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Finding New Physics:
 From Earth to Sky 

• New Physics for Higgs and Hierarchy 
Problem: supersymmetry, warped extra dimension, 
clockwork mechanism, etc.

• New Physics for Dark Matter: WIMP, FIMP, 
SIMP, new production mechanisms and detections.

• New Physics for Flavor Physics: fermion 
masses/mixing, flavor puzzles from rare decays, 
magnetic/electric dipole moments.
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Outline

• Higgs inflation and beyond

• General sigma inflation

• Inflaton as dark matter

• Conclusions



Visible Matter



Instability of Higgs vacuum
• Quantum fluctuations change Higgs potential.
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Stability of Higgs vacuum

mH ⌧ MP ⇠ 1018 GeV/c2;
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[HML et al, 2012]



Flavor puzzles

• Quark and lepton masses? Origin of neutrino 
masses? 

• Origin of matter asymmetry?
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10, 000, 000, 000
<latexit sha1_base64="yn4nGOKof7NYUDV3QZLScr9i6/g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBg5SsFNSLFLx4rODaQruWbJptQ7PZJckqZen/8OJBxas/xpv/xrRdRFsfDDzem2FmXpAIrg3GX05haXllda24XtrY3NreKe/u3ek4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhlcTv/nAlOaxvDWjhPkR6UseckqMle5dfILxT3XLFVzFU6BF4uakAjka3fJnpxfTNGLSUEG0brs4MX5GlOFUsHGpk2qWEDokfda2VJKIaT+bXj1GR1bpoTBWtqRBU/X3REYirUdRYDsjYgZ63puI/3nt1ITnfsZlkhom6WxRmApkYjSJAPW4YtSIkSWEKm5vRXRAFKHGBlWyIbjzLy8S77R6UXVvapX6ZZ5GEQ7gEI7BhTOowzU0wAMKCp7gBV6dR+fZeXPeZ60FJ5/Zhz9wPr4BdnmPaw==</latexit><latexit sha1_base64="yn4nGOKof7NYUDV3QZLScr9i6/g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBg5SsFNSLFLx4rODaQruWbJptQ7PZJckqZen/8OJBxas/xpv/xrRdRFsfDDzem2FmXpAIrg3GX05haXllda24XtrY3NreKe/u3ek4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhlcTv/nAlOaxvDWjhPkR6UseckqMle5dfILxT3XLFVzFU6BF4uakAjka3fJnpxfTNGLSUEG0brs4MX5GlOFUsHGpk2qWEDokfda2VJKIaT+bXj1GR1bpoTBWtqRBU/X3REYirUdRYDsjYgZ63puI/3nt1ITnfsZlkhom6WxRmApkYjSJAPW4YtSIkSWEKm5vRXRAFKHGBlWyIbjzLy8S77R6UXVvapX6ZZ5GEQ7gEI7BhTOowzU0wAMKCp7gBV6dR+fZeXPeZ60FJ5/Zhz9wPr4BdnmPaw==</latexit><latexit sha1_base64="yn4nGOKof7NYUDV3QZLScr9i6/g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBg5SsFNSLFLx4rODaQruWbJptQ7PZJckqZen/8OJBxas/xpv/xrRdRFsfDDzem2FmXpAIrg3GX05haXllda24XtrY3NreKe/u3ek4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhlcTv/nAlOaxvDWjhPkR6UseckqMle5dfILxT3XLFVzFU6BF4uakAjka3fJnpxfTNGLSUEG0brs4MX5GlOFUsHGpk2qWEDokfda2VJKIaT+bXj1GR1bpoTBWtqRBU/X3REYirUdRYDsjYgZ63puI/3nt1ITnfsZlkhom6WxRmApkYjSJAPW4YtSIkSWEKm5vRXRAFKHGBlWyIbjzLy8S77R6UXVvapX6ZZ5GEQ7gEI7BhTOowzU0wAMKCp7gBV6dR+fZeXPeZ60FJ5/Zhz9wPr4BdnmPaw==</latexit><latexit sha1_base64="yn4nGOKof7NYUDV3QZLScr9i6/g=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBg5SsFNSLFLx4rODaQruWbJptQ7PZJckqZen/8OJBxas/xpv/xrRdRFsfDDzem2FmXpAIrg3GX05haXllda24XtrY3NreKe/u3ek4VZR5NBaxagVEM8El8ww3grUSxUgUCNYMhlcTv/nAlOaxvDWjhPkR6UseckqMle5dfILxT3XLFVzFU6BF4uakAjka3fJnpxfTNGLSUEG0brs4MX5GlOFUsHGpk2qWEDokfda2VJKIaT+bXj1GR1bpoTBWtqRBU/X3REYirUdRYDsjYgZ63puI/3nt1ITnfsZlkhom6WxRmApkYjSJAPW4YtSIkSWEKm5vRXRAFKHGBlWyIbjzLy8S77R6UXVvapX6ZZ5GEQ7gEI7BhTOowzU0wAMKCp7gBV6dR+fZeXPeZ60FJ5/Zhz9wPr4BdnmPaw==</latexit>

⌘B =
nB � nB̄

n�
= (5.8� 6.6)⇥ 10�10

<latexit sha1_base64="eHruVbhGyuxfirF9SyHANJc7FbM="></latexit><latexit sha1_base64="eHruVbhGyuxfirF9SyHANJc7FbM="></latexit><latexit sha1_base64="eHruVbhGyuxfirF9SyHANJc7FbM="></latexit><latexit sha1_base64="eHruVbhGyuxfirF9SyHANJc7FbM="></latexit>

me/mt ⇠ 10�6
<latexit sha1_base64="yFU3cOxwNBiFcdvvPuAESI7jTic=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwYk1E/LhIwYvHCsYW2hg220m7dDcJuxuhhPpXvHhQ8eof8ea/cdvmoK0PBh7vzTAzL0w5U9pxvq2FxaXlldXSWnl9Y3Nr297ZvVdJJil4NOGJbIVEAWcxeJppDq1UAhEhh2Y4uB77zUeQiiXxnR6m4AvSi1nEKNFGCuyKCOBYBLqjmMCu85AfnY0Cu+rUnAnwPHELUkUFGoH91ekmNBMQa8qJUm3XSbWfE6kZ5TAqdzIFKaED0oO2oTERoPx8cvwIHxili6NEmoo1nqi/J3IilBqK0HQKovtq1huL/3ntTEcXfs7iNNMQ0+miKONYJ3icBO4yCVTzoSGESmZuxbRPJKHa5FU2IbizL88T76R2WXNvT6v1qyKNEtpD++gQuegc1dENaiAPUTREz+gVvVlP1ov1bn1MWxesYqaC/sD6/AG/K5O4</latexit><latexit sha1_base64="yFU3cOxwNBiFcdvvPuAESI7jTic=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwYk1E/LhIwYvHCsYW2hg220m7dDcJuxuhhPpXvHhQ8eof8ea/cdvmoK0PBh7vzTAzL0w5U9pxvq2FxaXlldXSWnl9Y3Nr297ZvVdJJil4NOGJbIVEAWcxeJppDq1UAhEhh2Y4uB77zUeQiiXxnR6m4AvSi1nEKNFGCuyKCOBYBLqjmMCu85AfnY0Cu+rUnAnwPHELUkUFGoH91ekmNBMQa8qJUm3XSbWfE6kZ5TAqdzIFKaED0oO2oTERoPx8cvwIHxili6NEmoo1nqi/J3IilBqK0HQKovtq1huL/3ntTEcXfs7iNNMQ0+miKONYJ3icBO4yCVTzoSGESmZuxbRPJKHa5FU2IbizL88T76R2WXNvT6v1qyKNEtpD++gQuegc1dENaiAPUTREz+gVvVlP1ov1bn1MWxesYqaC/sD6/AG/K5O4</latexit><latexit sha1_base64="yFU3cOxwNBiFcdvvPuAESI7jTic=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwYk1E/LhIwYvHCsYW2hg220m7dDcJuxuhhPpXvHhQ8eof8ea/cdvmoK0PBh7vzTAzL0w5U9pxvq2FxaXlldXSWnl9Y3Nr297ZvVdJJil4NOGJbIVEAWcxeJppDq1UAhEhh2Y4uB77zUeQiiXxnR6m4AvSi1nEKNFGCuyKCOBYBLqjmMCu85AfnY0Cu+rUnAnwPHELUkUFGoH91ekmNBMQa8qJUm3XSbWfE6kZ5TAqdzIFKaED0oO2oTERoPx8cvwIHxili6NEmoo1nqi/J3IilBqK0HQKovtq1huL/3ntTEcXfs7iNNMQ0+miKONYJ3icBO4yCVTzoSGESmZuxbRPJKHa5FU2IbizL88T76R2WXNvT6v1qyKNEtpD++gQuegc1dENaiAPUTREz+gVvVlP1ov1bn1MWxesYqaC/sD6/AG/K5O4</latexit><latexit sha1_base64="yFU3cOxwNBiFcdvvPuAESI7jTic=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwYk1E/LhIwYvHCsYW2hg220m7dDcJuxuhhPpXvHhQ8eof8ea/cdvmoK0PBh7vzTAzL0w5U9pxvq2FxaXlldXSWnl9Y3Nr297ZvVdJJil4NOGJbIVEAWcxeJppDq1UAhEhh2Y4uB77zUeQiiXxnR6m4AvSi1nEKNFGCuyKCOBYBLqjmMCu85AfnY0Cu+rUnAnwPHELUkUFGoH91ekmNBMQa8qJUm3XSbWfE6kZ5TAqdzIFKaED0oO2oTERoPx8cvwIHxili6NEmoo1nqi/J3IilBqK0HQKovtq1huL/3ntTEcXfs7iNNMQ0+miKONYJ3icBO4yCVTzoSGESmZuxbRPJKHa5FU2IbizL88T76R2WXNvT6v1qyKNEtpD++gQuegc1dENaiAPUTREz+gVvVlP1ov1bn1MWxesYqaC/sD6/AG/K5O4</latexit>

, �m2
⌫ ⇠ 10�3eV2

<latexit sha1_base64="Sr/eamLeu+Zdyik15LLvj3ueUzM=">AAACFHicbVA9SwNBEN3z2/h1ammzGAQLDXdRUBsJaGGp4JlALoa9zVyyZHfv3N0TwnF/wsa/YmOhYmth579xE1P49WDg8d4MM/OilDNtPO/DmZicmp6ZnZsvLSwuLa+4q2tXOskUhYAmPFGNiGjgTEJgmOHQSBUQEXGoR/2ToV+/BaVZIi/NIIWWIF3JYkaJsVLb3dkJbzLSCU+BG4LFdbWdhzIrQs0E9r3rfHevyEMlMFwV1nPLXsUbAf8l/piU0Rjnbfc97CQ0EyAN5UTrpu+lppUTZRjlUJTCTENKaJ90oWmpJAJ0Kx99VeAtq3RwnChb0uCR+n0iJ0LrgYhspyCmp397Q/E/r5mZ+LCVM5lmBiT9WhRnHJsEDyPCHaaAGj6whFDF7K2Y9ogi1NggSzYE//fLf0lQrRxV/Iv9cu14nMYc2kCbaBv56ADV0Bk6RwGi6A49oCf07Nw7j86L8/rVOuGMZ9bRDzhvn1Bxndk=</latexit><latexit sha1_base64="Sr/eamLeu+Zdyik15LLvj3ueUzM=">AAACFHicbVA9SwNBEN3z2/h1ammzGAQLDXdRUBsJaGGp4JlALoa9zVyyZHfv3N0TwnF/wsa/YmOhYmth579xE1P49WDg8d4MM/OilDNtPO/DmZicmp6ZnZsvLSwuLa+4q2tXOskUhYAmPFGNiGjgTEJgmOHQSBUQEXGoR/2ToV+/BaVZIi/NIIWWIF3JYkaJsVLb3dkJbzLSCU+BG4LFdbWdhzIrQs0E9r3rfHevyEMlMFwV1nPLXsUbAf8l/piU0Rjnbfc97CQ0EyAN5UTrpu+lppUTZRjlUJTCTENKaJ90oWmpJAJ0Kx99VeAtq3RwnChb0uCR+n0iJ0LrgYhspyCmp397Q/E/r5mZ+LCVM5lmBiT9WhRnHJsEDyPCHaaAGj6whFDF7K2Y9ogi1NggSzYE//fLf0lQrRxV/Iv9cu14nMYc2kCbaBv56ADV0Bk6RwGi6A49oCf07Nw7j86L8/rVOuGMZ9bRDzhvn1Bxndk=</latexit><latexit sha1_base64="Sr/eamLeu+Zdyik15LLvj3ueUzM=">AAACFHicbVA9SwNBEN3z2/h1ammzGAQLDXdRUBsJaGGp4JlALoa9zVyyZHfv3N0TwnF/wsa/YmOhYmth579xE1P49WDg8d4MM/OilDNtPO/DmZicmp6ZnZsvLSwuLa+4q2tXOskUhYAmPFGNiGjgTEJgmOHQSBUQEXGoR/2ToV+/BaVZIi/NIIWWIF3JYkaJsVLb3dkJbzLSCU+BG4LFdbWdhzIrQs0E9r3rfHevyEMlMFwV1nPLXsUbAf8l/piU0Rjnbfc97CQ0EyAN5UTrpu+lppUTZRjlUJTCTENKaJ90oWmpJAJ0Kx99VeAtq3RwnChb0uCR+n0iJ0LrgYhspyCmp397Q/E/r5mZ+LCVM5lmBiT9WhRnHJsEDyPCHaaAGj6whFDF7K2Y9ogi1NggSzYE//fLf0lQrRxV/Iv9cu14nMYc2kCbaBv56ADV0Bk6RwGi6A49oCf07Nw7j86L8/rVOuGMZ9bRDzhvn1Bxndk=</latexit><latexit sha1_base64="Sr/eamLeu+Zdyik15LLvj3ueUzM=">AAACFHicbVA9SwNBEN3z2/h1ammzGAQLDXdRUBsJaGGp4JlALoa9zVyyZHfv3N0TwnF/wsa/YmOhYmth579xE1P49WDg8d4MM/OilDNtPO/DmZicmp6ZnZsvLSwuLa+4q2tXOskUhYAmPFGNiGjgTEJgmOHQSBUQEXGoR/2ToV+/BaVZIi/NIIWWIF3JYkaJsVLb3dkJbzLSCU+BG4LFdbWdhzIrQs0E9r3rfHevyEMlMFwV1nPLXsUbAf8l/piU0Rjnbfc97CQ0EyAN5UTrpu+lppUTZRjlUJTCTENKaJ90oWmpJAJ0Kx99VeAtq3RwnChb0uCR+n0iJ0LrgYhspyCmp397Q/E/r5mZ+LCVM5lmBiT9WhRnHJsEDyPCHaaAGj6whFDF7K2Y9ogi1NggSzYE//fLf0lQrRxV/Iv9cu14nMYc2kCbaBv56ADV0Bk6RwGi6A49oCf07Nw7j86L8/rVOuGMZ9bRDzhvn1Bxndk=</latexit>



Gravity and Big Bang

• Quantum mechanical description of gravity?

• Origin of Planck mass & Cosmological constant?

Ltot =
1

16⇡G
R� ⇤+ LSM

<latexit sha1_base64="kKaDPl6FmQnc4ocDACZuo3gmmHE="></latexit><latexit sha1_base64="kKaDPl6FmQnc4ocDACZuo3gmmHE="></latexit><latexit sha1_base64="kKaDPl6FmQnc4ocDACZuo3gmmHE="></latexit><latexit sha1_base64="kKaDPl6FmQnc4ocDACZuo3gmmHE="></latexit>

Z
dg d SM ei

R
d4x

p
�gLtot ,

<latexit sha1_base64="wzhf6EOhudTPM7IKb0VwdF2paiU="></latexit><latexit sha1_base64="wzhf6EOhudTPM7IKb0VwdF2paiU="></latexit><latexit sha1_base64="wzhf6EOhudTPM7IKb0VwdF2paiU="></latexit><latexit sha1_base64="wzhf6EOhudTPM7IKb0VwdF2paiU="></latexit>

Path integral for gravity:

⇤ = 10�122M4
P ⌧ M4

P .
<latexit sha1_base64="Z5J83DfGLz6AFGqq55QALN5Al70=">AAACCHicbVDLSsNAFJ34rPUVdelmsAhuDEkpqAul4MaFQgVjC00aJpNJO3TyYGYilNCtG3/FjQsVt36CO//GaZqFth4YOJxzLnfu8VNGhTTNb21hcWl5ZbWyVl3f2Nza1nd270WScUxsnLCEd3wkCKMxsSWVjHRSTlDkM9L2h5cTv/1AuKBJfCdHKXEj1I9pSDGSSvJ06FyrcIDOLbOXH1v1+vim1/BaDmOwIIan10zDLADniVWSGijR8vQvJ0hwFpFYYoaE6FpmKt0ccUkxI+OqkwmSIjxEfdJVNEYREW5eXDKGh0oJYJhw9WIJC/X3RI4iIUaRr5IRkgMx603E/7xuJsNTN6dxmkkS4+miMGNQJnBSCwwoJ1iykSIIc6r+CvEAcYSlKq+qSrBmT54ndt04M6zbRq15UbZRAfvgABwBC5yAJrgCLWADDB7BM3gFb9qT9qK9ax/T6IJWzuyBP9A+fwA55Zes</latexit><latexit sha1_base64="Z5J83DfGLz6AFGqq55QALN5Al70=">AAACCHicbVDLSsNAFJ34rPUVdelmsAhuDEkpqAul4MaFQgVjC00aJpNJO3TyYGYilNCtG3/FjQsVt36CO//GaZqFth4YOJxzLnfu8VNGhTTNb21hcWl5ZbWyVl3f2Nza1nd270WScUxsnLCEd3wkCKMxsSWVjHRSTlDkM9L2h5cTv/1AuKBJfCdHKXEj1I9pSDGSSvJ06FyrcIDOLbOXH1v1+vim1/BaDmOwIIan10zDLADniVWSGijR8vQvJ0hwFpFYYoaE6FpmKt0ccUkxI+OqkwmSIjxEfdJVNEYREW5eXDKGh0oJYJhw9WIJC/X3RI4iIUaRr5IRkgMx603E/7xuJsNTN6dxmkkS4+miMGNQJnBSCwwoJ1iykSIIc6r+CvEAcYSlKq+qSrBmT54ndt04M6zbRq15UbZRAfvgABwBC5yAJrgCLWADDB7BM3gFb9qT9qK9ax/T6IJWzuyBP9A+fwA55Zes</latexit><latexit sha1_base64="Z5J83DfGLz6AFGqq55QALN5Al70=">AAACCHicbVDLSsNAFJ34rPUVdelmsAhuDEkpqAul4MaFQgVjC00aJpNJO3TyYGYilNCtG3/FjQsVt36CO//GaZqFth4YOJxzLnfu8VNGhTTNb21hcWl5ZbWyVl3f2Nza1nd270WScUxsnLCEd3wkCKMxsSWVjHRSTlDkM9L2h5cTv/1AuKBJfCdHKXEj1I9pSDGSSvJ06FyrcIDOLbOXH1v1+vim1/BaDmOwIIan10zDLADniVWSGijR8vQvJ0hwFpFYYoaE6FpmKt0ccUkxI+OqkwmSIjxEfdJVNEYREW5eXDKGh0oJYJhw9WIJC/X3RI4iIUaRr5IRkgMx603E/7xuJsNTN6dxmkkS4+miMGNQJnBSCwwoJ1iykSIIc6r+CvEAcYSlKq+qSrBmT54ndt04M6zbRq15UbZRAfvgABwBC5yAJrgCLWADDB7BM3gFb9qT9qK9ax/T6IJWzuyBP9A+fwA55Zes</latexit><latexit sha1_base64="Z5J83DfGLz6AFGqq55QALN5Al70=">AAACCHicbVDLSsNAFJ34rPUVdelmsAhuDEkpqAul4MaFQgVjC00aJpNJO3TyYGYilNCtG3/FjQsVt36CO//GaZqFth4YOJxzLnfu8VNGhTTNb21hcWl5ZbWyVl3f2Nza1nd270WScUxsnLCEd3wkCKMxsSWVjHRSTlDkM9L2h5cTv/1AuKBJfCdHKXEj1I9pSDGSSvJ06FyrcIDOLbOXH1v1+vim1/BaDmOwIIan10zDLADniVWSGijR8vQvJ0hwFpFYYoaE6FpmKt0ccUkxI+OqkwmSIjxEfdJVNEYREW5eXDKGh0oJYJhw9WIJC/X3RI4iIUaRr5IRkgMx603E/7xuJsNTN6dxmkkS4+miMGNQJnBSCwwoJ1iykSIIc6r+CvEAcYSlKq+qSrBmT54ndt04M6zbRq15UbZRAfvgABwBC5yAJrgCLWADDB7BM3gFb9qT9qK9ax/T6IJWzuyBP9A+fwA55Zes</latexit>

M2
P =

1

8⇡G
,

<latexit sha1_base64="odyt2vi1mhQOsm2HIA6edvdeTgE=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksggcpSRGsB6XgQS9CBWMLTQyb7aZdutmE3Y1QQi7+FS8eVLz6N7z5b9y2OWjrg4HHezPMzAsSRqWyrG+jtLC4tLxSXq2srW9sbpnbO/cyTgUmDo5ZLDoBkoRRThxFFSOdRBAUBYy0g+Hl2G8/EiFpzO/UKCFehPqchhQjpSXf3Lt5qPutczcUCGd2njXchMKr/Ng3q1bNmgDOE7sgVVCg5Ztfbi/GaUS4wgxJ2bWtRHkZEopiRvKKm0qSIDxEfdLVlKOISC+bPJDDQ630YBgLXVzBifp7IkORlKMo0J0RUgM5643F/7xuqsKGl1GepIpwPF0UpgyqGI7TgD0qCFZspAnCgupbIR4gnYXSmVV0CPbsy/PEqdfOavbtSbV5UaRRBvvgABwBG5yCJrgGLeAADHLwDF7Bm/FkvBjvxse0tWQUM7vgD4zPH4ZElUM=</latexit><latexit sha1_base64="odyt2vi1mhQOsm2HIA6edvdeTgE=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksggcpSRGsB6XgQS9CBWMLTQyb7aZdutmE3Y1QQi7+FS8eVLz6N7z5b9y2OWjrg4HHezPMzAsSRqWyrG+jtLC4tLxSXq2srW9sbpnbO/cyTgUmDo5ZLDoBkoRRThxFFSOdRBAUBYy0g+Hl2G8/EiFpzO/UKCFehPqchhQjpSXf3Lt5qPutczcUCGd2njXchMKr/Ng3q1bNmgDOE7sgVVCg5Ztfbi/GaUS4wgxJ2bWtRHkZEopiRvKKm0qSIDxEfdLVlKOISC+bPJDDQ630YBgLXVzBifp7IkORlKMo0J0RUgM5643F/7xuqsKGl1GepIpwPF0UpgyqGI7TgD0qCFZspAnCgupbIR4gnYXSmVV0CPbsy/PEqdfOavbtSbV5UaRRBvvgABwBG5yCJrgGLeAADHLwDF7Bm/FkvBjvxse0tWQUM7vgD4zPH4ZElUM=</latexit><latexit sha1_base64="odyt2vi1mhQOsm2HIA6edvdeTgE=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksggcpSRGsB6XgQS9CBWMLTQyb7aZdutmE3Y1QQi7+FS8eVLz6N7z5b9y2OWjrg4HHezPMzAsSRqWyrG+jtLC4tLxSXq2srW9sbpnbO/cyTgUmDo5ZLDoBkoRRThxFFSOdRBAUBYy0g+Hl2G8/EiFpzO/UKCFehPqchhQjpSXf3Lt5qPutczcUCGd2njXchMKr/Ng3q1bNmgDOE7sgVVCg5Ztfbi/GaUS4wgxJ2bWtRHkZEopiRvKKm0qSIDxEfdLVlKOISC+bPJDDQ630YBgLXVzBifp7IkORlKMo0J0RUgM5643F/7xuqsKGl1GepIpwPF0UpgyqGI7TgD0qCFZspAnCgupbIR4gnYXSmVV0CPbsy/PEqdfOavbtSbV5UaRRBvvgABwBG5yCJrgGLeAADHLwDF7Bm/FkvBjvxse0tWQUM7vgD4zPH4ZElUM=</latexit><latexit sha1_base64="odyt2vi1mhQOsm2HIA6edvdeTgE=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksggcpSRGsB6XgQS9CBWMLTQyb7aZdutmE3Y1QQi7+FS8eVLz6N7z5b9y2OWjrg4HHezPMzAsSRqWyrG+jtLC4tLxSXq2srW9sbpnbO/cyTgUmDo5ZLDoBkoRRThxFFSOdRBAUBYy0g+Hl2G8/EiFpzO/UKCFehPqchhQjpSXf3Lt5qPutczcUCGd2njXchMKr/Ng3q1bNmgDOE7sgVVCg5Ztfbi/GaUS4wgxJ2bWtRHkZEopiRvKKm0qSIDxEfdLVlKOISC+bPJDDQ630YBgLXVzBifp7IkORlKMo0J0RUgM5643F/7xuqsKGl1GepIpwPF0UpgyqGI7TgD0qCFZspAnCgupbIR4gnYXSmVV0CPbsy/PEqdfOavbtSbV5UaRRBvvgABwBG5yCJrgGLeAADHLwDF7Bm/FkvBjvxse0tWQUM7vgD4zPH4ZElUM=</latexit>

• Origin of initial conditions for Big Bang?



Dark matter and energy

• Observed Universe is composed of 5% atoms 
and 95% of dark matter and dark energy.

• Origin of dark matter and dark energy?



Cosmic inflation
• Early varying vacuum energy with “inflaton” makes the 

expansion possible at all and sets the initial conditions.

ds2 = �dt2 + e2Htd~x2

• Slow-roll inflation is constrained by CMB anisotropies.
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Causally connected 
at recombination

How uniform CMB 1 in 104 ? 
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Number of efoldings:
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Inflation as EFT

• Effective field theory for inflation must 
work in a well-defined energy window.
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• What controls UV physics (or keeps unitarity) for 
entire range of inflaton fields?
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•  Bottom-up approach:  Higgs boson as inflaton.

Higgs inflation
[Bezrukov, Shaposhnikov (2007)]
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Adding a non-minimal coupling makes inflation work!

“Large non-minimal coupling”

“Perfect for Planck data”
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Higgs inflation



Higgs inflation as EFT
• Higgs self-interactions
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• Effective field theory breaks down too early.
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Beyond Higgs inflation

[Giudice, HML (2010)]�
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Higgs moves together with sigma field in hyperboloid!
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“Induced gravity”

Higgs inflation just as EFT:

2) Higgs inflation-like.

3) Sigma field is very heavy.
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[Zee, Smolin (1979)]Planck mass is induced by loops:

1) SO(4)=>SO(1,5)/SO(5)



 Scalars dual to Starobinsky

[Y. Ema (2017); Gorbunov, Tokareva (2018)]

• Starobinsky R2 model is dual to a scalar-tensor theory.
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• Starobinsky model as a UV completion?
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“belongs to sigma-field models”
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Hubbard-Stratonovich transf.



General sigma inflation

[HML (2018)]

Generalize sigma models with linear non-minimal coupling.

Stable gravity:

Unitarity:
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Large sigma-graviton mixing:

1) Sigma interactions are suppressed. 
 2) Sigma mass parameters can be 

arbitrarily small.

= ⌦
<latexit sha1_base64="LlogYgI31Of24r0X8xPNlEWFwyQ=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0naYtuDUvDizQrGFtpQNttJu3Q3CbsboYT+CC8eVLz6f7z5b9y0FVT0wcDjvRlm5vkxZ0rb9oeVW1ldW9/Ibxa2tnd294r7B3cqSiQFl0Y8kl2fKOAsBFczzaEbSyDC59DxJ5eZ37kHqVgU3uppDJ4go5AFjBJtpM55/1rAiAyKJbtsO9VGzcaG2NVKtZ4Rp9I8q2HHKBlKaIn2oPjeH0Y0ERBqyolSPceOtZcSqRnlMCv0EwUxoRMygp6hIRGgvHR+7gyfGGWIg0iaCjWeq98nUiKUmgrfdAqix+q3l4l/eb1EBw0vZWGcaAjpYlGQcKwjnP2Oh0wC1XxqCKGSmVsxHRNJqDYJFUwIX5/i/4lbKTfLzk2t1LpYppFHR+gYnSIH1VELXaE2chFFE/SAntCzFVuP1ov1umjNWcuZQ/QD1tsnmTuPRw==</latexit><latexit sha1_base64="LlogYgI31Of24r0X8xPNlEWFwyQ=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0naYtuDUvDizQrGFtpQNttJu3Q3CbsboYT+CC8eVLz6f7z5b9y0FVT0wcDjvRlm5vkxZ0rb9oeVW1ldW9/Ibxa2tnd294r7B3cqSiQFl0Y8kl2fKOAsBFczzaEbSyDC59DxJ5eZ37kHqVgU3uppDJ4go5AFjBJtpM55/1rAiAyKJbtsO9VGzcaG2NVKtZ4Rp9I8q2HHKBlKaIn2oPjeH0Y0ERBqyolSPceOtZcSqRnlMCv0EwUxoRMygp6hIRGgvHR+7gyfGGWIg0iaCjWeq98nUiKUmgrfdAqix+q3l4l/eb1EBw0vZWGcaAjpYlGQcKwjnP2Oh0wC1XxqCKGSmVsxHRNJqDYJFUwIX5/i/4lbKTfLzk2t1LpYppFHR+gYnSIH1VELXaE2chFFE/SAntCzFVuP1ov1umjNWcuZQ/QD1tsnmTuPRw==</latexit><latexit sha1_base64="LlogYgI31Of24r0X8xPNlEWFwyQ=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0naYtuDUvDizQrGFtpQNttJu3Q3CbsboYT+CC8eVLz6f7z5b9y0FVT0wcDjvRlm5vkxZ0rb9oeVW1ldW9/Ibxa2tnd294r7B3cqSiQFl0Y8kl2fKOAsBFczzaEbSyDC59DxJ5eZ37kHqVgU3uppDJ4go5AFjBJtpM55/1rAiAyKJbtsO9VGzcaG2NVKtZ4Rp9I8q2HHKBlKaIn2oPjeH0Y0ERBqyolSPceOtZcSqRnlMCv0EwUxoRMygp6hIRGgvHR+7gyfGGWIg0iaCjWeq98nUiKUmgrfdAqix+q3l4l/eb1EBw0vZWGcaAjpYlGQcKwjnP2Oh0wC1XxqCKGSmVsxHRNJqDYJFUwIX5/i/4lbKTfLzk2t1LpYppFHR+gYnSIH1VELXaE2chFFE/SAntCzFVuP1ov1umjNWcuZQ/QD1tsnmTuPRw==</latexit><latexit sha1_base64="LlogYgI31Of24r0X8xPNlEWFwyQ=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0naYtuDUvDizQrGFtpQNttJu3Q3CbsboYT+CC8eVLz6f7z5b9y0FVT0wcDjvRlm5vkxZ0rb9oeVW1ldW9/Ibxa2tnd294r7B3cqSiQFl0Y8kl2fKOAsBFczzaEbSyDC59DxJ5eZ37kHqVgU3uppDJ4go5AFjBJtpM55/1rAiAyKJbtsO9VGzcaG2NVKtZ4Rp9I8q2HHKBlKaIn2oPjeH0Y0ERBqyolSPceOtZcSqRnlMCv0EwUxoRMygp6hIRGgvHR+7gyfGGWIg0iaCjWeq98nUiKUmgrfdAqix+q3l4l/eb1EBw0vZWGcaAjpYlGQcKwjnP2Oh0wC1XxqCKGSmVsxHRNJqDYJFUwIX5/i/4lbKTfLzk2t1LpYppFHR+gYnSIH1VELXaE2chFFE/SAntCzFVuP1ov1umjNWcuZQ/QD1tsnmTuPRw==</latexit>

�

|~�|

~arbitrary

LJ =
p
�g


� 1

2
(1 + ⇠1� + ⇠0�

2)R+
1

2
(@µ�)

2 +
1

2
m2

��
2 � �(�2 � ~�2)2

�

<latexit sha1_base64="ToCY6DNhOwWTOZr3pO2rlEwOdrA="></latexit><latexit sha1_base64="ToCY6DNhOwWTOZr3pO2rlEwOdrA="></latexit><latexit sha1_base64="ToCY6DNhOwWTOZr3pO2rlEwOdrA="></latexit><latexit sha1_base64="ToCY6DNhOwWTOZr3pO2rlEwOdrA="></latexit>

LJ � �1

2
⇠1��R = �1

2
⇠1�⇤h+ · · ·

<latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit><latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit><latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit><latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit>

LE � 3

4

⌦02

⌦2
(@µ�)

2 =
3

4
⇠21(@µ�)

2 + · · ·
<latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit><latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit><latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit><latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit>



Effective inflaton potential

Higgs-sigma mixed or pure sigma inflation. 

assumed.

Unstable Higgs vacuum 

⇡<latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit><latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit><latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit><latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit>

Two field dynamics for inflation:

� � 1 :
<latexit sha1_base64="YZewTFQRUR2tnB3QLvcDBFLIB4c=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE8OMgBS8eKxhbbELZbDfp0t1N2N0IJfRfePGg4tWf481/47bNQasPBh7vzTAzL8o408Z1v5zK0vLK6lp1vbaxubW9U9/du9dprgj1ScpT1Y2wppxJ6htmOO1mimIRcdqJRtdTv/NIlWapvDPjjIYCJ5LFjGBjpYeADFmQJMi77NcbbtOdAf0lXkkaUKLdr38Gg5TkgkpDONa657mZCQusDCOcTmpBrmmGyQgntGepxILqsJhdPEFHVhmgOFW2pEEz9edEgYXWYxHZToHNUC96U/E/r5eb+DwsmMxyQyWZL4pzjkyKpu+jAVOUGD62BBPF7K2IDLHCxNiQajYEb/Hlv8Q/aV40vdvTRuuqTKMKB3AIx+DBGbTgBtrgAwEJT/ACr452np03533eWnHKmX34BefjG+yQj/M=</latexit><latexit sha1_base64="YZewTFQRUR2tnB3QLvcDBFLIB4c=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE8OMgBS8eKxhbbELZbDfp0t1N2N0IJfRfePGg4tWf481/47bNQasPBh7vzTAzL8o408Z1v5zK0vLK6lp1vbaxubW9U9/du9dprgj1ScpT1Y2wppxJ6htmOO1mimIRcdqJRtdTv/NIlWapvDPjjIYCJ5LFjGBjpYeADFmQJMi77NcbbtOdAf0lXkkaUKLdr38Gg5TkgkpDONa657mZCQusDCOcTmpBrmmGyQgntGepxILqsJhdPEFHVhmgOFW2pEEz9edEgYXWYxHZToHNUC96U/E/r5eb+DwsmMxyQyWZL4pzjkyKpu+jAVOUGD62BBPF7K2IDLHCxNiQajYEb/Hlv8Q/aV40vdvTRuuqTKMKB3AIx+DBGbTgBtrgAwEJT/ACr452np03533eWnHKmX34BefjG+yQj/M=</latexit><latexit sha1_base64="YZewTFQRUR2tnB3QLvcDBFLIB4c=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE8OMgBS8eKxhbbELZbDfp0t1N2N0IJfRfePGg4tWf481/47bNQasPBh7vzTAzL8o408Z1v5zK0vLK6lp1vbaxubW9U9/du9dprgj1ScpT1Y2wppxJ6htmOO1mimIRcdqJRtdTv/NIlWapvDPjjIYCJ5LFjGBjpYeADFmQJMi77NcbbtOdAf0lXkkaUKLdr38Gg5TkgkpDONa657mZCQusDCOcTmpBrmmGyQgntGepxILqsJhdPEFHVhmgOFW2pEEz9edEgYXWYxHZToHNUC96U/E/r5eb+DwsmMxyQyWZL4pzjkyKpu+jAVOUGD62BBPF7K2IDLHCxNiQajYEb/Hlv8Q/aV40vdvTRuuqTKMKB3AIx+DBGbTgBtrgAwEJT/ACr452np03533eWnHKmX34BefjG+yQj/M=</latexit><latexit sha1_base64="YZewTFQRUR2tnB3QLvcDBFLIB4c=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE8OMgBS8eKxhbbELZbDfp0t1N2N0IJfRfePGg4tWf481/47bNQasPBh7vzTAzL8o408Z1v5zK0vLK6lp1vbaxubW9U9/du9dprgj1ScpT1Y2wppxJ6htmOO1mimIRcdqJRtdTv/NIlWapvDPjjIYCJ5LFjGBjpYeADFmQJMi77NcbbtOdAf0lXkkaUKLdr38Gg5TkgkpDONa657mZCQusDCOcTmpBrmmGyQgntGepxILqsJhdPEFHVhmgOFW2pEEz9edEgYXWYxHZToHNUC96U/E/r5eb+DwsmMxyQyWZL4pzjkyKpu+jAVOUGD62BBPF7K2IDLHCxNiQajYEb/Hlv8Q/aV40vdvTRuuqTKMKB3AIx+DBGbTgBtrgAwEJT/ACr452np03533eWnHKmX34BefjG+yQj/M=</latexit>

“vacua with stabilized field ratio”

Inflaton = radial component:

{
<latexit sha1_base64="KgrMITu/TfHzK9+lSxLwLUqxUFQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxirGFNpTNdtMu3WzC7kQoof/AiwcVr/4kb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3Uz91hPXRiTqAccpD2I6UCISjKKV7rt5r1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmlE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZvk36QnOGcmwJZVrYWwkbUk0Z2nAqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBQQTP8Apvzsh5cd6dj3lrySlmDuEPnM8fCFaNNQ==</latexit><latexit sha1_base64="KgrMITu/TfHzK9+lSxLwLUqxUFQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxirGFNpTNdtMu3WzC7kQoof/AiwcVr/4kb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3Uz91hPXRiTqAccpD2I6UCISjKKV7rt5r1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmlE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZvk36QnOGcmwJZVrYWwkbUk0Z2nAqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBQQTP8Apvzsh5cd6dj3lrySlmDuEPnM8fCFaNNQ==</latexit><latexit sha1_base64="KgrMITu/TfHzK9+lSxLwLUqxUFQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxirGFNpTNdtMu3WzC7kQoof/AiwcVr/4kb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3Uz91hPXRiTqAccpD2I6UCISjKKV7rt5r1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmlE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZvk36QnOGcmwJZVrYWwkbUk0Z2nAqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBQQTP8Apvzsh5cd6dj3lrySlmDuEPnM8fCFaNNQ==</latexit><latexit sha1_base64="KgrMITu/TfHzK9+lSxLwLUqxUFQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxirGFNpTNdtMu3WzC7kQoof/AiwcVr/4kb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3Uz91hPXRiTqAccpD2I6UCISjKKV7rt5r1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmlE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZvk36QnOGcmwJZVrYWwkbUk0Z2nAqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBQQTP8Apvzsh5cd6dj3lrySlmDuEPnM8fCFaNNQ==</latexit>
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<latexit sha1_base64="cz7qeTRqqExJcl2LESKBVApvSZ4=">AAACInicbZDLSsNAFIYnXmu9VV26GSyCq5IUwctCCm50V8FeoClhMp22Q2eSOHMilrTv4sZXcePC20rwYZykXWjrgYGf/zuHM+f3I8E12PaXtbC4tLyymlvLr29sbm0XdnbrOowVZTUailA1faKZ4AGrAQfBmpFiRPqCNfzBZcob90xpHga3MIxYW5JewLucEjCWVziXngskdjWX2NV3ChL3gXtlXPeux26vhw2mfZ7iCR25DMgow16haJfsrPC8cKaiiKZV9QofbieksWQBUEG0bjl2BO2EKOBUsHHejTWLCB2QHmsZGRDJdDvJbhzjQ+N0cDdU5gWAM/f3REKk1kPpm05JoK9nWWr+x1oxdE/bCQ+iGFhAJ4u6scAQ4jQw3OGKURBDIwhV3PwV0z5RhIKJNW9CcGZPnhe1cums5NwcFysX0zRyaB8doCPkoBNUQVeoimqIokf0jF7Rm/VkvVjv1uekdcGazuyhP2V9/wCfwqUV</latexit><latexit sha1_base64="cz7qeTRqqExJcl2LESKBVApvSZ4=">AAACInicbZDLSsNAFIYnXmu9VV26GSyCq5IUwctCCm50V8FeoClhMp22Q2eSOHMilrTv4sZXcePC20rwYZykXWjrgYGf/zuHM+f3I8E12PaXtbC4tLyymlvLr29sbm0XdnbrOowVZTUailA1faKZ4AGrAQfBmpFiRPqCNfzBZcob90xpHga3MIxYW5JewLucEjCWVziXngskdjWX2NV3ChL3gXtlXPeux26vhw2mfZ7iCR25DMgow16haJfsrPC8cKaiiKZV9QofbieksWQBUEG0bjl2BO2EKOBUsHHejTWLCB2QHmsZGRDJdDvJbhzjQ+N0cDdU5gWAM/f3REKk1kPpm05JoK9nWWr+x1oxdE/bCQ+iGFhAJ4u6scAQ4jQw3OGKURBDIwhV3PwV0z5RhIKJNW9CcGZPnhe1cums5NwcFysX0zRyaB8doCPkoBNUQVeoimqIokf0jF7Rm/VkvVjv1uekdcGazuyhP2V9/wCfwqUV</latexit><latexit sha1_base64="cz7qeTRqqExJcl2LESKBVApvSZ4=">AAACInicbZDLSsNAFIYnXmu9VV26GSyCq5IUwctCCm50V8FeoClhMp22Q2eSOHMilrTv4sZXcePC20rwYZykXWjrgYGf/zuHM+f3I8E12PaXtbC4tLyymlvLr29sbm0XdnbrOowVZTUailA1faKZ4AGrAQfBmpFiRPqCNfzBZcob90xpHga3MIxYW5JewLucEjCWVziXngskdjWX2NV3ChL3gXtlXPeux26vhw2mfZ7iCR25DMgow16haJfsrPC8cKaiiKZV9QofbieksWQBUEG0bjl2BO2EKOBUsHHejTWLCB2QHmsZGRDJdDvJbhzjQ+N0cDdU5gWAM/f3REKk1kPpm05JoK9nWWr+x1oxdE/bCQ+iGFhAJ4u6scAQ4jQw3OGKURBDIwhV3PwV0z5RhIKJNW9CcGZPnhe1cums5NwcFysX0zRyaB8doCPkoBNUQVeoimqIokf0jF7Rm/VkvVjv1uekdcGazuyhP2V9/wCfwqUV</latexit><latexit sha1_base64="cz7qeTRqqExJcl2LESKBVApvSZ4=">AAACInicbZDLSsNAFIYnXmu9VV26GSyCq5IUwctCCm50V8FeoClhMp22Q2eSOHMilrTv4sZXcePC20rwYZykXWjrgYGf/zuHM+f3I8E12PaXtbC4tLyymlvLr29sbm0XdnbrOowVZTUailA1faKZ4AGrAQfBmpFiRPqCNfzBZcob90xpHga3MIxYW5JewLucEjCWVziXngskdjWX2NV3ChL3gXtlXPeux26vhw2mfZ7iCR25DMgow16haJfsrPC8cKaiiKZV9QofbieksWQBUEG0bjl2BO2EKOBUsHHejTWLCB2QHmsZGRDJdDvJbhzjQ+N0cDdU5gWAM/f3REKk1kPpm05JoK9nWWr+x1oxdE/bCQ+iGFhAJ4u6scAQ4jQw3OGKURBDIwhV3PwV0z5RhIKJNW9CcGZPnhe1cums5NwcFysX0zRyaB8doCPkoBNUQVeoimqIokf0jF7Rm/VkvVjv1uekdcGazuyhP2V9/wCfwqUV</latexit>



Tensor-to-scalar ratio testable at future CMB experiments.

The higher unitarity scale, the more deviation up to r=0.01. 

Higgs inflation★

Tensor mode scales up!



 Inflaton dark matter
Approximate Z2  Sigma inflaton = dark matter

Z2 symmetric in particle physics:

Inflaton decays only by the trace of EM tensor:
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Z2 broken in gravity:
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<latexit sha1_base64="RfwKFzaasJBe9YCBqQf1m1AiBDY="></latexit><latexit sha1_base64="RfwKFzaasJBe9YCBqQf1m1AiBDY="></latexit><latexit sha1_base64="RfwKFzaasJBe9YCBqQf1m1AiBDY="></latexit><latexit sha1_base64="RfwKFzaasJBe9YCBqQf1m1AiBDY="></latexit>
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<latexit sha1_base64="FNybfYcsTEWcLf7pZ5VwvJm0bJ4="></latexit><latexit sha1_base64="FNybfYcsTEWcLf7pZ5VwvJm0bJ4="></latexit><latexit sha1_base64="FNybfYcsTEWcLf7pZ5VwvJm0bJ4="></latexit><latexit sha1_base64="FNybfYcsTEWcLf7pZ5VwvJm0bJ4="></latexit>

massless particles:

[Ibarra et al (2016);
Choi, Kang, HML, Yamashita (2019)]



[Ibarra et al (2016, 2017); Choi, Kang, HML, Yamashita (2019)]

Inflaton can live longer than age of Universe for m� . 2m⇡ = 270MeV.
<latexit sha1_base64="MFlKbKSfvGO5qhw0ORoCskuVaI4=">AAACDXicbVC7SgNBFJ2NrxhfUUubwRCwkLBZlMRCCdjYCBHMA7LLMju5SYbM7C4zs0JY8gU2/oqNhYqtvZ1/4+RRaOKBC2fOuZe59wQxZ0rb9reVWVldW9/Ibua2tnd29/L7B00VJZJCg0Y8ku2AKOAshIZmmkM7lkBEwKEVDK8nfusBpGJReK9HMXiC9EPWY5RoI/n5ovBdOmAuB6UUE9gx75hdOhXbPU1dKfAtNMclP1+wS3b1vOo42JApcHmRFNAcdT//5XYjmggINeVEqU7ZjrWXEqkZ5TDOuYmCmNAh6UPH0JAIUF46PWeMi0bp4l4kTYUaT9XfEykRSo1EYDoF0QO16E3E/7xOontVL2VhnGgI6eyjXsKxjvAkG9xlEqjmI0MIlczsiumASEK1STBnQlg6eZk0nNJFqXx3VqhdzdPIoiN0jE5QGVVQDd2gOmogih7RM3pFb9aT9WK9Wx+z1ow1nzlEf2B9/gD7gpr5</latexit><latexit sha1_base64="MFlKbKSfvGO5qhw0ORoCskuVaI4=">AAACDXicbVC7SgNBFJ2NrxhfUUubwRCwkLBZlMRCCdjYCBHMA7LLMju5SYbM7C4zs0JY8gU2/oqNhYqtvZ1/4+RRaOKBC2fOuZe59wQxZ0rb9reVWVldW9/Ibua2tnd29/L7B00VJZJCg0Y8ku2AKOAshIZmmkM7lkBEwKEVDK8nfusBpGJReK9HMXiC9EPWY5RoI/n5ovBdOmAuB6UUE9gx75hdOhXbPU1dKfAtNMclP1+wS3b1vOo42JApcHmRFNAcdT//5XYjmggINeVEqU7ZjrWXEqkZ5TDOuYmCmNAh6UPH0JAIUF46PWeMi0bp4l4kTYUaT9XfEykRSo1EYDoF0QO16E3E/7xOontVL2VhnGgI6eyjXsKxjvAkG9xlEqjmI0MIlczsiumASEK1STBnQlg6eZk0nNJFqXx3VqhdzdPIoiN0jE5QGVVQDd2gOmogih7RM3pFb9aT9WK9Wx+z1ow1nzlEf2B9/gD7gpr5</latexit><latexit sha1_base64="MFlKbKSfvGO5qhw0ORoCskuVaI4=">AAACDXicbVC7SgNBFJ2NrxhfUUubwRCwkLBZlMRCCdjYCBHMA7LLMju5SYbM7C4zs0JY8gU2/oqNhYqtvZ1/4+RRaOKBC2fOuZe59wQxZ0rb9reVWVldW9/Ibua2tnd29/L7B00VJZJCg0Y8ku2AKOAshIZmmkM7lkBEwKEVDK8nfusBpGJReK9HMXiC9EPWY5RoI/n5ovBdOmAuB6UUE9gx75hdOhXbPU1dKfAtNMclP1+wS3b1vOo42JApcHmRFNAcdT//5XYjmggINeVEqU7ZjrWXEqkZ5TDOuYmCmNAh6UPH0JAIUF46PWeMi0bp4l4kTYUaT9XfEykRSo1EYDoF0QO16E3E/7xOontVL2VhnGgI6eyjXsKxjvAkG9xlEqjmI0MIlczsiumASEK1STBnQlg6eZk0nNJFqXx3VqhdzdPIoiN0jE5QGVVQDd2gOmogih7RM3pFb9aT9WK9Wx+z1ow1nzlEf2B9/gD7gpr5</latexit><latexit sha1_base64="MFlKbKSfvGO5qhw0ORoCskuVaI4=">AAACDXicbVC7SgNBFJ2NrxhfUUubwRCwkLBZlMRCCdjYCBHMA7LLMju5SYbM7C4zs0JY8gU2/oqNhYqtvZ1/4+RRaOKBC2fOuZe59wQxZ0rb9reVWVldW9/Ibua2tnd29/L7B00VJZJCg0Y8ku2AKOAshIZmmkM7lkBEwKEVDK8nfusBpGJReK9HMXiC9EPWY5RoI/n5ovBdOmAuB6UUE9gx75hdOhXbPU1dKfAtNMclP1+wS3b1vOo42JApcHmRFNAcdT//5XYjmggINeVEqU7ZjrWXEqkZ5TDOuYmCmNAh6UPH0JAIUF46PWeMi0bp4l4kTYUaT9XfEykRSo1EYDoF0QO16E3E/7xOontVL2VhnGgI6eyjXsKxjvAkG9xlEqjmI0MIlczsiumASEK1STBnQlg6eZk0nNJFqXx3VqhdzdPIoiN0jE5QGVVQDd2gOmogih7RM3pFb9aT9WK9Wx+z1ow1nzlEf2B9/gD7gpr5</latexit>

 Long-lived inflaton

No CMB bound on inflaton for m� . 2MeV.
<latexit sha1_base64="fpVPoPnNtxUp4NBldizvJ4DEOeA=">AAACBHicbVDLSsNAFJ3UV62vqEtdDBbBhYQkKNaNFNy4ESrYBzSlTKa37dCZJMxMhBK6ceOvuHGh4taPcOffOH0stPXAhcM593LvPWHCmdKu+23llpZXVtfy64WNza3tHXt3r6biVFKo0pjHshESBZxFUNVMc2gkEogIOdTDwfXYrz+AVCyO7vUwgZYgvYh1GSXaSG37ULQD2mcBB6UUE9gPTrNACnwLtZHTtouu45bOS76PDZkAe/OkiGaotO2voBPTVECkKSdKNT030a2MSM0oh1EhSBUkhA5ID5qGRkSAamWTL0b42Cgd3I2lqUjjifp7IiNCqaEITacguq/mvbH4n9dMdbfUyliUpBoiOl3UTTnWMR5HgjtMAtV8aAihkplbMe0TSag2wRVMCAsvL5Kq71w63t1ZsXw1SyOPDtAROkEeukBldIMqqIooekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/sml8g=</latexit><latexit sha1_base64="fpVPoPnNtxUp4NBldizvJ4DEOeA=">AAACBHicbVDLSsNAFJ3UV62vqEtdDBbBhYQkKNaNFNy4ESrYBzSlTKa37dCZJMxMhBK6ceOvuHGh4taPcOffOH0stPXAhcM593LvPWHCmdKu+23llpZXVtfy64WNza3tHXt3r6biVFKo0pjHshESBZxFUNVMc2gkEogIOdTDwfXYrz+AVCyO7vUwgZYgvYh1GSXaSG37ULQD2mcBB6UUE9gPTrNACnwLtZHTtouu45bOS76PDZkAe/OkiGaotO2voBPTVECkKSdKNT030a2MSM0oh1EhSBUkhA5ID5qGRkSAamWTL0b42Cgd3I2lqUjjifp7IiNCqaEITacguq/mvbH4n9dMdbfUyliUpBoiOl3UTTnWMR5HgjtMAtV8aAihkplbMe0TSag2wRVMCAsvL5Kq71w63t1ZsXw1SyOPDtAROkEeukBldIMqqIooekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/sml8g=</latexit><latexit sha1_base64="fpVPoPnNtxUp4NBldizvJ4DEOeA=">AAACBHicbVDLSsNAFJ3UV62vqEtdDBbBhYQkKNaNFNy4ESrYBzSlTKa37dCZJMxMhBK6ceOvuHGh4taPcOffOH0stPXAhcM593LvPWHCmdKu+23llpZXVtfy64WNza3tHXt3r6biVFKo0pjHshESBZxFUNVMc2gkEogIOdTDwfXYrz+AVCyO7vUwgZYgvYh1GSXaSG37ULQD2mcBB6UUE9gPTrNACnwLtZHTtouu45bOS76PDZkAe/OkiGaotO2voBPTVECkKSdKNT030a2MSM0oh1EhSBUkhA5ID5qGRkSAamWTL0b42Cgd3I2lqUjjifp7IiNCqaEITacguq/mvbH4n9dMdbfUyliUpBoiOl3UTTnWMR5HgjtMAtV8aAihkplbMe0TSag2wRVMCAsvL5Kq71w63t1ZsXw1SyOPDtAROkEeukBldIMqqIooekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/sml8g=</latexit><latexit sha1_base64="fpVPoPnNtxUp4NBldizvJ4DEOeA=">AAACBHicbVDLSsNAFJ3UV62vqEtdDBbBhYQkKNaNFNy4ESrYBzSlTKa37dCZJMxMhBK6ceOvuHGh4taPcOffOH0stPXAhcM593LvPWHCmdKu+23llpZXVtfy64WNza3tHXt3r6biVFKo0pjHshESBZxFUNVMc2gkEogIOdTDwfXYrz+AVCyO7vUwgZYgvYh1GSXaSG37ULQD2mcBB6UUE9gPTrNACnwLtZHTtouu45bOS76PDZkAe/OkiGaotO2voBPTVECkKSdKNT030a2MSM0oh1EhSBUkhA5ID5qGRkSAamWTL0b42Cgd3I2lqUjjifp7IiNCqaEITacguq/mvbH4n9dMdbfUyliUpBoiOl3UTTnWMR5HgjtMAtV8aAihkplbMe0TSag2wRVMCAsvL5Kq71w63t1ZsXw1SyOPDtAROkEeukBldIMqqIooekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/sml8g=</latexit>



Reheating
• After inflation, the Universe is almost at zero temperature.

x

Reheating mechanism is required!



Reheating from sigma field

� . 1 :
<latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit><latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit><latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit><latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit>

�� ⌘ 4��

9⇠22
= (5.3⇥ 10�10)R�4

⇣ r

0.01

⌘

<latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit><latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit><latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit><latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit>

[Choi, Kang, HML, Yamashita (2019)]

“Quartic potential” during reheating 

VE ⇡ ��

4
�4,

<latexit sha1_base64="3XFq+QnKHgTqh8uaisjZCK6hvFw=">AAACEXicbVDNSsNAGNz4W+tf1KOXYBEUSkmkoF6kIILHCqYtNDFsNpt26SYbdjdiCXkGL76KFw8qXr15823ctDlo68DCMPMN337jJ5QIaZrf2sLi0vLKamWtur6xubWt7+x2BEs5wjZilPGeDwWmJMa2JJLiXsIxjHyKu/7osvC795gLwuJbOU6wG8FBTEKCoFSSpx93vCsHJglnD07IIcocqsIB9Bw0JHnWzJ16we6adU+vmQ1zAmOeWCWpgRJtT/9yAobSCMcSUShE3zIT6WaQS4IozqtOKnAC0QgOcF/RGEZYuNnkpNw4VEpghIyrF0tjov5OZDASYhz5ajKCcihmvUL8z+unMjxzMxInqcQxmi4KU2pIZhT9GAHhGEk6VgQiTtRfDTSEqhmpWqyqEqzZk+eJfdI4b1g3zVrromyjAvbBATgCFjgFLXAN2sAGCDyCZ/AK3rQn7UV71z6mowtamdkDf6B9/gCpIJ2j</latexit><latexit sha1_base64="3XFq+QnKHgTqh8uaisjZCK6hvFw=">AAACEXicbVDNSsNAGNz4W+tf1KOXYBEUSkmkoF6kIILHCqYtNDFsNpt26SYbdjdiCXkGL76KFw8qXr15823ctDlo68DCMPMN337jJ5QIaZrf2sLi0vLKamWtur6xubWt7+x2BEs5wjZilPGeDwWmJMa2JJLiXsIxjHyKu/7osvC795gLwuJbOU6wG8FBTEKCoFSSpx93vCsHJglnD07IIcocqsIB9Bw0JHnWzJ16we6adU+vmQ1zAmOeWCWpgRJtT/9yAobSCMcSUShE3zIT6WaQS4IozqtOKnAC0QgOcF/RGEZYuNnkpNw4VEpghIyrF0tjov5OZDASYhz5ajKCcihmvUL8z+unMjxzMxInqcQxmi4KU2pIZhT9GAHhGEk6VgQiTtRfDTSEqhmpWqyqEqzZk+eJfdI4b1g3zVrromyjAvbBATgCFjgFLXAN2sAGCDyCZ/AK3rQn7UV71z6mowtamdkDf6B9/gCpIJ2j</latexit><latexit sha1_base64="3XFq+QnKHgTqh8uaisjZCK6hvFw=">AAACEXicbVDNSsNAGNz4W+tf1KOXYBEUSkmkoF6kIILHCqYtNDFsNpt26SYbdjdiCXkGL76KFw8qXr15823ctDlo68DCMPMN337jJ5QIaZrf2sLi0vLKamWtur6xubWt7+x2BEs5wjZilPGeDwWmJMa2JJLiXsIxjHyKu/7osvC795gLwuJbOU6wG8FBTEKCoFSSpx93vCsHJglnD07IIcocqsIB9Bw0JHnWzJ16we6adU+vmQ1zAmOeWCWpgRJtT/9yAobSCMcSUShE3zIT6WaQS4IozqtOKnAC0QgOcF/RGEZYuNnkpNw4VEpghIyrF0tjov5OZDASYhz5ajKCcihmvUL8z+unMjxzMxInqcQxmi4KU2pIZhT9GAHhGEk6VgQiTtRfDTSEqhmpWqyqEqzZk+eJfdI4b1g3zVrromyjAvbBATgCFjgFLXAN2sAGCDyCZ/AK3rQn7UV71z6mowtamdkDf6B9/gCpIJ2j</latexit><latexit sha1_base64="3XFq+QnKHgTqh8uaisjZCK6hvFw=">AAACEXicbVDNSsNAGNz4W+tf1KOXYBEUSkmkoF6kIILHCqYtNDFsNpt26SYbdjdiCXkGL76KFw8qXr15823ctDlo68DCMPMN337jJ5QIaZrf2sLi0vLKamWtur6xubWt7+x2BEs5wjZilPGeDwWmJMa2JJLiXsIxjHyKu/7osvC795gLwuJbOU6wG8FBTEKCoFSSpx93vCsHJglnD07IIcocqsIB9Bw0JHnWzJ16we6adU+vmQ1zAmOeWCWpgRJtT/9yAobSCMcSUShE3zIT6WaQS4IozqtOKnAC0QgOcF/RGEZYuNnkpNw4VEpghIyrF0tjov5OZDASYhz5ajKCcihmvUL8z+unMjxzMxInqcQxmi4KU2pIZhT9GAHhGEk6VgQiTtRfDTSEqhmpWqyqEqzZk+eJfdI4b1g3zVrromyjAvbBATgCFjgFLXAN2sAGCDyCZ/AK3rQn7UV71z6mowtamdkDf6B9/gCpIJ2j</latexit>
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<latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit><latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit><latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit><latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit>

VE ⇡ ��

9⇠22
�4

<latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit><latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit><latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit><latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit>



Inflaton condensate

Particle production or decay from inflaton reheat!

Inflaton condensate:

H
2 =

⇢�c(t)

3M2
P

=
⇣ 1

2t

⌘2
,

<latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit><latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit><latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit><latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit>

⇢�c =
1

4
���

4
c(t)

<latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit><latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit><latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit><latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit>

,
<latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit>

� H.
<latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit><latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit><latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit><latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit>

1) Jacobi cosine form (“unharmonic”)

,
<latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit>

[P. Green et al, 1997; Tenkanen, 2016;
Choi, Kang, HML, Yamashita (2019)]

cf. matter-like: �c(t) = �0(t) cos(mt),
<latexit sha1_base64="wsqfBfsRTIy8F7CV8FFeYwfdBm4=">AAACBnicbZDLSsNAFIYnXmu9RV0KMliEFqQkIqgLpeDGZQVjC00Ik+mkHTq5MHMilNKdG1/FjQsVtz6DO9/GaZqFtv4w8PGfczhz/iAVXIFlfRsLi0vLK6ultfL6xubWtrmze6+STFLm0EQksh0QxQSPmQMcBGunkpEoEKwVDK4n9dYDk4on8R0MU+ZFpBfzkFMC2vLNA5f2uU+rULvMydLk0kRVIwy1Y+ybFatu5cLzYBdQQYWavvnldhOaRSwGKohSHdtKwRsRCZwKNi67mWIpoQPSYx2NMYmY8kb5HWN8pJ0uDhOpXww4d39PjEik1DAKdGdEoK9maxPzv1ong/DcG/E4zYDFdLoozASGBE9CwV0uGQUx1ECo5PqvmPaJJBR0dGUdgj178jw4J/WLun17WmlcFWmU0D46RFVkozPUQDeoiRxE0SN6Rq/ozXgyXox342PaumAUM3voj4zPHys6lx4=</latexit><latexit sha1_base64="wsqfBfsRTIy8F7CV8FFeYwfdBm4=">AAACBnicbZDLSsNAFIYnXmu9RV0KMliEFqQkIqgLpeDGZQVjC00Ik+mkHTq5MHMilNKdG1/FjQsVtz6DO9/GaZqFtv4w8PGfczhz/iAVXIFlfRsLi0vLK6ultfL6xubWtrmze6+STFLm0EQksh0QxQSPmQMcBGunkpEoEKwVDK4n9dYDk4on8R0MU+ZFpBfzkFMC2vLNA5f2uU+rULvMydLk0kRVIwy1Y+ybFatu5cLzYBdQQYWavvnldhOaRSwGKohSHdtKwRsRCZwKNi67mWIpoQPSYx2NMYmY8kb5HWN8pJ0uDhOpXww4d39PjEik1DAKdGdEoK9maxPzv1ong/DcG/E4zYDFdLoozASGBE9CwV0uGQUx1ECo5PqvmPaJJBR0dGUdgj178jw4J/WLun17WmlcFWmU0D46RFVkozPUQDeoiRxE0SN6Rq/ozXgyXox342PaumAUM3voj4zPHys6lx4=</latexit><latexit sha1_base64="wsqfBfsRTIy8F7CV8FFeYwfdBm4=">AAACBnicbZDLSsNAFIYnXmu9RV0KMliEFqQkIqgLpeDGZQVjC00Ik+mkHTq5MHMilNKdG1/FjQsVtz6DO9/GaZqFtv4w8PGfczhz/iAVXIFlfRsLi0vLK6ultfL6xubWtrmze6+STFLm0EQksh0QxQSPmQMcBGunkpEoEKwVDK4n9dYDk4on8R0MU+ZFpBfzkFMC2vLNA5f2uU+rULvMydLk0kRVIwy1Y+ybFatu5cLzYBdQQYWavvnldhOaRSwGKohSHdtKwRsRCZwKNi67mWIpoQPSYx2NMYmY8kb5HWN8pJ0uDhOpXww4d39PjEik1DAKdGdEoK9maxPzv1ong/DcG/E4zYDFdLoozASGBE9CwV0uGQUx1ECo5PqvmPaJJBR0dGUdgj178jw4J/WLun17WmlcFWmU0D46RFVkozPUQDeoiRxE0SN6Rq/ozXgyXox342PaumAUM3voj4zPHys6lx4=</latexit><latexit sha1_base64="wsqfBfsRTIy8F7CV8FFeYwfdBm4=">AAACBnicbZDLSsNAFIYnXmu9RV0KMliEFqQkIqgLpeDGZQVjC00Ik+mkHTq5MHMilNKdG1/FjQsVtz6DO9/GaZqFtv4w8PGfczhz/iAVXIFlfRsLi0vLK6ultfL6xubWtrmze6+STFLm0EQksh0QxQSPmQMcBGunkpEoEKwVDK4n9dYDk4on8R0MU+ZFpBfzkFMC2vLNA5f2uU+rULvMydLk0kRVIwy1Y+ybFatu5cLzYBdQQYWavvnldhOaRSwGKohSHdtKwRsRCZwKNi67mWIpoQPSYx2NMYmY8kb5HWN8pJ0uDhOpXww4d39PjEik1DAKdGdEoK9maxPzv1ong/DcG/E4zYDFdLoozASGBE9CwV0uGQUx1ECo5PqvmPaJJBR0dGUdgj178jw4J/WLun17WmlcFWmU0D46RFVkozPUQDeoiRxE0SN6Rq/ozXgyXox342PaumAUM3voj4zPHys6lx4=</latexit>

H =
2

3t
.

<latexit sha1_base64="bwa+8JFm7vtLuMqNhBScFeROFig=">AAAB93icbVBNS8NAEJ34WetHox69LBbBU0iqoB6UgpceKxhbaEPZbDft0s0m7G6EGvJLvHhQ8epf8ea/cftx0NYHA4/3ZpiZF6acKe2639bK6tr6xmZpq7y9s7tXsfcPHlSSSUJ9kvBEtkOsKGeC+pppTtuppDgOOW2Fo9uJ33qkUrFE3OtxSoMYDwSLGMHaSD270rjuRhKTvFbkZ7pwenbVddwp0DLx5qQKczR79le3n5AspkITjpXqeG6qgxxLzQinRbmbKZpiMsID2jFU4JiqIJ8eXqATo/RRlEhTQqOp+nsix7FS4zg0nTHWQ7XoTcT/vE6mo8sgZyLNNBVktijKONIJmqSA+kxSovnYEEwkM7ciMsQmB22yKpsQvMWXl4lfc64c7+68Wr+Zp1GCIziGU/DgAurQgCb4QCCDZ3iFN+vJerHerY9Z64o1nzmEP7A+fwB/P5KF</latexit><latexit sha1_base64="bwa+8JFm7vtLuMqNhBScFeROFig=">AAAB93icbVBNS8NAEJ34WetHox69LBbBU0iqoB6UgpceKxhbaEPZbDft0s0m7G6EGvJLvHhQ8epf8ea/cftx0NYHA4/3ZpiZF6acKe2639bK6tr6xmZpq7y9s7tXsfcPHlSSSUJ9kvBEtkOsKGeC+pppTtuppDgOOW2Fo9uJ33qkUrFE3OtxSoMYDwSLGMHaSD270rjuRhKTvFbkZ7pwenbVddwp0DLx5qQKczR79le3n5AspkITjpXqeG6qgxxLzQinRbmbKZpiMsID2jFU4JiqIJ8eXqATo/RRlEhTQqOp+nsix7FS4zg0nTHWQ7XoTcT/vE6mo8sgZyLNNBVktijKONIJmqSA+kxSovnYEEwkM7ciMsQmB22yKpsQvMWXl4lfc64c7+68Wr+Zp1GCIziGU/DgAurQgCb4QCCDZ3iFN+vJerHerY9Z64o1nzmEP7A+fwB/P5KF</latexit><latexit sha1_base64="bwa+8JFm7vtLuMqNhBScFeROFig=">AAAB93icbVBNS8NAEJ34WetHox69LBbBU0iqoB6UgpceKxhbaEPZbDft0s0m7G6EGvJLvHhQ8epf8ea/cftx0NYHA4/3ZpiZF6acKe2639bK6tr6xmZpq7y9s7tXsfcPHlSSSUJ9kvBEtkOsKGeC+pppTtuppDgOOW2Fo9uJ33qkUrFE3OtxSoMYDwSLGMHaSD270rjuRhKTvFbkZ7pwenbVddwp0DLx5qQKczR79le3n5AspkITjpXqeG6qgxxLzQinRbmbKZpiMsID2jFU4JiqIJ8eXqATo/RRlEhTQqOp+nsix7FS4zg0nTHWQ7XoTcT/vE6mo8sgZyLNNBVktijKONIJmqSA+kxSovnYEEwkM7ciMsQmB22yKpsQvMWXl4lfc64c7+68Wr+Zp1GCIziGU/DgAurQgCb4QCCDZ3iFN+vJerHerY9Z64o1nzmEP7A+fwB/P5KF</latexit><latexit sha1_base64="bwa+8JFm7vtLuMqNhBScFeROFig=">AAAB93icbVBNS8NAEJ34WetHox69LBbBU0iqoB6UgpceKxhbaEPZbDft0s0m7G6EGvJLvHhQ8epf8ea/cftx0NYHA4/3ZpiZF6acKe2639bK6tr6xmZpq7y9s7tXsfcPHlSSSUJ9kvBEtkOsKGeC+pppTtuppDgOOW2Fo9uJ33qkUrFE3OtxSoMYDwSLGMHaSD270rjuRhKTvFbkZ7pwenbVddwp0DLx5qQKczR79le3n5AspkITjpXqeG6qgxxLzQinRbmbKZpiMsID2jFU4JiqIJ8eXqATo/RRlEhTQqOp+nsix7FS4zg0nTHWQ7XoTcT/vE6mo8sgZyLNNBVktijKONIJmqSA+kxSovnYEEwkM7ciMsQmB22yKpsQvMWXl4lfc64c7+68Wr+Zp1GCIziGU/DgAurQgCb4QCCDZ3iFN+vJerHerY9Z64o1nzmEP7A+fwB/P5KF</latexit>

“Preheating” “Perturbative reheating”

cn(x)
<latexit sha1_base64="1ZfAmy3gSMTlfHaaK5cP5m3F54c=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBahXkoignqRghePFYwtpKFstpt26WY37E7EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pZXVtfaO8Wdna3tndq+4fPBiVacp8qoTSnYgYJrhkPnAQrJNqRpJIsHY0upn67UemDVfyHsYpCxMykDzmlICVgryrE0zlpP502qvW3IY7A14mXkFqqECrV/3q9hXNEiaBCmJM4LkphDnRwKlgk0o3MywldEQGLLBUkoSZMJ+dPMEnVunjWGlbEvBM/T2Rk8SYcRLZzoTA0Cx6U/E/L8ggvgxzLtMMmKTzRXEmMCg8/R/3uWYUxNgSQjW3t2I6JJpQsClVbAje4svLxD9rXDW8u/Na87pIo4yO0DGqIw9doCa6RS3kI4oUekav6M0B58V5dz7mrSWnmDlEf+B8/gAUJpCl</latexit><latexit sha1_base64="1ZfAmy3gSMTlfHaaK5cP5m3F54c=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBahXkoignqRghePFYwtpKFstpt26WY37E7EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pZXVtfaO8Wdna3tndq+4fPBiVacp8qoTSnYgYJrhkPnAQrJNqRpJIsHY0upn67UemDVfyHsYpCxMykDzmlICVgryrE0zlpP502qvW3IY7A14mXkFqqECrV/3q9hXNEiaBCmJM4LkphDnRwKlgk0o3MywldEQGLLBUkoSZMJ+dPMEnVunjWGlbEvBM/T2Rk8SYcRLZzoTA0Cx6U/E/L8ggvgxzLtMMmKTzRXEmMCg8/R/3uWYUxNgSQjW3t2I6JJpQsClVbAje4svLxD9rXDW8u/Na87pIo4yO0DGqIw9doCa6RS3kI4oUekav6M0B58V5dz7mrSWnmDlEf+B8/gAUJpCl</latexit><latexit sha1_base64="1ZfAmy3gSMTlfHaaK5cP5m3F54c=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBahXkoignqRghePFYwtpKFstpt26WY37E7EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pZXVtfaO8Wdna3tndq+4fPBiVacp8qoTSnYgYJrhkPnAQrJNqRpJIsHY0upn67UemDVfyHsYpCxMykDzmlICVgryrE0zlpP502qvW3IY7A14mXkFqqECrV/3q9hXNEiaBCmJM4LkphDnRwKlgk0o3MywldEQGLLBUkoSZMJ+dPMEnVunjWGlbEvBM/T2Rk8SYcRLZzoTA0Cx6U/E/L8ggvgxzLtMMmKTzRXEmMCg8/R/3uWYUxNgSQjW3t2I6JJpQsClVbAje4svLxD9rXDW8u/Na87pIo4yO0DGqIw9doCa6RS3kI4oUekav6M0B58V5dz7mrSWnmDlEf+B8/gAUJpCl</latexit><latexit sha1_base64="1ZfAmy3gSMTlfHaaK5cP5m3F54c=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBahXkoignqRghePFYwtpKFstpt26WY37E7EEvozvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pZXVtfaO8Wdna3tndq+4fPBiVacp8qoTSnYgYJrhkPnAQrJNqRpJIsHY0upn67UemDVfyHsYpCxMykDzmlICVgryrE0zlpP502qvW3IY7A14mXkFqqECrV/3q9hXNEiaBCmJM4LkphDnRwKlgk0o3MywldEQGLLBUkoSZMJ+dPMEnVunjWGlbEvBM/T2Rk8SYcRLZzoTA0Cx6U/E/L8ggvgxzLtMMmKTzRXEmMCg8/R/3uWYUxNgSQjW3t2I6JJpQsClVbAje4svLxD9rXDW8u/Na87pIo4yO0DGqIw9doCa6RS3kI4oUekav6M0B58V5dz7mrSWnmDlEf+B8/gAUJpCl</latexit>

2) Amplitude decreases due to expansion.

constant freq.



Preheating

 Growth of particle # with Higgs energy,

Lame equations for Higgs perturbation

[Choi, Kang, HML, Yamashita 
(2019v2, to appear)]

nk ⇠ eµkx,
<latexit sha1_base64="MTeRCju3Pep8czo8ioEdZ9Tnub8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwISURQd1IwY3LCsYWmhgm00k7ZGYSZiZiDcVfceNCxa0f4s6/cdpmoa0HLhzOuZd774kyRpV2nG9rbn5hcWm5slJdXVvf2LS3tm9VmktMPJyyVLYjpAijgniaakbamSSIR4y0ouRy5LfuiVQ0FTd6kJGAo56gMcVIGym0d0WY+IpySO4Kn+dhAh+GR6Fdc+rOGHCWuCWpgRLN0P7yuynOOREaM6RUx3UyHRRIaooZGVb9XJEM4QT1SMdQgThRQTG+fggPjNKFcSpNCQ3H6u+JAnGlBjwynRzpvpr2RuJ/XifX8VlQUJHlmgg8WRTnDOoUjqKAXSoJ1mxgCMKSmlsh7iOJsDaBVU0I7vTLs8Q7rp/X3euTWuOiTKMC9sA+OAQuOAUNcAWawAMYPIJn8ArerCfrxXq3Piatc1Y5swP+wPr8AXs7lMc=</latexit><latexit sha1_base64="MTeRCju3Pep8czo8ioEdZ9Tnub8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwISURQd1IwY3LCsYWmhgm00k7ZGYSZiZiDcVfceNCxa0f4s6/cdpmoa0HLhzOuZd774kyRpV2nG9rbn5hcWm5slJdXVvf2LS3tm9VmktMPJyyVLYjpAijgniaakbamSSIR4y0ouRy5LfuiVQ0FTd6kJGAo56gMcVIGym0d0WY+IpySO4Kn+dhAh+GR6Fdc+rOGHCWuCWpgRLN0P7yuynOOREaM6RUx3UyHRRIaooZGVb9XJEM4QT1SMdQgThRQTG+fggPjNKFcSpNCQ3H6u+JAnGlBjwynRzpvpr2RuJ/XifX8VlQUJHlmgg8WRTnDOoUjqKAXSoJ1mxgCMKSmlsh7iOJsDaBVU0I7vTLs8Q7rp/X3euTWuOiTKMC9sA+OAQuOAUNcAWawAMYPIJn8ArerCfrxXq3Piatc1Y5swP+wPr8AXs7lMc=</latexit><latexit sha1_base64="MTeRCju3Pep8czo8ioEdZ9Tnub8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwISURQd1IwY3LCsYWmhgm00k7ZGYSZiZiDcVfceNCxa0f4s6/cdpmoa0HLhzOuZd774kyRpV2nG9rbn5hcWm5slJdXVvf2LS3tm9VmktMPJyyVLYjpAijgniaakbamSSIR4y0ouRy5LfuiVQ0FTd6kJGAo56gMcVIGym0d0WY+IpySO4Kn+dhAh+GR6Fdc+rOGHCWuCWpgRLN0P7yuynOOREaM6RUx3UyHRRIaooZGVb9XJEM4QT1SMdQgThRQTG+fggPjNKFcSpNCQ3H6u+JAnGlBjwynRzpvpr2RuJ/XifX8VlQUJHlmgg8WRTnDOoUjqKAXSoJ1mxgCMKSmlsh7iOJsDaBVU0I7vTLs8Q7rp/X3euTWuOiTKMC9sA+OAQuOAUNcAWawAMYPIJn8ArerCfrxXq3Piatc1Y5swP+wPr8AXs7lMc=</latexit><latexit sha1_base64="MTeRCju3Pep8czo8ioEdZ9Tnub8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwISURQd1IwY3LCsYWmhgm00k7ZGYSZiZiDcVfceNCxa0f4s6/cdpmoa0HLhzOuZd774kyRpV2nG9rbn5hcWm5slJdXVvf2LS3tm9VmktMPJyyVLYjpAijgniaakbamSSIR4y0ouRy5LfuiVQ0FTd6kJGAo56gMcVIGym0d0WY+IpySO4Kn+dhAh+GR6Fdc+rOGHCWuCWpgRLN0P7yuynOOREaM6RUx3UyHRRIaooZGVb9XJEM4QT1SMdQgThRQTG+fggPjNKFcSpNCQ3H6u+JAnGlBjwynRzpvpr2RuJ/XifX8VlQUJHlmgg8WRTnDOoUjqKAXSoJ1mxgCMKSmlsh7iOJsDaBVU0I7vTLs8Q7rp/X3euTWuOiTKMC9sA+OAQuOAUNcAWawAMYPIJn8ArerCfrxXq3Piatc1Y5swP+wPr8AXs7lMc=</latexit>

x = (48��)
1/5

p
t.

<latexit sha1_base64="Pg3shxTR04q2qhFwml/5TL7PudY=">AAACCXicbVDLTsJAFJ3iC/FVdemmSkxwg63BiAsNiRuXmFghoZVMhwEmTB/O3BpJ07Ubf8WNCzVu/QN3/o0DdKHgSSY5Oeee3LnHiziTYJrfWm5ufmFxKb9cWFldW9/QN7duZBgLQm0S8lA0PSwpZwG1gQGnzUhQ7HucNrzBxchv3FMhWRhcwzCiro97AesygkFJbX334axUqTpcJTq47ZA+O7hNrMPj1JF3AhJIy229aJbNMYxZYmWkiDLU2/qX0wlJ7NMACMdStiwzAjfBAhjhNC04saQRJgPcoy1FA+xT6SbjU1JjXykdoxsK9QIwxurvRIJ9KYe+pyZ9DH057Y3E/7xWDN2qm7AgioEGZLKoG3MDQmPUi9FhghLgQ0UwEUz91SB9LDAB1V5BlWBNnzxL7KPyadm6qhRr51kbebSD9lAJWegE1dAlqiMbEfSIntEretOetBftXfuYjOa0LLON/kD7/AE91ZmO</latexit><latexit sha1_base64="Pg3shxTR04q2qhFwml/5TL7PudY=">AAACCXicbVDLTsJAFJ3iC/FVdemmSkxwg63BiAsNiRuXmFghoZVMhwEmTB/O3BpJ07Ubf8WNCzVu/QN3/o0DdKHgSSY5Oeee3LnHiziTYJrfWm5ufmFxKb9cWFldW9/QN7duZBgLQm0S8lA0PSwpZwG1gQGnzUhQ7HucNrzBxchv3FMhWRhcwzCiro97AesygkFJbX334axUqTpcJTq47ZA+O7hNrMPj1JF3AhJIy229aJbNMYxZYmWkiDLU2/qX0wlJ7NMACMdStiwzAjfBAhjhNC04saQRJgPcoy1FA+xT6SbjU1JjXykdoxsK9QIwxurvRIJ9KYe+pyZ9DH057Y3E/7xWDN2qm7AgioEGZLKoG3MDQmPUi9FhghLgQ0UwEUz91SB9LDAB1V5BlWBNnzxL7KPyadm6qhRr51kbebSD9lAJWegE1dAlqiMbEfSIntEretOetBftXfuYjOa0LLON/kD7/AE91ZmO</latexit><latexit sha1_base64="Pg3shxTR04q2qhFwml/5TL7PudY=">AAACCXicbVDLTsJAFJ3iC/FVdemmSkxwg63BiAsNiRuXmFghoZVMhwEmTB/O3BpJ07Ubf8WNCzVu/QN3/o0DdKHgSSY5Oeee3LnHiziTYJrfWm5ufmFxKb9cWFldW9/QN7duZBgLQm0S8lA0PSwpZwG1gQGnzUhQ7HucNrzBxchv3FMhWRhcwzCiro97AesygkFJbX334axUqTpcJTq47ZA+O7hNrMPj1JF3AhJIy229aJbNMYxZYmWkiDLU2/qX0wlJ7NMACMdStiwzAjfBAhjhNC04saQRJgPcoy1FA+xT6SbjU1JjXykdoxsK9QIwxurvRIJ9KYe+pyZ9DH057Y3E/7xWDN2qm7AgioEGZLKoG3MDQmPUi9FhghLgQ0UwEUz91SB9LDAB1V5BlWBNnzxL7KPyadm6qhRr51kbebSD9lAJWegE1dAlqiMbEfSIntEretOetBftXfuYjOa0LLON/kD7/AE91ZmO</latexit><latexit sha1_base64="Pg3shxTR04q2qhFwml/5TL7PudY=">AAACCXicbVDLTsJAFJ3iC/FVdemmSkxwg63BiAsNiRuXmFghoZVMhwEmTB/O3BpJ07Ubf8WNCzVu/QN3/o0DdKHgSSY5Oeee3LnHiziTYJrfWm5ufmFxKb9cWFldW9/QN7duZBgLQm0S8lA0PSwpZwG1gQGnzUhQ7HucNrzBxchv3FMhWRhcwzCiro97AesygkFJbX334axUqTpcJTq47ZA+O7hNrMPj1JF3AhJIy229aJbNMYxZYmWkiDLU2/qX0wlJ7NMACMdStiwzAjfBAhjhNC04saQRJgPcoy1FA+xT6SbjU1JjXykdoxsK9QIwxurvRIJ9KYe+pyZ9DH057Y3E/7xWDN2qm7AgioEGZLKoG3MDQmPUi9FhghLgQ0UwEUz91SB9LDAB1V5BlWBNnzxL7KPyadm6qhRr51kbebSD9lAJWegE1dAlqiMbEfSIntEretOetBftXfuYjOa0LLON/kD7/AE91ZmO</latexit>

k: comoving momentum.

Preheating condition:

nk =
!k

2

⇣
|Hk|2 +

|Ḣk|2

!
2
k

⌘
� 1

2
<latexit sha1_base64="/SSMobDLaiQhLb1ueQyFzJLKukw="></latexit><latexit sha1_base64="/SSMobDLaiQhLb1ueQyFzJLKukw="></latexit><latexit sha1_base64="/SSMobDLaiQhLb1ueQyFzJLKukw="></latexit><latexit sha1_base64="/SSMobDLaiQhLb1ueQyFzJLKukw="></latexit>
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cn2
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⌘
,

<latexit sha1_base64="x47vkcTHEJBMuoHdX3s7+sDzFfk="></latexit><latexit sha1_base64="x47vkcTHEJBMuoHdX3s7+sDzFfk="></latexit><latexit sha1_base64="x47vkcTHEJBMuoHdX3s7+sDzFfk="></latexit><latexit sha1_base64="x47vkcTHEJBMuoHdX3s7+sDzFfk="></latexit>

: Hk
<latexit sha1_base64="saPQ5gyec9Bwfi4owx63UvbGuNc=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6kUKXnqsaGyhDWWz3bRLN5uwOxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm6Wt8vbO7t5+5eDw0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWObqd+64lrIxL1gOOUBzEdKBEJRtFK943eqFepujV3BrJMvIJUoUCzV/nq9hOWxVwhk9SYjuemGORUo2CST8rdzPCUshEd8I6lisbcBPns1Ak5tUqfRIm2pZDM1N8TOY2NGceh7YwpDs2iNxX/8zoZRldBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06ZRuCt/jyMvHPa9c17+6iWr8p0ijBMZzAGXhwCXVoQBN8YDCAZ3iFN0c6L8678zFvXXGKmSP4A+fzB4b/jXo=</latexit><latexit sha1_base64="saPQ5gyec9Bwfi4owx63UvbGuNc=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6kUKXnqsaGyhDWWz3bRLN5uwOxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm6Wt8vbO7t5+5eDw0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWObqd+64lrIxL1gOOUBzEdKBEJRtFK943eqFepujV3BrJMvIJUoUCzV/nq9hOWxVwhk9SYjuemGORUo2CST8rdzPCUshEd8I6lisbcBPns1Ak5tUqfRIm2pZDM1N8TOY2NGceh7YwpDs2iNxX/8zoZRldBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06ZRuCt/jyMvHPa9c17+6iWr8p0ijBMZzAGXhwCXVoQBN8YDCAZ3iFN0c6L8678zFvXXGKmSP4A+fzB4b/jXo=</latexit><latexit sha1_base64="saPQ5gyec9Bwfi4owx63UvbGuNc=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6kUKXnqsaGyhDWWz3bRLN5uwOxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm6Wt8vbO7t5+5eDw0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWObqd+64lrIxL1gOOUBzEdKBEJRtFK943eqFepujV3BrJMvIJUoUCzV/nq9hOWxVwhk9SYjuemGORUo2CST8rdzPCUshEd8I6lisbcBPns1Ak5tUqfRIm2pZDM1N8TOY2NGceh7YwpDs2iNxX/8zoZRldBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06ZRuCt/jyMvHPa9c17+6iWr8p0ijBMZzAGXhwCXVoQBN8YDCAZ3iFN0c6L8678zFvXXGKmSP4A+fzB4b/jXo=</latexit><latexit sha1_base64="saPQ5gyec9Bwfi4owx63UvbGuNc=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6kUKXnqsaGyhDWWz3bRLN5uwOxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm6Wt8vbO7t5+5eDw0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWObqd+64lrIxL1gOOUBzEdKBEJRtFK943eqFepujV3BrJMvIJUoUCzV/nq9hOWxVwhk9SYjuemGORUo2CST8rdzPCUshEd8I6lisbcBPns1Ak5tUqfRIm2pZDM1N8TOY2NGceh7YwpDs2iNxX/8zoZRldBLlSaIVdsvijKJMGETP8mfaE5Qzm2hDIt7K2EDammDG06ZRuCt/jyMvHPa9c17+6iWr8p0ijBMZzAGXhwCXVoQBN8YDCAZ3iFN0c6L8678zFvXXGKmSP4A+fzB4b/jXo=</latexit>

[P. Green et al, 1997]



Preheating

Zero momentum:

Large momentum:

Broad resonance is efficient.

Narrow resonance “Redshifted away”

Inefficient preheating

High reheating!

perturbative reheating!



Dark matter from reheating
Reheating temperature:

Dark matter abundance: ��H ⇠ ��H/⇠21 . 10�7
<latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit><latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit><latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit><latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit>

out of equilibrium

Higgs decay:

Inflaton decay:

;
<latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit>

: non-thermal production

[Choi, Kang, HML, Yamashita (2019)]



DM = Dark radiation 
Dark matter relativistic at production: “Dark Radiation”

DM becomes non-relativistic if  

TNR > TBBN
<latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit><latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit><latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit><latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit>

If DM remains relativistic during BBN,

Dark radiation:
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<latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit><latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit><latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit><latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit>

before BBN



Inflaton dark matter

Blue: relic density, Purple: BBN, Orange:  TNR<Teq

DM masses in the range of 0.1 eV . m� . 100 eV.
<latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit><latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit><latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit><latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit>

[Choi, Kang, HML, Yamashita (2019)]
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Conclusions
• A general form of sigma models to unitarize Higgs 

inflation was proposed, covering various scalar-
tensor theories valid below Planck scale.

• Large linear non-minimal coupling leads to sizable 
deviation in tensor mode up to r=0.01, novel 
reheating and small inflaton masses/parameters.

• Inflation is long-lived, becoming a viable candidate for 
decaying dark matter and dark radiation.

• Inflaton has suppressed couplings to the SM through 
the trace of energy-momentum tensor and small 
Higgs-portal coupling.


