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The particle detector in this talk: CMB map

• radiation with wave length ~ 1mm

• blackbody radiation with 

• temperature anisotropy
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Typical CMB analysis: correlation functions


 large angle  <->  small angle 
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It makes sense to use N-point functions. The temperature 
anisotropy is almost a scale-invariant (not “localized” signals)

 large angle  <->  small angle 
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“super-horizon” physics


is scale invariant
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Question: Can we probe particles with mass          ?


  What will be the signal to look at?
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Motivation
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• Our goal is to probe heavy particles that couple to inflaton 
and produced during the inflation


• In the context of “cosmological collider physics”, we usually 
focus on signals of non-Gaussianity (    3-pt functions)


• The signals are usually suppressed by 
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(cartoon picture) (HEALPix simulation)
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If the new particles are so heavy           ,


they only show up as localized signals in position space


Is position space search better than the N-pt function


for identifying very heavy particles?


As I will explain, in this case

we get Pairwise Spots on the CMB map 
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Looking for pairwise hotspots  

 in position space 

  -dependent distortion of  

CMB TT-spectrum

If yes, the searching strategy will be totally different
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like studying jet substructure
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Looking for pairwise hotspots  

 in position space 

If yes, the searching strategy will be totally different
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If yes, the searching strategy will be totally different
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Production of the pairwise spots on the CMB

8Yuhsin Tsai yhtsai@nd.edu

Particle production

during the inflation

Particle mass modifies

curvature perturbation

Perturbation

gets

frozen 

when

horizon shrinks

(due to inflation)  
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Particle production

during the inflation

Particle mass modifi

curvature perturbation

Perturbation

gets

frozen 

when

horizon shrinks

(due to infl

Step I : the non-adiabatic particle production

<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

<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="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="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�

• Sigma mass is typically heavy (comparing to Hubble scale)

• mass takes its minimum value at time 

• Sigma can be produced from the inflaton energy around 

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

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

<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
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mass
<latexit sha1_base64="YV7p/KCXf1CdLBRjmZv7In8WPvI=">AAAB9XicbVDLSgMxFM3UV62vqks3wSJUkGGm1DrdFd24rGAf0BlLJk3b0CQzJBmlDP0PNy4Uceu/uPNvTB+IWg9cOJxzL/feE8aMKu04n1ZmZXVtfSO7mdva3tndy+8fNFWUSEwaOGKRbIdIEUYFaWiqGWnHkiAeMtIKR1dTv3VPpKKRuNXjmAQcDQTtU4y0ke6aRV/RAUdnfjykp918wbGr1bJ37kFDvIrnlqBrOzN8kwJYoN7Nf/i9CCecCI0ZUqrjOrEOUiQ1xYxMcn6iSIzwCA1Ix1CBOFFBOrt6Ak+M0oP9SJoSGs7UnxMp4kqNeWg6OdJD9debiv95nUT3vSClIk40EXi+qJ8wqCM4jQD2qCRYs7EhCEtqboV4iCTC2gSVMyEsvbxMmiXbrdjOTblQu1zEkQVH4BgUgQsuQA1cgzpoAAwkeATP4MV6sJ6sV+tt3pqxFjOH4Bes9y8D65I2</latexit>

V (�,�)

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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A toy model example

Minimum mass when                 .
<latexit sha1_base64="+vOq41SijWb46KCc4B0zzVzfVUU=">AAAB8nicjVDJSgNBEO2JW4xb1KOXxiB4CjOi6DHoxYsQwSwwM4SeTk/SpJehu0YIQz7DiwdFvPo13vwbO8tBRcEHBY/3qqiql2SCW/D9D6+0tLyyulZer2xsbm3vVHf32lbnhrIW1UKbbkIsE1yxFnAQrJsZRmQiWCcZXU39zj0zlmt1B+OMxZIMFE85JeCkcBBlQx5ZLvFNr1oL6v4M+G9SQws0e9X3qK9pLpkCKoi1YeBnEBfEAKeCTSpRbllG6IgMWOioIpLZuJidPMFHTunjVBtXCvBM/TpREGntWCauUxIY2p/eVPzNC3NIL+KCqywHpuh8UZoLDBpP/8d9bhgFMXaEUMPdrZgOiSEUXEqV/4XQPqkHZ3X/9rTWuFzEUUYH6BAdowCdowa6Rk3UQhRp9ICe0LMH3qP34r3OW0veYmYffYP39gnu8JEF</latexit>

g� ⇠ M

10

(also see a similar setup in Flauger et al. (2017), 

and Muchmeyer et al. (2019) for the N-point function study)

Yuhsin Tsai yhtsai@nd.edu
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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 = �/⌘

11Yuhsin Tsai yhtsai@nd.edu
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How to calculate the particle production?

•        is produced from the kinetic energy of inflaton


• cannot calculate the production as in collider experiments.

    Inflaton & sigma are time-dependent fields


• calculate the number of non-adiabatic particle production

    from Bogolyubov transformation 

12

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

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

wave 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, initial raising/lowering,

operators will be a combination of later raising/lowering operators

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

I, F

…

Particle production from time-variant vacuum

13Yuhsin Tsai yhtsai@nd.edu
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Bogolyubov Transformation

Relation between the raising/lowering operators defined

in the initial and final vacua

Number density of particles in the “final vacua”

(in Heisenberg’s picture)

14Yuhsin Tsai yhtsai@nd.edu
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Number of        pairs in the 

CMB last scattering surface (with a thickness)

CMB horizon with finite thickness 

looks like a thermal production       

suppressed by the Sigma mass  

from CMB measurement,

~ kinetic energy of inflaton

<latexit sha1_base64="s6capas80Sgqto9Q25AxD3duA7U=">AAACBXicjVDLSsNAFJ34rPUVdamLwSKIi5KIr2XRTZcV7AOaECbTSTt0kowzN2IJ3bjxV9y4UMSt/+DOv3H6WKgoeODC4Zx778w9oRRcg+N8WDOzc/MLi4Wl4vLK6tq6vbHZ0GmmKKvTVKSqFRLNBE9YHTgI1pKKkTgUrBn2L0Z+84YpzdPkCgaS+THpJjzilICRAnvH09cKcq+Tgid7fOgRKVV6i0+canAQ2CW37IyB/yYlNEUtsN/NIprFLAEqiNZt15Hg50QBp4INi16mmSS0T7qsbWhCYqb9fHzFEO8ZpYOjVJlKAI/VrxM5ibUexKHpjAn09E9vJP7mtTOIzvycJzIDltDJQ1EmMKR4FAnucMUoiIEhhCpu/oppjyhCwQRX/F8IjcOye1x2Lo9KlfNpHAW0jXbRPnLRKaqgKqqhOqLoDj2gJ/Rs3VuP1ov1OmmdsaYzW+gbrLdPXtmYdQ==</latexit>q
�̇ ⇡ 60H⇤

<latexit sha1_base64="QwrIAn7NewkCzIj4UhBcHBdG2cE="></latexit>

N� pairs =
1

2⇡2

 
g�̇

H2
⇤

!3/2

e
�⇡(M2

0�2H2
⇤)

|g�̇|

✓
k⇤

kCMB

◆3✓�⌘rec

⌘rec

◆

15

Planck

<latexit sha1_base64="tx4inglTMz9A/AQNwe/Bd1uInuE=">AAACGHicjVA9SwNBEN2LXzF+RS1tFoNgdd5JUMugFpYRjAq5EOY2c7q498HunBiO/Awb/4qNhSK2dv4bNzFFFAUfDDzem2FmXpgpacjzPpzS1PTM7Fx5vrKwuLS8Ul1dOzdprgW2RKpSfRmCQSUTbJEkhZeZRohDhRfhzdHQv7hFbWSanFE/w04MV4mMpACyUre6E0QaRBEcoyIIkKBbaBSDQTHBA8gynd5xz/Xq3WrNd70R+N+kxsZodqvvQS8VeYwJCQXGtH0vo04BmqRQOKgEucEMxA1cYdvSBGI0nWL02IBvWaXHo1TbSoiP1MmJAmJj+nFoO2Oga/PTG4q/ee2cooNOIZMsJ0zE16IoV5xSPkyJ96T9nFTfEhBa2lu5uAabFNksK/8L4XzX9fdc77ReaxyO4yizDbbJtpnP9lmDnbAmazHB7tkje2YvzoPz5Lw6b1+tJWc8s86+wXn/BNsroN0=</latexit>

�⌘rec
⌘rec

⇡ 0.04

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="1exhBqah32KyeEUFfcpSQmvOcNA=">AAAB7XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOlVk+zocD9fAG5pVqpXLmAyL30kFesQs9Fc3yTAlii0c9/9AYRSQSVhnCsdddDsfFTrAwjnE5zvUTTGJMxHtKupRILqv10fu0UnlllAMNI2ZIGztWfEykWWk9EYDsFNiP915uJ/3ndxIQ1P2UyTgyVZLEoTDg0EZy9DgdMUWL4xBJMFLO3QjLCChNjA8rZEFZeXiWtoutVXHRbLtSvlnFkwQk4BefAA1VQBzegAZqAgHvwCJ7BixM5T86r87ZozTjLmWPwC877F+cOj1k=</latexit>�
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As a reminder, 
<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 the spot size (        ) is similar to a 

pixel of chopping CMB into 1000^2 pieces

<latexit sha1_base64="L8Pz0c3QpzIAobcEtot0BZwdzYQ=">AAAB7XicjVDLSgNBEJz1GeMr6tHLYBDEQ9gVRY9BLx4jmAckS5id9CZjZmeWmV4hLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RakUFn3/w1tYXFpeWS2sFdc3Nre2Szu7Daszw6HOtdSmFTELUiioo0AJrdQASyIJzWh4NfGb92Cs0OoWRymECesrEQvO0EmNDiDrHndL5aDiT0H/JmUyR61beu/0NM8SUMgls7Yd+CmGOTMouIRxsZNZSBkfsj60HVUsARvm02vH9NApPRpr40ohnapfJ3KWWDtKIteZMBzYn95E/M1rZxhfhLlQaYag+GxRnEmKmk5epz1hgKMcOcK4Ee5WygfMMI4uoOL/QmicVIKzin9zWq5ezuMokH1yQI5IQM5JlVyTGqkTTu7IA3kiz572Hr0X73XWuuDNZ/bIN3hvnyutjtw=</latexit>

⌘⇤

16

Planck

<latexit sha1_base64="cpm+SRkYDzJmsTw5EhzMERaPH4o=">AAAB6nicjVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCXjxGNAskQ+jp1Eya9PQM3T1CGPIJXjwo4tUv8ubf2FkOKgo+KHi8V0VVvSAVXBvX/XAKC4tLyyvF1dLa+sbmVnl7p6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4dXEb92j0jyRd2aUoh/TSPKQM2qsdBtdnPTKFa/qTkH+JhWYo94rv3f7CctilIYJqnXHc1Pj51QZzgSOS91MY0rZkEbYsVTSGLWfT08dkwOr9EmYKFvSkKn6dSKnsdajOLCdMTUD/dObiL95ncyE537OZZoZlGy2KMwEMQmZ/E36XCEzYmQJZYrbWwkbUEWZsemU/hdC86jqnVbdm+NK7XIeRxH2YB8OwYMzqME11KEBDCJ4gCd4doTz6Lw4r7PWgjOf2YVvcN4+AcosjXk=</latexit>

g = 5
<latexit sha1_base64="ZenJHBNJY6HqL8JUAbuheN2T5jw=">AAACDnicjVC7SgNBFJ2NrxhfUUubwRAQi7AxRm2EoE0aIYJ5QDYss5PZZMjs7jhzVwxLvsDGX7GxUMTW2s6/cfIoVBQ8cOFwzr135h5PCq7Btj+s1Nz8wuJSejmzsrq2vpHd3GroKFaU1WkkItXyiGaCh6wOHARrScVI4AnW9AbnY795w5TmUXgFQ8k6AemF3OeUgJHcbP7CtU9xuVB29LWCxOlG4Mg+HzlEShXd4lLJrrr7bjZXLNgT4L9JDs1Qc7PvZhONAxYCFUTrdtGW0EmIAk4FG2WcWDNJ6ID0WNvQkARMd5LJOSOcN0oX+5EyFQKeqF8nEhJoPQw80xkQ6Ouf3lj8zWvH4J90Eh7KGFhIpw/5scAQ4XE2uMsVoyCGhhCquPkrpn2iCAWTYOZ/ITQOCsWjgn15mKuczeJIox20i/ZQER2jCqqiGqojiu7QA3pCz9a99Wi9WK/T1pQ1m9lG32C9fQL+e5rR</latexit>

M0 = 5.5
q

�̇ ⇡ 330H⇤

<latexit sha1_base64="jOIQo18uHY4H2alNYY/OWndMrJc=">AAACCXicjZBLS8QwFIVTn+P4qrp0ExwEFzK0Kupy0I0rGcF5wLSW20w6EyZpS5IKQ+nWjX/FjQtF3PoP3PlvzDwWKgoeCBy+cy9JTphyprTjfFgzs3PzC4ulpfLyyuraur2x2VRJJgltkIQnsh2CopzFtKGZ5rSdSgoi5LQVDs5HeeuWSsWS+FoPU+oL6MUsYgS0QYGNL4PcU6wnwNvPPSlwCkyqojBMYNe5OQzsilt1xsJ/mwqaqh7Y7143IZmgsSYclOq4Tqr9HKRmhNOi7GWKpkAG0KMdY2MQVPn5+CcF3jWki6NEmhNrPKZfN3IQSg1FaCYF6L76mY3gb1kn09Gpn7M4zTSNyeSiKONYJ3hUC+4ySYnmQ2OASGbeikkfJBBtyiv/r4TmQdU9rjpXR5Xa2bSOEtpGO2gPuegE1dAFqqMGIugOPaAn9GzdW4/Wi/U6GZ2xpjtb6Just0+/DJm2</latexit>

N� pairs ⇠ 103

Yuhsin Tsai yhtsai@nd.edu

Number of        pairs in the 

CMB last scattering surface (with a thickness)

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

<latexit sha1_base64="QwrIAn7NewkCzIj4UhBcHBdG2cE="></latexit>

N� pairs =
1

2⇡2

 
g�̇

H2
⇤

!3/2

e
�⇡(M2

0�2H2
⇤)

|g�̇|

✓
k⇤

kCMB

◆3✓�⌘rec

⌘rec

◆



Need to make sure the field of heavy particle do not


affect inflaton’s slow-roll e.o.m.


Since 


this requires


and an upper bound                              for the same spot size


that gives < 1% of the correction

<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⇤�̇

<latexit sha1_base64="W35pOs6jmgUgdOfIWuLLXOLjNmE=">AAACBnicjVDLSsNAFJ34rPUVdSnCYBFcSElEtAsXRTeupIJ9QBPDzXTaDp1JwsxEKCErN/6KGxeKuPUb3Pk3Th8LFQUPXDiccy/33hMmnCntOB/WzOzc/MJiYam4vLK6tm5vbDZUnEpC6yTmsWyFoChnEa1rpjltJZKCCDlthoPzkd+8pVKxOLrWw4T6AnoR6zIC2kiBvXMZZJ5iPQHeQeZJgRNgUuX5KXadm0pgl9yyMwb+m5TQFLXAfvc6MUkFjTThoFTbdRLtZyA1I5zmRS9VNAEygB5tGxqBoMrPxm/keM8oHdyNpalI47H6dSIDodRQhKZTgO6rn95I/M1rp7pb8TMWJammEZks6qYc6xiPMsEdJinRfGgIEMnMrZj0QQLRJrni/0JoHJbd47JzdVSqnk3jKKBttIv2kYtOUBVdoBqqI4Lu0AN6Qs/WvfVovVivk9YZazqzhb7BevsEDxOYNA==</latexit>

N� pairs < 108

2117

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
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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 field of heavy particle do not


affect inflaton’s slow-roll e.o.m.


Since 


this requires


and an upper bound                              for the same spot size


that gives < 1% of the correction

<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⇤�̇

<latexit sha1_base64="W35pOs6jmgUgdOfIWuLLXOLjNmE=">AAACBnicjVDLSsNAFJ34rPUVdSnCYBFcSElEtAsXRTeupIJ9QBPDzXTaDp1JwsxEKCErN/6KGxeKuPUb3Pk3Th8LFQUPXDiccy/33hMmnCntOB/WzOzc/MJiYam4vLK6tm5vbDZUnEpC6yTmsWyFoChnEa1rpjltJZKCCDlthoPzkd+8pVKxOLrWw4T6AnoR6zIC2kiBvXMZZJ5iPQHeQeZJgRNgUuX5KXadm0pgl9yyMwb+m5TQFLXAfvc6MUkFjTThoFTbdRLtZyA1I5zmRS9VNAEygB5tGxqBoMrPxm/keM8oHdyNpalI47H6dSIDodRQhKZTgO6rn95I/M1rp7pb8TMWJammEZks6qYc6xiPMsEdJinRfGgIEMnMrZj0QQLRJrni/0JoHJbd47JzdVSqnk3jKKBttIv2kYtOUBVdoBqqI4Lu0AN6Qs/WvfVovVivk9YZazqzhb7BevsEDxOYNA==</latexit>

N� pairs < 108
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Back-reaction constraints

Need to make sure the field of heavy particle do not


affect inflaton’s slow-roll e.o.m.


Since 


this requires


and an upper bound                              for the same spot size


that gives < 1% of the correction

<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⇤�̇

<latexit sha1_base64="W35pOs6jmgUgdOfIWuLLXOLjNmE=">AAACBnicjVDLSsNAFJ34rPUVdSnCYBFcSElEtAsXRTeupIJ9QBPDzXTaDp1JwsxEKCErN/6KGxeKuPUb3Pk3Th8LFQUPXDiccy/33hMmnCntOB/WzOzc/MJiYam4vLK6tm5vbDZUnEpC6yTmsWyFoChnEa1rpjltJZKCCDlthoPzkd+8pVKxOLrWw4T6AnoR6zIC2kiBvXMZZJ5iPQHeQeZJgRNgUuX5KXadm0pgl9yyMwb+m5TQFLXAfvc6MUkFjTThoFTbdRLtZyA1I5zmRS9VNAEygB5tGxqBoMrPxm/keM8oHdyNpalI47H6dSIDodRQhKZTgO6rn95I/M1rp7pb8TMWJammEZks6qYc6xiPMsEdJinRfGgIEMnMrZj0QQLRJrni/0JoHJbd47JzdVSqnk3jKKBttIv2kYtOUBVdoBqqI4Lu0AN6Qs/WvfVovVivk9YZazqzhb7BevsEDxOYNA==</latexit>

N� pairs < 108

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
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Particle production

during the inflation

Particle mass modifies

curvature perturbation

Perturbation

gets

frozen 

when

horizon shrinks

(due to inflation)  

Step II: 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

<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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 horizon size ~  

 at particle production 

particle mass modifies curvature perturbation in the horizon 

19Yuhsin 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>

⌘⇤

Curvature perturbation ~ (energy perturbation)/4 - gravity perturbation 

                                          for radiation in Conformal Newtonian gauge 



26

<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

20Yuhsin Tsai yhtsai@nd.edu

<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

20Yuhsin Tsai yhtsai@nd.edu

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

⌘⇤

radius-dependent perturbation 

with                .

<latexit sha1_base64="0iuvG8sHy0boVNi9CrsZsBT3keg=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoMgHsKuiHrwEPTiMYJ5YLKE2UlvMmR2dpmZFcImf+HFgyJe/Rtv/o2Tx0FFwYKGoqqb7q4gEVwb1/1wcguLS8sr+dXC2vrG5lZxe6eu41QxrLFYxKoZUI2CS6wZbgQ2E4U0CgQ2gsHVxG/co9I8lrdmmKAf0Z7kIWfUWOlOXYzaaGjnaNQplryyOwX5m5Rgjmqn+N7uxiyNUBomqNYtz02Mn1FlOBM4LrRTjQllA9rDlqWSRqj9bHrxmBxYpUvCWNmShkzVrxMZjbQeRoHtjKjp65/eRPzNa6UmPPczLpPUoGSzRWEqiInJ5H3S5QqZEUNLKFPc3kpYnyrKjA2p8L8Q6sdl77Ts3pyUKpfzOPKwB/twCB6cQQWuoQo1YCDhAZ7g2dHOo/PivM5ac858Zhe+wXn7BErvkKs=</latexit>

r < |⌘⇤|
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Curvature perturbation in position space

Produced heavy particles backreact on spacetime

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

S� =

Z
dt
p
�g00 Me↵ �

Z
d⌘ @⌘⇣

Me↵(⌘)

H

comoving curvature perturbation  

Maldacena

(1508.01082)

Fialkov et. al.

(0911.2100)

21Yuhsin Tsai yhtsai@nd.edu
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Produced heavy particles backreact on spacetime

Give rise to a non-trivial one-point function

<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.

given by the inflaton fluctuation  

Maldacena

(1508.01082)

Fialkov et. al.

(0911.2100)

21Yuhsin Tsai yhtsai@nd.edu

Curvature perturbation in position space
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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.

given by the inflaton fluctuation  

<latexit sha1_base64="65GqbkjqdZRHglqN64904mzVaUA="></latexit>

h⇣ki =
"
Me↵(|⌘| = r)

2
p
2✏Mpl

#
H

2⇡
p
2✏Mpl

Maldacena

(1508.01082)

Fialkov et. al.

(0911.2100)

21Yuhsin Tsai yhtsai@nd.edu

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

r  |⌘⇤|
<latexit sha1_base64="LmU3qmmOB0/jha52YiT92oF6PwA=">AAAB/3icjVDJSgNBEK2JW4zbqODFS2MQooQwI6JelKAXjxHMAplh6On0JE16Frp7hDDJwV/x4kERr/6GN//GznJQUfAVBY/3qqji+QlnUlnWh5Gbm19YXMovF1ZW19Y3zM2thoxTQWidxDwWLR9LyllE64opTluJoDj0OW36/aux37yjQrI4ulWDhLoh7kYsYAQrLXnmTunccsplR5e4QEOHKuwdDg88s2hXrAnQ36QIM9Q8893pxCQNaaQIx1K2bStRboaFYoTTUcFJJU0w6eMubWsa4ZBKN5v8P0L7WumgIBa6I4Um6teNDIdSDkJfT4ZY9eRPbyz+5rVTFZy5GYuSVNGITA8FKUcqRuMwUIcJShQfaIKJYPpXRHpYYKJ0ZIX/hdA4qtgnFevmuFi9nMWRh13YgxLYcApVuIYa1IHAEB7gCZ6Ne+PReDFep6M5Y7azDd9gvH0CrGKT+A==</latexit>

(= 0 , r > |⌘⇤|)

Curvature perturbation in position space
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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

22Yuhsin 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,

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

<latexit sha1_base64="U49yTk7gvsm/hHl2dp3qq8zfXMs="></latexit>

�� �⇤ = �̇(t� t⇤) = � �̇

H⇤
log

✓
⌘

⌘⇤

◆  log comes from the exponential 

growth of scale factor 


during the inflation

22Yuhsin 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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Heavy particles are produced in pairs: 


momentum conservation


radius 

~ 
( C

ur
va

tu
re

  p
er

tu
rb

  p
ro

fil
e 

) 
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pairwise	spots

Particles are produced non-relativistically and have separation          

<latexit sha1_base64="cYItEBt4pVI0Hm58WXtgOXFA/0A=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBDEQ9gVUY9BLx4jmAdklzA76U2GzM5uZmYDIcl3ePGgiFc/xpt/4+RxUFGwoKGo6qaLClPBtXHdD2dpeWV1bT23kd/c2t7ZLezt13SSKYZVlohENUKqUXCJVcONwEaqkMahwHrYu5n69QEqzRN5b4YpBjHtSB5xRo2VAl9gn4x9NLR1Om4Vil7JnYH8TYqwQKVVePfbCctilIYJqnXTc1MTjKgynAmc5P1MY0pZj3awaamkMepgNAs9IcdWaZMoUXakITP168WIxloP49BuxtR09U9vKv7mNTMTXQUjLtPMoGTzR1EmiEnItAHS5gqZEUNLKFPcZiWsSxVlxvaU/18JtbOSd1Fy786L5etFHTk4hCM4AQ8uoQy3UIEqMOjDAzzBszNwHp0X53W+uuQsbg7gG5y3T2Iykdk=</latexit>

 |⌘⇤|
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Hot or Cold spots?

see also Fialkov et al. (2009) for the pre-inflationary particle study

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

<latexit sha1_base64="CBnCpy81UKgCAwryLzQysaxdNmU="></latexit>

�T

T

���
CMB,MD

= �1

5
h⇣�i

<latexit sha1_base64="dF0CKAlp3waSappPJ0HWd3k5CgU="></latexit>

�T

T

���
CMB,RD

= �1

3
h⇣�i

However, we find that the baryon acoustic oscillation (sub-horizon phys)

converts the signal into HOT spots and suppresses the fluctuation

We are currently calculating the sub-horizon evolution of           .
<latexit sha1_base64="EvG1wb/jeEWxAUDb6jcATNm5qaM=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48R8oJkDbOzvcmQ2dllZlYJS/7DiwdFvPov3vwbJ4+DioIFDUVVN11UkAqujet+OIWl5ZXVteJ6aWNza3unvLvX0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hoauq371BpnsiGGafox3QgecQZNVa67YUoDCWNfq75YNIvV7yqOwP5m1RggXq//N4LE5bFKA0TVOuu56bGz6kynAmclHqZxpSyER1g11JJY9R+Pks9IUdWCUmUKDvSkJn69SKnsdbjOLCbMTVD/dObir953cxEF37OZZoZlGz+KMoEMQmZVkBCrpAZMbaEMsVtVsKGVFFmbFGl/5XQOql6Z1X35rRSu1zUUYQDOIRj8OAcanANdWgCAwUP8ATPzr3z6Lw4r/PVgrO42YdvcN4+AX0ykoI=</latexit>

�Tsig

24
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Particle production

during the inflation

Particle mass modifies

curvature perturbation

Perturbation

gets

frozen 

when

horizon shrinks

(due to inflation)  

Step III: localized signals on the CMB

<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

<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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For the following discussion, 


I will ignore contribution from sub-horizon physics


to temperature perturbation

26
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• We use HEALPix to generate fake CMB image that follows the

   temperature fluctuation of the best fitted LCDM model


• for signal events, we add pairwise hotspots with a given 

   temperature profile, pixel size, and separation between two spots

signal

Simulate pairwise spot signals

signal + fake CMB

<latexit sha1_base64="GFpuvVnJk+v2ZZ+y05iJh4d5ZK0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0m0oheh6MVjBfsBbSib7aRdursJuxuhhP4FLx4U8eof8ua/MWl7UFHwwcDjvRlm5gWx4Ma67odTWFpeWV0rrpc2Nre2d8q7ey0TJZphk0Ui0p2AGhRcYdNyK7ATa6QyENgOxte5375HbXik7uwkRl/SoeIhZ9Tm0vDy1O2XK17VnYH8TSqwQKNffu8NIpZIVJYJakzXc2Prp1RbzgROS73EYEzZmA6xm1FFJRo/nd06JUeZMiBhpLNSlszUrxMplcZMZJB1SmpH5qeXi7953cSGF37KVZxYVGy+KEwEsRHJHycDrpFZMckIZZpntxI2opoym8VT+l8IrZOqd1Z1b2uV+tUijiIcwCEcgwfnUIcbaEATGIzgAZ7g2ZHOo/PivM5bC85iZh++wXn7BDVejbA=</latexit>

g = 30

27

only for illustration

Yuhsin Tsai yhtsai@nd.edu
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• We use HEALPix to generate fake CMB image that follows the

   temperature fluctuation of the best fitted LCDM model


• for signal events, we add pairwise hotspots with a given 

   temperature profile, pixel size, and separation between two spots

signal signal + fake CMB

27

<latexit sha1_base64="DwnG8/wTHtmzF9B/0abrKQ+XzK4=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgv2ANpTNdtMu3d2E3YkQQv+CFw+KePUPefPfmLQ9qCj4YODx3gwz84JYCouu++GUlpZXVtfK65WNza3tneruXttGiWG8xSIZmW5ALZdC8xYKlLwbG05VIHknmFwXfueeGysifYdpzH1FR1qEglEspNGl5w6qNa/uzkD+JjVYoDmovveHEUsU18gktbbnuTH6GTUomOTTSj+xPKZsQke8l1NNFbd+Nrt1So5yZUjCyOSlkczUrxMZVdamKsg7FcWx/ekV4m9eL8Hwws+EjhPkms0XhYkkGJHicTIUhjOUaU4oMyK/lbAxNZRhHk/lfyG0T+reWd29Pa01rhZxlOEADuEYPDiHBtxAE1rAYAwP8ATPjnIenRfndd5achYz+/ANztsnMlSNrg==</latexit>

g = 10

Yuhsin Tsai yhtsai@nd.edu

Simulate pairwise spot signals
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Identify signal on the CMB map

Different types of backgrounds to consider:
• instrumental noise

• fore-ground from compact objects (stars, galaxies,…)

• primordial fluctuation background (indistinguishable)

Yuhsin Tsai yhtsai@nd.edu
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Planck 2013 results. XXVIII

“may” veto the background by

correlating Planck’s 


maps in 9 frequency bands

(need more study)

29

Different types of backgrounds to consider:
• instrumental noise

• fore-ground from compact objects (stars, galaxies,…)

• primordial fluctuation background (indistinguishable)

Yuhsin Tsai yhtsai@nd.edu

Identify signal on the CMB map
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signal signal + fake CMB

<latexit sha1_base64="DwnG8/wTHtmzF9B/0abrKQ+XzK4=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgv2ANpTNdtMu3d2E3YkQQv+CFw+KePUPefPfmLQ9qCj4YODx3gwz84JYCouu++GUlpZXVtfK65WNza3tneruXttGiWG8xSIZmW5ALZdC8xYKlLwbG05VIHknmFwXfueeGysifYdpzH1FR1qEglEspNGl5w6qNa/uzkD+JjVYoDmovveHEUsU18gktbbnuTH6GTUomOTTSj+xPKZsQke8l1NNFbd+Nrt1So5yZUjCyOSlkczUrxMZVdamKsg7FcWx/ekV4m9eL8Hwws+EjhPkms0XhYkkGJHicTIUhjOUaU4oMyK/lbAxNZRhHk/lfyG0T+reWd29Pa01rhZxlOEADuEYPDiHBtxAE1rAYAwP8ATPjnIenRfndd5achYz+/ANztsnMlSNrg==</latexit>

g = 10

30

Different types of backgrounds to consider:
• instrumental noise

• fore-ground from compact objects (stars, galaxies,…)

• primordial fluctuation background (indistinguishable)

Yuhsin Tsai yhtsai@nd.edu

Identify signal on the CMB map
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Here we only consider background 

from primordial temperature fluctuations

Assume a perfect CMB measurement 

with zero noise and perfect foreground subtraction

31Yuhsin Tsai yhtsai@nd.edu

We are interested in the “irreducible” background

from primordial quantum fluctuations
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Sounds easy! 


Since our signals are very hot (or very cold), 


simply apply a minimal temperature cut to veto the background! 

32
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Well… primordial T-fluctuation can be very hot (or cold)

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="jT4AACkgnNkARGGHjOTLcg6RkiE=">AAACGXicjZDLSgMxGIUz9VbrrerSTbAILkqZKWJdFt0Ibir0Bk0ZMpnMNDSZGZKMWIZ5DTe+ihsXirjUlW9jelmoKHggcDjn/0nyeQlnStv2h1VYWl5ZXSuulzY2t7Z3yrt7XRWnktAOiXks+x5WlLOIdjTTnPYTSbHwOO1544tp37uhUrE4autJQocChxELGMHaRG7ZRj7lGsO2myEpoGJhjnCSyPgWokBikoV5Vs9Rtd5AVSRSeOWWK07Nngn+bSpgoZZbfkN+TFJBI004Vmrg2IkeZlhqRjjNSyhVNMFkjEM6MDbCgqphNvtZDo9M4sMgluZEGs7SrxsZFkpNhGcmBdYj9bObhr91g1QHZ8OMRUmqaUTmFwUphzqGU0zQZ5ISzSfGYCKZeSskI2yAaAOz9D8I3XrNOa3Z1yeV5vkCRxEcgENwDBzQAE1wCVqgAwi4Aw/gCTxb99aj9WK9zkcL1mJnH3yT9f4Jv9agGw==</latexit>

�Tsig ⇡ g

2
27µK

Standard deviation of CMB fluctuation
<latexit sha1_base64="u4LAj8lLDzIhO0svxuJSVLzpfuc=">AAACAHicjVC7SgNBFJ2NrxhfqxYWNoNBsJCwK6KWQRvBJoJ5QHYJs5NJMmRezMyKYdnGX7GxUMTWz7Dzb5w8ChUFD1w4nHMv996TKEaNDYIPrzA3v7C4VFwurayurW/4m1sNI1ONSR1LJnUrQYYwKkjdUstIS2mCeMJIMxlejP3mLdGGSnFjR4rEHPUF7VGMrJM6/k6ElNLyDoZBEB1GPM0izeFV3vHLYSWYAP5NymCGWsd/j7oSp5wIixkyph0GysYZ0pZiRvJSlBqiEB6iPmk7KhAnJs4mD+Rw3yld2JPalbBwon6dyBA3ZsQT18mRHZif3lj8zWuntncWZ1So1BKBp4t6KYNWwnEasEs1wZaNHEFYU3crxAOkEbYus9L/QmgcVcKTSnB9XK6ez+Iogl2wBw5ACE5BFVyCGqgDDHLwAJ7As3fvPXov3uu0teDNZrbBN3hvn2bslaQ=</latexit>

⇡ 100µK

Our signal

This is 4x larger than the primordial                    

of each l-mode in the CMB spectrum 

<latexit sha1_base64="s7RZavJPO/0DL7mSB3d7gF2/4bI=">AAACBnicjVDLSgMxFM34rPU16lKEYBFclZki1mXRjeCmQl/QGUomk2lDk0xIMmIZunLjr7hxoYhbv8Gdf2P6WKgoeODC4Zx7ufeeSDKqjed9OAuLS8srq4W14vrG5ta2u7Pb0mmmMGnilKWqEyFNGBWkaahhpCMVQTxipB0NLyZ++4YoTVPRMCNJQo76giYUI2OlnnsQxIQZBBsBklKlt7BShQHP8kBxeDXuuSW/7E0B/yYlMEe9574HcYozToTBDGnd9T1pwhwpQzEj42KQaSIRHqI+6VoqECc6zKdvjOGRVWKYpMqWMHCqfp3IEdd6xCPbyZEZ6J/eRPzN62YmOQtzKmRmiMCzRUnGoEnhJBMYU0WwYSNLEFbU3grxACmEjU2u+L8QWpWyf1r2rk9KtfN5HAWwDw7BMfBBFdTAJaiDJsDgDjyAJ/Ds3DuPzovzOmtdcOYze+AbnLdP9+yYKg==</latexit>

�T ⇡ 27µK
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The large temperature fluctuation in position space

comes from the sum of fluctuations with different wavelengths

<latexit sha1_base64="9QUJRF7e4VdKSnMlaW70cacW7Ig="></latexit>

�T 2
���
CMB

= h�T (✓̂)�T (✓̂)i =
X

`

2`+ 1

4⇡
CTT

`

Well… primordial T-fluctuation can be very hot (or cold)

34

<latexit sha1_base64="KfZafTwgIb/ryrHz8U5m/Z8bCyg="></latexit>

`MaxX

`=1
<latexit sha1_base64="YZfHDugpEI32OnisXLviTonhgb0=">AAACBXicdVDLSgMxFM34rPVVdamLYBFcDZk+pnUnunGpYG2hU0smTTU0yQxJRijDbNz4K25cKOLWf3Dn35ipFVT0wL0czrmX5J4w5kwbhN6dmdm5+YXFwlJxeWV1bb20sXmho0QR2iIRj1QnxJpyJmnLMMNpJ1YUi5DTdjg6zv32DVWaRfLcjGPaE/hKsiEj2FipX9oJdCL6aUA5t10JKJjMssu0ghDK+qUycut+FR0giFxUq3h1PyeNpu9XoeeiCcpgitN+6S0YRCQRVBrCsdZdD8Wml2JlGOE0KwaJpjEmI3xFu5ZKLKjupZMrMrhnlQEcRsqWNHCift9IsdB6LEI7KbC51r+9XPzL6yZm2OylTMaJoZJ8PjRMODQRzCOBA6YoMXxsCSaK2b9Cco0VJsYGV7QhfF0K/ycXFdfzXXRWKx8eTeMogG2wC/aBBxrgEJyAU9ACBNyCe/AInpw758F5dl4+R2ec6c4W+AHn9QPDUpi+</latexit>

2000X

`min
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Subtract background from lower l-modes 


Yuhsin Tsai yhtsai@nd.edu

Standard deviation 
<latexit sha1_base64="u4LAj8lLDzIhO0svxuJSVLzpfuc=">AAACAHicjVC7SgNBFJ2NrxhfqxYWNoNBsJCwK6KWQRvBJoJ5QHYJs5NJMmRezMyKYdnGX7GxUMTWz7Dzb5w8ChUFD1w4nHMv996TKEaNDYIPrzA3v7C4VFwurayurW/4m1sNI1ONSR1LJnUrQYYwKkjdUstIS2mCeMJIMxlejP3mLdGGSnFjR4rEHPUF7VGMrJM6/k6ElNLyDoZBEB1GPM0izeFV3vHLYSWYAP5NymCGWsd/j7oSp5wIixkyph0GysYZ0pZiRvJSlBqiEB6iPmk7KhAnJs4mD+Rw3yld2JPalbBwon6dyBA3ZsQT18mRHZif3lj8zWuntncWZ1So1BKBp4t6KYNWwnEasEs1wZaNHEFYU3crxAOkEbYus9L/QmgcVcKTSnB9XK6ez+Iogl2wBw5ACE5BFVyCGqgDDHLwAJ7As3fvPXov3uu0teDNZrbBN3hvn2bslaQ=</latexit>

⇡ 100µK

Standard deviation 
<latexit sha1_base64="4YQhM441ZC6qHQMKh76S7PLHn94=">AAAB/3icjVDJSgNBFOyJW4zbqODFS2MQPEiYiNsx6EXwEsEskBlCT6cnadIb3T1iGHPwV7x4UMSrv+HNv7GzHFQULHhQVL3HKypWjBobBB9ebmZ2bn4hv1hYWl5ZXfPXN+pGphqTGpZM6maMDGFUkJqllpGm0gTxmJFG3D8f+Y0bog2V4toOFIk46gqaUIysk9r+VoiU0vIWHgXhfsjTLNQcXg7bfrFcCsaAf5MimKLa9t/DjsQpJ8JihoxplQNlowxpSzEjw0KYGqIQ7qMuaTkqECcmysb5h3DXKR2YSO1GWDhWv15kiBsz4LHb5Mj2zE9vJP7mtVKbnEYZFSq1RODJoyRl0Eo4KgN2qCbYsoEjCGvqskLcQxph6yor/K+E+kGpfFwKrg6LlbNpHXmwDXbAHiiDE1ABF6AKagCDO/AAnsCzd+89ei/e62Q1501vNsE3eG+f+X2Vbg==</latexit>

⇡ 50µK

subtract avg T from each

patch with area ~ l=500 mode

The subtraction plus additional       cut does veto most of the fake signals
<latexit sha1_base64="bC3kT2GuTLuC/zj+E+BHzmkYDxs=">AAAB73icjVDJSgNBEK1xjXGLevTSGARPYUZEPQa9eIyQDZIh9PTUJE16FrtrhBDyE148KOLV3/Hm39hZDioKPih4vFdFVb0gU9KQ6344S8srq2vrhY3i5tb2zm5pb79p0lwLbIhUpbodcINKJtggSQrbmUYeBwpbwfB66rfuURuZJnUaZejHvJ/ISApOVmp3Q1TEWb1XKnsVdwb2NynDArVe6b0bpiKPMSGhuDEdz83IH3NNUiicFLu5wYyLIe9jx9KEx2j88ezeCTu2SsiiVNtKiM3UrxNjHhszigPbGXMamJ/eVPzN6+QUXfpjmWQ5YSLmi6JcMUrZ9HkWSo2C1MgSLrS0tzIx4JoLshEV/xdC87TinVfc27Ny9WoRRwEO4QhOwIMLqMIN1KABAhQ8wBM8O3fOo/PivM5bl5zFzAF8g/P2CZZAj6w=</latexit>

�T
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Isolation cut! 


Since our signals show up in pairs, 


we can draw a “cone” around each signal candidate 


and require 2 spots inside the cone

=> This indeed further reduces fake signals.


       BUT it doesn’t work as well as we thought

36
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background only

37Yuhsin Tsai yhtsai@nd.edu

The very hot (or very cold) CMB spots 


like to show up close to each other in position space


“island” structure in position space



4938Yuhsin Tsai yhtsai@nd.edu

These are the procedures we currently use 


<latexit sha1_base64="53/3WEfBneLSy1mvBSW1DtBboLo=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3kIy3</latexit>

+ <latexit sha1_base64="aDoCIxKXAAcPlU+drfU0Kb3ooa4=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuE17UFHwwcDjvRlm5gWJ4Nq47odTWFpeWV0rrpc2Nre2d8q7ey0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9nfvseleaxvDWTBP2IDiUPOaPGSo3LfrniVd0c5G9SgQXq/fJ7bxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5ssqAhLGyJQ3J1a8TGY20nkSB7YyoGemf3kz8zeumJrzwMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpvS/EFonVe+s6jZOK7WrRRxFOIBDOAYPzqEGN1CHJjBAeIAneHbunEfnxXmdtxacxcw+fIPz9gmS2IzJ</latexit>=

Signal Simulated CMB Sig + BG

<latexit sha1_base64="94IryBafwfXSc/EK26gMF/j0VBI=">AAACEXicjZBNS8MwHMbT+TbnW9Wjl+AQdpDRiswdh14ELxP2BmspaZpuYUlTklQcpV/Bi1/FiwdFvHrz5rex63ZQUfCBwMPv+f9J8vgxo0pb1odRWlpeWV0rr1c2Nre2d8zdvZ4SicSkiwUTcuAjRRiNSFdTzcgglgRxn5G+P7mY5f0bIhUVUUdPY+JyNIpoSDHSOfLMmhMQphHseKkjOVR0lDkojqW4hY2mc+zwpOBXmWdW7bpVCP5tqmChtme+O4HACSeRxgwpNbStWLspkppiRrKKkygSIzxBIzLMbYQ4UW5a/CiDRzkJYChkfiINC/p1I0VcqSn380mO9Fj9zGbwt2yY6LDppjSKE00iPL8oTBjUAs7qgQGVBGs2zQ3CkuZvhXiMJMI6L7HyvxJ6J3W7UbeuT6ut80UdZXAADkEN2OAMtMAlaIMuwOAOPIAn8GzcG4/Gi/E6Hy0Zi5198E3G2yfHG5z6</latexit>

�Tsig ⇡ 68µK



50Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="53/3WEfBneLSy1mvBSW1DtBboLo=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3kIy3</latexit>

+ <latexit sha1_base64="aDoCIxKXAAcPlU+drfU0Kb3ooa4=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuE17UFHwwcDjvRlm5gWJ4Nq47odTWFpeWV0rrpc2Nre2d8q7ey0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9nfvseleaxvDWTBP2IDiUPOaPGSo3LfrniVd0c5G9SgQXq/fJ7bxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5ssqAhLGyJQ3J1a8TGY20nkSB7YyoGemf3kz8zeumJrzwMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpvS/EFonVe+s6jZOK7WrRRxFOIBDOAYPzqEGN1CHJjBAeIAneHbunEfnxXmdtxacxcw+fIPz9gmS2IzJ</latexit>=

Signal Simulated CMB Sig + BG

Subtract lower-l modes

These are the procedures we currently use 

<latexit sha1_base64="94IryBafwfXSc/EK26gMF/j0VBI=">AAACEXicjZBNS8MwHMbT+TbnW9Wjl+AQdpDRiswdh14ELxP2BmspaZpuYUlTklQcpV/Bi1/FiwdFvHrz5rex63ZQUfCBwMPv+f9J8vgxo0pb1odRWlpeWV0rr1c2Nre2d8zdvZ4SicSkiwUTcuAjRRiNSFdTzcgglgRxn5G+P7mY5f0bIhUVUUdPY+JyNIpoSDHSOfLMmhMQphHseKkjOVR0lDkojqW4hY2mc+zwpOBXmWdW7bpVCP5tqmChtme+O4HACSeRxgwpNbStWLspkppiRrKKkygSIzxBIzLMbYQ4UW5a/CiDRzkJYChkfiINC/p1I0VcqSn380mO9Fj9zGbwt2yY6LDppjSKE00iPL8oTBjUAs7qgQGVBGs2zQ3CkuZvhXiMJMI6L7HyvxJ6J3W7UbeuT6ut80UdZXAADkEN2OAMtMAlaIMuwOAOPIAn8GzcG4/Gi/E6Hy0Zi5198E3G2yfHG5z6</latexit>

�Tsig ⇡ 68µK

38



51Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="53/3WEfBneLSy1mvBSW1DtBboLo=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3kIy3</latexit>

+ <latexit sha1_base64="aDoCIxKXAAcPlU+drfU0Kb3ooa4=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuE17UFHwwcDjvRlm5gWJ4Nq47odTWFpeWV0rrpc2Nre2d8q7ey0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9nfvseleaxvDWTBP2IDiUPOaPGSo3LfrniVd0c5G9SgQXq/fJ7bxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5ssqAhLGyJQ3J1a8TGY20nkSB7YyoGemf3kz8zeumJrzwMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpvS/EFonVe+s6jZOK7WrRRxFOIBDOAYPzqEGN1CHJjBAeIAneHbunEfnxXmdtxacxcw+fIPz9gmS2IzJ</latexit>=

Signal Simulated CMB Sig + BG

Subtract lower-l modesVeto                   .
<latexit sha1_base64="9F31pdiQ1eigHEAAmYh+O9aToF0=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlCwMBQwcJYpL6kJoocx2mt2k5kO0hV1JmFX2FhACFWvoCNv8FtgwQtR7rS8Tn3yveeMGVUacf5skpLyyura+X1ysbm1vaOvbvXVkkmMWnhhCWyGyJFGBWkpalmpJtKgnjISCcc3kz8zj2RiiaiqUcp8TnqCxpTjLSRAvvQiwjTCDY9RfkV/HkFuSc5VLQ/hoFddWrOFHCRuAWpggKNwP70ogRnnAiNGVKq5zqp9nMkNcWMjCtepkiK8BD1Sc9QgThRfj49ZQyPjRLBOJGmhIZT9fdEjrhSIx6aTo70QM17E/E/r5fp+NLPqUgzTQSefRRnDOoETnKBEZUEazYyBGFJza4QD5BEWJv0KiYEd/7kRdI+rbnnNefurFq/LuIogwNwBE6ACy5AHdyCBmgBDB7AE3gBr9aj9Wy9We+z1pJVzOyDP7A+vgHpdJnE</latexit>

�T ⇠< �Tsig

These are the procedures we currently use 

<latexit sha1_base64="94IryBafwfXSc/EK26gMF/j0VBI=">AAACEXicjZBNS8MwHMbT+TbnW9Wjl+AQdpDRiswdh14ELxP2BmspaZpuYUlTklQcpV/Bi1/FiwdFvHrz5rex63ZQUfCBwMPv+f9J8vgxo0pb1odRWlpeWV0rr1c2Nre2d8zdvZ4SicSkiwUTcuAjRRiNSFdTzcgglgRxn5G+P7mY5f0bIhUVUUdPY+JyNIpoSDHSOfLMmhMQphHseKkjOVR0lDkojqW4hY2mc+zwpOBXmWdW7bpVCP5tqmChtme+O4HACSeRxgwpNbStWLspkppiRrKKkygSIzxBIzLMbYQ4UW5a/CiDRzkJYChkfiINC/p1I0VcqSn380mO9Fj9zGbwt2yY6LDppjSKE00iPL8oTBjUAs7qgQGVBGs2zQ3CkuZvhXiMJMI6L7HyvxJ6J3W7UbeuT6ut80UdZXAADkEN2OAMtMAlaIMuwOAOPIAn8GzcG4/Gi/E6Hy0Zi5198E3G2yfHG5z6</latexit>

�Tsig ⇡ 68µK
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<latexit sha1_base64="53/3WEfBneLSy1mvBSW1DtBboLo=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3kIy3</latexit>

+ <latexit sha1_base64="aDoCIxKXAAcPlU+drfU0Kb3ooa4=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuE17UFHwwcDjvRlm5gWJ4Nq47odTWFpeWV0rrpc2Nre2d8q7ey0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9nfvseleaxvDWTBP2IDiUPOaPGSo3LfrniVd0c5G9SgQXq/fJ7bxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5ssqAhLGyJQ3J1a8TGY20nkSB7YyoGemf3kz8zeumJrzwMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpvS/EFonVe+s6jZOK7WrRRxFOIBDOAYPzqEGN1CHJjBAeIAneHbunEfnxXmdtxacxcw+fIPz9gmS2IzJ</latexit>=

Signal Simulated CMB Sig + BG

Subtract lower-l modesVeto                   .
<latexit sha1_base64="9F31pdiQ1eigHEAAmYh+O9aToF0=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlCwMBQwcJYpL6kJoocx2mt2k5kO0hV1JmFX2FhACFWvoCNv8FtgwQtR7rS8Tn3yveeMGVUacf5skpLyyura+X1ysbm1vaOvbvXVkkmMWnhhCWyGyJFGBWkpalmpJtKgnjISCcc3kz8zj2RiiaiqUcp8TnqCxpTjLSRAvvQiwjTCDY9RfkV/HkFuSc5VLQ/hoFddWrOFHCRuAWpggKNwP70ogRnnAiNGVKq5zqp9nMkNcWMjCtepkiK8BD1Sc9QgThRfj49ZQyPjRLBOJGmhIZT9fdEjrhSIx6aTo70QM17E/E/r5fp+NLPqUgzTQSefRRnDOoETnKBEZUEazYyBGFJza4QD5BEWJv0KiYEd/7kRdI+rbnnNefurFq/LuIogwNwBE6ACy5AHdyCBmgBDB7AE3gBr9aj9Wy9We+z1pJVzOyDP7A+vgHpdJnE</latexit>

�T ⇠< �Tsig
Require at least 2 spots


inside cone             .
<latexit sha1_base64="8mspJ5J2wS+ELMXJdXEkxoeW24U=">AAAB9XicbVBNSwMxEM36WetX1aOXYBHEQ9kVUY9FLx4r2A/oriWbZtvQJLsks0rZ9n948aCIV/+LN/+NabsHbX0w8Hhvhpl5YSK4Adf9dpaWV1bX1gsbxc2t7Z3d0t5+w8SppqxOYxHrVkgME1yxOnAQrJVoRmQoWDMc3Ez85iPThsfqHoYJCyTpKR5xSsBKD9o3XOKRz4B0TkedUtmtuFPgReLlpIxy1DqlL78b01QyBVQQY9qem0CQEQ2cCjYu+qlhCaED0mNtSxWRzATZ9OoxPrZKF0extqUAT9XfExmRxgxlaDslgb6Z9ybif147hegqyLhKUmCKzhZFqcAQ40kEuMs1oyCGlhCqub0V0z7RhIINqmhD8OZfXiSNs4p3UXHvzsvV6zyOAjpER+gEeegSVdEtqqE6okijZ/SK3pwn58V5dz5mrUtOPnOA/sD5/AFAV5JZ</latexit>

r ⇠ |⌘⇤|

These are the procedures we currently use 

<latexit sha1_base64="94IryBafwfXSc/EK26gMF/j0VBI=">AAACEXicjZBNS8MwHMbT+TbnW9Wjl+AQdpDRiswdh14ELxP2BmspaZpuYUlTklQcpV/Bi1/FiwdFvHrz5rex63ZQUfCBwMPv+f9J8vgxo0pb1odRWlpeWV0rr1c2Nre2d8zdvZ4SicSkiwUTcuAjRRiNSFdTzcgglgRxn5G+P7mY5f0bIhUVUUdPY+JyNIpoSDHSOfLMmhMQphHseKkjOVR0lDkojqW4hY2mc+zwpOBXmWdW7bpVCP5tqmChtme+O4HACSeRxgwpNbStWLspkppiRrKKkygSIzxBIzLMbYQ4UW5a/CiDRzkJYChkfiINC/p1I0VcqSn380mO9Fj9zGbwt2yY6LDppjSKE00iPL8oTBjUAs7qgQGVBGs2zQ3CkuZvhXiMJMI6L7HyvxJ6J3W7UbeuT6ut80UdZXAADkEN2OAMtMAlaIMuwOAOPIAn8GzcG4/Gi/E6Hy0Zi5198E3G2yfHG5z6</latexit>

�Tsig ⇡ 68µK
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<latexit sha1_base64="53/3WEfBneLSy1mvBSW1DtBboLo=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt2kPKgo+GHi8N8PMvCARXBvX/XAKS8srq2vF9dLG5tb2Tnl3r6XjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8fXMb9+j0jyWt2aSoB/RoeQhZ9RYqXHSL1e8qpuD/E0qsEC9X37vDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfpYfOiVHVhmQMFa2pCG5+nUio5HWkyiwnRE1I/3Tm4m/ed3UhJd+xmWSGpRsvihMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZlP4XQuu06p1X3cZZpXa1iKMIB3AIx+DBBdTgBurQBAYID/AEz86d8+i8OK/z1oKzmNmHb3DePgF3kIy3</latexit>

+ <latexit sha1_base64="aDoCIxKXAAcPlU+drfU0Kb3ooa4=">AAAB6HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuE17UFHwwcDjvRlm5gWJ4Nq47odTWFpeWV0rrpc2Nre2d8q7ey0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9nfvseleaxvDWTBP2IDiUPOaPGSo3LfrniVd0c5G9SgQXq/fJ7bxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5ssqAhLGyJQ3J1a8TGY20nkSB7YyoGemf3kz8zeumJrzwMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpvS/EFonVe+s6jZOK7WrRRxFOIBDOAYPzqEGN1CHJjBAeIAneHbunEfnxXmdtxacxcw+fIPz9gmS2IzJ</latexit>=

Signal Simulated CMB Sig + BG

Subtract lower-l modesVeto                   .
<latexit sha1_base64="9F31pdiQ1eigHEAAmYh+O9aToF0=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlCwMBQwcJYpL6kJoocx2mt2k5kO0hV1JmFX2FhACFWvoCNv8FtgwQtR7rS8Tn3yveeMGVUacf5skpLyyura+X1ysbm1vaOvbvXVkkmMWnhhCWyGyJFGBWkpalmpJtKgnjISCcc3kz8zj2RiiaiqUcp8TnqCxpTjLSRAvvQiwjTCDY9RfkV/HkFuSc5VLQ/hoFddWrOFHCRuAWpggKNwP70ogRnnAiNGVKq5zqp9nMkNcWMjCtepkiK8BD1Sc9QgThRfj49ZQyPjRLBOJGmhIZT9fdEjrhSIx6aTo70QM17E/E/r5fp+NLPqUgzTQSefRRnDOoETnKBEZUEazYyBGFJza4QD5BEWJv0KiYEd/7kRdI+rbnnNefurFq/LuIogwNwBE6ACy5AHdyCBmgBDB7AE3gBr9aj9Wy9We+z1pJVzOyDP7A+vgHpdJnE</latexit>

�T ⇠< �Tsig
Require at least 2 spots


inside cone             .
<latexit sha1_base64="8mspJ5J2wS+ELMXJdXEkxoeW24U=">AAAB9XicbVBNSwMxEM36WetX1aOXYBHEQ9kVUY9FLx4r2A/oriWbZtvQJLsks0rZ9n948aCIV/+LN/+NabsHbX0w8Hhvhpl5YSK4Adf9dpaWV1bX1gsbxc2t7Z3d0t5+w8SppqxOYxHrVkgME1yxOnAQrJVoRmQoWDMc3Ez85iPThsfqHoYJCyTpKR5xSsBKD9o3XOKRz4B0TkedUtmtuFPgReLlpIxy1DqlL78b01QyBVQQY9qem0CQEQ2cCjYu+qlhCaED0mNtSxWRzATZ9OoxPrZKF0extqUAT9XfExmRxgxlaDslgb6Z9ybif147hegqyLhKUmCKzhZFqcAQ40kEuMs1oyCGlhCqub0V0z7RhIINqmhD8OZfXiSNs4p3UXHvzsvV6zyOAjpER+gEeegSVdEtqqE6okijZ/SK3pwn58V5dz5mrUtOPnOA/sD5/AFAV5JZ</latexit>

r ⇠ |⌘⇤|

Apply additional cut on the

average T of the remaining spots


if the signals are hot (large g)

These are the procedures we currently use 

<latexit sha1_base64="94IryBafwfXSc/EK26gMF/j0VBI=">AAACEXicjZBNS8MwHMbT+TbnW9Wjl+AQdpDRiswdh14ELxP2BmspaZpuYUlTklQcpV/Bi1/FiwdFvHrz5rex63ZQUfCBwMPv+f9J8vgxo0pb1odRWlpeWV0rr1c2Nre2d8zdvZ4SicSkiwUTcuAjRRiNSFdTzcgglgRxn5G+P7mY5f0bIhUVUUdPY+JyNIpoSDHSOfLMmhMQphHseKkjOVR0lDkojqW4hY2mc+zwpOBXmWdW7bpVCP5tqmChtme+O4HACSeRxgwpNbStWLspkppiRrKKkygSIzxBIzLMbYQ4UW5a/CiDRzkJYChkfiINC/p1I0VcqSn380mO9Fj9zGbwt2yY6LDppjSKE00iPL8oTBjUAs7qgQGVBGs2zQ3CkuZvhXiMJMI6L7HyvxJ6J3W7UbeuT6ut80UdZXAADkEN2OAMtMAlaIMuwOAOPIAn8GzcG4/Gi/E6Hy0Zi5198E3G2yfHG5z6</latexit>

�Tsig ⇡ 68µK
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54

Number of pairwise hotspots for 2 sigma excess

39

135 95 68

Cuts

(+ at least two spots 

inside the cone)

90 560 1200<latexit sha1_base64="yn4Cp4m2mlEY/5bzklVzUNIpVP0=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BLx4jmAckS+idzCZDZmaXmVkhLPkILx4U8er3ePNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLZNkmrImTUSiOxEaJrhiTcutYJ1UM5SRYO1ofD3z2/dMG56oOztJWShxqHjMKVontWs9w4cS++VKUPXnIH+TCizR6Jffe4OEZpIpSwUa0w381IY5asupYNNSLzMsRTrGIes6qlAyE+bzc6fkxCkDEifalbJkrn6dyFEaM5GR65RoR+anNxN/87qZjS/DnKs0s0zRxaI4E8QmZPY7GXDNqBUTR5Bq7m4ldIQaqXUJlf4XQqtWDc6r/u1ZpX61jKMIR3AMpxDABdThBhrQBApjeIAnePZS79F78V4XrQVvOXMI3+C9fQIUW49n</latexit>

2�

preliminary

Cut the sky into  pixel number                                      , from simulation of             CMB maps 
<latexit sha1_base64="xv0lhQ2QCls1+y90VFkTD+mHdqM=">AAACFHicjVDLSgNBEJyNrxhfUY9eBoMgCGE3iPEiBL14kgjmAdnNMjvpJENmdoeZWUlY8hFe/BUvHhTx6sGbf+PmcVBRsKChqOqmuyuQnGlj2x9WZmFxaXklu5pbW9/Y3Mpv79R1FCsKNRrxSDUDooGzEGqGGQ5NqYCIgEMjGFxM/MYtKM2i8MaMJHiC9ELWZZSYVPLzR1d+4iqBJRsCH7tEShUNsWO3y/jMBc5nriDDcbvk5wtO0Z4C/00KaI6qn393OxGNBYSGcqJ1y7Gl8RKiDKMcxjk31iAJHZAetFIaEgHaS6ZPjfFBqnRwN1JphQZP1a8TCRFaj0SQdgpi+vqnNxF/81qx6Z56CQtlbCCks0XdmGMT4UlCuMMUUMNHKSFUsfRWTPtEEWrSHHP/C6FeKjonRfv6uFA5n8eRRXtoHx0iB5VRBV2iKqohiu7QA3pCz9a99Wi9WK+z1ow1n9lF32C9fQLWvJ4N</latexit>

Npixel ⇡ 107 = `2max

<latexit sha1_base64="v0voaHwgewiWE0ZLPKQoUrnGMqM=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DXjxGMA/YrGF2djYZMjuzzPQKIeQzvHhQxKtf482/cfM4qChY0FBUddPdFaZSWHTdD6ewsrq2vlHcLG1t7+zulfcP2lZnhvEW01Kbbkgtl0LxFgqUvJsaTpNQ8k44upr5nXturNDqFscpDxI6UCIWjGIu+bUeizQSz72r98sVr+rOQf4mFVii2S+/9yLNsoQrZJJa63tuisGEGhRM8mmpl1meUjaiA+7nVNGE22AyP3lKTnIlIrE2eSkkc/XrxIQm1o6TMO9MKA7tT28m/ub5GcYXwUSoNEOu2GJRnEmCmsz+J5EwnKEc54QyI/JbCRtSQxnmKZX+F0K7VvXOqu5NvdK4XMZRhCM4hlPw4BwacA1NaAEDDQ/wBM8OOo/Oi/O6aC04y5lD+Abn7RO3X5A7</latexit>

2 · 104

Signal number 

for        excess

Yuhsin Tsai yhtsai@nd.edu

For signal hotspots with angular size around                 modes  
<latexit sha1_base64="JPEiCz8kitVUIPrqADNPwWBW7r4=">AAAB+XicjVDLSgMxFM3UV62vUZdugkVwVabF17LoxmUFWwudoWTSO21oJglJpliG/okbF4q49U/c+Temj4WKggcuHM65l3s4seLM2CD48ApLyyura8X10sbm1vaOv7vXMjLTFJpUcqnbMTHAmYCmZZZDW2kgaczhLh5eTf27EWjDpLi1YwVRSvqCJYwS66Su74fAeUiU0vIe106DoOuXq5VgBvw3KaMFGl3/PexJmqUgLOXEmE41UDbKibaMcpiUwsyAInRI+tBxVJAUTJTPkk/wkVN6OJHajbB4pn69yElqzDiN3WZK7MD89Kbib14ns8lFlDOhMguCzh8lGcdW4mkNuMc0UMvHjhCqmcuK6YBoQq0rq/S/Elq1SvWsEtyclOuXizqK6AAdomNUReeojq5RAzURRSP0gJ7Qs5d7j96L9zpfLXiLm330Dd7bJ05Hksk=</latexit>

` ⇡ 2500

<latexit sha1_base64="GF+hszEgCYh7YCbMnYDOZRZJM5M=">AAACC3icjZBLS8NAFIUnPmt9RV26GVoEF1ISEe1GKLoR3FToC5oQJpNpO3QmCTM3QgnZu/GvuHGhiFv/gDv/jWnahYqCBwYO37mXmTl+LLgGy/owFhaXlldWS2vl9Y3NrW1zZ7ejo0RR1qaRiFTPJ5oJHrI2cBCsFytGpC9Y1x9fTvPuLVOaR2ELJjFzJRmGfMApgRx5ZsUJmACCW17qKIlpAtm5XbecI0cmBbnOPLNq16xC+G9TRXM1PfPdCSKaSBYCFUTrvm3F4KZEAaeCZWUn0SwmdEyGrJ/bkEim3bT4S4YPchLgQaTyEwIu6NeNlEitJ9LPJyWBkf6ZTeFvWT+BQd1NeRgnwEI6u2iQCAwRnhaDA64YBTHJDaGK52/FdEQUoZDXV/5fCZ3jmn1as25Oqo2LeR0ltI8q6BDZ6Aw10BVqojai6A49oCf0bNwbj8aL8TobXTDmO3vom4y3T4wMmhk=</latexit>

�Tcut = 180µK
<latexit sha1_base64="FydijsXbfQYK6MEuHd8QUHx3o64=">AAACCXicjZBNS8MwHMZTX+d8q3r0EhyCBxntkOlJhl4GXibuDdZa0izdwpK2JOlglF69+FW8eFDEq9/Am9/GrNtBRcEHAg+/5/8nyePHjEplWR/GwuLS8spqYa24vrG5tW3u7LZllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek448up3lnTISkUdhUk5i4HA1CGlCMlEaeCZu3KRoPMi91BIf1m+y8UrWcY4cnObjKPLNkl61c8G9TAnM1PPPd6Uc44SRUmCEpe7YVKzdFQlHMSFZ0EklihEdoQHrahogT6ab5TzJ4qEkfBpHQJ1Qwp183UsSlnHBfT3KkhvJnNoW/Zb1EBWduSsM4USTEs4uChEEVwWktsE8FwYpNtEFYUP1WiIdIIKx0ecX/ldCulO1q2bo+KdUu5nUUwD44AEfABqegBuqgAVoAgzvwAJ7As3FvPBovxutsdMGY7+yBbzLePgE3eJli</latexit>

T avg
HS

> 260µK

<latexit sha1_base64="fL1De5NTXR6nkXoEJSRFiOqWswI=">AAACC3icjZBLS8NAFIUnPmt9RV26GVoEF1KSIupGKLoR3FToC5oQJpNJO3QmCTM3Qgndu/GvuHGhiFv/gDv/jWnahYqCBwYO37mXmTl+IrgGy/owFhaXlldWS2vl9Y3NrW1zZ7ej41RR1qaxiFXPJ5oJHrE2cBCslyhGpC9Y1x9dTvPuLVOax1ELxglzJRlEPOSUQI48s+IETADBLS9zlMQ0hcm5XbecI0emBbmeeGbVrlmF8N+miuZqeua7E8Q0lSwCKojWfdtKwM2IAk4Fm5SdVLOE0BEZsH5uIyKZdrPiLxN8kJMAh7HKTwS4oF83MiK1Hks/n5QEhvpnNoW/Zf0UwjM341GSAovo7KIwFRhiPC0GB1wxCmKcG0IVz9+K6ZAoQiGvr/y/Ejr1mn1Ss26Oq42LeR0ltI8q6BDZ6BQ10BVqojai6A49oCf0bNwbj8aL8TobXTDmO3vom4y3T4KmmhM=</latexit>

�Tcut = 120µK
<latexit sha1_base64="n8GmYGK08qYthE3FM4N7+ATxVEM=">AAACCXicjZBNS8MwHMbT+TbnW9Wjl+AQPMhoRZwnGXoZeJm4N1hrSbN0C0vSkqSDUXr14lfx4kERr34Db34bu24HFQUfCDz8nv+fJI8fMaq0ZX0YhYXFpeWV4mppbX1jc8vc3mmrMJaYtHDIQtn1kSKMCtLSVDPSjSRB3Gek448up3lnTKSioWjqSURcjgaCBhQjnSHPhM3bBI0HqZc4ksP6TXpuVy3nyOFxDq5SzyzbFSsX/NuUwVwNz3x3+iGOOREaM6RUz7Yi7SZIaooZSUtOrEiE8AgNSC+zAnGi3CT/SQoPMtKHQSizIzTM6deNBHGlJtzPJjnSQ/Uzm8Lfsl6sgzM3oSKKNRF4dlEQM6hDOK0F9qkkWLNJZhCWNHsrxEMkEdZZeaX/ldA+rtinFev6pFy7mNdRBHtgHxwCG1RBDdRBA7QABnfgATyBZ+PeeDRejNfZaMGY7+yCbzLePgE3d5li</latexit>

T avg
HS

> 170µK
<latexit sha1_base64="EHKLFWTsnHmT+u2cugMCiIY7mgk=">AAACCHicjVDLSsNAFJ34rPUVdenCwSK4kJKIWFdSdFNwU7EvaGKYTCft0JkkzEwKJWTpxl9x40IRt36CO//GadqFioIHLpw5517u3OPHjEplWR/G3PzC4tJyYaW4ura+sWlubbdklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vJ357RISkUdhQ45i4HPVDGlCMlJY8c69xm6JRP/NSR3BYu8nOK5Zz5PAkf19lnlmyy1YO+DcpgRnqnvnu9CKccBIqzJCUXduKlZsioShmJCs6iSQxwkPUJ11NQ8SJdNP8kAweaKUHg0joChXM1a8TKeJSjrmvOzlSA/nTm4i/ed1EBWduSsM4USTE00VBwqCK4CQV2KOCYMXGmiAsqP4rxAMkEFY6u+L/Qmgdl+3TsnV9UqpezOIogF2wDw6BDSqgCmqgDpoAgzvwAJ7As3FvPBovxuu0dc6YzeyAbzDePgG+xJkn</latexit>

T avg
HS

> 70µK

<latexit sha1_base64="UVGmeVsGoXobF9uZiJuR2teogkA=">AAACCnicjZBLS8NAFIUnPmt9RV26GS2CCympiHUjFN0Ibir0BU0Ik8mkHTqThJkboYSs3fhX3LhQxK2/wJ3/xjTtQkXBAwOH79zLzBwvFlyDZX0Yc/MLi0vLpZXy6tr6xqa5td3RUaIoa9NIRKrnEc0ED1kbOAjWixUj0hOs640uJ3n3linNo7AF45g5kgxCHnBKIEeuuWf7TADBLTe1lcQ0gey8btlHtkwKcJ25ZqVWtQrhv00FzdR0zXfbj2giWQhUEK37NSsGJyUKOBUsK9uJZjGhIzJg/dyGRDLtpMVXMnyQEx8HkcpPCLigXzdSIrUeSy+flASG+mc2gb9l/QSCMyflYZwAC+n0oiARGCI86QX7XDEKYpwbQhXP34rpkChCIW+v/L8SOsfV2mnVujmpNC5mdZTQLtpHh6iG6qiBrlATtRFFd+gBPaFn4954NF6M1+nonDHb2UHfZLx9AhExmd0=</latexit>

�Tcut = 70µK

<latexit sha1_base64="IgSqz0AWkZyA5KUroiwEb5bCDuU=">AAACC3icjZBNS8MwHMbT+TbnW9Wjl7AhTBijFVGPQy+Clwl7g7WUNE23sKQtSSqM0rsXv4oXD4p49Qt489uYdTuoKPhA4OH3/P8kefyEUaks68MoLS2vrK6V1ysbm1vbO+buXk/GqcCki2MWi4GPJGE0Il1FFSODRBDEfUb6/uRylvdviZA0jjpqmhCXo1FEQ4qR0sgzq05AmEKw42WO4FDSUe40nEbd4WkBrvMjz6zZTasQ/NvUwEJtz3x3ghinnEQKMyTl0LYS5WZIKIoZyStOKkmC8ASNyFDbCHEi3az4Sw4PNQlgGAt9IgUL+nUjQ1zKKff1JEdqLH9mM/hbNkxVeO5mNEpSRSI8vyhMGVQxnBUDAyoIVmyqDcKC6rdCPEYCYaXrq/yvhN5x0z5tWjcntdbFoo4yOABVUAc2OAMtcAXaoAswuAMP4Ak8G/fGo/FivM5HS8ZiZx98k/H2CYWGmhM=</latexit>

�Tsig (µK)
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The corresponding          distortion
<latexit sha1_base64="vjP29dWJ5b4ZlVJ8a/2GHI0Gj0s=">AAAB+nicjVDLSsNAFJ34rPWV6tLNYBFclUREXRa7cVmhL2himExv2qEzSZiZKCXmU9y4UMStX+LOv3H6WKgoeODC4Zx7uYcTppwp7Tgf1tLyyuraemmjvLm1vbNrV/Y6KskkhTZNeCJ7IVHAWQxtzTSHXiqBiJBDNxw3pn73FqRiSdzSkxR8QYYxixgl2kiBXWkEuQecFze5JwVutYrArro1Zwb8N6miBZqB/e4NEpoJiDXlRKm+66Taz4nUjHIoyl6mICV0TIbQNzQmApSfz6IX+MgoAxwl0kys8Uz9epETodREhGZTED1SP72p+JvXz3R04ecsTjMNMZ0/ijKOdYKnPeABk0A1nxhCqGQmK6YjIgnVpq3y/0ronNTcs5pzfVqtXy7qKKEDdIiOkYvOUR1doSZqI4ru0AN6Qs/WvfVovViv89Ula3Gzj77BevsEH12T6Q==</latexit>

CTT
`

All the reduced chi2 are much less than 2sigma

40Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="380c7Szo8ve/St7jnRaY0JV2+ak=">AAACGnicjVDLSsNAFJ34rPUVdelmsAguSkl8uxCKbgRBKvQFTQiTybQdOjMJMxOhhHyHG3/FjQtF3Ikb/8Y07aKKggcunDnnXu7c40eMKm1Zn8bM7Nz8wmJhqbi8srq2bm5sNlUYS0waOGShbPtIEUYFaWiqGWlHkiDuM9LyB5cjv3VHpKKhqOthRFyOeoJ2KUY6kzzTdgLCNIJ1L3Ekh4r20nP74Mjhcf6+TstO+WbKO7M8s2RXrBzwb1ICE9Q8890JQhxzIjRmSKmObUXaTZDUFDOSFp1YkQjhAeqRTkYF4kS5SX5aCnczJYDdUGYlNMzV6YkEcaWG3M86OdJ99dMbib95nVh3T92EiijWRODxom7MoA7hKCcYUEmwZsOMICxp9leI+0girLM0i/8LoblfsY8r1u1hqXoxiaMAtsEO2AM2OAFVcAVqoAEwuAeP4Bm8GA/Gk/FqvI1bZ4zJzBb4BuPjCz11n7s=</latexit>

�Tsig = 135µK, Nsig = 90
<latexit sha1_base64="B3SPthHVQg6DTuniNDnNo/6HXfQ=">AAACGnicjVDLSsNAFJ3UV62vqEs3g0VwUUoitupCKLoRBKnQFzQhTCaTduhMEmYmQgn5Djf+ihsXirgTN/6NadpFFQUPXDhzzr3cuceNGJXKMD61wsLi0vJKcbW0tr6xuaVv73RkGAtM2jhkoei5SBJGA9JWVDHSiwRB3GWk644uJ373jghJw6ClxhGxORoE1KcYqUxydNPyCFMItpzEEhxKOkjPz2oWj/PndVqxKjdzVq1uOHrZrBo54N+kDGZoOvq75YU45iRQmCEp+6YRKTtBQlHMSFqyYkkihEdoQPoZDRAn0k7y01J4kCke9EORVaBgrs5PJIhLOeZu1smRGsqf3kT8zevHyj+1ExpEsSIBni7yYwZVCCc5QY8KghUbZwRhQbO/QjxEAmGVpVn6Xwido6pZrxq3x+XGxSyOItgD++AQmOAENMAVaII2wOAePIJn8KI9aE/aq/Y2bS1os5ld8A3axxdNEZ/C</latexit>

�Tsig = 95µK, Nsig = 560
<latexit sha1_base64="XhQJo7hLIQlaYtk6aH5jNckhYbQ=">AAACG3icjVDLSsNAFJ3UV62vqEs3g0VwUUpSpHYjFN0IglToQ2hCmEwm7dCZJMxMhBL6H278FTcuFHEluPBvnKZdVFHwwIUz59zLnXv8hFGpLOvTKCwtr6yuFddLG5tb2zvm7l5XxqnApINjFotbH0nCaEQ6iipGbhNBEPcZ6fmji6nfuyNC0jhqq3FCXI4GEQ0pRkpLnllzAsIUgm0vcwSHkg4mZ/WGw9P8eTWpOJXrBcuuWZZnlu2qlQP+TcpgjpZnvjtBjFNOIoUZkrJvW4lyMyQUxYxMSk4qSYLwCA1IX9MIcSLdLL9tAo+0EsAwFroiBXN1cSJDXMox93UnR2oof3pT8Tevn6qw4WY0SlJFIjxbFKYMqhhOg4IBFQQrNtYEYUH1XyEeIoGw0nGW/hdCt1a161Xr5qTcPJ/HUQQH4BAcAxucgia4BC3QARjcg0fwDF6MB+PJeDXeZq0FYz6zD77B+PgCwCKf9A==</latexit>

�Tsig = 68µK, Nsig = 1200

The cut & count search provides a better probe of the signal for these          ’s 
<latexit sha1_base64="Vfn2+9oU0QqdDJ/NUn1T9tS9evY=">AAAB+3icjVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsKfUETwmQyaYdOJmFmIpaQX3HjQhG3/og7/8bpY6Gi4IELh3Pu5R5OmHGmtON8WJWV1bX1jepmbWt7Z3fP3q/3VJpLQrsk5akchFhRzgTtaqY5HWSS4iTktB9Ormd+/45KxVLR0dOM+gkeCRYzgrWRArvuRZRrjDpB4ckEKTYqA7vhNp050N+kAUu0A/vdi1KSJ1RowrFSQ9fJtF9gqRnhtKx5uaIZJhM8okNDBU6o8ot59hIdGyVCcSrNCI3m6teLAidKTZPQbCZYj9VPbyb+5g1zHV/6BRNZrqkgi0dxzpFO0awIFDFJieZTQzCRzGRFZIwlJtrUVftfCb3TpnvedG7PGq2rZR1VOIQjOAEXLqAFN9CGLhC4hwd4gmertB6tF+t1sVqxljcH8A3W2yeuApQ2</latexit>

�Tsig
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Bounds on the heavy particle mass

<latexit sha1_base64="QwrIAn7NewkCzIj4UhBcHBdG2cE="></latexit>

N� pairs =
1

2⇡2

 
g�̇

H2
⇤

!3/2

e
�⇡(M2

0�2H2
⇤)

|g�̇|

✓
k⇤

kCMB

◆3✓�⌘rec

⌘rec

◆

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

M2
e↵ ⇡ M2

0 + g2�02(⌘ � ⌘⇤)
2 <latexit sha1_base64="oZUwvU1aO4oEomaQoht0iL4k1SI=">AAAB+XicbVBNS8NAEJ34WetX1KOXxVLwICERi3or9uLBQwX7AU0pm+2mXbqbhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9IOFPadb+ttfWNza3twk5xd2//4NA+Om6qOJWENkjMY9kOsKKcRbShmea0nUiKRcBpKxjVZn5rTKVicfSkJwntCjyIWMgI1kbq2fZtxS/7F5kvBao5D860Z5dcx50DrRIvJyXIUe/ZX34/JqmgkSYcK9Xx3ER3Myw1I5xOi36qaILJCA9ox9AIC6q62fzyKSobpY/CWJqKNJqrvycyLJSaiMB0CqyHatmbif95nVSHN92MRUmqaUQWi8KUIx2jWQyozyQlmk8MwUQycysiQywx0SasognBW355lTQvHa/iuI9XpepdHkcBTuEMzsGDa6jCPdShAQTG8Ayv8GZl1ov1bn0sWtesfOYE/sD6/AEYw5IE</latexit>

95%C.L. preliminary

Lower bounds on the

bare mass       of      .

<latexit sha1_base64="1exhBqah32KyeEUFfcpSQmvOcNA=">AAAB7XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOlVk+zocD9fAG5pVqpXLmAyL30kFesQs9Fc3yTAlii0c9/9AYRSQSVhnCsdddDsfFTrAwjnE5zvUTTGJMxHtKupRILqv10fu0UnlllAMNI2ZIGztWfEykWWk9EYDsFNiP915uJ/3ndxIQ1P2UyTgyVZLEoTDg0EZy9DgdMUWL4xBJMFLO3QjLCChNjA8rZEFZeXiWtoutVXHRbLtSvlnFkwQk4BefAA1VQBzegAZqAgHvwCJ7BixM5T86r87ZozTjLmWPwC877F+cOj1k=</latexit>�<latexit sha1_base64="o7miAl64ah8xGsXd3oOpffTfJ7Q=">AAAB6nicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04kWIaB6QLGF2MpsMmZ1ZZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaVSWPT9D29hcWl5ZbWwVlzf2NzaLu3sNqzODON1pqU2rYhaLoXidRQoeSs1nCaR5M1oeDnxm/fcWKHVHY5SHia0r0QsGEUn3V53/W6pHFT8KcjfpAxz1Lql905PsyzhCpmk1rYDP8UwpwYFk3xc7GSWp5QNaZ+3HVU04TbMp6eOyaFTeiTWxpVCMlW/TuQ0sXaURK4zoTiwP72J+JvXzjA+D3Oh0gy5YrNFcSYJajL5m/SE4QzlyBHKjHC3EjaghjJ06RT/F0LjuBKcVvybk3L1Yh5HAfbhAI4ggDOowhXUoA4M+vAAT/DsSe/Re/FeZ60L3nxmD77Be/sEzqaNfA==</latexit>

M0

Sensitive to mass 

~ 100x of Hubble


Yuhsin Tsai yhtsai@nd.edu

Before including corrections from sub-horizon physics

<latexit sha1_base64="jT4AACkgnNkARGGHjOTLcg6RkiE=">AAACGXicjZDLSgMxGIUz9VbrrerSTbAILkqZKWJdFt0Ibir0Bk0ZMpnMNDSZGZKMWIZ5DTe+ihsXirjUlW9jelmoKHggcDjn/0nyeQlnStv2h1VYWl5ZXSuulzY2t7Z3yrt7XRWnktAOiXks+x5WlLOIdjTTnPYTSbHwOO1544tp37uhUrE4autJQocChxELGMHaRG7ZRj7lGsO2myEpoGJhjnCSyPgWokBikoV5Vs9Rtd5AVSRSeOWWK07Nngn+bSpgoZZbfkN+TFJBI004Vmrg2IkeZlhqRjjNSyhVNMFkjEM6MDbCgqphNvtZDo9M4sMgluZEGs7SrxsZFkpNhGcmBdYj9bObhr91g1QHZ8OMRUmqaUTmFwUphzqGU0zQZ5ISzSfGYCKZeSskI2yAaAOz9D8I3XrNOa3Z1yeV5vkCRxEcgENwDBzQAE1wCVqgAwi4Aw/gCTxb99aj9WK9zkcL1mJnH3yT9f4Jv9agGw==</latexit>

�Tsig ⇡ g

2
27µK

41
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Conclusion
Production of heavy particles with inflaton-dependent mass

generate pairwise spots on the CMB map

Can use both “position space” and “N-point function” studies to 

dig out the signal

Thank you!

42Yuhsin Tsai yhtsai@nd.edu

More things to explore: 

• different heavy field potential can generate different CMB signals 

• improving search by wavelets or deep learning technique? 

• pairwise clumps in Large Scale Structure? CMB lensing, cosmic shear, etc?
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Backup Slides
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<latexit sha1_base64="QwrIAn7NewkCzIj4UhBcHBdG2cE="></latexit>

N� pairs =
1

2⇡2

 
g�̇

H2
⇤

!3/2

e
�⇡(M2

0�2H2
⇤)

|g�̇|

✓
k⇤

kCMB

◆3✓�⌘rec

⌘rec

◆

Planck

Yuhsin Tsai yhtsai@nd.edu

Number of        pairs in the 

CMB last scattering surface (with a thickness)

<latexit sha1_base64="1exhBqah32KyeEUFfcpSQmvOcNA=">AAAB7XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOlVk+zocD9fAG5pVqpXLmAyL30kFesQs9Fc3yTAlii0c9/9AYRSQSVhnCsdddDsfFTrAwjnE5zvUTTGJMxHtKupRILqv10fu0UnlllAMNI2ZIGztWfEykWWk9EYDsFNiP915uJ/3ndxIQ1P2UyTgyVZLEoTDg0EZy9DgdMUWL4xBJMFLO3QjLCChNjA8rZEFZeXiWtoutVXHRbLtSvlnFkwQk4BefAA1VQBzegAZqAgHvwCJ7BixM5T86r87ZozTjLmWPwC877F+cOj1k=</latexit>�
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More details on the Sigma 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
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p
2⌧) +
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�
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2
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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
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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
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<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
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<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

Therefore, Sigma is produced

with a number density 

More details on the Sigma production


