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The particle detector in this talk: CMB

• radiation with wave length ~ 1mm 
• blackbody radiation with  
• temperature anisotropy
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Our study is motivated by two questions:

• What can new physics signals look like in the CMB? 

• When using CMB to study cosmological particle production  

   during inflation, is it possible to probe particle mass              ?
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Typical CMB analysis: correlation functions 

 large angle  <->  small angle 
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This makes sense since the temperature anisotropy 
is almost a scale-invariant white noise (not “localized” signals)

 large angle  <->  small angle 
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is scale invariant

5

Typical CMB analysis: correlation functions 
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• Easy to generate the signal from cosmo particle production 
• Motivate different types of CMB analyses

We will instead discuss a scale-dependent  
& spatially localized signal
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(cartoon picture)
(HEALPix simulation)
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Looking for pairwise hotspots   
 in spatial coordinate 

  -dependent distortion of   
CMB TT-spectrum

Pairwise Hotspots from heavy particle productions
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Looking for pairwise hotspots   
 in spatial coordinate 

7

like studying jet substructure
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Also motivated by Maldacena’s work
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Production of the pairwise hotspots

Non-adiabatic particle  
(pair) production 

during the inflation 

Particle mass modifies  
nearby curvature perturbation 

before leaving the horizon 
(due to inflation) 

Perturbation gets  
frozen outside of  

the horizon 

(inflation ends, horizon re-entry) 

Photon temperature follows  
local curvature perturbation 

Pairwise hotspots (or cold spots)

8Yuhsin Tsai yhtsai@nd.edu



12

Non-adiabatic particle  
(pair) production 

during the inflation 

Particle mass modifies  
nearby curvature perturbation 

before leaving the horizon 
(due to inflation) 

Perturbation gets  
frozen outside of  

the horizon 

(inflation ends, horizon re-entry) 

Photon temperature follows  
local curvature perturbation 

Pairwise hotspots (or cold spots)

9
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Consider a scalar particle           that carries an 
inflaton-dependent mass 
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• 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 
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<latexit sha1_base64="9czO9vGNTNPNIZbTbjOaqgXySOc=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZ0T6gHUomzbShSWZIMkIZ+gluXCji1i9y59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jem0lMfYGHkoWMYGOlO9FH/XwBuaVaqVy5gMi99JBXrELPRXN8kwJYotHPf/QGEUkElYZwrHXXQ7HxU6wMI5xOc71E0xiTMR7SrqUSC6r9dH7qFJ5ZZQDDSNmSBs7VnxMpFlpPRGA7BTYj/debif953cSENT9lMk4MlWSxKEw4NBGc/Q0HTFFi+MQSTBSzt0IywgoTY9PJ2RBWXl4lraLrVVx0Wy7Ur5ZxZMEJOAXnwANVUAc3oAGagIAheATP4MXhzpPz6rwtWjPOcuYY/ILz/gVEGY3K</latexit>m0

10

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

V (�,�)

Yuhsin Tsai yhtsai@nd.edu
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A toy model example

Sigma mass is always larger than Hubble and          , 
Minimum mass when                     .

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

g� ⇠ M

<latexit sha1_base64="ZephHMFHBB4xyvce3ObD3nLghGI=">AAAB+nicjVDLSgMxFL3js9bXVJdugkVwVWZE1GXRjcsK9gFtKZk004ZmMmNyRynjfIobF4q49Uvc+Temj4WKggcSDufcw72cIJHCoOd9OAuLS8srq4W14vrG5ta2W9ppmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gxGFxO/ecu1EbG6xnHCuxEdKBEKRtFKPbfUMTcas04/tl8yFHnec8t+xZuC/E3KMEet577bNEsjrpBJakzb9xLsZlSjYJLnxU5qeELZiA5421JFI2662fT0nBxYpU/CWNunkEzVr4mMRsaMo8BORhSH5qc3EX/z2imGZ91MqCRFrthsUZhKgjGZ9ED6QnOGcmwJZVrYWwkbUk0Z2raK/yuhcVTxTyre1XG5ej6vowB7sA+H4MMpVOESalAHBnfwAE/w7Nw7j86L8zobXXDmmV34BuftE1aUlLM=</latexit>q
�̇

11

(also see a similar setup in Flauger et al. (2016) for an N-point function study)

Yuhsin Tsai yhtsai@nd.edu
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e.o.m. during 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 = �/⌘

12Yuhsin Tsai yhtsai@nd.edu
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How to calculate the particle production?

•          is produced from the energy of inflaton 

• cannot calculate the production as in colliders 
    since inflaton & sigma are not well-defined fields for particles  
    (field with time varying VEV and mass) 

• calculate the number of non-adiabatic particle production 
    from Bogolyubov transformation 

13

<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

14Yuhsin 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)

15Yuhsin 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  

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

N� pairs =
1

2⇡2

 
g�̇

H2
⇤

!3/2

e
�⇡(M2

0�2H2
⇤)

|g�̇|

✓
k⇤

kCMB

◆3✓�⌘rec

⌘rec

◆

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

N� pairs =
1

2⇡2

 
g�̇

H2
⇤

!3/2

e
�⇡(M2

0�2H2
⇤)

|g�̇|

✓
k⇤

kCMB

◆3✓�⌘rec

⌘rec

◆

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>

⌘⇤

17

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>�



2118

Back-reaction constraints

Need to make sure the produced heavy particles 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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Next step: mass modifies curvature perturbation

Non-adiabatic particle  
(pair) production 

during the inflation 

Particle mass modifies  
nearby curvature perturbation 

before leaving the horizon 
(due to inflation) 

Perturbation gets  
frozen outside of  

the horizon 

(inflation ends, horizon re-entry) 

Photon temperature follows  
local curvature perturbation 

Pairwise hotspots (or cold spots)

19Yuhsin Tsai yhtsai@nd.edu
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<latexit sha1_base64="AIrGtKV9od+m+xgnhfTkb2pwBHY=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7olQKi77/4RWWlldW14rrpY3Nre2d8u5e0+rMMN5gWmrTjqjlUijeQIGSt1PDaRJJ3opGV1O/dc+NFVrd4jjlYUIHSsSCUXRSs8uR9oJeuRJU/RnI36QCC9R75fduX7Ms4QqZpNZ2Aj/FMKcGBZN8UupmlqeUjeiAdxxVNOE2zGfXTsiRU/ok1saVQjJTv07kNLF2nESuM6E4tD+9qfib18kwvghzodIMuWLzRXEmCWoyfZ30heEM5dgRyoxwtxI2pIYydAGV/hdC86QanFX9m9NK7XIRRxEO4BCOIYBzqME11KEBDO7gAZ7g2dPeo/fivc5bC95iZh++wXv7BDZJjuM=</latexit>

⌘1 horizon

particle mass changes the 
curvature perturbation inside the horizon 

<latexit sha1_base64="eAKE/5mBX7paEZheCsCddOyqLmE=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIoseiFy9CBfsBTQiT7bZdutmE3Y1YQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZFyacKe0439bK6tr6xmZpq7y9s7u3bx9U2ipOJaEtEvNYdkNQlDNBW5ppTruJpBCFnHbC8c3U7zxSqVgsHvQkoX4EQ8EGjIA2UmBX7oLMU2wYQV7zqIbAPQ3sqlN3ZsDLxC1IFRVoBvaX149JGlGhCQeleq6TaD8DqRnhNC97qaIJkDEMac9QARFVfja7PccnRunjQSxNCY1n6u+JDCKlJlFoOiPQI7XoTcX/vF6qB1d+xkSSairIfNEg5VjHeBoE7jNJieYTQ4BIZm7FZAQSiDZxlU0I7uLLy6R9Vncv6s79ebVxXcRRQkfoGNWQiy5RA92iJmohgp7QM3pFb1ZuvVjv1se8dcUqZg7RH1ifPz/8k+s=</latexit>

M�(⌘1)

20Yuhsin Tsai yhtsai@nd.edu
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<latexit sha1_base64="6V2ohcLe3Bsp1GyM17Ql1BmiwEo=">AAAB7XicjVDLSgNBEJz1GeMr6tHLYBA8hd2g6DHoxWME84BkCbOT3mTM7Mwy0yuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKJXCou9/eEvLK6tr64WN4ubW9s5uaW+/aXVmODS4ltq0I2ZBCgUNFCihnRpgSSShFY2upn7rHowVWt3iOIUwYQMlYsEZOqnZBWS9aq9UDir+DPRvUiYL1Hul925f8ywBhVwyazuBn2KYM4OCS5gUu5mFlPERG0DHUcUSsGE+u3ZCj53Sp7E2rhTSmfp1ImeJteMkcp0Jw6H96U3F37xOhvFFmAuVZgiKzxfFmaSo6fR12hcGOMqxI4wb4W6lfMgM4+gCKv4vhGa1EpxV/JvTcu1yEUeBHJIjckICck5q5JrUSYNwckceyBN59rT36L14r/PWJW8xc0C+wXv7BDfNjuQ=</latexit>

⌘2

<latexit sha1_base64="AIrGtKV9od+m+xgnhfTkb2pwBHY=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7olQKi77/4RWWlldW14rrpY3Nre2d8u5e0+rMMN5gWmrTjqjlUijeQIGSt1PDaRJJ3opGV1O/dc+NFVrd4jjlYUIHSsSCUXRSs8uR9oJeuRJU/RnI36QCC9R75fduX7Ms4QqZpNZ2Aj/FMKcGBZN8UupmlqeUjeiAdxxVNOE2zGfXTsiRU/ok1saVQjJTv07kNLF2nESuM6E4tD+9qfib18kwvghzodIMuWLzRXEmCWoyfZ30heEM5dgRyoxwtxI2pIYydAGV/hdC86QanFX9m9NK7XIRRxEO4BCOIYBzqME11KEBDO7gAZ7g2dPeo/fivc5bC95iZh++wXv7BDZJjuM=</latexit>

⌘1

After the old horizon is frozen, NEW particle mass changes the 
curvature perturbation inside the NEW horizon 

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

M�(⌘2)

new horizon, different 
perturbations

20Yuhsin Tsai yhtsai@nd.edu
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<latexit sha1_base64="6V2ohcLe3Bsp1GyM17Ql1BmiwEo=">AAAB7XicjVDLSgNBEJz1GeMr6tHLYBA8hd2g6DHoxWME84BkCbOT3mTM7Mwy0yuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKJXCou9/eEvLK6tr64WN4ubW9s5uaW+/aXVmODS4ltq0I2ZBCgUNFCihnRpgSSShFY2upn7rHowVWt3iOIUwYQMlYsEZOqnZBWS9aq9UDir+DPRvUiYL1Hul925f8ywBhVwyazuBn2KYM4OCS5gUu5mFlPERG0DHUcUSsGE+u3ZCj53Sp7E2rhTSmfp1ImeJteMkcp0Jw6H96U3F37xOhvFFmAuVZgiKzxfFmaSo6fR12hcGOMqxI4wb4W6lfMgM4+gCKv4vhGa1EpxV/JvTcu1yEUeBHJIjckICck5q5JrUSYNwckceyBN59rT36L14r/PWJW8xc0C+wXv7BDfNjuQ=</latexit>

⌘2

<latexit sha1_base64="AIrGtKV9od+m+xgnhfTkb2pwBHY=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7olQKi77/4RWWlldW14rrpY3Nre2d8u5e0+rMMN5gWmrTjqjlUijeQIGSt1PDaRJJ3opGV1O/dc+NFVrd4jjlYUIHSsSCUXRSs8uR9oJeuRJU/RnI36QCC9R75fduX7Ms4QqZpNZ2Aj/FMKcGBZN8UupmlqeUjeiAdxxVNOE2zGfXTsiRU/ok1saVQjJTv07kNLF2nESuM6E4tD+9qfib18kwvghzodIMuWLzRXEmCWoyfZ30heEM5dgRyoxwtxI2pIYydAGV/hdC86QanFX9m9NK7XIRRxEO4BCOIYBzqME11KEBDO7gAZ7g2dPeo/fivc5bC95iZh++wXv7BDZJjuM=</latexit>

⌘1

After the old horizon is frozen, NEW particle mass changes the 
curvature perturbation inside the NEW horizon 

new horizon, different 
perturbations

This gives a radius-dependent  
curvature perturbation around 

the heavy particle location

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

M�(⌘2)

20Yuhsin Tsai yhtsai@nd.edu



26

Profile of the curvature perturbation from          mass

Produced heavy particle backreacts 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  

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

h⇣ki =
"
Me↵(|⌘| = r)

2
p
2✏Mpl

#
H

2⇡
p
2✏Mpl

<latexit sha1_base64="mxCUZLu3YKtX6ZAvvCsTGqadUYc=">AAAB+XicjVDLSsNAFJ3UV62vqEs3g0UQFyURRZdFNy4r2Ac0IUymN+3QySTOTAol6Z+4caGIW//EnX/j9LFQUfDAhcM593IPJ0w5U9pxPqzS0vLK6lp5vbKxubW9Y+/utVSSSQpNmvBEdkKigDMBTc00h04qgcQhh3Y4vJ767RFIxRJxp8cp+DHpCxYxSrSRAtsuZOFxuMeFB5oEJ0VgV92aMwP+m1TRAo3Afvd6Cc1iEJpyolTXdVLt50RqRjlMKl6mICV0SPrQNVSQGJSfz5JP8JFRejhKpBmh8Uz9epGTWKlxHJrNmOiB+ulNxd+8bqajSz9nIs00CDp/FGUc6wRPa8A9JoFqPjaEUMlMVkwHRBKqTVmV/5XQOq255zXn9qxav1rUUUYH6BAdIxddoDq6QQ3URBSN0AN6Qs9Wbj1aL9brfLVkLW720TdYb5+BTZOR</latexit>

|r|  |⌘⇤|
<latexit sha1_base64="XHztpsXRlhijvcQq9Iouz/gRaEg=">AAAB/nicjVDLSsNAFJ3UV62vqLhyM1iEKqUkouhGKbpxWcE+oAlhMp22QycPZm6EkhT8FTcuFHHrd7jzb5w+FioKHrhwOOde7uH4seAKLOvDyM3NLywu5ZcLK6tr6xvm5lZDRYmkrE4jEcmWTxQTPGR14CBYK5aMBL5gTX9wNfabd0wqHoW3MIyZG5BeyLucEtCSZ+6Uzi2n7JQzmV3gzGFAvMPswDOLdsWaAP9NimiGmme+O52IJgELgQqiVNu2YnBTIoFTwUYFJ1EsJnRAeqytaUgCptx0En+E97XSwd1I6gkBT9SvFykJlBoGvt4MCPTVT28s/ua1E+ieuSkP4wRYSKePuonAEOFxF7jDJaMghpoQKrnOimmfSEJBN1b4XwmNo4p9UrFujovVy1kdebSL9lAJ2egUVdE1qqE6oihFD+gJPRv3xqPxYrxOV3PG7GYbfYPx9gnvbJQx</latexit>

(= 0 |r| > |⌘⇤|)

Maldacena 
(1508.01082)

Fialkov et. al. 
(0911.2100)
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<latexit sha1_base64="1exhBqah32KyeEUFfcpSQmvOcNA=">AAAB7XicbVDLSgMxFM3UV62vqks3wSK4GjJ92LorunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPhC1HrhwOOde7r0niDnTBqFPJ7O2vrG5ld3O7ezu7R/kD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj65nffqBKs0jemUlMfYGHkoWMYGOlVk+zocD9fAG5pVqpXLmAyL30kFesQs9Fc3yTAlii0c9/9AYRSQSVhnCsdddDsfFTrAwjnE5zvUTTGJMxHtKupRILqv10fu0UnlllAMNI2ZIGztWfEykWWk9EYDsFNiP915uJ/3ndxIQ1P2UyTgyVZLEoTDg0EZy9DgdMUWL4xBJMFLO3QjLCChNjA8rZEFZeXiWtoutVXHRbLtSvlnFkwQk4BefAA1VQBzegAZqAgHvwCJ7BixM5T86r87ZozTjLmWPwC877F+cOj1k=</latexit>�

Yuhsin Tsai yhtsai@nd.edu
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How large and how hot is each hotspot?

For                 we can get 
<latexit sha1_base64="mxCUZLu3YKtX6ZAvvCsTGqadUYc=">AAAB+XicjVDLSsNAFJ3UV62vqEs3g0UQFyURRZdFNy4r2Ac0IUymN+3QySTOTAol6Z+4caGIW//EnX/j9LFQUfDAhcM593IPJ0w5U9pxPqzS0vLK6lp5vbKxubW9Y+/utVSSSQpNmvBEdkKigDMBTc00h04qgcQhh3Y4vJ767RFIxRJxp8cp+DHpCxYxSrSRAtsuZOFxuMeFB5oEJ0VgV92aMwP+m1TRAo3Afvd6Cc1iEJpyolTXdVLt50RqRjlMKl6mICV0SPrQNVSQGJSfz5JP8JFRejhKpBmh8Uz9epGTWKlxHJrNmOiB+ulNxd+8bqajSz9nIs00CDp/FGUc6wRPa8A9JoFqPjaEUMlMVkwHRBKqTVmV/5XQOq255zXn9qxav1rUUUYH6BAdIxddoDq6QQ3URBSN0AN6Qs9Wbj1aL9brfLVkLW720TdYb5+BTZOR</latexit>

|r|  |⌘⇤|

Hence hotspot size              and the amplitude        controls 
the hotspot 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 exponentially  
growth of the scale factor  

during the inflation
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<latexit sha1_base64="L+j4WaaNKIupixgRMP8iBOlzyTQ="></latexit>

h�T i =

g

2
log

✓
|⌘⇤|
r

◆�
H

2⇡
p
2✏Mpl

⇠

g

2
log

✓
|⌘⇤|
r

◆�
�TCMB

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="Nm7aII1PkvEPfOa+gAYq+J0LgX8=">AAACCXicjVDLSsNAFJ3UV62vqEs3g0VwISUpYl2WdiOIUKG1hSaEyWTSDp2ZhJmJUEK3bvwVNy4UcesfuPNvnD4WKgoeuHA4517uvSdMGVXacT6swtLyyupacb20sbm1vWPv7t2oJJOYdHDCEtkLkSKMCtLRVDPSSyVBPGSkG46aU797S6SiiWjrcUp8jgaCxhQjbaTAhl5EmEawHeSe5LB51Zh4inJYrXknHs/gZWCX3YozA/yblMECrcB+96IEZ5wIjRlSqu86qfZzJDXFjExKXqZIivAIDUjfUIE4UX4++2QCj4wSwTiRpoSGM/XrRI64UmMemk6O9FD99Kbib14/0/G5n1ORZpoIPF8UZwzqBE5jgRGVBGs2NgRhSc2tEA+RRFib8Er/C+GmWnHPKs71abneWMRRBAfgEBwDF9RAHVyAFugADO7AA3gCz9a99Wi9WK/z1oK1mNkH32C9fQIh/5iw</latexit>

�TCMB ⇠ 27µKPrimordial fluctuation
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How are the hotspots distributed?

Heavy particles are produced in pairs: momentum conservation 

radius 

~ 
( T

em
pe

ra
tu

re
  p

ro
fil

e 
) 

Structure formation may further change the profile 
e.g., see Fialkov et al. (2009) for the pre-inflationary particle study

23Yuhsin Tsai yhtsai@nd.edu
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Final step: signals on the CMB

Non-adiabatic particle  
(pair) production 

during the inflation 

Particle mass modifies  
nearby curvature perturbation 

before leaving the horizon 
(due to inflation) 

Perturbation gets  
frozen outside of  

the horizon 

(inflation ends, horizon re-entry) 

Photon temperature follows  
local curvature perturbation 

Pairwise hotspots (or cold spots)

24Yuhsin 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

Simulate pairwise hotspot signals

signal + fake CMB

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

g = 30

25

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

Simulate pairwise hotspot signals

signal + fake CMB

25

<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
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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)

27

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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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

28

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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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)

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

Yuhsin Tsai yhtsai@nd.edu
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Here we only focus on the primordial fluctuation bkg

• The best sensitivity that we may achieve even with a perfect  
   CMB measurement 

• Minimum number of pairwise hotspots that can hide from  
   any CMB searches

For the heavy particle bounds below,  
we should consider them as 

29Yuhsin Tsai yhtsai@nd.edu
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How to probe the signal?

Looking for pairwise hotspots   
 in spatial coordinate 

  -dependent distortion of   
CMB TT-spectrum  
(or non-Gaussianity)

<latexit sha1_base64="dHYRvBdGL+fv9bu+kK9SrFxMEmo=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9CZD5rHMzAphyS948aCIV3/Im3/jbpKDioIFDUVVN91dUSK4db7/4ZWWlldW18rrlY3Nre2d6u5e2+rUMGwxLbTpRNSi4ApbjjuBncQglZHAu2h8Vfh392gs1+rWTRIMJR0qHnNGXSH1UIh+tRbU/RnI36QGCzT71ffeQLNUonJMUGu7gZ+4MKPGcSZwWumlFhPKxnSI3ZwqKtGG2ezWKTnKlQGJtclLOTJTv05kVFo7kVHeKakb2Z9eIf7mdVMXX4QZV0nqULH5ojgVxGlSPE4G3CBzYpITygzPbyVsRA1lLo+n8r8Q2if14Kzu35zWGpeLOMpwAIdwDAGcQwOuoQktYDCCB3iCZ096j96L9zpvLXmLmX34Bu/tExNxjkM=</latexit>

`

30Yuhsin Tsai yhtsai@nd.edu
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And these hotspots even like to show up in nearby locations 
   that can look similar to our signal 

background only

31

Primordial fluctuations can produce very hot spots

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="qB0cFfugDh316UW2jx7XGaEoG3k=">AAACCHicjVDLSgMxFL1TX7W+Rl26MFgEF1KmRdRlaTeCCBXsAzrDkEkzbWgyMyQZoQxduvFX3LhQxK2f4M6/MX0sVBQ8cOHknHu5uSdIOFPacT6s3MLi0vJKfrWwtr6xuWVv77RUnEpCmyTmsewEWFHOItrUTHPaSSTFIuC0HQzrE799S6VicXSjRwn1BO5HLGQEayP59r6rWF9gP3OlQPWr2ti8Bao4jnvsihRd+naxXHKmQH+TIszR8O13txeTVNBIE46V6padRHsZlpoRTscFN1U0wWSI+7RraIQFVV42PWSMDo3SQ2EsTUUaTdWvExkWSo1EYDoF1gP105uIv3ndVIfnXsaiJNU0IrNFYcqRjtEkFdRjkhLNR4ZgIpn5KyIDLDHRJrvC/0JoVUrl05JzfVKs1uZx5GEPDuAIynAGVbiABjSBwB08wBM8W/fWo/Vivc5ac9Z8Zhe+wXr7BI/rmGI=</latexit>

�CMB ⇠ 200µK
<latexit sha1_base64="jT4AACkgnNkARGGHjOTLcg6RkiE=">AAACGXicjZDLSgMxGIUz9VbrrerSTbAILkqZKWJdFt0Ibir0Bk0ZMpnMNDSZGZKMWIZ5DTe+ihsXirjUlW9jelmoKHggcDjn/0nyeQlnStv2h1VYWl5ZXSuulzY2t7Z3yrt7XRWnktAOiXks+x5WlLOIdjTTnPYTSbHwOO1544tp37uhUrE4autJQocChxELGMHaRG7ZRj7lGsO2myEpoGJhjnCSyPgWokBikoV5Vs9Rtd5AVSRSeOWWK07Nngn+bSpgoZZbfkN+TFJBI004Vmrg2IkeZlhqRjjNSyhVNMFkjEM6MDbCgqphNvtZDo9M4sMgluZEGs7SrxsZFkpNhGcmBdYj9bObhr91g1QHZ8OMRUmqaUTmFwUphzqGU0zQZ5ISzSfGYCKZeSskI2yAaAOz9D8I3XrNOa3Z1yeV5vkCRxEcgENwDBzQAE1wCVqgAwi4Aw/gCTxb99aj9WK9zkcL1mJnH3yT9f4Jv9agGw==</latexit>

�Tsig ⇡ g

2
27µK
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Need to pick the “cuts” carefully to veto the bkg

For example, using cuts based on the high T & pairwise features

32

• subtract average temperature from a target region of the map 
• apply a temperature cut         
• find the hottest spot on the map 
• draw a cone around the spot with radius   
• require exactly 2 surviving hotspots inside the cone 
• require the average temperature of the 2 spots 

<latexit sha1_base64="lsfFVxy9B2KdleA2EWe/fEcGvaU=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBDEQ9iIosegF48RzAOzS5id9CZDZmaXmVkhLPkLLx4U8erfePNvnDwOKgoWNBRV3XR3Rangxvr+h7ewuLS8slpYK65vbG5tl3Z2mybJNMMGS0Si2xE1KLjChuVWYDvVSGUksBUNryZ+6x614Ym6taMUQ0n7isecUeuku8BwGaCl3eNuqVyt+FOQv0kZ5qh3S+9BL2GZRGWZoMZ0qn5qw5xqy5nAcTHIDKaUDWkfO44qKtGE+fTiMTl0So/EiXalLJmqXydyKo0Zych1SmoH5qc3EX/zOpmNL8KcqzSzqNhsUZwJYhMyeZ/0uEZmxcgRyjR3txI2oJoy60Iq/i+E5kmlelbxb07Ltct5HAXYhwM4giqcQw2uoQ4NYKDgAZ7g2TPeo/fivc5aF7z5zB58g/f2CUnzkKk=</latexit>⇠ ⌘⇤

<latexit sha1_base64="1UCrJbgZSx2n4xCpd2AxGWQYE8M=">AAAB+3icjVDLSgMxFM3UV62vsS7dBIvgqkxF1GXRjcsKfUE7Dpn0ThuaSYYkUyzD/IobF4q49Ufc+Temj4WKggcuHM65l3s4YcKZNp734RRWVtfWN4qbpa3tnd09d7/c1jJVFFpUcqm6IdHAmYCWYYZDN1FA4pBDJxxfz/zOBJRmUjTNNAE/JkPBIkaJsVLglpt3GZkM8yDrqxhTKSAP3Eqt6s2B/yYVtEQjcN/7A0nTGIShnGjdq3mJ8TOiDKMc8lI/1ZAQOiZD6FkqSAzaz+bZc3xslQGOpLIjDJ6rXy8yEms9jUO7GRMz0j+9mfib10tNdOlnTCSpAUEXj6KUYyPxrAg8YAqo4VNLCFXMZsV0RBShxtZV+l8J7dNq7bzq3Z5V6lfLOoroEB2hE1RDF6iOblADtRBF9+gBPaFnJ3cenRfndbFacJY3B+gbnLdPXG+Upg==</latexit>

T avg
cone

<latexit sha1_base64="b+Yc0tYQn6fv6maY5MU0oghIPGU=">AAAB+HicjVDLSsNAFL2pr1ofjbp0M1gEVyURUZdFNy4r9AVtCJPpJB06MwnzEGrol7hxoYhbP8Wdf2P6WKgoeODC4Zx7uYcTZZxp43kfTmlldW19o7xZ2dre2a26e/sdnVpFaJukPFW9CGvKmaRtwwynvUxRLCJOu9H4euZ376jSLJUtM8loIHAiWcwINoUUutVBkqBWmA+UQMSaaejW/Lo3B/qb1GCJZui+D4YpsYJKQzjWuu97mQlyrAwjnE4rA6tphskYJ7RfUIkF1UE+Dz5Fx4UyRHGqipEGzdWvFzkWWk9EVGwKbEb6pzcTf/P61sSXQc5kZg2VZPEothyZFM1aQEOmKDF8UhBMFCuyIjLCChNTdFX5Xwmd07p/Xvduz2qNq2UdZTiEIzgBHy6gATfQhDYQsPAAT/Ds3DuPzovzulgtOcubA/gG5+0TWaKS5Q==</latexit>

� Tcut

Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="gO3l3aFFCPAyUAV5+TS4x/VlTRk=">AAACHnicjZBNS8MwHMZTX+d8q3r0EhwDDzLa4dtJhl4ELxP2BmspaZZuYUlbklQcpZ/Ei1/FiwdFBE/6bcy6HlQUfCDw8HvyJ/88fsyoVJb1YczNLywuLZdWyqtr6xub5tZ2R0aJwKSNIxaJno8kYTQkbUUVI71YEMR9Rrr++GKad2+IkDQKW2oSE5ejYUgDipHSyDOPWl7qCA5xorIz6Eg65Kgg3M8cFMciuoV1y3IOHJ7APLnKPLNi16xc8G9TAYWanvnmDCKccBIqzJCUfduKlZsioShmJCs7iSQxwmM0JH1tQ8SJdNP8exmsajKAQST0CRXM6deJFHEpJ3pdWOVIjeTPbAp/y/qJCk7dlIZxokiIZw8FCYMqgtOu4IAKghWbaIOwoHpXiEdIIKx0o+X/ldCp1+zjmnV9WGmcF3WUwC7YA/vABiegAS5BE7QBBnfgATyBZ+PeeDRejNfZ1TmjmNkB32S8fwJNj6Hy</latexit>

Tcut > �cmb ⇡ 200µK
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From the best set of cuts we found so far… 
(may be further improved) 

33

10 7 5

5 3.5 2.5

90 549 811

<latexit sha1_base64="buXO2kMaHvUZL/8U2i9lrKenHQ8=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UH/RK5aDiz0D+JmVYoNYrvXf7CcskKssENaYT+KkNc6otZwInxW5mMKVsRAfYcVRRiSbMZ4dOyLFT+iROtCtlyUz9OpFTacxYRq5TUjs0P72p+JvXyWx8GeZcpZlFxeaL4kwQm5Dp16TPNTIrxo5Qprm7lbAh1ZRZl03xfyE0TyvBecWvn5WrV4s4CnAIR3ACAVxAFW6gBg1ggPAAT/Ds3XmP3ov3Om9d8hYzB/AN3tsn0oCM8w==</latexit>

g

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

2�

<latexit sha1_base64="pF0JBol3E83c+A62QQWa5hbLMDI=">AAACHXicjZBNS8MwHMbT+TbnW9Wjl+AYeBqtDPU49OJxwt5gLSVN0y0sTUqSiqP0i3jxq3jxoIgHL+K3MXs56FDwgcDD8+RP/vmFKaNKO86nVVpZXVvfKG9WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mva9WyIVFbytJynxEzTkNKYYaRMFdsOLJcK5FxGmEWwHuScTqOiwKJYynIRF4aE0leIusKtu3ZkJ/m2qYKFWYL97kcBZQrjGDCk1cJ1U+zmSmmJGioqXKZIiPEZDMjCWo4QoP5/9roA1k0QwFtIcruEs/T6Ro0SpiVkP1hKkR2q5m4a/dYNMxxd+TnmaacLx/KE4Y1ALOEUFIyoJ1mxiDMKSml0hHiGDSxuglf9B6J7W3bO6c9OoNi8XOMrgCByDE+CCc9AE16AFOgCDe/AInsGL9WA9Wa/W2/xqyVrMHIIfsj6+AAyzoyY=</latexit>

�Tsig

�Tcmb
⇡

preliminary

For signal hotspots with size around                  mode  
<latexit sha1_base64="Lr5OoB1AP5Wv25HkRb6GFqhANUY=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Rj04jGCeUB2DbOT3mTIzO46MxsIS77DiwdFvPox3vwbJ4+DioIFDUVVN11UmAqujet+OAuLS8srq4W14vrG5tZ2aWe3oZNMMayzRCSqFVKNgsdYN9wIbKUKqQwFNsPB1cRvDlFpnsS3ZpRiIGkv5hFn1Fgp8FEIX3NJPPfupFMqexV3CvI3KcMctU7p3e8mLJMYGyao1m3PTU2QU2U4Ezgu+pnGlLIB7WHb0phK1EE+DT0mh1bpkihRdmJDpurXi5xKrUcytJuSmr7+6U3E37x2ZqKLIOdxmhmM2exRlAliEjJpgHS5QmbEyBLKFLdZCetTRZmxPRX/V0LjuOKdVdyb03L1cl5HAfbhAI7Ag3OowjXUoA4M7uEBnuDZGTqPzovzOltdcOY3e/ANztsnmGiRVA==</latexit>

` ⇠ 103

Cut the sky into                                        , from simulation of            CMB maps 
<latexit sha1_base64="HyGAowBtXNN10ePgc2xH6ZKbFFk=">AAACFnicjVDLSsNAFJ3UV62vqEs3g0VwY0mqVDeFohtXUsE+oEnLZHrbDp1JwsxEWkK+wo2/4saFIm7FnX9j+lioKHjgwuGce7n3Hi/kTGnL+jAyC4tLyyvZ1dza+sbmlrm9U1dBJCnUaMAD2fSIAs58qGmmOTRDCUR4HBre8GLiN25BKhb4N3ocgitI32c9RolOpY55dNWJHSlwyEbAk/JxwXZoN9DYttolXHaA85kvyChpFztm3i5YU+C/SR7NUe2Y7043oJEAX1NOlGrZVqjdmEjNKIck50QKQkKHpA+tlPpEgHLj6VsJPkiVLu4FMi1f46n6dSImQqmx8NJOQfRA/fQm4m9eK9K9Mzdmfhhp8OlsUS/iWAd4khHuMglU83FKCJUsvRXTAZGE6jTJ3P9CqBcLdqlgXZ/kK+fzOLJoD+2jQ2SjU1RBl6iKaoiiO/SAntCzcW88Gi/G66w1Y8xndtE3GG+f9dWd/w==</latexit>

Npixel = 3.1 · 106 = `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
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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 when including bins around l = 1000

The cut & count search provides a better probe of the signal for these g values  

34Yuhsin Tsai yhtsai@nd.edu

<latexit sha1_base64="o1gcesP9BDSDKREBE9mk4R6yhaY=">AAAB/nicjVDLSsNAFJ3UV62vqLhyM1gEF6Uk4qObQtGNK6lgH9CEMJlO0qEzkzAzEUoo+CtuXCji1u9w5984fSxUFDxw4XDOvdzDCVNGlXacD6uwsLi0vFJcLa2tb2xu2ds7bZVkEpMWTlgiuyFShFFBWppqRrqpJIiHjHTC4eXE79wRqWgibvUoJT5HsaARxUgbKbD34vppxatcB7knOVQ0HtdrrhvYZbfqTAH/JmUwRzOw371+gjNOhMYMKdVznVT7OZKaYkbGJS9TJEV4iGLSM1QgTpSfT+OP4aFR+jBKpBmh4VT9epEjrtSIh2aTIz1QP72J+JvXy3RU83Mq0kwTgWePooxBncBJF7BPJcGajQxBWFKTFeIBkghr01jpfyW0j6vuWdW5OSk3LuZ1FME+OABHwAXnoAGuQBO0AAY5eABP4Nm6tx6tF+t1tlqw5je74Bust0/qjZQs</latexit>

g = 5, Nsig = 811
<latexit sha1_base64="udzFB7DqqPKDwyuRMhslIMWvHe4=">AAAB/nicjVDLSgMxFM3UV62vUXHlJlgEF6VMpVpdFIpuXEkF+4DOMGTSzDQ0yQxJRihDwV9x40IRt36HO//G9LFQUfDAhcM593IPJ0gYVdpxPqzcwuLS8kp+tbC2vrG5ZW/vtFWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJhpcTv3NHpKKxuNWjhHgcRYKGFCNtJN/ei+q1klu69jNXcqhoNK6fVM99u1gpO1PAv0kRzNH07Xe3H+OUE6ExQ0r1Kk6ivQxJTTEj44KbKpIgPEQR6RkqECfKy6bxx/DQKH0YxtKM0HCqfr3IEFdqxAOzyZEeqJ/eRPzN66U6PPMyKpJUE4Fnj8KUQR3DSRewTyXBmo0MQVhSkxXiAZIIa9NY4X8ltI/LldOyc1MtNi7mdeTBPjgAR6ACaqABrkATtAAGGXgAT+DZurcerRfrdbaas+Y3u+AbrLdP+daUNg==</latexit>

g = 7, Nsig = 549
<latexit sha1_base64="wmxVXOMBgQN77R1thy3aH73GWjM=">AAAB/nicjVDLSsNAFL2pr1pfUXHlZrAILkpJRHwsCkU3rqSCrYUmhMl00g6dScLMRCih4K+4caGIW7/DnX/j9LFQUfDAhcM593IPJ0w5U9pxPqzC3PzC4lJxubSyura+YW9utVSSSUKbJOGJbIdYUc5i2tRMc9pOJcUi5PQ2HFyM/ds7KhVL4hs9TKkvcC9mESNYGymwd3o116l4lasg96RAivVGtTMnsMtu1ZkA/U3KMEMjsN+9bkIyQWNNOFaq4zqp9nMsNSOcjkpepmiKyQD3aMfQGAuq/HwSf4T2jdJFUSLNxBpN1K8XORZKDUVoNgXWffXTG4u/eZ1MR6d+zuI00zQm00dRxpFO0LgL1GWSEs2HhmAimcmKSB9LTLRprPS/ElqHVfe46lwflevnszqKsAt7cAAunEAdLqEBTSCQwwM8wbN1bz1aL9brdLVgzW624Rust0/gRZQn</latexit>

g = 10, Nsig = 90
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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

◆

Lower bounds on the 
bare mass       of      .

<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

35

<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

The result is much larger 
than Hubble at the inflation

Yuhsin Tsai yhtsai@nd.edu
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Conclusion
Production of heavy particle with an inflaton-dependent mass 
during inflation can generate pairwise hotspots on CMB map

Can use both “cut & count” and “N-point function” studies to  
dig out the signal

Assuming a perfect CMB measurement, a scalar coupling to  
inflaton can be probed up to                  mass with                  .

<latexit sha1_base64="ZxglNWULZs/2QzVKbz0Rk59rqY0=">AAAB/HicjVDLSsNAFL2pr1pf0S7dDBahuiiJiLosuunOCvYBbQiT6aQdOpmEmYlQQv0VNy4UceuHuPNvnLRdqCh44MLhnHu5hxMknCntOB9WYWl5ZXWtuF7a2Nza3rF399oqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCcZXud+5o1KxWNzqSUK9CA8FCxnB2ki+Xe5HWI8I5tn1tOo6zlHDP/btiltzZkB/kwos0PTt9/4gJmlEhSYcK9VznUR7GZaaEU6npX6qaILJGA9pz1CBI6q8bBZ+ig6NMkBhLM0IjWbq14sMR0pNosBs5lHVTy8Xf/N6qQ4vvIyJJNVUkPmjMOVIxyhvAg2YpETziSGYSGayIjLCEhNt+ir9r4T2Sc09qzk3p5X65aKOIuzDAVTBhXOoQwOa0AICE3iAJ3i27q1H68V6na8WrMVNGb7BevsE6JCToQ==</latexit>

O(100)H⇤
<latexit sha1_base64="cDs2B/e/cIkJ+0mBNqh4ik905Ec=">AAAB+XicjVDLSgMxFL2pr1pfoy7dBItQN2VGRN0IRTfurGAf0A4lk2ba0ExmSDKFMvRP3LhQxK1/4s6/MdN2oaLggQuHc+7lHk6QCK6N636gwtLyyupacb20sbm1vePs7jV1nCrKGjQWsWoHRDPBJWsYbgRrJ4qRKBCsFYyuc781ZkrzWN6bScL8iAwkDzklxko9xxlcdiNihpSI7HZa8Y57TtmrujPgv0kZFqj3nPduP6ZpxKShgmjd8dzE+BlRhlPBpqVuqllC6IgMWMdSSSKm/WyWfIqPrNLHYazsSINn6teLjERaT6LAbuYp9U8vF3/zOqkJL/yMyyQ1TNL5ozAV2MQ4rwH3uWLUiIklhCpus2I6JIpQY8sq/a+E5knVO6u6d6fl2tWijiIcwCFUwINzqMEN1KEBFMbwAE/wjDL0iF7Q63y1gBY3+/AN6O0TkXuS9g==</latexit>

g = O(1)

Thank you!

36Yuhsin Tsai yhtsai@nd.edu

More things to explore: improving search by deep learning and  
wavelets? pairwise clumps in Large Scale Structure?
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(more details) for our 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>
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<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

21



46

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>
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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>
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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 ⌧
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<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) for our Sigma production
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