

H2
I )

3/2

e− π(M2
0 − 2H2

I )
g | ·ϕ | ( η0

η* )
3 Δη

η0

13

Planck

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="rVycoVPdN6eTo1uY3c6tK6XphcU=">AAACHXicjVDLSgMxFM34rPVVdekmWMSqWKaDosuiGzeFCrYVOu2QSe+0wcxMSDJiGfojbvwVNy4UceFG/BvTx0JFwQMJh3Pu5d57fMGZ0rb9YU1Nz8zOzWcWsotLyyurubX1uooTSaFGYx7LK58o4CyCmmaaw5WQQEKfQ8O/Phv6jRuQisXRpe4LaIWkG7GAUaKN5OUOK17qyhBDEAzajkuEkPEtrnh229nvGkH02E7bKbigycHw8/Z2246Xy5eK9gj4b5JHE1S93JvbiWkSQqQpJ0o1S7bQrZRIzSiHQdZNFAhCr0kXmoZGJATVSkfXDfC2UTo4iKV5kcYj9WtHSkKl+qFvKkOie+qnNxR/85qJDk5aKYtEoiGi40FBwrGO8TAq3GESqOZ9QwiVzOyKaY9IQrUJNPu/EOpOsXRUtC8O8+XTSRwZtIm2UAGV0DEqo3NURTVE0R16QE/o2bq3Hq0X63VcOmVNejbQN1jvn2fjoDU=</latexit>

M2
e↵ ⇡ M2

0 + g2�02(⌘ � ⌘⇤)
2

  If   ,  
and  Mpc  

(similar to chopping the sky into ~500x500 pieces) 
           

g = 2 M0 = 200 HI = 3.3 ·ϕ
η* = 100

Nσ pairs ≈ 30
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Back-reaction constraints

Radiative correction => assume a UV completion (e.g. SUSY) 
takes care of that (see e.g., Flauger et al. (2016) ) 

Yuhsin Tsai yhtsai@nd.edu

Need to make sure the scalar field  

does not affect inflaton’s slow-roll motion 

Since  

this requires 

<latexit sha1_base64="jNgsoreR93Veuc5CpLpCXaBEl00=">AAACJ3icjVBbS8MwGE3nbc5b1UdfgkMQwdGqqE8y9GWPE9wF1lLSLN3C0jYkqThK/40v/hVfBBXRR/+JaTfwgoIHAifnfJfk+JxRqSzrzSjNzM7NL5QXK0vLK6tr5vpGW8aJwKSFYxaLro8kYTQiLUUVI10uCAp9Rjr+6CL3O9dESBpHV2rMiRuiQUQDipHSkmeeHTa8Pacfq9ThQ5o5iHMR38B9JxAIaw0JRRGDbW/iZ59ScffMql2zCsC/SRVM0fTMR70MJyGJFGZIyp5tceWm+UzMSFZxEkk4wiM0ID1NIxQS6abFPzO4o5U+DGKhT6RgoX7tSFEo5Tj0dWWI1FD+9HLxN6+XqODUTWnEE0UiPFkUJAyqGOahwT4VBCs21gRhQfVbIR4inZDS0Vb+F0L7oGYf16zLo2r9fBpHGWyBbbALbHAC6qABmqAFMLgF9+AJPBt3xoPxYrxOSkvGtGcTfIPx/gHvW6c/</latexit>

3H⇤�̇ ⇡ �@V�

@�
<latexit sha1_base64="m58eDUkL5rke9DC3HwVq3MQCoOw=">AAACRHicjZBLS8NAFIUn9VXrK+rSzWARKmJJiqgboejGjVDBtkITw2Q6SYdOHsxMhBLy49z4A9z5C9y4UMStOEkLalHwwMDh3HO5w+fGjAppGI9aaWZ2bn6hvFhZWl5ZXdPXNzoiSjgmbRyxiF+7SBBGQ9KWVDJyHXOCApeRrjs8y+fdW8IFjcIrOYqJHSA/pB7FSKrI0XuWxxFOrRhxSRGDnezLW/GAZifTBSct8unenl/zc7N/sWsJ6gfopuHoVbNuFIJ/myqYqOXoD1Y/wklAQokZEqJnGrG00/wMZiSrWIkgMcJD5JOesiEKiLDTAkIGd1TSh17E1QslLNLvGykKhBgFrmoGSA7E9CwPf5v1Eukd2ykN40SSEI8PeQmDMoI5UdinnGDJRsogzKn6K8QDpKBJxb3yPwidRt08rBuXB9Xm6QRHGWyBbVADJjgCTXAOWqANMLgDT+AFvGr32rP2pr2PqyVtsrMJfkj7+AQEIrMq</latexit>

@V

@�
=

@V�

@�
+ g(g��M)�2

<latexit sha1_base64="Tzhm8a+tV6cg4XcOrgB+cSbxXR0=">AAACN3icjVBLSwMxGMzWV62vqkcvwSJU0bJbRD0WvfRSqWAf0K1LNk23oUl2SbJCWfqvvPg3vOnFgyJe/QemD9CKggMhw8w3eYwfMaq0bT9aqbn5hcWl9HJmZXVtfSO7uVVXYSwxqeGQhbLpI0UYFaSmqWakGUmCuM9Iw+9fjPzGLZGKhuJaDyLS5igQtEsx0kbyspdBPnCjHj2q7LuKBhzdFM3OYQArXjJRhrOGeyi+HMZg2TtwO6FORqcMvWzOKdhjwL9JDkxR9bIPJoxjToTGDCnVcuxItxMkNcWMDDNurEiEcB8FpGWoQJyodjL+9xDuGaUDu6E0S2g4Vr8nEsSVGnDfTHKke+qnNxJ/81qx7p61EyqiWBOBJxd1YwZ1CEclwg6VBGs2MARhSc1bIe4hibA2VWf+V0K9WHBOCvbVca50Pq0jDXbALsgDB5yCEiiDKqgBDO7AE3gBr9a99Wy9We+T0ZQ1zWyDGVgfn870rI8=</latexit>

g(g��M)�2 ⇠ gM��
2 ⇠ g n� ⌧ H⇤�̇

Radiative correction => assume a UV completion (e.g. SUSY) 
takes care of that (see e.g., Flauger et al. (2016) ) 

(similar bound for not depleting inflaton’s energy   )Mσnσ ≪ ·ϕ
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Back-reaction constraints

small backreaction 

number of particles inside  
the last scattering “shell”
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Why pairs? Separation?

• Particles are produced at least in pairs due to momentum 
conservation 

• Particles tend to be produced with low momentum. Separation 
    given by           is comparable to the horizon size 

• We will model the separation as a  
    random uniform distribution between 0 and            

<latexit sha1_base64="EtAMjMFZjvBTY+fRjYTlFagf8+8=">AAAB73icdVDJSgNBEK1xjXGLevTSGATxMMzErLegF48RzALJEHo6PUmTnsXuHiFM8hNePCji1d/x5t/Yk0RQ0QcFj/eqqKrnRpxJZVkfxsrq2vrGZmYru72zu7efOzhsyTAWhDZJyEPRcbGknAW0qZjitBMJin2X07Y7vkr99j0VkoXBrZpE1PHxMGAeI1hpqTPtUYX759N+Lm+ZtXKpVi4gTUrVC7uYkopdsUrINq058rBEo5977w1CEvs0UIRjKbu2FSknwUIxwuks24sljTAZ4yHtahpgn0onmd87Q6daGSAvFLoChebq94kE+1JOfFd3+liN5G8vFf/yurHyqk7CgihWNCCLRV7MkQpR+jwaMEGJ4hNNMBFM34rICAtMlI4oq0P4+hT9T1oF0y6b1k0xX79cxpGBYziBM7ChAnW4hgY0gQCHB3iCZ+POeDRejNdF64qxnDmCHzDePgF6aZBG</latexit>

|⌘⇤|

<latexit sha1_base64="kJnXUYPMxRQ1B+ZoyRmjKRc2WVI=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgxZAVUY9BLx4jmAcka5idzCZjZmeWmV4hLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3hYkUFiuVDy+3sLi0vJJfLaytb2xuFbd3GlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4vJz4zXturNDqBkcJD2LaVyISjKKTGsPb7Mgfd4slv1yZgvxNSjBHrVt87/Q0S2OukElqbduvJBhk1KBgko8LndTyhLIh7fO2o4rG3AbZ9NoxOXBKj0TauFJIpurXiYzG1o7i0HXGFAf2pzcRf/PaKUbnQSZUkiJXbLYoSiVBTSavk54wnKEcOUKZEe5WwgbUUIYuoML/Qmgcl/3Tsn99UqpezOPIwx7swyH4cAZVuIIa1IHBHTzAEzx72nv0XrzXWWvOm8/swjd4b58sAY7e</latexit>

k�1
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<latexit sha1_base64="EtAMjMFZjvBTY+fRjYTlFagf8+8=">AAAB73icdVDJSgNBEK1xjXGLevTSGATxMMzErLegF48RzALJEHo6PUmTnsXuHiFM8hNePCji1d/x5t/Yk0RQ0QcFj/eqqKrnRpxJZVkfxsrq2vrGZmYru72zu7efOzhsyTAWhDZJyEPRcbGknAW0qZjitBMJin2X07Y7vkr99j0VkoXBrZpE1PHxMGAeI1hpqTPtUYX759N+Lm+ZtXKpVi4gTUrVC7uYkopdsUrINq058rBEo5977w1CEvs0UIRjKbu2FSknwUIxwuks24sljTAZ4yHtahpgn0onmd87Q6daGSAvFLoChebq94kE+1JOfFd3+liN5G8vFf/yurHyqk7CgihWNCCLRV7MkQpR+jwaMEGJ4hNNMBFM34rICAtMlI4oq0P4+hT9T1oF0y6b1k0xX79cxpGBYziBM7ChAnW4hgY0gQCHB3iCZ+POeDRejNdF64qxnDmCHzDePgF6aZBG</latexit>

|⌘⇤|
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Pairwise signals on the CMB

Time-dependent  
particle mass 
modifies

curvature perturbation

<latexit sha1_base64="kS0Hptw8/kTb2VI7yp53tzXELkk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKazjNY=</latexit>

M
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 horizon size ~   
 at particle production 

Coupling to inflaton modifies curvature perturbation in the horizon 

18Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="+B8rCqMUJAvK/QQ6SHxflOmGTNs=">AAAB73icjVDJSgNBEK1xjXGLevTSGATxECYi6jHoxWMEs0AyhJ5OTdKkZ7G7RgiT/IQXD4p49Xe8+Td2loOKgg8KHu9VUVXPT5Q05LofzsLi0vLKam4tv76xubVd2NmtmzjVAmsiVrFu+tygkhHWSJLCZqKRh77Chj+4mviNe9RGxtEtDRP0Qt6LZCAFJys1R20k3jkedQrFcsmdgv1NijBHtVN4b3djkYYYkVDcmFbZTcjLuCYpFI7z7dRgwsWA97BlacRDNF42vXfMDq3SZUGsbUXEpurXiYyHxgxD33aGnPrmpzcRf/NaKQUXXiajJCWMxGxRkCpGMZs8z7pSoyA1tIQLLe2tTPS55oJsRPn/hVA/KZXPSu7NabFyOY8jB/twAEdQhnOowDVUoQYCFDzAEzw7d86j8+K8zloXnPnMHnyD8/YJ81GP6Q==</latexit>

|⌘⇤|

<latexit sha1_base64="YOr2UxrInXwv49TlY/JCCLkTwwU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQXZRERF0W3bgRKtgHNCFMppN26MwkzEzEEvIrblwo4tYfceffOG2z0NYDFw7n3Mu994QJo0o7zrdVWlldW98ob1a2tnd29+z9akfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHwz9buPRCoaiwc9SYjP0VDQiGKkjRTY1bsg8xQdcpTXPaJRcHoS2DWn4cwAl4lbkBoo0ArsL28Q45QToTFDSvVdJ9F+hqSmmJG84qWKJAiP0ZD0DRWIE+Vns9tzeGyUAYxiaUpoOFN/T2SIKzXhoenkSI/UojcV//P6qY6u/IyKJNVE4PmiKGVQx3AaBBxQSbBmE0MQltTcCvEISYS1iatiQnAXX14mnbOGe9Fw7s9rzesijjI4BEegDlxwCZrgFrRAG2DwBJ7BK3izcuvFerc+5q0lq5g5AH9gff4ANa2T5Q==</latexit>

M�(⌘⇤)

<latexit sha1_base64="+H2TN30TePaJlT0e0ZvIIwFCIeI=">AAAB7XicjVDLSgNBEJz1GeMr6tHLYBDEQ9gVUY9BLx4jmAckS5id9CZjZmeWmV4hLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RakUFn3/w1tYXFpeWS2sFdc3Nre2Szu7Daszw6HOtdSmFTELUiioo0AJrdQASyIJzWh4NfGb92Cs0OoWRymECesrEQvO0EmNDiDrHndL5aDiT0H/JmUyR61beu/0NM8SUMgls7Yd+CmGOTMouIRxsZNZSBkfsj60HVUsARvm02vH9NApPRpr40ohnapfJ3KWWDtKIteZMBzYn95E/M1rZxhfhLlQaYag+GxRnEmKmk5epz1hgKMcOcK4Ee5WygfMMI4uoOL/QmicVIKzin9zWq5ezuMokH1yQI5IQM5JlVyTGqkTTu7IA3kiz572Hr0X73XWuuDNZ/bIN3hvnywBjt0=</latexit>

⌘⇤
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<latexit sha1_base64="6V2ohcLe3Bsp1GyM17Ql1BmiwEo=">AAAB7XicjVDLSgNBEJz1GeMr6tHLYBA8hd2g6DHoxWME84BkCbOT3mTM7Mwy0yuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKJXCou9/eEvLK6tr64WN4ubW9s5uaW+/aXVmODS4ltq0I2ZBCgUNFCihnRpgSSShFY2upn7rHowVWt3iOIUwYQMlYsEZOqnZBWS9aq9UDir+DPRvUiYL1Hul925f8ywBhVwyazuBn2KYM4OCS5gUu5mFlPERG0DHUcUSsGE+u3ZCj53Sp7E2rhTSmfp1ImeJteMkcp0Jw6H96U3F37xOhvFFmAuVZgiKzxfFmaSo6fR12hcGOMqxI4wb4W6lfMgM4+gCKv4vhGa1EpxV/JvTcu1yEUeBHJIjckICck5q5JrUSYNwckceyBN59rT36L14r/PWJW8xc0C+wXv7BDfNjuQ=</latexit>

⌘2

Once perturbation in the old horizon is frozen, NEW particle mass 
Modifies the perturbation in the NEW horizon 

<latexit sha1_base64="VO0rlO7+uI/KsF4upN3lipvXHeI=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyUpii6LbtwIFewDmhAm00k7dGYSZiZiCfkVNy4UceuPuPNvnLZZaOuBC4dz7uXee8KEUaUd59sqra1vbG6Vtys7u3v7B/ZhtaviVGLSwTGLZT9EijAqSEdTzUg/kQTxkJFeOLmZ+b1HIhWNxYOeJsTnaCRoRDHSRgrs6l2QeYqOOMrrHtEoaJ4Fds1pOHPAVeIWpAYKtAP7yxvGOOVEaMyQUgPXSbSfIakpZiSveKkiCcITNCIDQwXiRPnZ/PYcnhplCKNYmhIaztXfExniSk15aDo50mO17M3E/7xBqqMrP6MiSTUReLEoShnUMZwFAYdUEqzZ1BCEJTW3QjxGEmFt4qqYENzll1dJt9lwLxrO/XmtdV3EUQbH4ATUgQsuQQvcgjboAAyewDN4BW9Wbr1Y79bHorVkFTNH4A+szx9BgZPs</latexit>

M�(⌘2)

new horizon, different 
perturbation

18Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="+H2TN30TePaJlT0e0ZvIIwFCIeI=">AAAB7XicjVDLSgNBEJz1GeMr6tHLYBDEQ9gVUY9BLx4jmAckS5id9CZjZmeWmV4hLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RakUFn3/w1tYXFpeWS2sFdc3Nre2Szu7Daszw6HOtdSmFTELUiioo0AJrdQASyIJzWh4NfGb92Cs0OoWRymECesrEQvO0EmNDiDrHndL5aDiT0H/JmUyR61beu/0NM8SUMgls7Yd+CmGOTMouIRxsZNZSBkfsj60HVUsARvm02vH9NApPRpr40ohnapfJ3KWWDtKIteZMBzYn95E/M1rZxhfhLlQaYag+GxRnEmKmk5epz1hgKMcOcK4Ee5WygfMMI4uoOL/QmicVIKzin9zWq5ezuMokH1yQI5IQM5JlVyTGqkTTu7IA3kiz572Hr0X73XWuuDNZ/bIN3hvnywBjt0=</latexit>

⌘⇤

M(η)2 =
g2 ·ϕ2

0

H2
I

ln(η/η*)2 + M2
0
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The resulting curvature profile in                 from the spot center,

Spot  size              and the coupling      controls the spot temperature  
over CMB fluctuations 

<latexit sha1_base64="mgDpJ0KXl2JPwjiJtKieO/EHRLU=">AAAB9HicjVDLSgNBEJyNrxhfUY9eBoMgHsJGFD0GvXiMYB6QXcLspDcZMrO7zvQGwibf4cWDIl79GG/+jZPHQUXBgoaiqpsuKkikMOi6H05uaXlldS2/XtjY3NreKe7uNUycag51HstYtwJmQIoI6ihQQivRwFQgoRkMrqd+cwjaiDi6w1ECvmK9SISCM7SS7xmh6NgDZJ2TcadYqpTdGejfpEQWqHWK71435qmCCLlkxrQrboJ+xjQKLmFS8FIDCeMD1oO2pRFTYPxsFnpCj6zSpWGs7URIZ+rXi4wpY0YqsJuKYd/89Kbib147xfDSz0SUpAgRnz8KU0kxptMGaFdo4ChHljCuhc1KeZ9pxtH2VPhfCY3TcuW87N6elapXizry5IAckmNSIRekSm5IjdQJJ/fkgTyRZ2foPDovzut8NecsbvbJNzhvn2zLkd8=</latexit>

⇠ |⌘⇤|
<latexit sha1_base64="GvGEDKCspJBFZFbIk4ijL21Pu5k=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UH/RK5aDiz0D+JmVYoNYrvXf7CcskKssENaYT+KkNc6otZwInxW5mMKVsRAfYcVRRiSbMZ4dOyLFT+iROtCtlyUz9OpFTacxYRq5TUjs0P72p+JvXyWx8GeZcpZlFxeaL4kwQm5Dp16TPNTIrxo5Qprm7lbAh1ZRZl03xfyE0TyvBecWvn5WrV4s4CnAIR3ACAVxAFW6gBg1ggPAAT/Ds3XmP3ov3Om9d8hYzB/AN3tsn0iyM8g==</latexit>

g

19Yuhsin Tsai yhtsai@nd.edu

Adiabatic fluctuation

<latexit sha1_base64="b3hZSNKKir9jtP4bCFmRCpKKdsQ=">AAAB9XicjVDLSgNBEOz1GeMr6tHLYBDEQ9iIqMegF48RzAOya5id9CZDZmfXmVklbPIfXjwo4tV/8ebfOHkcVBQsaCiquumigkRwbVz3w5mbX1hcWs6t5FfX1jc2C1vbdR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBH0L8Z+4w6V5rG8NoME/Yh2JQ85o8ZKN8oTeEuGHhraPhy2C8VyyZ2A/E2KMEO1XXj3OjFLI5SGCap1q+wmxs+oMpwJHOW9VGNCWZ92sWWppBFqP5ukHpF9q3RIGCs70pCJ+vUio5HWgyiwmxE1Pf3TG4u/ea3UhGd+xmWSGpRs+ihMBTExGVdAOlwhM2JgCWWK26yE9aiizNii8v8roX5UKp+U3KvjYuV8VkcOdmEPDqAMp1CBS6hCDRgoeIAneHbunUfnxXmdrs45s5sd+Abn7RM5z5JV</latexit>

r  |⌘⇤|

<latexit sha1_base64="Wg8SAWLXeD0BejQLgJS2f7MyUBk="></latexit>

h⇣�i =

g

2
log

✓
|⌘⇤|
r

◆�
H

2⇡
p
2✏Mpl

⇠

g

2
log

✓
|⌘⇤|
r

◆�
h⇣adi

<latexit sha1_base64="3pIMjK5Lu0chUJCLfN7793t5rLs=">AAACGHicjZBLS8NAFIUnvq2vqks3g0VwY03E10bwsXGpYFVoariZ3tbBySTO3Ag15Ge48a+4caGIW3f+G9PahYqCBwYO37mXmTlhoqQl1313BgaHhkdGx8ZLE5NT0zPl2blTG6dGYE3EKjbnIVhUUmONJCk8TwxCFCo8C68OuvnZDRorY31CnQQbEbS1bEkBVKCgvOor0G2F/i0SBBk0c9/0wI5vrw1le4HNfSsj7rkX2cpGHpQrXtXtif9tKqyvo6D85jdjkUaoSSiwtu65CTUyMCSFwrzkpxYTEFfQxnphNURoG1nvYzlfKkiTt2JTHE28R79uZBBZ24nCYjICurQ/sy78Laun1NpuZFInKaEWnxe1UsUp5t2WeFMaFKQ6hQFhZPFWLi7BgKCiy9L/Sjhdq3qbVfd4vbK7369jjC2wRbbMPLbFdtkhO2I1Jtgde2BP7Nm5dx6dF+f1c3TA6e/Ms29y3j4AgamgpQ==</latexit>

h⇣adi =
p

As ⇠ 10�5

Curvature perturbation in position space
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The resulting curvature profile in                 from the spot center,

As long as the linear order expansion in time catches the mass evolution, 
the primordial signal profile is universal

19Yuhsin Tsai yhtsai@nd.edu

Adiabatic fluctuation

<latexit sha1_base64="b3hZSNKKir9jtP4bCFmRCpKKdsQ=">AAAB9XicjVDLSgNBEOz1GeMr6tHLYBDEQ9iIqMegF48RzAOya5id9CZDZmfXmVklbPIfXjwo4tV/8ebfOHkcVBQsaCiquumigkRwbVz3w5mbX1hcWs6t5FfX1jc2C1vbdR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBH0L8Z+4w6V5rG8NoME/Yh2JQ85o8ZKN8oTeEuGHhraPhy2C8VyyZ2A/E2KMEO1XXj3OjFLI5SGCap1q+wmxs+oMpwJHOW9VGNCWZ92sWWppBFqP5ukHpF9q3RIGCs70pCJ+vUio5HWgyiwmxE1Pf3TG4u/ea3UhGd+xmWSGpRs+ihMBTExGVdAOlwhM2JgCWWK26yE9aiizNii8v8roX5UKp+U3KvjYuV8VkcOdmEPDqAMp1CBS6hCDRgoeIAneHbunUfnxXmdrs45s5sd+Abn7RM5z5JV</latexit>

r  |⌘⇤|

<latexit sha1_base64="Wg8SAWLXeD0BejQLgJS2f7MyUBk="></latexit>

h⇣�i =

g

2
log

✓
|⌘⇤|
r

◆�
H

2⇡
p
2✏Mpl

⇠

g

2
log

✓
|⌘⇤|
r

◆�
h⇣adi

<latexit sha1_base64="3pIMjK5Lu0chUJCLfN7793t5rLs=">AAACGHicjZBLS8NAFIUnvq2vqks3g0VwY03E10bwsXGpYFVoariZ3tbBySTO3Ag15Ge48a+4caGIW3f+G9PahYqCBwYO37mXmTlhoqQl1313BgaHhkdGx8ZLE5NT0zPl2blTG6dGYE3EKjbnIVhUUmONJCk8TwxCFCo8C68OuvnZDRorY31CnQQbEbS1bEkBVKCgvOor0G2F/i0SBBk0c9/0wI5vrw1le4HNfSsj7rkX2cpGHpQrXtXtif9tKqyvo6D85jdjkUaoSSiwtu65CTUyMCSFwrzkpxYTEFfQxnphNURoG1nvYzlfKkiTt2JTHE28R79uZBBZ24nCYjICurQ/sy78Laun1NpuZFInKaEWnxe1UsUp5t2WeFMaFKQ6hQFhZPFWLi7BgKCiy9L/Sjhdq3qbVfd4vbK7369jjC2wRbbMPLbFdtkhO2I1Jtgde2BP7Nm5dx6dF+f1c3TA6e/Ms29y3j4AgamgpQ==</latexit>

h⇣adi =
p

As ⇠ 10�5

Curvature perturbation in position space
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Include the effect of “sub-horizon” physics
from baryon acoustic oscillations (the transfer functions)

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="+H2TN30TePaJlT0e0ZvIIwFCIeI=">AAAB7XicjVDLSgNBEJz1GeMr6tHLYBDEQ9gVUY9BLx4jmAckS5id9CZjZmeWmV4hLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RakUFn3/w1tYXFpeWS2sFdc3Nre2Szu7Daszw6HOtdSmFTELUiioo0AJrdQASyIJzWh4NfGb92Cs0OoWRymECesrEQvO0EmNDiDrHndL5aDiT0H/JmUyR61beu/0NM8SUMgls7Yd+CmGOTMouIRxsZNZSBkfsj60HVUsARvm02vH9NApPRpr40ohnapfJ3KWWDtKIteZMBzYn95E/M1rZxhfhLlQaYag+GxRnEmKmk5epz1hgKMcOcK4Ee5WygfMMI4uoOL/QmicVIKzin9zWq5ezuMokH1yQI5IQM5JlVyTGqkTTu7IA3kiz572Hr0X73XWuuDNZ/bIN3hvnywBjt0=</latexit>

⌘⇤
the conformal time & horizon size 
of particle production 

<latexit sha1_base64="Q4JkbAjAO1B1d2ZUwH9K2yiA/AM=">AAAB/nicjVDLSsNAFL2pr1pfUXHlZrAIIlISkepGKLpxI1SwD2hCmEwn7dDJJMxMhBIK/oobF4q49Tvc+TdOHwsVBQ9cOJxzL/dwwpQzpR3nwyrMzS8sLhWXSyura+sb9uZWUyWZJLRBEp7IdogV5UzQhmaa03YqKY5DTlvh4HLst+6oVCwRt3qYUj/GPcEiRrA2UmDveFTj4PDcrTreUe7JGF2nZBTYZbfiTID+JmWYoR7Y7143IVlMhSYcK9VxnVT7OZaaEU5HJS9TNMVkgHu0Y6jAMVV+Pok/QvtG6aIokWaERhP160WOY6WGcWg2Y6z76qc3Fn/zOpmOzvyciTTTVJDpoyjjSCdo3AXqMkmJ5kNDMJHMZEWkjyUm2jRW+l8JzeOKW604Nyfl2sWsjiLswh4cgAunUIMrqEMDCOTwAE/wbN1bj9aL9TpdLVizm234BuvtE1a5lHM=</latexit>

⌘⇤ = 160Mpc
<latexit sha1_base64="fqtapYA78CSwh9f84zN/22h19BM=">AAAB/nicjVDLSgMxFM34rPU1Kq7cBIsgImVGRN0IRTduhAr2AZ1hyKRpG5pkhuSOUIaCv+LGhSJu/Q53/o3pY6Gi4IELh3Pu5R5OnApuwPM+nJnZufmFxcJScXlldW3d3dismyTTlNVoIhLdjIlhgitWAw6CNVPNiIwFa8T9y5HfuGPa8ETdwiBloSRdxTucErBS5G4HDEh0cO57XnCYB1ri65QOI7fkl70x8N+khKaoRu570E5oJpkCKogxLd9LIcyJBk4FGxaDzLCU0D7pspalikhmwnwcf4j3rNLGnUTbUYDH6teLnEhjBjK2m5JAz/z0RuJvXiuDzlmYc5VmwBSdPOpkAkOCR13gNteMghhYQqjmNiumPaIJBdtY8X8l1I/K/knZuzkuVS6mdRTQDtpF+8hHp6iCrlAV1RBFOXpAT+jZuXcenRfndbI640xvttA3OG+fTVmUbQ==</latexit>

⌘⇤ = 100Mpc
<latexit sha1_base64="zyTi6+jEWxT1GQjzXQzGoUdHUUc=">AAAB/XicjVDLSsNAFL3xWesrPnZuBosgIiURXxuh6MaNUME+oAlhMp20Q2eSMDMRaij+ihsXirj1P9z5N04fCxUFD1w4nHMv93DClDOlHefDmpqemZ2bLywUF5eWV1bttfW6SjJJaI0kPJHNECvKWUxrmmlOm6mkWIScNsLexdBv3FKpWBLf6H5KfYE7MYsYwdpIgb3pUY2DvbMjx9vPPSnQVUoGgV1yy84I6G9Sggmqgf3utROSCRprwrFSLddJtZ9jqRnhdFD0MkVTTHq4Q1uGxlhQ5eej9AO0Y5Q2ihJpJtZopH69yLFQqi9Csymw7qqf3lD8zWtlOjr1cxanmaYxGT+KMo50goZVoDaTlGjeNwQTyUxWRLpYYqJNYcX/lVA/KLvHZef6sFQ5n9RRgC3Yhl1w4QQqcAlVqAGBO3iAJ3i27q1H68V6Ha9OWZObDfgG6+0T4NSUNw==</latexit>

⌘⇤ = 50Mpc

Temperature 
profile
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<latexit sha1_base64="Lqfdc+esyr924hYZE2SRQrJuR8I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9DC49nrlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/NTp2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmU7IheIsvL5PmWdW7qHr355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8AwAmNcw==</latexit>

g = 1
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When particles are away from  

the last scattering surface ( ) η* = 160 Mpc

160 Mpc

LSS

+ 96 Mpc

0 Mpc

- 96 Mpc

21



25

When particles are away from  

the last scattering surface ( ) η* = 50 Mpc + 48 Mpc

0 Mpc

- 48 Mpc

50 Mpc

LSS

22



2623Yuhsin Tsai yhtsai@nd.edu

Possibility of seeing the signal?

signalsimulated CMB 
QuickLens

simulated CMB  
+ signal

Assume foreground does not fake signals with size η* ≫ 10 Mpc
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Convolutional Neural Network (CNN)

Instead of matched filter, we use the CNN  
to dig out the signal from background

CNN analysis works better for signals  
 with non-spherical and varying profiles   

We cross check the result between CNN and MF  
using signals with fixed profiles, and most of the results are similar

24
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Convolutional Neural Network (CNN)

Our CNN structure

Train the CNN with 160k smaller size images (w/ & w/o signal injection) 
Network outputs the probability of having a signal in the image

25
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Results from the 3rd convolution layer

g = 4
η* = 160 Mpc

26
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Result:  exclusion bound2σ

with sky fraction = 60%

27

Nσ pairs =
1

2π2 ( g ·ϕ0

H2
I )

3/2

e− π(M2
0 − 2H2

I )
g | ·ϕ | ( η0

η* )
3 Δη

η0
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Result:  exclusion bound2σ

with sky fraction = 60% (similar to the Planck analysis)

28

The CNN analysis can (in principle) set mass bounds 
close to the optimal limit allowed by the CMB search
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Result:  discovery reach5σ

with sky fraction = 60% (similar to the Planck analysis)

29

Nσ pairs =
1

2π2 ( g ·ϕ0

H2
I )

3/2

e− π(M2
0 − 2H2

I )
g | ·ϕ | ( η0

η* )
3 Δη

η0
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Conclusion
Production of heavy particles with inflaton-dependent mass 
generate pairwise spots on the CMB map

CNN can provide a powerful position space search of the signal

30Yuhsin Tsai yhtsai@nd.edu

More things to explore:  
• Search on real Planck image? 
• Large Scale Structure signals? 

Signal hotspots have a well-predicted profile that only depends on (g, η*)
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Backup Slides
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More details on the       production
<latexit sha1_base64="13j0mDt1F/LnYrIEE/ewIagI+Kw=">AAACHnicjZBLSwMxFIUzPmt9VV26CRahUijTwaIboejGZQX7gE5b7qSZNjTzIA+hDPNL3PhX3LhQRHCl/8b0IagoeCBwOOdeknxezJlUtv1uLSwuLa+sZtay6xubW9u5nd2GjLQgtE4iHomWB5JyFtK6YorTViwoBB6nTW90MembN1RIFoXXahzTTgCDkPmMgDJRL1dxfQEkSVwR4H7adXT66V0FuuukxYI7gjiGrlOcJUf6zO7l8uWSPRX+2+TRXLVe7tXtR0QHNFSEg5Ttsh2rTgJCMcJpmnW1pDGQEQxo29gQAio7yfR7KT40SR/7kTAnVHiaft1IIJByHHhmMgA1lD+7Sfhb19bKP+0kLIy1oiGZXeRrjlWEJ6xwnwlKFB8bA0Qw81ZMhmB4KUM0+z8IDadUrpTsq+N89XyOI4P20QEqoDI6QVV0iWqojgi6RffoET1Zd9aD9Wy9zEYXrPnOHvom6+0DiJuiDQ==</latexit>

d2u

d⌧2
+ (2 + ⌧2)u = 0

<latexit sha1_base64="eIIhlGAbRGcuN4zTLgka6UhDylY=">AAACAXicjVBNS8NAEN3Ur1q/ol4EL8EiVMGSiKIXoejFYwX7AU0Ik+22Lt1Nwu5EKKFe/CtePCji1X/hzX9j0vagouCDXR7vzTAzL4gF12jbH0ZhZnZufqG4WFpaXlldM9c3mjpKFGUNGolItQPQTPCQNZCjYO1YMZCBYK1gcJH7rVumNI/CaxzGzJPQD3mPU8BM8s0tFyE5c/sgJVRchnCQf/7+nm+Wnao9hvU3KZMp6r757nYjmkgWIhWgdcexY/RSUMipYKOSm2gWAx1An3UyGoJk2kvHF4ys3UzpWr1IZS9Ea6x+7UhBaj2UQVYpAW/0Ty8Xf/M6CfZOvZSHcYIspJNBvURYGFl5HFaXK0ZRDDMCVPFsV4vegAKKWWil/4XQPKw6x1X76qhcO5/GUSTbZIdUiENOSI1ckjppEEruyAN5Is/GvfFovBivk9KCMe3ZJN9gvH0COj+WFw==</latexit>

⌧ = �(⌘ � ⌘⇤)

<latexit sha1_base64="xSIlVlbO/R+TWh/UbZ+6b3G7gp8=">AAACJ3icjZBLS8NAFIUnPmt9VV26CRZBFEsaFN0oRTduhAr2AU0abqaTduhMEmYmQgn9N278K24EFdGl/8RJW0RFwQMDl++cy8wcP2ZUKst6M6amZ2bn5nML+cWl5ZXVwtp6XUaJwKSGIxaJpg+SMBqSmqKKkWYsCHCfkYbfP8/8xg0RkkbhtRrExOXQDWlAMSiNvMKp04c4hrZ94gQCcNpv28PU6QLnmg33xvDSs9r2fmYQBd5u2/4MeIViuWSNZP49FNFEVa/w6HQinHASKsxAylbZipWbglAUMzLMO4kkMeA+dElLjyFwIt109M+hua1JxwwioU+ozBH9upECl3LAfZ3koHryp5fB37xWooJjN6VhnCgS4vFFQcJMFZlZaWaHCoIVG+gBsKD6rSbuga5G6Wrz/yuhbpfKhyXr6qBYOZvUkUObaAvtoDI6QhV0gaqohjC6RffoCT0bd8aD8WK8jqNTxmRnA32T8f4BaOilog==</latexit>

2 =
k2

�2
+

M2
0 � 2

⌘2⇤�
2

<latexit sha1_base64="4T4YZkrYDm24hxPPw9CgfsKq4Wk=">AAACDXicjZBLS8NAFIUn9VXrK+rSTbCK4qIkpaIboejGZQXbCk0abqaTdOhMEmYmQgn9A278K25cKOLWvTv/jdPHQkXBAwOHc+5lZr4gZVQq2/4wCnPzC4tLxeXSyura+oa5udWSSSYwaeKEJeImAEkYjUlTUcXITSoI8ICRdjC4GPftWyIkTeJrNUyJxyGKaUgxKB355p4bAefQrZ25oQCcR92qm/bpQbc6yl2iwD/SzjfLTsWeyPrblNFMDd98d3sJzjiJFWYgZcexU+XlIBTFjIxKbiZJCngAEeloGwMn0ssnvxlZ+zrpWWEi9ImVNUm/buTApRzyQE9yUH35sxuHv3WdTIWnXk7jNFMkxtOLwoxZKrHGaKweFQQrNtQGsKD6rRbug6aiNMDS/yC0qhXnuGJf1cr18xmOItpBu+gQOegE1dElaqAmwugOPaAn9GzcG4/Gi/E6HS0Ys51t9E3G2yd1UZsq</latexit>

�4 =
g2�02

⌘2⇤

Expand        mass around 
inflaton value at          , 

(min-         for particle production)

<latexit sha1_base64="1exhBqah32KyeEUFfcpSQmvOcNA=">AAAB7XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOlVk+zocD9fAG5pVqpXLmAyL30kFesQs9Fc3yTAlii0c9/9AYRSQSVhnCsdddDsfFTrAwjnE5zvUTTGJMxHtKupRILqv10fu0UnlllAMNI2ZIGztWfEykWWk9EYDsFNiP915uJ/3ndxIQ1P2UyTgyVZLEoTDg0EZy9DgdMUWL4xBJMFLO3QjLCChNjA8rZEFZeXiWtoutVXHRbLtSvlnFkwQk4BefAA1VQBzegAZqAgHvwCJ7BixM5T86r87ZozTjLmWPwC877F+cOj1k=</latexit>�
<latexit sha1_base64="RKc4BJ34BkVCUS/+8rRb9ZLFqg0=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6wHUomzbShSWZIMkIZ+hduXCji1r9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOle9FPe5oNBZ728wXklmqlcuUCIvfSQ16xCj0XzfFNCmCJRj//0RtEJBFUGsKx1l0PxcZPsTKMcDrN9RJNY0zGeEi7lkosqPbT+cVTeGaVAQwjZUsaOFd/TqRYaD0Rge0U2Iz0X28m/ud1ExPW/JTJODFUksWiMOHQRHD2PhwwRYnhE0swUczeCskIK0yMDSlnQ1h5eZW0iq5XcdFtuVC/WsaRBSfgFJwDD1RBHdyABmgCAiR4BM/gxdHOk/PqvC1aM85y5hj8gvP+BTS1kUU=</latexit>m�

<latexit sha1_base64="Ax6/fxCB8kwCsceecwe3IKtkuxI=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoMgHpbd4Jocg148RjAPSJYwO+lNRmdnlplZIYT8gxcPinj1f7z5N04eQhQtaCiquunuilLOtPG8Tye3srq2vpHfLGxt7+zuFfcPmlpmikKDSi5VOyIaOBPQMMxwaKcKSBJxaEX3V1O/9QBKMyluzSiFMCEDwWJGibFSswuG9M56xZLvejNgz61UvfJFYIlf8ctBgL+tElqg3it+dPuSZgkIQznRuuN7qQnHRBlGOUwK3UxDSug9GUDHUkES0OF4du0En1ilj2OpbAmDZ+ryxJgkWo+SyHYmxAz1b28q/uV1MhNXwzETaWZA0PmiOOPYSDx9HfeZAmr4yBJCFbO3YjokilBjAyosh/A/aZZdP3C9m/NS7XIRRx4doWN0inxUQTV0jeqogSi6Q4/oGb040nlyXp23eWvOWcwcoh9w3r8AbvWPCw==</latexit>⌘⇤

have chosen the initial condition that the solution gives 
a positive frequency function at initial time

The solution is a combination of parabolic cylinder functions
<latexit sha1_base64="jHV0LK/M8cWGaHTFc84uhLZAz1A=">AAACWXicjVFbS8MwGE3rbc7bdI++FIegqKMdir4IQ198nOA2YZ3ja5bOsLSNyVdhlP5JHwTxr/hgdnlw4sADgcO5kHASSME1uu6HZS8tr6yuFdaLG5tb2zul3b2WTlJFWZMmIlGPAWgmeMyayFGwR6kYRIFg7WB4O/bbr0xpnsQPOJKsG8Eg5iGngEbqlWR6zX39ojDzNR9EkLePzvxQAc38IUgJT7U8q+WnJ9NMLfcR0uOTacLLs7nqgu7ZXLdXqnhVdwJnMamQGRq90pvfT2gasRipAK07niuxm4FCTgXLi36qmQQ6hAHrGBpDxHQ3myyTO4dG6TthosyJ0ZmoPxsZRFqPosAkI8Bn/dsbi395nRTDq27GY5kii+n0ojAVDibOeGanzxWjKEaGAFXcvNWhz2C2QfMZxf+N0KpVvYuqe39eqd/M5iiQfXJAjohHLkmd3JEGaRJK3smXtWKtWp+2ZRfs4jRqW7NOmczBLn8Dhpu1+Q==</latexit>

u = i
p
�W (�2

2
,+

p
2⌧) +

1p
�
W (�2

2
,�

p
2⌧)

<latexit sha1_base64="P0caXDMKoDyFQkSat98QHBaxBVk=">AAACHHicjZBLSwMxFIUz9VXra9Slm2ARBGmdqYpuhKIblxXsAzrTcidN29DMTEwyQhnmh7jxr7hxoYgbF4L/xuljoUXBA4HDd+4lyfEEZ0pb1qeRmZtfWFzKLudWVtfWN8zNrZoKI0lolYQ8lA0PFOUsoFXNNKcNISn4Hqd1b3A5yut3VCoWBjd6KKjrQy9gXUZAp6htHjmK9Xw4d9St1LF9QFtxwRHMGYAQ0ColSWGGHJaStpm3i9ZY+G+TR1NV2ua70wlJ5NNAEw5KNW1LaDcGqRnhNMk5kaICyAB6tJnaAHyq3Hj8uQTvpaSDu6FMT6DxmH7fiMFXauh76aQPuq9msxH8LWtGunvmxiwQkaYBmVzUjTjWIR41hTtMUqL5MDVAJEvfikkfJBCd9pn7Xwm1UtE+KVrXx/nyxbSOLNpBu2gf2egUldEVqqAqIugePaJn9GI8GE/Gq/E2Gc0Y051t9EPGxxds26GO</latexit>

� =
p

1 + e�⇡2 � e�⇡2/2

<latexit sha1_base64="tZ7/ak6SlnfZGehK3fwY0SrBHXA=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCG0siii6LblxWsA9oQplMJ+3QySTM3BFi6Je4caGIWz/FnX/j9LFQUfDAhcM593LvPVEmuAbP+3BKS8srq2vl9crG5tZ21d3ZbevUKMpaNBWp6kZEM8ElawEHwbqZYiSJBOtE46up37ljSvNU3kKesTAhQ8ljTglYqe9WAyAmgBQfB1zGkPfdml/3ZsB/kxpaoNl334NBSk3CJFBBtO75XgZhQRRwKtikEhjNMkLHZMh6lkqSMB0Ws8Mn+NAqAxynypYEPFO/ThQk0TpPItuZEBjpn95U/M3rGYgvwoLLzACTdL4oNgLbR6cp4AFXjILILSFUcXsrpiOiCAWbVeV/IbRP6v5Z3bs5rTUuF3GU0T46QEfIR+eoga5RE7UQRQY9oCf07Nw7j86L8zpvLTmLmT30Dc7bJ4YDkwA=</latexit>

⌧ ! �1

<latexit sha1_base64="I4qd11XYRerQQpCMtlLpljmSj3k=">AAACB3icjZDLSgMxGIUz9VbrbdSlIMEiuLHMFEWXRTcuK9gLdKYlk2ba0CQz5CKUYXZufBU3LhRx6yu4821MLwsVBQ8EDuf8P0m+KGVUac/7cAoLi0vLK8XV0tr6xuaWu73TVImRmDRwwhLZjpAijArS0FQz0k4lQTxipBWNLid965ZIRRNxo8cpCTkaCBpTjLSNeu6+CRTlkHSzY0iDWCKc+XlWzQONTLea99yyX/Gmgn+bMpir3nPfg36CDSdCY4aU6vheqsMMSU0xI3kpMIqkCI/QgHSsFYgTFWbTf+Tw0CZ9GCfSHqHhNP26kSGu1JhHdpIjPVQ/u0n4W9cxOj4PMypSo4nAs4tiw6BO4AQK7FNJsGZjaxCW1L4V4iGyMLRFV/ofhGa14p9WvOuTcu1ijqMI9sABOAI+OAM1cAXqoAEwuAMP4Ak8O/fOo/PivM5GC858Zxd8k/P2CXCgmQo=</latexit>

u ⇠ e�i 1
2 ⌧

2

18

<latexit sha1_base64="1exhBqah32KyeEUFfcpSQmvOcNA=">AAAB7XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOlVk+zocD9fAG5pVqpXLmAyL30kFesQs9Fc3yTAlii0c9/9AYRSQSVhnCsdddDsfFTrAwjnE5zvUTTGJMxHtKupRILqv10fu0UnlllAMNI2ZIGztWfEykWWk9EYDsFNiP915uJ/3ndxIQ1P2UyTgyVZLEoTDg0EZy9DgdMUWL4xBJMFLO3QjLCChNjA8rZEFZeXiWtoutVXHRbLtSvlnFkwQk4BefAA1VQBzegAZqAgHvwCJ7BixM5T86r87ZozTjLmWPwC877F+cOj1k=</latexit>�



36

However, at the late time, the solution contains a negative frequency 
mode

<latexit sha1_base64="jHV0LK/M8cWGaHTFc84uhLZAz1A=">AAACWXicjVFbS8MwGE3rbc7bdI++FIegqKMdir4IQ198nOA2YZ3ja5bOsLSNyVdhlP5JHwTxr/hgdnlw4sADgcO5kHASSME1uu6HZS8tr6yuFdaLG5tb2zul3b2WTlJFWZMmIlGPAWgmeMyayFGwR6kYRIFg7WB4O/bbr0xpnsQPOJKsG8Eg5iGngEbqlWR6zX39ojDzNR9EkLePzvxQAc38IUgJT7U8q+WnJ9NMLfcR0uOTacLLs7nqgu7ZXLdXqnhVdwJnMamQGRq90pvfT2gasRipAK07niuxm4FCTgXLi36qmQQ6hAHrGBpDxHQ3myyTO4dG6TthosyJ0ZmoPxsZRFqPosAkI8Bn/dsbi395nRTDq27GY5kii+n0ojAVDibOeGanzxWjKEaGAFXcvNWhz2C2QfMZxf+N0KpVvYuqe39eqd/M5iiQfXJAjohHLkmd3JEGaRJK3smXtWKtWp+2ZRfs4jRqW7NOmczBLn8Dhpu1+Q==</latexit>

u = i
p
�W (�2

2
,+

p
2⌧) +

1p
�
W (�2

2
,�

p
2⌧)

<latexit sha1_base64="Nj0OMJRmmbqggu6nLQIueKJrXiM=">AAAB9XicjVDLSgNBEOyNrxhfUY9eFoMgCGEjih6DXjxGMA/IrmF2MpsMmZ1ZZnqVZcl/ePGgiFf/xZt/4+RxUFGwoKGo6qaLChPBDXreh1NYWFxaXimultbWNza3yts7LaNSTVmTKqF0JySGCS5ZEzkK1kk0I3EoWDscXU789h3Thit5g1nCgpgMJI84JWilWx9J6qM68rmMMOuVK7WqN4X7N6nAHI1e+d3vK5rGTCIVxJhuzU swyIlGTgUbl/zUsITQERmwrqWSxMwE+TT12D2wSt+NlLYj0Z2qXy9yEhuTxaHdjAkOzU9vIv7mdVOMzoOcyyRFJunsUZQKF5U7qcDtc80oiswSQjW3WV06JJpQtEWV/ldC67haO6161yeV+sW8jiLswT4cQg3OoA5X0IAmUNDwAE/w7Nw7j86L8zpbLTjzm134BuftE7HokqM=</latexit>

⌧ ! +1
<latexit sha1_base64="tkmGiBUL+pTFsoGsqsRGe9NXk1c="></latexit>

u =
21/4p

⌧

✓
i�

2
� i

2�

◆
e+

i
2 ⌧

2

+

✓
i�

2
+

i

2�

◆
e�

i
2 ⌧

2

�

<latexit sha1_base64="tZ7/ak6SlnfZGehK3fwY0SrBHXA=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCG0siii6LblxWsA9oQplMJ+3QySTM3BFi6Je4caGIWz/FnX/j9LFQUfDAhcM593LvPVEmuAbP+3BKS8srq2vl9crG5tZ21d3ZbevUKMpaNBWp6kZEM8ElawEHwbqZYiSJBOtE46up37ljSvNU3kKesTAhQ8ljTglYqe9WAyAmgBQfB1zGkPfdml/3ZsB/kxpaoNl334NBSk3CJFBBtO75XgZhQRRwKtikEhjNMkLHZMh6lkqSMB0Ws8Mn+NAqAxynypYEPFO/ThQk0TpPItuZEBjpn95U/M3rGYgvwoLLzACTdL4oNgLbR6cp4AFXjILILSFUcXsrpiOiCAWbVeV/IbRP6v5Z3bs5rTUuF3GU0T46QEfIR+eoga5RE7UQRQY9oCf07Nw7j86L8zpvLTmLmT30Dc7bJ4YDkwA=</latexit>

⌧ ! �1

<latexit sha1_base64="I4qd11XYRerQQpCMtlLpljmSj3k=">AAACB3icjZDLSgMxGIUz9VbrbdSlIMEiuLHMFEWXRTcuK9gLdKYlk2ba0CQz5CKUYXZufBU3LhRx6yu4821MLwsVBQ8EDuf8P0m+KGVUac/7cAoLi0vLK8XV0tr6xuaWu73TVImRmDRwwhLZjpAijArS0FQz0k4lQTxipBWNLid965ZIRRNxo8cpCTkaCBpTjLSNeu6+CRTlkHSzY0iDWCKc+XlWzQONTLea99yyX/Gmgn+bMpir3nPfg36CDSdCY4aU6vheqsMMSU0xI3kpMIqkCI/QgHSsFYgTFWbTf+Tw0CZ9GCfSHqHhNP26kSGu1JhHdpIjPVQ/u0n4W9cxOj4PMypSo4nAs4tiw6BO4AQK7FNJsGZjaxCW1L4V4iGyMLRFV/ofhGa14p9WvOuTcu1ijqMI9sABOAI+OAM1cAXqoAEwuAMP4Ak8O/fOo/PivM5GC858Zxd8k/P2CXCgmQo=</latexit>

u ⇠ e�i 1
2 ⌧

2

<latexit sha1_base64="2fe8eAFiXylDGb34j40iKqt5e1M=">AAAB7HicdVDLSgNBEJz1GeMr6tHLYBA8LbvBNTkGvXiMYB6QLGF20kmGzM4uM71CCPkGLx4U8eoHefNvnDyEKFrQUFR1090VpVIY9LxPZ219Y3NrO7eT393bPzgsHB03TJJpDnWeyES3ImZACgV1FCihlWpgcSShGY1uZn7zAbQRibrHcQphzAZK9AVnaKV6JwJk3ULRd705qOeWK17pKrDEL/ulIKDfVpEsUesWPjq9hGcxKOSSGdP2vRTDCdMouIRpvpMZSBkfsQG0LVUsBhNO5sdO6blVerSfaFsK6VxdnZiw2JhxHNnOmOHQ/PZm4l9eO8N+JZwIlWYIii8W9TNJMaGzz2lPaOAox5YwroW9lfIh04yjzSe/GsL/pFFy/cD17i6L1etlHDlySs7IBfFJmVTJLamROuFEkEfyTF4c5Tw5r87bonXNWc6ckB9w3r8ADOSO2g==</latexit>

�
<latexit sha1_base64="5hRHME4XWKOi4K6yfmMn5yWd1b0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadkNrskx6MVjBPOAZAm9k0kyZnZmmZkVwpJ/8OJBEa/+jzf/xslDiKIFDUVVN91dUcKZNp736eTW1jc2t/LbhZ3dvf2D4uFRU8tUEdogkkvVjkBTzgRtGGY4bSeKQhxx2orG1zO/9UCVZlLcmUlCwxiGgg0YAWOlZhd4MoJeseS73hzYcytVr3wZWOJX/HIQ4G+rhJao94of3b4kaUyFIRy07vheYsIMlGGE02mhm2qaABnDkHYsFRBTHWbza6f4zCp9PJDKljB4rq5OZBBrPYkj2xmDGenf3kz8y+ukZlANMyaS1FBBFosGKcdG4tnruM8UJYZPLAGimL0VkxEoIMYGVFgN4X/SLLt+4Hq3F6Xa1TKOPDpBp+gc+aiCaugG1VEDEXSPHtEzenGk8+S8Om+L1pyznDlGP+C8fwHUgI9O</latexit>↵

<latexit sha1_base64="M82vRejbpVvKzKn2f64Eyi3GBv4=">AAAB/3icjVDLSsNAFJ34rPUVFdy4GSyCG0tSFN0IRTcuK9gHNLHcTCft0MkkzEyE0nThr7hxoYhbf8Odf+Ok7UJFwQMXDufcyz2cIOFMacf5sObmFxaXlgsrxdW19Y1Ne2u7oeJUElonMY9lKwBFORO0rpnmtJVIClHAaTMYXOZ+845KxWJxo4cJ9SPoCRYyAtpIHXs384AnfchuK0eZF1Cds3O3Y5fcsjMB/puU0Ay1jv3udWOSRlRowkGptusk2h+B1IxwOi56qaIJkAH0aNtQARFV/miSf4wPjNLFYSzNCI0n6teLEURKDaPAbEag++qnl4u/ee1Uh2f+iIkk1VSQ6aMw5VjHOC8Dd5mkRPOhIUAkM1kx6YMEok1lxf+V0KiU3ZOyc31cql7M6iigPbSPDpGLTlEVXaEaqiOCMvSAntCzdW89Wi/W63R1zprd7KBvsN4+ATlElZM=</latexit>

|↵|2 � |�|2 = 1

<latexit sha1_base64="pMDIz26vdlBbTDAj7DAmV1GHIeM=">AAACBXicjVC7SgNBFJ2Nrxhfq5ZaDAbBQsJuVLQRgjaWEcwDspswOzubDJmZXWZmhbBJY+Ov2FgoYus/2Pk3Th6FioIHLhzOuZd77wkSRpV2nA8rNze/sLiUXy6srK6tb9ibW3UVpxKTGo5ZLJsBUoRRQWqaakaaiSSIB4w0gv7l2G/cEqloLG70ICE+R11BI4qRNlLH3hXnHhUaZp7kMBy1j/re4dALiEbDdrljF92SMwH8mxTBDNWO/e6FMU45ERozpFTLdRLtZ0hqihkZFbxUkQThPuqSlqECcaL8bPLFCO4bJYRRLE2Ziybq14kMcaUGPDCdHOme+umNxd+8VqqjMz+jIkk1EXi6KEoZ1DEcRwJDKgnWbGAIwpKaWyHuIYmwNsEV/hdCvVxyT0rO9XGxcjGLIw92wB44AC44BRVwBaqgBjC4Aw/gCTxb99aj9WK9Tltz1mxmG3yD9fYJjNiX9w==</latexit>

n =

Z
d3k |�|2

More details on the Sigma production
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Produced heavy particles backreact on spacetime

Give rise to a non-trivial one-point function

Profile in the position space

<latexit sha1_base64="L/U1ogznmkQyqKT6TCvZcNhlA0c="></latexit>

S� =

Z
dt
p
�g00 Me↵ �

Z
d⌘ @⌘⇣

Me↵(⌘)

H

comoving curvature perturbation  

<latexit sha1_base64="tEddMBkyOqEibagzcaqe/fcGawY="></latexit>

h⇣ki = �i

Z 0

⌘⇤

d⌘ h0|⇣k(⌘0)@⌘⇣k(⌘)|0i
Me↵(⌘)

H
+ c.c.
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Curvature perturbation in position space
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Hot or Cold spots?

Perturbation enters in the radiation-dominant & matter-dominant  
era has temperature fluctuation

The minus sign comes from the gravity potential (Sachs-Wolfe), 
makes pairwise spots COLD before entering the horizon
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However, we find that the baryon acoustic oscillation (sub-horizon phys) 
converts the signal into HOT spots and further changes the fluctuation
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Include the effect of “sub-horizon” physics
from baryon acoustic oscillations (the transfer functions)
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temperature of central hotspot pixel

“cold spot” for very large      
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the very large spots (different origin) 
to generate the CMB cold spot
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Convolutional Neural Network (CNN)

Apply the same network to a larger image (~1/25 of the sky), 
sliding the search box, convert the map into a “probability map” 

With “clustering” and vetoing clusters with small pixel numbers, 
we calculate the signal capture rate & false positive rate 
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