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How dark can be the DM?

In this talk I’ll try to answer the following question:

in recent times this question has often shown up in conversations

with my collaborator Michele Redi



I will assume DM is only gravitationally coupled to us*

and see how far we can progress

HELP!
<latexit sha1_base64="ZPZjBr7IdGyIhRIcCx/boy5x/6o=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5J0oS6LblxWsA9IQphMJ+3QmUmYh1BDv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeJGdUac/7diobm1vbO9Xd2t7+wWHdPTruqcxITLo4Y5kcJEgRRgXpaqoZGeSSIJ4w0k8mt3O//0ikopl40NOcRByNBE0pRtpKsVsPAziOi5CbUJhZGMVuw2t6C8B14pekAUp0YvcrHGbYcCI0ZkipwPdyHRVIaooZmdVCo0iO8ASNSGCpQJyoqFgcPoPnVhnCNJO2hIYL9fdEgbhSU57YTo70WK16c/E/LzA6vY4KKnKjicDLRalhUGdwngIcUkmwZlNLEJbU3grxGEmEtc2qZkPwV19eJ71W079s+vetRvumjKMKTsEZuAA+uAJtcAc6oAswMOAZvII358l5cd6dj2VrxSlnTsAfOJ8/nuOTEQ==</latexit>

hµ⌫



I will assume DM is only gravitationally coupled to us*

and see how far we can progress

HELP!

everything become very difficult buying this assumption

what about the abundance?

<latexit sha1_base64="ZPZjBr7IdGyIhRIcCx/boy5x/6o=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5J0oS6LblxWsA9IQphMJ+3QmUmYh1BDv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeJGdUac/7diobm1vbO9Xd2t7+wWHdPTruqcxITLo4Y5kcJEgRRgXpaqoZGeSSIJ4w0k8mt3O//0ikopl40NOcRByNBE0pRtpKsVsPAziOi5CbUJhZGMVuw2t6C8B14pekAUp0YvcrHGbYcCI0ZkipwPdyHRVIaooZmdVCo0iO8ASNSGCpQJyoqFgcPoPnVhnCNJO2hIYL9fdEgbhSU57YTo70WK16c/E/LzA6vY4KKnKjicDLRalhUGdwngIcUkmwZlNLEJbU3grxGEmEtc2qZkPwV19eJ71W079s+vetRvumjKMKTsEZuAA+uAJtcAc6oAswMOAZvII358l5cd6dj2VrxSlnTsAfOJ8/nuOTEQ==</latexit>

hµ⌫

*a bit conservative, but it is what data are telling us



A real challenge: initial production

dark sector is initially empty, we focus on the ‘jump start’ 
provided by the gravitational coupling to the SM background



A real challenge: initial production

:)SM

dark sector is initially empty, we focus on the ‘jump start’ 
provided by the gravitational coupling to the SM background



A real challenge: initial production

Sector can have dynamics after it’s produced (still secluded)

:)SM

dark sector is initially empty, we focus on the ‘jump start’ 
provided by the gravitational coupling to the SM background



A real challenge: initial production

Sector can have dynamics after it’s produced (still secluded)

:)

Focus on model independent/unavoidable sources of energy

SM

dark sector is initially empty, we focus on the ‘jump start’ 
provided by the gravitational coupling to the SM background



A real challenge: initial production

Sector can have dynamics after it’s produced (still secluded)

:)

Focus on model independent/unavoidable sources of energy

SM

dark sector is initially empty, we focus on the ‘jump start’ 
provided by the gravitational coupling to the SM background

Focus on particle DM, not discussing PBHs 
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two main sources of energy from the SM considered so far



An anticipation

two main sources of energy from the SM considered so far

The SM is a hot thermal plasma: can we get some energy from it?

<latexit sha1_base64="8TK+h5cJZK0fG14S3kowd1LF7ns=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRFqsuiGzdCxb4giWEynbZDZzJhZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfdECaNKO863tbS8srq2Xtgobm5t7+zae/stJVKJSRMLJmQnQoowGpOmppqRTiIJ4hEj7Wh4NfHbD0QqKuKGHiUk4Kgf0x7FSBsptA99z5cDEWa+5PDuZuwrymHj/swPQrvklJ0p4CJxc1ICOeqh/eV3BU45iTVmSCnPdRIdZEhqihkZF/1UkQThIeoTz9AYcaKCbPrCGJ4YpQt7QpqKNZyqvycyxJUa8ch0cqQHat6biP95Xqp7F0FG4yTVJMazRb2UQS3gJA/YpZJgzUaGICypuRXiAZIIa5Na0YTgzr+8SFqVslstV28rpdplHkcBHIFjcApccA5q4BrUQRNg8AiewSt4s56sF+vd+pi1Lln5zAH4A+vzB1WBlsA=</latexit>
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An anticipation

two main sources of energy from the SM considered so far

The SM is a hot thermal plasma: can we get some energy from it?

The FRW background breaks time translation: can this energy 
non-conservation be used for the dark sector?

<latexit sha1_base64="mOT+ylE3E3oz8cWK/LJUubtOnes=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCG1A1WSobAgVbAwFok+pCatHMdprTpOZDuIKurMwq+wMIAQK1/Axt/gPgZoOdLVPTrnXtn3+AmjUlnWt5FbWV1b38hvFra2d3b3zP2DpoxTgUkDxywWbR9JwignDUUVI+1EEBT5jLT84fXEb90TIWnM79QoIV6E+pyGFCOlpZ557HYC2XUuIeo6JVehtFwKJq3rnAUPXafsej2zaFWsKeAyseekCOao98wvN4hxGhGuMENSdmwrUV6GhKKYkXHBTSVJEB6iPuloylFEpJdNTxnDU60EMIyFLq7gVP29kaFIylHk68kIqYFc9Cbif14nVeGFl1GepIpwPHsoTBlUMZzkAgMqCFZspAnCguq/QjxAAmGl0yvoEOzFk5dJ06nY1Ur11inWruZx5MEROAElYINzUAM3oA4aAINH8AxewZvxZLwY78bHbDRnzHcOwR8Ynz8Tu5ie</latexit>

ds2 = a2(⌧)(d⌧2 � dx2)

<latexit sha1_base64="8TK+h5cJZK0fG14S3kowd1LF7ns=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRFqsuiGzdCxb4giWEynbZDZzJhZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfdECaNKO863tbS8srq2Xtgobm5t7+zae/stJVKJSRMLJmQnQoowGpOmppqRTiIJ4hEj7Wh4NfHbD0QqKuKGHiUk4Kgf0x7FSBsptA99z5cDEWa+5PDuZuwrymHj/swPQrvklJ0p4CJxc1ICOeqh/eV3BU45iTVmSCnPdRIdZEhqihkZF/1UkQThIeoTz9AYcaKCbPrCGJ4YpQt7QpqKNZyqvycyxJUa8ch0cqQHat6biP95Xqp7F0FG4yTVJMazRb2UQS3gJA/YpZJgzUaGICypuRXiAZIIa5Na0YTgzr+8SFqVslstV28rpdplHkcBHIFjcApccA5q4BrUQRNg8AiewSt4s56sF+vd+pi1Lln5zAH4A+vzB1WBlsA=</latexit>

⇢SM ⇠ T 4 freeze-in through gravity

particle production in curved space



I will exploit only the cosmological evolution

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>
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<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
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<latexit sha1_base64="Sd7PlY/vrTGVTBRXKKws3UOexU0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQQsuI5gOSI+xt9pIle3vH7pwQjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdwmrF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5F1buvVerXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEn/422</latexit>

Gpc

<latexit sha1_base64="B2A3iPKS0FtY+pZ/hiTG5NfkkOw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQxkaIaD4gOcLeZi9Zsrd37M4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H45uZ337i2ohYPeIk4X5Eh0qEglG00sNdwvrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWrepdVL37WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx8xI428</latexit>

Mpc

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations



I will exploit only the cosmological evolution

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

<latexit sha1_base64="yuQLYVSA6bF/hC8Awzhw037yWII=">AAACB3icbVDLSsNAFJ34rPVVdSlIsAhuLEkX6rLopssK9gFJDJPpbTt08mDmRiwhOzf+ihsXirj1F9z5N04fC209cOFwzr1z554gEVyhZX0bS8srq2vrhY3i5tb2zm5pb7+l4lQyaLJYxLITUAWCR9BEjgI6iQQaBgLawfB67LfvQSoeR7c4SsALaT/iPc4oaskvHbmOi/CAk5eyQKSQZ3XfusvO7Dx3Pb9UtirWBOYisWekTGZo+KUvtxuzNIQImaBKObaVoJdRiZwJyItuqiChbEj74Gga0RCUl0225+aJVrpmL5a6IjQn6u+JjIZKjcJAd4YUB2reG4v/eU6KvUsv41GSIkRsuqiXChNjcxyK2eUSGIqRJpRJrv9qsgGVlKGOrqhDsOdPXiStasU+r9g31XLtahZHgRySY3JKbHJBaqROGqRJGHkkz+SVvBlPxovxbnxMW5eM2cwB+QPj8wd555mu</latexit>
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<latexit sha1_base64="2Q6TxvYLdr3tob+3SuBHnxwL3HE=">AAAB+nicbVC7TsNAEDzzDOHlQElzIkJKCiI7BVBG0KQMEnlItonWl3NyyvmhuzMoMvkUGgoQouVL6PgbLokLSBhppdHMrnZ3/IQzqSzr21hb39jc2i7sFHf39g8OzdJRR8apILRNYh6Lng+SchbRtmKK014iKIQ+p11/fDPzuw9USBZHd2qSUC+EYcQCRkBpqW+WXKcCuFmBavU+O7enrtc3y1bNmgOvEjsnZZSj1Te/3EFM0pBGinCQ0rGtRHkZCMUIp9Oim0qaABnDkDqaRhBS6WXz06f4TCsDHMRCV6TwXP09kUEo5ST0dWcIaiSXvZn4n+ekKrjyMhYlqaIRWSwKUo5VjGc54AETlCg+0QSIYPpWTEYggCidVlGHYC+/vEo69Zp9UbNv6+XGdR5HAZ2gU1RBNrpEDdRELdRGBD2iZ/SK3own48V4Nz4WrWtGPnOM/sD4/AGajJJJ</latexit>

(aH(a))�1

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>
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Mpc

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations



I will exploit only the cosmological evolution
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log a

<latexit sha1_base64="yuQLYVSA6bF/hC8Awzhw037yWII=">AAACB3icbVDLSsNAFJ34rPVVdSlIsAhuLEkX6rLopssK9gFJDJPpbTt08mDmRiwhOzf+ihsXirj1F9z5N04fC209cOFwzr1z554gEVyhZX0bS8srq2vrhY3i5tb2zm5pb7+l4lQyaLJYxLITUAWCR9BEjgI6iQQaBgLawfB67LfvQSoeR7c4SsALaT/iPc4oaskvHbmOi/CAk5eyQKSQZ3XfusvO7Dx3Pb9UtirWBOYisWekTGZo+KUvtxuzNIQImaBKObaVoJdRiZwJyItuqiChbEj74Gga0RCUl0225+aJVrpmL5a6IjQn6u+JjIZKjcJAd4YUB2reG4v/eU6KvUsv41GSIkRsuqiXChNjcxyK2eUSGIqRJpRJrv9qsgGVlKGOrqhDsOdPXiStasU+r9g31XLtahZHgRySY3JKbHJBaqROGqRJGHkkz+SVvBlPxovxbnxMW5eM2cwB+QPj8wd555mu</latexit>
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<latexit sha1_base64="2Q6TxvYLdr3tob+3SuBHnxwL3HE=">AAAB+nicbVC7TsNAEDzzDOHlQElzIkJKCiI7BVBG0KQMEnlItonWl3NyyvmhuzMoMvkUGgoQouVL6PgbLokLSBhppdHMrnZ3/IQzqSzr21hb39jc2i7sFHf39g8OzdJRR8apILRNYh6Lng+SchbRtmKK014iKIQ+p11/fDPzuw9USBZHd2qSUC+EYcQCRkBpqW+WXKcCuFmBavU+O7enrtc3y1bNmgOvEjsnZZSj1Te/3EFM0pBGinCQ0rGtRHkZCMUIp9Oim0qaABnDkDqaRhBS6WXz06f4TCsDHMRCV6TwXP09kUEo5ST0dWcIaiSXvZn4n+ekKrjyMhYlqaIRWSwKUo5VjGc54AETlCg+0QSIYPpWTEYggCidVlGHYC+/vEo69Zp9UbNv6+XGdR5HAZ2gU1RBNrpEDdRELdRGBD2iZ/SK3own48V4Nz4WrWtGPnOM/sD4/AGajJJJ</latexit>

(aH(a))�1

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>

tod
ay

<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

<latexit sha1_base64="00CNAVVzrXVx0N/0plcdRx4FWOQ=">AAAB8nicbVC7TsMwFHXKq5RXgZHFokJiipIOwFjBwlgk+pDSqHKcm9aqY0e2g1RF/QwWBhBi5WvY+BvcNgO0HMnS0Tn3yueeKONMG8/7diobm1vbO9Xd2t7+weFR/fikq2WuKHSo5FL1I6KBMwEdwwyHfqaApBGHXjS5m/u9J1CaSfFophmEKRkJljBKjJWClBgDCscydYf1hud6C+B14pekgUq0h/WvQSxpnoIwlBOtA9/LTFgQZRjlMKsNcg0ZoRMygsBSQVLQYbGIPMMXVolxIpV9wuCF+nujIKnW0zSykzbjWK96c/E/L8hNchMWTGS5AUGXHyU5x0bi+f04Zgqo4VNLCFXMZsV0TBShtgddsyX4qyevk27T9a9c/6HZaN2WdVTRGTpHl8hH16iF7lEbdRBFEj2jV/TmGOfFeXc+lqMVp9w5RX/gfP4A8k6RBw==</latexit>

matte
r do

m.

<latexit sha1_base64="gaBuq8zsR4YieqcI9CVgG+2V/EY=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYoqSDsBYwcJYJHqR2lA5jtNatZ3IdkBV1PdgYQAhVt6FjbfBbTNAyy9Z+vSfc3SO/zDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6Z1TuPVGmWyHszSWkg8FCymBFsrPWgcMTmhKJEuINqzXO9udAq+AXUoFBzUP3qRwnJBJWGcKx1z/dSE+RYGUY4nVb6maYpJmM8pD2LEguqg3x+9RSdWSdCcaLskwbN3d8TORZaT0RoOwU2I71cm5n/1XqZia+CnMk0M1SSxaI448gkaBYBipiixPCJBUwUs7ciMsIKE2ODqtgQ/OUvr0K77voXrn9XrzWuizjKcAKncA4+XEIDbqEJLSCg4Ble4c15cl6cd+dj0Vpyiplj+CPn8wc5dpJT</latexit> ra
di
at
io
n
do
m
.

<latexit sha1_base64="Sd7PlY/vrTGVTBRXKKws3UOexU0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQQsuI5gOSI+xt9pIle3vH7pwQjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdwmrF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5F1buvVerXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEn/422</latexit>

Gpc

<latexit sha1_base64="B2A3iPKS0FtY+pZ/hiTG5NfkkOw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQxkaIaD4gOcLeZi9Zsrd37M4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H45uZ337i2ohYPeIk4X5Eh0qEglG00sNdwvrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWrepdVL37WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx8xI428</latexit>

Mpc

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations



I will exploit only the cosmological evolution

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

<latexit sha1_base64="yuQLYVSA6bF/hC8Awzhw037yWII=">AAACB3icbVDLSsNAFJ34rPVVdSlIsAhuLEkX6rLopssK9gFJDJPpbTt08mDmRiwhOzf+ihsXirj1F9z5N04fC209cOFwzr1z554gEVyhZX0bS8srq2vrhY3i5tb2zm5pb7+l4lQyaLJYxLITUAWCR9BEjgI6iQQaBgLawfB67LfvQSoeR7c4SsALaT/iPc4oaskvHbmOi/CAk5eyQKSQZ3XfusvO7Dx3Pb9UtirWBOYisWekTGZo+KUvtxuzNIQImaBKObaVoJdRiZwJyItuqiChbEj74Gga0RCUl0225+aJVrpmL5a6IjQn6u+JjIZKjcJAd4YUB2reG4v/eU6KvUsv41GSIkRsuqiXChNjcxyK2eUSGIqRJpRJrv9qsgGVlKGOrqhDsOdPXiStasU+r9g31XLtahZHgRySY3JKbHJBaqROGqRJGHkkz+SVvBlPxovxbnxMW5eM2cwB+QPj8wd555mu</latexit>

H
�1
0

<latexit sha1_base64="2Q6TxvYLdr3tob+3SuBHnxwL3HE=">AAAB+nicbVC7TsNAEDzzDOHlQElzIkJKCiI7BVBG0KQMEnlItonWl3NyyvmhuzMoMvkUGgoQouVL6PgbLokLSBhppdHMrnZ3/IQzqSzr21hb39jc2i7sFHf39g8OzdJRR8apILRNYh6Lng+SchbRtmKK014iKIQ+p11/fDPzuw9USBZHd2qSUC+EYcQCRkBpqW+WXKcCuFmBavU+O7enrtc3y1bNmgOvEjsnZZSj1Te/3EFM0pBGinCQ0rGtRHkZCMUIp9Oim0qaABnDkDqaRhBS6WXz06f4TCsDHMRCV6TwXP09kUEo5ST0dWcIaiSXvZn4n+ekKrjyMhYlqaIRWSwKUo5VjGc54AETlCg+0QSIYPpWTEYggCidVlGHYC+/vEo69Zp9UbNv6+XGdR5HAZ2gU1RBNrpEDdRELdRGBD2iZ/SK3own48V4Nz4WrWtGPnOM/sD4/AGajJJJ</latexit>

(aH(a))�1

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>

tod
ay

<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

<latexit sha1_base64="VOibH947W8zDkKZZaZfI/xMgdnc=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWKLhgAQuZG/Zgw27e5fdPRNy4TfYWGiMrT/Izn/jAlco+JJJXt6bycy8MOFMG9f9dgobm1vbO8Xd0t7+weFR+fikreNUEeqTmMeqG2JNOZPUN8xw2k0UxSLktBNO7uZ+54kqzWLZMtOEBgKPJIsYwcZKfrU1eKwOyhW35i6A1omXkwrkaA7KX/1hTFJBpSEca93z3MQEGVaGEU5npX6qaYLJBI9oz1KJBdVBtjh2hi6sMkRRrGxJgxbq74kMC62nIrSdApuxXvXm4n9eLzXRTZAxmaSGSrJcFKUcmRjNP0dDpigxfGoJJorZWxEZY4WJsfmUbAje6svrpF2veVc176FeadzmcRThDM7hEjy4hgbcQxN8IMDgGV7hzZHOi/PufCxbC04+cwp/4Hz+AMC7jf0=</latexit>

TR

<latexit sha1_base64="wpA5GFISb+JicSwaPCcQtf2e5yM=">AAAB8HicbZC7TsMwFIZPyq2UW4GRxaJCYqqSDpSxgoWxSPSC2qhyHKe1ajuR7SBVUZ+ChQGEWHkcNt4GN80ALb9k6dN/zpHP+YOEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfR2Ue89UaVZLB/MLKG+wGPJIkawsdajwiHLaVStuXU3F1oHr4AaFGqPql/DMCapoNIQjrUeeG5i/Awrwwin88ow1TTBZIrHdGBRYkG1n+ULz9GFdUIUxco+aVDu/p7IsNB6JgLbKbCZ6NXawvyvNkhNdO1nTCapoZIsP4pSjkyMFtejkClKDJ9ZwEQxuysiE6wwMTajig3BWz15HbqNundV9+4btdZNEUcZzuAcLsGDJrTgDtrQAQICnuEV3hzlvDjvzseyteQUM6fwR87nDw+bkJM=</latexit>

radiation

<latexit sha1_base64="00CNAVVzrXVx0N/0plcdRx4FWOQ=">AAAB8nicbVC7TsMwFHXKq5RXgZHFokJiipIOwFjBwlgk+pDSqHKcm9aqY0e2g1RF/QwWBhBi5WvY+BvcNgO0HMnS0Tn3yueeKONMG8/7diobm1vbO9Xd2t7+weFR/fikq2WuKHSo5FL1I6KBMwEdwwyHfqaApBGHXjS5m/u9J1CaSfFophmEKRkJljBKjJWClBgDCscydYf1hud6C+B14pekgUq0h/WvQSxpnoIwlBOtA9/LTFgQZRjlMKsNcg0ZoRMygsBSQVLQYbGIPMMXVolxIpV9wuCF+nujIKnW0zSykzbjWK96c/E/L8hNchMWTGS5AUGXHyU5x0bi+f04Zgqo4VNLCFXMZsV0TBShtgddsyX4qyevk27T9a9c/6HZaN2WdVTRGTpHl8hH16iF7lEbdRBFEj2jV/TmGOfFeXc+lqMVp9w5RX/gfP4A8k6RBw==</latexit>

matte
r do

m.

<latexit sha1_base64="gaBuq8zsR4YieqcI9CVgG+2V/EY=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYoqSDsBYwcJYJHqR2lA5jtNatZ3IdkBV1PdgYQAhVt6FjbfBbTNAyy9Z+vSfc3SO/zDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6Z1TuPVGmWyHszSWkg8FCymBFsrPWgcMTmhKJEuINqzXO9udAq+AXUoFBzUP3qRwnJBJWGcKx1z/dSE+RYGUY4nVb6maYpJmM8pD2LEguqg3x+9RSdWSdCcaLskwbN3d8TORZaT0RoOwU2I71cm5n/1XqZia+CnMk0M1SSxaI448gkaBYBipiixPCJBUwUs7ciMsIKE2ODqtgQ/OUvr0K77voXrn9XrzWuizjKcAKncA4+XEIDbqEJLSCg4Ble4c15cl6cd+dj0Vpyiplj+CPn8wc5dpJT</latexit> ra
di
at
io
n
do
m
.

<latexit sha1_base64="Sd7PlY/vrTGVTBRXKKws3UOexU0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQQsuI5gOSI+xt9pIle3vH7pwQjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdwmrF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5F1buvVerXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEn/422</latexit>

Gpc

<latexit sha1_base64="B2A3iPKS0FtY+pZ/hiTG5NfkkOw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQxkaIaD4gOcLeZi9Zsrd37M4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H45uZ337i2ohYPeIk4X5Eh0qEglG00sNdwvrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWrepdVL37WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx8xI428</latexit>

Mpc

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations



I will exploit only the cosmological evolution

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

<latexit sha1_base64="yuQLYVSA6bF/hC8Awzhw037yWII=">AAACB3icbVDLSsNAFJ34rPVVdSlIsAhuLEkX6rLopssK9gFJDJPpbTt08mDmRiwhOzf+ihsXirj1F9z5N04fC209cOFwzr1z554gEVyhZX0bS8srq2vrhY3i5tb2zm5pb7+l4lQyaLJYxLITUAWCR9BEjgI6iQQaBgLawfB67LfvQSoeR7c4SsALaT/iPc4oaskvHbmOi/CAk5eyQKSQZ3XfusvO7Dx3Pb9UtirWBOYisWekTGZo+KUvtxuzNIQImaBKObaVoJdRiZwJyItuqiChbEj74Gga0RCUl0225+aJVrpmL5a6IjQn6u+JjIZKjcJAd4YUB2reG4v/eU6KvUsv41GSIkRsuqiXChNjcxyK2eUSGIqRJpRJrv9qsgGVlKGOrqhDsOdPXiStasU+r9g31XLtahZHgRySY3JKbHJBaqROGqRJGHkkz+SVvBlPxovxbnxMW5eM2cwB+QPj8wd555mu</latexit>

H
�1
0

<latexit sha1_base64="2Q6TxvYLdr3tob+3SuBHnxwL3HE=">AAAB+nicbVC7TsNAEDzzDOHlQElzIkJKCiI7BVBG0KQMEnlItonWl3NyyvmhuzMoMvkUGgoQouVL6PgbLokLSBhppdHMrnZ3/IQzqSzr21hb39jc2i7sFHf39g8OzdJRR8apILRNYh6Lng+SchbRtmKK014iKIQ+p11/fDPzuw9USBZHd2qSUC+EYcQCRkBpqW+WXKcCuFmBavU+O7enrtc3y1bNmgOvEjsnZZSj1Te/3EFM0pBGinCQ0rGtRHkZCMUIp9Oim0qaABnDkDqaRhBS6WXz06f4TCsDHMRCV6TwXP09kUEo5ST0dWcIaiSXvZn4n+ekKrjyMhYlqaIRWSwKUo5VjGc54AETlCg+0QSIYPpWTEYggCidVlGHYC+/vEo69Zp9UbNv6+XGdR5HAZ2gU1RBNrpEDdRELdRGBD2iZ/SK3own48V4Nz4WrWtGPnOM/sD4/AGajJJJ</latexit>

(aH(a))�1

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>

tod
ay

<latexit sha1_base64="AnG1HO2/4ajdSygop0U6g7ZuVQU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUm6UJdFN3VXwT4gCWEynbRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vvCVLOpLKsb6Oysbm1vVPdre3tHxwemccnfZlkgtAeSXgihgGWlLOY9hRTnA5TQXEUcDoIprdzf/BIhWRJ/KDylHoRHscsZAQrLflm3XXcUGBS2LMCo45/N3M932xYTWsBtE7skjSgRNc3v9xRQrKIxopwLKVjW6nyCiwUI5zOam4maYrJFI+po2mMIyq9YnH8DJ1rZYTCROiKFVqovycKHEmZR4HujLCayFVvLv7nOZkKr72CxWmmaEyWi8KMI5WgeRJoxAQliueaYCKYvhWRCdZZKJ1XTYdgr768Tvqtpn3ZtO9bjfZNGUcVTuEMLsCGK2hDB7rQAwI5PMMrvBlPxovxbnwsWytGOVOHPzA+fwAWzJRn</latexit>

1

aHI

<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

<latexit sha1_base64="VOibH947W8zDkKZZaZfI/xMgdnc=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWKLhgAQuZG/Zgw27e5fdPRNy4TfYWGiMrT/Izn/jAlco+JJJXt6bycy8MOFMG9f9dgobm1vbO8Xd0t7+weFR+fikreNUEeqTmMeqG2JNOZPUN8xw2k0UxSLktBNO7uZ+54kqzWLZMtOEBgKPJIsYwcZKfrU1eKwOyhW35i6A1omXkwrkaA7KX/1hTFJBpSEca93z3MQEGVaGEU5npX6qaYLJBI9oz1KJBdVBtjh2hi6sMkRRrGxJgxbq74kMC62nIrSdApuxXvXm4n9eLzXRTZAxmaSGSrJcFKUcmRjNP0dDpigxfGoJJorZWxEZY4WJsfmUbAje6svrpF2veVc176FeadzmcRThDM7hEjy4hgbcQxN8IMDgGV7hzZHOi/PufCxbC04+cwp/4Hz+AMC7jf0=</latexit>

TR

<latexit sha1_base64="q5XMpPMKOwBUm+NHdGnckqFrdkI=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkrSg3osevFYwX5gG8pmO2mXbjZhdyOU0H/hxYMiXv033vw3btMctPWFhYd3ZtiZN0gE18Z1v5219Y3Nre3STnl3b//gsHJ03NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5HZe7zyh0jyWD2aaoB/RkeQhZ9RY65HLUOREBpWqW3NzkVXwCqhCoeag8tUfxiyNUBomqNY9z02Mn1FlOBM4K/dTjQllEzrCnkVJI9R+lm88I+fWGZIwVvZJQ3L390RGI62nUWA7I2rGerk2N/+r9VITXvsZl0lqULLFR2EqiInJ/Hwy5AqZEVMLlCludyVsTBVlxoZUtiF4yyevQrte8y5r3n292rgp4ijBKZzBBXhwBQ24gya0gIGEZ3iFN0c7L86787FoXXOKmRP4I+fzB3alkMY=</latexit>

inflation
<latexit sha1_base64="wpA5GFISb+JicSwaPCcQtf2e5yM=">AAAB8HicbZC7TsMwFIZPyq2UW4GRxaJCYqqSDpSxgoWxSPSC2qhyHKe1ajuR7SBVUZ+ChQGEWHkcNt4GN80ALb9k6dN/zpHP+YOEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfR2Ue89UaVZLB/MLKG+wGPJIkawsdajwiHLaVStuXU3F1oHr4AaFGqPql/DMCapoNIQjrUeeG5i/Awrwwin88ow1TTBZIrHdGBRYkG1n+ULz9GFdUIUxco+aVDu/p7IsNB6JgLbKbCZ6NXawvyvNkhNdO1nTCapoZIsP4pSjkyMFtejkClKDJ9ZwEQxuysiE6wwMTajig3BWz15HbqNundV9+4btdZNEUcZzuAcLsGDJrTgDtrQAQICnuEV3hzlvDjvzseyteQUM6fwR87nDw+bkJM=</latexit>

radiation

<latexit sha1_base64="00CNAVVzrXVx0N/0plcdRx4FWOQ=">AAAB8nicbVC7TsMwFHXKq5RXgZHFokJiipIOwFjBwlgk+pDSqHKcm9aqY0e2g1RF/QwWBhBi5WvY+BvcNgO0HMnS0Tn3yueeKONMG8/7diobm1vbO9Xd2t7+weFR/fikq2WuKHSo5FL1I6KBMwEdwwyHfqaApBGHXjS5m/u9J1CaSfFophmEKRkJljBKjJWClBgDCscydYf1hud6C+B14pekgUq0h/WvQSxpnoIwlBOtA9/LTFgQZRjlMKsNcg0ZoRMygsBSQVLQYbGIPMMXVolxIpV9wuCF+nujIKnW0zSykzbjWK96c/E/L8hNchMWTGS5AUGXHyU5x0bi+f04Zgqo4VNLCFXMZsV0TBShtgddsyX4qyevk27T9a9c/6HZaN2WdVTRGTpHl8hH16iF7lEbdRBFEj2jV/TmGOfFeXc+lqMVp9w5RX/gfP4A8k6RBw==</latexit>

matte
r do

m.

<latexit sha1_base64="gaBuq8zsR4YieqcI9CVgG+2V/EY=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYoqSDsBYwcJYJHqR2lA5jtNatZ3IdkBV1PdgYQAhVt6FjbfBbTNAyy9Z+vSfc3SO/zDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6Z1TuPVGmWyHszSWkg8FCymBFsrPWgcMTmhKJEuINqzXO9udAq+AXUoFBzUP3qRwnJBJWGcKx1z/dSE+RYGUY4nVb6maYpJmM8pD2LEguqg3x+9RSdWSdCcaLskwbN3d8TORZaT0RoOwU2I71cm5n/1XqZia+CnMk0M1SSxaI448gkaBYBipiixPCJBUwUs7ciMsIKE2ODqtgQ/OUvr0K77voXrn9XrzWuizjKcAKncA4+XEIDbqEJLSCg4Ble4c15cl6cd+dj0Vpyiplj+CPn8wc5dpJT</latexit> ra
di
at
io
n
do
m
.

<latexit sha1_base64="Sd7PlY/vrTGVTBRXKKws3UOexU0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQQsuI5gOSI+xt9pIle3vH7pwQjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdwmrF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5F1buvVerXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEn/422</latexit>

Gpc

<latexit sha1_base64="B2A3iPKS0FtY+pZ/hiTG5NfkkOw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQxkaIaD4gOcLeZi9Zsrd37M4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H45uZ337i2ohYPeIk4X5Eh0qEglG00sNdwvrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWrepdVL37WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx8xI428</latexit>

Mpc

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations



I will exploit only the cosmological evolution

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

<latexit sha1_base64="yuQLYVSA6bF/hC8Awzhw037yWII=">AAACB3icbVDLSsNAFJ34rPVVdSlIsAhuLEkX6rLopssK9gFJDJPpbTt08mDmRiwhOzf+ihsXirj1F9z5N04fC209cOFwzr1z554gEVyhZX0bS8srq2vrhY3i5tb2zm5pb7+l4lQyaLJYxLITUAWCR9BEjgI6iQQaBgLawfB67LfvQSoeR7c4SsALaT/iPc4oaskvHbmOi/CAk5eyQKSQZ3XfusvO7Dx3Pb9UtirWBOYisWekTGZo+KUvtxuzNIQImaBKObaVoJdRiZwJyItuqiChbEj74Gga0RCUl0225+aJVrpmL5a6IjQn6u+JjIZKjcJAd4YUB2reG4v/eU6KvUsv41GSIkRsuqiXChNjcxyK2eUSGIqRJpRJrv9qsgGVlKGOrqhDsOdPXiStasU+r9g31XLtahZHgRySY3JKbHJBaqROGqRJGHkkz+SVvBlPxovxbnxMW5eM2cwB+QPj8wd555mu</latexit>

H
�1
0

<latexit sha1_base64="2Q6TxvYLdr3tob+3SuBHnxwL3HE=">AAAB+nicbVC7TsNAEDzzDOHlQElzIkJKCiI7BVBG0KQMEnlItonWl3NyyvmhuzMoMvkUGgoQouVL6PgbLokLSBhppdHMrnZ3/IQzqSzr21hb39jc2i7sFHf39g8OzdJRR8apILRNYh6Lng+SchbRtmKK014iKIQ+p11/fDPzuw9USBZHd2qSUC+EYcQCRkBpqW+WXKcCuFmBavU+O7enrtc3y1bNmgOvEjsnZZSj1Te/3EFM0pBGinCQ0rGtRHkZCMUIp9Oim0qaABnDkDqaRhBS6WXz06f4TCsDHMRCV6TwXP09kUEo5ST0dWcIaiSXvZn4n+ekKrjyMhYlqaIRWSwKUo5VjGc54AETlCg+0QSIYPpWTEYggCidVlGHYC+/vEo69Zp9UbNv6+XGdR5HAZ2gU1RBNrpEDdRELdRGBD2iZ/SK3own48V4Nz4WrWtGPnOM/sD4/AGajJJJ</latexit>

(aH(a))�1

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>

tod
ay

<latexit sha1_base64="AnG1HO2/4ajdSygop0U6g7ZuVQU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUm6UJdFN3VXwT4gCWEynbRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vvCVLOpLKsb6Oysbm1vVPdre3tHxwemccnfZlkgtAeSXgihgGWlLOY9hRTnA5TQXEUcDoIprdzf/BIhWRJ/KDylHoRHscsZAQrLflm3XXcUGBS2LMCo45/N3M932xYTWsBtE7skjSgRNc3v9xRQrKIxopwLKVjW6nyCiwUI5zOam4maYrJFI+po2mMIyq9YnH8DJ1rZYTCROiKFVqovycKHEmZR4HujLCayFVvLv7nOZkKr72CxWmmaEyWi8KMI5WgeRJoxAQliueaYCKYvhWRCdZZKJ1XTYdgr768Tvqtpn3ZtO9bjfZNGUcVTuEMLsCGK2hDB7rQAwI5PMMrvBlPxovxbnwsWytGOVOHPzA+fwAWzJRn</latexit>

1

aHI

<latexit sha1_base64="ccLeYwcLCEmG+dlkxeF3VPrRkIU=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKczuISa3oBePEfKC3SXMTmaTIbMPZmaFsOQjvHhQxKvf482/cTaJoKIFDUVVN91dQSq40hh/WKWNza3tnfJuZW//4PCoenzSV0kmKevRRCRyGBDFBI9ZT3Mt2DCVjESBYINgdlP4g3smFU/irp6nzI/IJOYhp0QbaeC53RH2/FG1huvYoNFABbGb2Dak1Wo6TgvZSwvjGqzRGVXfvXFCs4jFmgqilGvjVPs5kZpTwRYVL1MsJXRGJsw1NCYRU36+PHeBLowyRmEiTcUaLdXvEzmJlJpHgemMiJ6q314h/uW5mQ6bfs7jNNMspqtFYSaQTlDxOxpzyagWc0MIldzciuiUSEK1SahiQvj6FP1P+k7dbtTtO6fWvl7HUYYzOIdLsOEK2nALHegBhRk8wBM8W6n1aL1Yr6vWkrWeOYUfsN4+AfOMj1Q=</latexit>

T0

<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

<latexit sha1_base64="7/fxxzmhOew4u24xH3Jnx+CBfpw=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0KtSTaWGIijwQ2ZHaYhQnzWGdmSQjhO2wsNMbWj7HzbxyWLRQ8ySRnzrk3994TJZwZ6/vfXmFjc2t7p7hb2ts/ODwqH5+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4buG3J1QbpuSjnSY0FHgoWcwItk4KNSVKRExmv3654lf9DGidBDmpQI5Gv/zVGyiSCiot4diYbuAnNpxhbRnhdF7qpYYmmIzxkHYdlVhQE86ypefowikDFCvtnrQoU393zLAwZioiVymwHZlVbyH+53VTG9+EMyaT1FJJloPilCOr0CIBNGDuasunjmCimdsVkRHWmFiXU8mFEKyevE5atWpwVQ0eapX6bR5HEc7gHC4hgGuowz00oAkEnuAZXuHNm3gv3rv3sSwteHnPKfyB9/kDQmqSag==</latexit> re
co
m
b
in
at
io
n

<latexit sha1_base64="VOibH947W8zDkKZZaZfI/xMgdnc=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWKLhgAQuZG/Zgw27e5fdPRNy4TfYWGiMrT/Izn/jAlco+JJJXt6bycy8MOFMG9f9dgobm1vbO8Xd0t7+weFR+fikreNUEeqTmMeqG2JNOZPUN8xw2k0UxSLktBNO7uZ+54kqzWLZMtOEBgKPJIsYwcZKfrU1eKwOyhW35i6A1omXkwrkaA7KX/1hTFJBpSEca93z3MQEGVaGEU5npX6qaYLJBI9oz1KJBdVBtjh2hi6sMkRRrGxJgxbq74kMC62nIrSdApuxXvXm4n9eLzXRTZAxmaSGSrJcFKUcmRjNP0dDpigxfGoJJorZWxEZY4WJsfmUbAje6svrpF2veVc176FeadzmcRThDM7hEjy4hgbcQxN8IMDgGV7hzZHOi/PufCxbC04+cwp/4Hz+AMC7jf0=</latexit>

TR

<latexit sha1_base64="q5XMpPMKOwBUm+NHdGnckqFrdkI=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkrSg3osevFYwX5gG8pmO2mXbjZhdyOU0H/hxYMiXv033vw3btMctPWFhYd3ZtiZN0gE18Z1v5219Y3Nre3STnl3b//gsHJ03NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5HZe7zyh0jyWD2aaoB/RkeQhZ9RY65HLUOREBpWqW3NzkVXwCqhCoeag8tUfxiyNUBomqNY9z02Mn1FlOBM4K/dTjQllEzrCnkVJI9R+lm88I+fWGZIwVvZJQ3L390RGI62nUWA7I2rGerk2N/+r9VITXvsZl0lqULLFR2EqiInJ/Hwy5AqZEVMLlCludyVsTBVlxoZUtiF4yyevQrte8y5r3n292rgp4ijBKZzBBXhwBQ24gya0gIGEZ3iFN0c7L86787FoXXOKmRP4I+fzB3alkMY=</latexit>

inflation
<latexit sha1_base64="wpA5GFISb+JicSwaPCcQtf2e5yM=">AAAB8HicbZC7TsMwFIZPyq2UW4GRxaJCYqqSDpSxgoWxSPSC2qhyHKe1ajuR7SBVUZ+ChQGEWHkcNt4GN80ALb9k6dN/zpHP+YOEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfR2Ue89UaVZLB/MLKG+wGPJIkawsdajwiHLaVStuXU3F1oHr4AaFGqPql/DMCapoNIQjrUeeG5i/Awrwwin88ow1TTBZIrHdGBRYkG1n+ULz9GFdUIUxco+aVDu/p7IsNB6JgLbKbCZ6NXawvyvNkhNdO1nTCapoZIsP4pSjkyMFtejkClKDJ9ZwEQxuysiE6wwMTajig3BWz15HbqNundV9+4btdZNEUcZzuAcLsGDJrTgDtrQAQICnuEV3hzlvDjvzseyteQUM6fwR87nDw+bkJM=</latexit>

radiation

<latexit sha1_base64="00CNAVVzrXVx0N/0plcdRx4FWOQ=">AAAB8nicbVC7TsMwFHXKq5RXgZHFokJiipIOwFjBwlgk+pDSqHKcm9aqY0e2g1RF/QwWBhBi5WvY+BvcNgO0HMnS0Tn3yueeKONMG8/7diobm1vbO9Xd2t7+weFR/fikq2WuKHSo5FL1I6KBMwEdwwyHfqaApBGHXjS5m/u9J1CaSfFophmEKRkJljBKjJWClBgDCscydYf1hud6C+B14pekgUq0h/WvQSxpnoIwlBOtA9/LTFgQZRjlMKsNcg0ZoRMygsBSQVLQYbGIPMMXVolxIpV9wuCF+nujIKnW0zSykzbjWK96c/E/L8hNchMWTGS5AUGXHyU5x0bi+f04Zgqo4VNLCFXMZsV0TBShtgddsyX4qyevk27T9a9c/6HZaN2WdVTRGTpHl8hH16iF7lEbdRBFEj2jV/TmGOfFeXc+lqMVp9w5RX/gfP4A8k6RBw==</latexit>

matte
r do

m.

<latexit sha1_base64="gaBuq8zsR4YieqcI9CVgG+2V/EY=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYoqSDsBYwcJYJHqR2lA5jtNatZ3IdkBV1PdgYQAhVt6FjbfBbTNAyy9Z+vSfc3SO/zDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6Z1TuPVGmWyHszSWkg8FCymBFsrPWgcMTmhKJEuINqzXO9udAq+AXUoFBzUP3qRwnJBJWGcKx1z/dSE+RYGUY4nVb6maYpJmM8pD2LEguqg3x+9RSdWSdCcaLskwbN3d8TORZaT0RoOwU2I71cm5n/1XqZia+CnMk0M1SSxaI448gkaBYBipiixPCJBUwUs7ciMsIKE2ODqtgQ/OUvr0K77voXrn9XrzWuizjKcAKncA4+XEIDbqEJLSCg4Ble4c15cl6cd+dj0Vpyiplj+CPn8wc5dpJT</latexit> ra
di
at
io
n
do
m
.

<latexit sha1_base64="Sd7PlY/vrTGVTBRXKKws3UOexU0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQQsuI5gOSI+xt9pIle3vH7pwQjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdwmrF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5F1buvVerXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEn/422</latexit>

Gpc

<latexit sha1_base64="B2A3iPKS0FtY+pZ/hiTG5NfkkOw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQxkaIaD4gOcLeZi9Zsrd37M4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H45uZ337i2ohYPeIk4X5Eh0qEglG00sNdwvrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWrepdVL37WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx8xI428</latexit>

Mpc

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations



I will exploit only the cosmological evolution

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

<latexit sha1_base64="yuQLYVSA6bF/hC8Awzhw037yWII=">AAACB3icbVDLSsNAFJ34rPVVdSlIsAhuLEkX6rLopssK9gFJDJPpbTt08mDmRiwhOzf+ihsXirj1F9z5N04fC209cOFwzr1z554gEVyhZX0bS8srq2vrhY3i5tb2zm5pb7+l4lQyaLJYxLITUAWCR9BEjgI6iQQaBgLawfB67LfvQSoeR7c4SsALaT/iPc4oaskvHbmOi/CAk5eyQKSQZ3XfusvO7Dx3Pb9UtirWBOYisWekTGZo+KUvtxuzNIQImaBKObaVoJdRiZwJyItuqiChbEj74Gga0RCUl0225+aJVrpmL5a6IjQn6u+JjIZKjcJAd4YUB2reG4v/eU6KvUsv41GSIkRsuqiXChNjcxyK2eUSGIqRJpRJrv9qsgGVlKGOrqhDsOdPXiStasU+r9g31XLtahZHgRySY3JKbHJBaqROGqRJGHkkz+SVvBlPxovxbnxMW5eM2cwB+QPj8wd555mu</latexit>

H
�1
0

<latexit sha1_base64="2Q6TxvYLdr3tob+3SuBHnxwL3HE=">AAAB+nicbVC7TsNAEDzzDOHlQElzIkJKCiI7BVBG0KQMEnlItonWl3NyyvmhuzMoMvkUGgoQouVL6PgbLokLSBhppdHMrnZ3/IQzqSzr21hb39jc2i7sFHf39g8OzdJRR8apILRNYh6Lng+SchbRtmKK014iKIQ+p11/fDPzuw9USBZHd2qSUC+EYcQCRkBpqW+WXKcCuFmBavU+O7enrtc3y1bNmgOvEjsnZZSj1Te/3EFM0pBGinCQ0rGtRHkZCMUIp9Oim0qaABnDkDqaRhBS6WXz06f4TCsDHMRCV6TwXP09kUEo5ST0dWcIaiSXvZn4n+ekKrjyMhYlqaIRWSwKUo5VjGc54AETlCg+0QSIYPpWTEYggCidVlGHYC+/vEo69Zp9UbNv6+XGdR5HAZ2gU1RBNrpEDdRELdRGBD2iZ/SK3own48V4Nz4WrWtGPnOM/sD4/AGajJJJ</latexit>

(aH(a))�1

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>

tod
ay

<latexit sha1_base64="AnG1HO2/4ajdSygop0U6g7ZuVQU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUm6UJdFN3VXwT4gCWEynbRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vvCVLOpLKsb6Oysbm1vVPdre3tHxwemccnfZlkgtAeSXgihgGWlLOY9hRTnA5TQXEUcDoIprdzf/BIhWRJ/KDylHoRHscsZAQrLflm3XXcUGBS2LMCo45/N3M932xYTWsBtE7skjSgRNc3v9xRQrKIxopwLKVjW6nyCiwUI5zOam4maYrJFI+po2mMIyq9YnH8DJ1rZYTCROiKFVqovycKHEmZR4HujLCayFVvLv7nOZkKr72CxWmmaEyWi8KMI5WgeRJoxAQliueaYCKYvhWRCdZZKJ1XTYdgr768Tvqtpn3ZtO9bjfZNGUcVTuEMLsCGK2hDB7rQAwI5PMMrvBlPxovxbnwsWytGOVOHPzA+fwAWzJRn</latexit>

1

aHI

<latexit sha1_base64="ccLeYwcLCEmG+dlkxeF3VPrRkIU=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKczuISa3oBePEfKC3SXMTmaTIbMPZmaFsOQjvHhQxKvf482/cTaJoKIFDUVVN91dQSq40hh/WKWNza3tnfJuZW//4PCoenzSV0kmKevRRCRyGBDFBI9ZT3Mt2DCVjESBYINgdlP4g3smFU/irp6nzI/IJOYhp0QbaeC53RH2/FG1huvYoNFABbGb2Dak1Wo6TgvZSwvjGqzRGVXfvXFCs4jFmgqilGvjVPs5kZpTwRYVL1MsJXRGJsw1NCYRU36+PHeBLowyRmEiTcUaLdXvEzmJlJpHgemMiJ6q314h/uW5mQ6bfs7jNNMspqtFYSaQTlDxOxpzyagWc0MIldzciuiUSEK1SahiQvj6FP1P+k7dbtTtO6fWvl7HUYYzOIdLsOEK2nALHegBhRk8wBM8W6n1aL1Yr6vWkrWeOYUfsN4+AfOMj1Q=</latexit>

T0

<latexit sha1_base64="ylLO+lssQ47QLrh5Y+mN57vLmIc=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFWTIuqy6KbLCvYCSSyT6aQdOpOEmYlQQpZufBU3LhRx6yO4822ctEG09YeBj/+cw5zz+zGjUlnWl1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwmhI2ooqRnqxIIj7jHT98XVe794TIWkU3qpJTDyOhiENKEZKW33z0HXgXXqWuRypkeBpk2SnP5y5Xt+sWjVrKrgIdgFVUKjVNz/dQYQTTkKFGZLSsa1YeSkSimJGsoqbSBIjPEZD4mgMESfSS6eHZPBYOwMYREK/UMGp+3siRVzKCfd1Z76jnK/l5n81J1HBpZfSME4UCfHsoyBhUEUwTwUOqCBYsYkGhAXVu0I8QgJhpbOr6BDs+ZMXoVOv2ec1+6ZebVwVcZTBATgCJ8AGF6ABmqAF2gCDB/AEXsCr8Wg8G2/G+6y1ZBQz++CPjI9v1RGZ3Q==</latexit>

4
He/H

<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

<latexit sha1_base64="7/fxxzmhOew4u24xH3Jnx+CBfpw=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0KtSTaWGIijwQ2ZHaYhQnzWGdmSQjhO2wsNMbWj7HzbxyWLRQ8ySRnzrk3994TJZwZ6/vfXmFjc2t7p7hb2ts/ODwqH5+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4buG3J1QbpuSjnSY0FHgoWcwItk4KNSVKRExmv3654lf9DGidBDmpQI5Gv/zVGyiSCiot4diYbuAnNpxhbRnhdF7qpYYmmIzxkHYdlVhQE86ypefowikDFCvtnrQoU393zLAwZioiVymwHZlVbyH+53VTG9+EMyaT1FJJloPilCOr0CIBNGDuasunjmCimdsVkRHWmFiXU8mFEKyevE5atWpwVQ0eapX6bR5HEc7gHC4hgGuowz00oAkEnuAZXuHNm3gv3rv3sSwteHnPKfyB9/kDQmqSag==</latexit> re
co
m
b
in
at
io
n

<latexit sha1_base64="csN8T3vTrqHySjXh+Cf7mdiI+fE=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0KtQyxsZKI5gOSI+xt5pIle3vH7p4QjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkRwbVz321lb39jc2i7sFHf39g8OS0fHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD/X6Xb9UdivuHGSVeDkpQ45Gv/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6pScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY3GXCFzIiJJZQpbm8lbEQVZcamU7QheMsvr5JWteJdVrz7arlWz+MowCmcwQV4cAU1uIUGNIHBEJ7hFd4c4bw4787HonXNyWdO4A+czx+6mI1u</latexit> B
B
N

<latexit sha1_base64="VOibH947W8zDkKZZaZfI/xMgdnc=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWKLhgAQuZG/Zgw27e5fdPRNy4TfYWGiMrT/Izn/jAlco+JJJXt6bycy8MOFMG9f9dgobm1vbO8Xd0t7+weFR+fikreNUEeqTmMeqG2JNOZPUN8xw2k0UxSLktBNO7uZ+54kqzWLZMtOEBgKPJIsYwcZKfrU1eKwOyhW35i6A1omXkwrkaA7KX/1hTFJBpSEca93z3MQEGVaGEU5npX6qaYLJBI9oz1KJBdVBtjh2hi6sMkRRrGxJgxbq74kMC62nIrSdApuxXvXm4n9eLzXRTZAxmaSGSrJcFKUcmRjNP0dDpigxfGoJJorZWxEZY4WJsfmUbAje6svrpF2veVc176FeadzmcRThDM7hEjy4hgbcQxN8IMDgGV7hzZHOi/PufCxbC04+cwp/4Hz+AMC7jf0=</latexit>

TR

<latexit sha1_base64="q5XMpPMKOwBUm+NHdGnckqFrdkI=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkrSg3osevFYwX5gG8pmO2mXbjZhdyOU0H/hxYMiXv033vw3btMctPWFhYd3ZtiZN0gE18Z1v5219Y3Nre3STnl3b//gsHJ03NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5HZe7zyh0jyWD2aaoB/RkeQhZ9RY65HLUOREBpWqW3NzkVXwCqhCoeag8tUfxiyNUBomqNY9z02Mn1FlOBM4K/dTjQllEzrCnkVJI9R+lm88I+fWGZIwVvZJQ3L390RGI62nUWA7I2rGerk2N/+r9VITXvsZl0lqULLFR2EqiInJ/Hwy5AqZEVMLlCludyVsTBVlxoZUtiF4yyevQrte8y5r3n292rgp4ijBKZzBBXhwBQ24gya0gIGEZ3iFN0c7L86787FoXXOKmRP4I+fzB3alkMY=</latexit>

inflation
<latexit sha1_base64="wpA5GFISb+JicSwaPCcQtf2e5yM=">AAAB8HicbZC7TsMwFIZPyq2UW4GRxaJCYqqSDpSxgoWxSPSC2qhyHKe1ajuR7SBVUZ+ChQGEWHkcNt4GN80ALb9k6dN/zpHP+YOEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfR2Ue89UaVZLB/MLKG+wGPJIkawsdajwiHLaVStuXU3F1oHr4AaFGqPql/DMCapoNIQjrUeeG5i/Awrwwin88ow1TTBZIrHdGBRYkG1n+ULz9GFdUIUxco+aVDu/p7IsNB6JgLbKbCZ6NXawvyvNkhNdO1nTCapoZIsP4pSjkyMFtejkClKDJ9ZwEQxuysiE6wwMTajig3BWz15HbqNundV9+4btdZNEUcZzuAcLsGDJrTgDtrQAQICnuEV3hzlvDjvzseyteQUM6fwR87nDw+bkJM=</latexit>

radiation

<latexit sha1_base64="00CNAVVzrXVx0N/0plcdRx4FWOQ=">AAAB8nicbVC7TsMwFHXKq5RXgZHFokJiipIOwFjBwlgk+pDSqHKcm9aqY0e2g1RF/QwWBhBi5WvY+BvcNgO0HMnS0Tn3yueeKONMG8/7diobm1vbO9Xd2t7+weFR/fikq2WuKHSo5FL1I6KBMwEdwwyHfqaApBGHXjS5m/u9J1CaSfFophmEKRkJljBKjJWClBgDCscydYf1hud6C+B14pekgUq0h/WvQSxpnoIwlBOtA9/LTFgQZRjlMKsNcg0ZoRMygsBSQVLQYbGIPMMXVolxIpV9wuCF+nujIKnW0zSykzbjWK96c/E/L8hNchMWTGS5AUGXHyU5x0bi+f04Zgqo4VNLCFXMZsV0TBShtgddsyX4qyevk27T9a9c/6HZaN2WdVTRGTpHl8hH16iF7lEbdRBFEj2jV/TmGOfFeXc+lqMVp9w5RX/gfP4A8k6RBw==</latexit>

matte
r do

m.

<latexit sha1_base64="gaBuq8zsR4YieqcI9CVgG+2V/EY=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYoqSDsBYwcJYJHqR2lA5jtNatZ3IdkBV1PdgYQAhVt6FjbfBbTNAyy9Z+vSfc3SO/zDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6Z1TuPVGmWyHszSWkg8FCymBFsrPWgcMTmhKJEuINqzXO9udAq+AXUoFBzUP3qRwnJBJWGcKx1z/dSE+RYGUY4nVb6maYpJmM8pD2LEguqg3x+9RSdWSdCcaLskwbN3d8TORZaT0RoOwU2I71cm5n/1XqZia+CnMk0M1SSxaI448gkaBYBipiixPCJBUwUs7ciMsIKE2ODqtgQ/OUvr0K77voXrn9XrzWuizjKcAKncA4+XEIDbqEJLSCg4Ble4c15cl6cd+dj0Vpyiplj+CPn8wc5dpJT</latexit> ra
di
at
io
n
do
m
.

<latexit sha1_base64="Sd7PlY/vrTGVTBRXKKws3UOexU0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQQsuI5gOSI+xt9pIle3vH7pwQjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdwmrF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5F1buvVerXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEn/422</latexit>

Gpc

<latexit sha1_base64="B2A3iPKS0FtY+pZ/hiTG5NfkkOw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQxkaIaD4gOcLeZi9Zsrd37M4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H45uZ337i2ohYPeIk4X5Eh0qEglG00sNdwvrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWrepdVL37WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx8xI428</latexit>

Mpc

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations



I will exploit only the cosmological evolution

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

<latexit sha1_base64="yuQLYVSA6bF/hC8Awzhw037yWII=">AAACB3icbVDLSsNAFJ34rPVVdSlIsAhuLEkX6rLopssK9gFJDJPpbTt08mDmRiwhOzf+ihsXirj1F9z5N04fC209cOFwzr1z554gEVyhZX0bS8srq2vrhY3i5tb2zm5pb7+l4lQyaLJYxLITUAWCR9BEjgI6iQQaBgLawfB67LfvQSoeR7c4SsALaT/iPc4oaskvHbmOi/CAk5eyQKSQZ3XfusvO7Dx3Pb9UtirWBOYisWekTGZo+KUvtxuzNIQImaBKObaVoJdRiZwJyItuqiChbEj74Gga0RCUl0225+aJVrpmL5a6IjQn6u+JjIZKjcJAd4YUB2reG4v/eU6KvUsv41GSIkRsuqiXChNjcxyK2eUSGIqRJpRJrv9qsgGVlKGOrqhDsOdPXiStasU+r9g31XLtahZHgRySY3JKbHJBaqROGqRJGHkkz+SVvBlPxovxbnxMW5eM2cwB+QPj8wd555mu</latexit>

H
�1
0

<latexit sha1_base64="2Q6TxvYLdr3tob+3SuBHnxwL3HE=">AAAB+nicbVC7TsNAEDzzDOHlQElzIkJKCiI7BVBG0KQMEnlItonWl3NyyvmhuzMoMvkUGgoQouVL6PgbLokLSBhppdHMrnZ3/IQzqSzr21hb39jc2i7sFHf39g8OzdJRR8apILRNYh6Lng+SchbRtmKK014iKIQ+p11/fDPzuw9USBZHd2qSUC+EYcQCRkBpqW+WXKcCuFmBavU+O7enrtc3y1bNmgOvEjsnZZSj1Te/3EFM0pBGinCQ0rGtRHkZCMUIp9Oim0qaABnDkDqaRhBS6WXz06f4TCsDHMRCV6TwXP09kUEo5ST0dWcIaiSXvZn4n+ekKrjyMhYlqaIRWSwKUo5VjGc54AETlCg+0QSIYPpWTEYggCidVlGHYC+/vEo69Zp9UbNv6+XGdR5HAZ2gU1RBNrpEDdRELdRGBD2iZ/SK3own48V4Nz4WrWtGPnOM/sD4/AGajJJJ</latexit>

(aH(a))�1

<latexit sha1_base64="tyv7oh9UtSg3vUdrK+rpfJQUPkg=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0l6UI9FLx4rmLbQhrLZbNqlm92wOxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwA6777VQ2Nre2d6q7tb39g8Oj+vFJ16hMU+ZTJZTuh8QwwSXzgYNg/VQzkoSC9cLp3dzvPTFtuJKPkKcsSMhY8phTAlbyQUUkH9UbbtNdAK8TryQNVKIzqn8NI0WzhEmgghgz8NwUgoJo4FSwWW2YGZYSOiVjNrBUkoSZoFgcO8MXVolwrLQtCXih/p4oSGJMnoS2MyEwMaveXPzPG2QQ3wQFl2kGTNLlojgTGBSef44jrhkFkVtCqOb2VkwnRBMKNp+aDcFbfXmddFtN76rpPbQa7dsyjio6Q+foEnnoGrXRPeogH1HE0TN6RW+OdF6cd+dj2VpxyplT9AfO5w8D047R</latexit>

tod
ay

<latexit sha1_base64="AnG1HO2/4ajdSygop0U6g7ZuVQU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUm6UJdFN3VXwT4gCWEynbRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vvCVLOpLKsb6Oysbm1vVPdre3tHxwemccnfZlkgtAeSXgihgGWlLOY9hRTnA5TQXEUcDoIprdzf/BIhWRJ/KDylHoRHscsZAQrLflm3XXcUGBS2LMCo45/N3M932xYTWsBtE7skjSgRNc3v9xRQrKIxopwLKVjW6nyCiwUI5zOam4maYrJFI+po2mMIyq9YnH8DJ1rZYTCROiKFVqovycKHEmZR4HujLCayFVvLv7nOZkKr72CxWmmaEyWi8KMI5WgeRJoxAQliueaYCKYvhWRCdZZKJ1XTYdgr768Tvqtpn3ZtO9bjfZNGUcVTuEMLsCGK2hDB7rQAwI5PMMrvBlPxovxbnwsWytGOVOHPzA+fwAWzJRn</latexit>

1

aHI

<latexit sha1_base64="ccLeYwcLCEmG+dlkxeF3VPrRkIU=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKczuISa3oBePEfKC3SXMTmaTIbMPZmaFsOQjvHhQxKvf482/cTaJoKIFDUVVN91dQSq40hh/WKWNza3tnfJuZW//4PCoenzSV0kmKevRRCRyGBDFBI9ZT3Mt2DCVjESBYINgdlP4g3smFU/irp6nzI/IJOYhp0QbaeC53RH2/FG1huvYoNFABbGb2Dak1Wo6TgvZSwvjGqzRGVXfvXFCs4jFmgqilGvjVPs5kZpTwRYVL1MsJXRGJsw1NCYRU36+PHeBLowyRmEiTcUaLdXvEzmJlJpHgemMiJ6q314h/uW5mQ6bfs7jNNMspqtFYSaQTlDxOxpzyagWc0MIldzciuiUSEK1SahiQvj6FP1P+k7dbtTtO6fWvl7HUYYzOIdLsOEK2nALHegBhRk8wBM8W6n1aL1Yr6vWkrWeOYUfsN4+AfOMj1Q=</latexit>

T0

<latexit sha1_base64="ylLO+lssQ47QLrh5Y+mN57vLmIc=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFWTIuqy6KbLCvYCSSyT6aQdOpOEmYlQQpZufBU3LhRx6yO4822ctEG09YeBj/+cw5zz+zGjUlnWl1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwmhI2ooqRnqxIIj7jHT98XVe794TIWkU3qpJTDyOhiENKEZKW33z0HXgXXqWuRypkeBpk2SnP5y5Xt+sWjVrKrgIdgFVUKjVNz/dQYQTTkKFGZLSsa1YeSkSimJGsoqbSBIjPEZD4mgMESfSS6eHZPBYOwMYREK/UMGp+3siRVzKCfd1Z76jnK/l5n81J1HBpZfSME4UCfHsoyBhUEUwTwUOqCBYsYkGhAXVu0I8QgJhpbOr6BDs+ZMXoVOv2ec1+6ZebVwVcZTBATgCJ8AGF6ABmqAF2gCDB/AEXsCr8Wg8G2/G+6y1ZBQz++CPjI9v1RGZ3Q==</latexit>

4
He/H

<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

<latexit sha1_base64="7/fxxzmhOew4u24xH3Jnx+CBfpw=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0KtSTaWGIijwQ2ZHaYhQnzWGdmSQjhO2wsNMbWj7HzbxyWLRQ8ySRnzrk3994TJZwZ6/vfXmFjc2t7p7hb2ts/ODwqH5+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4buG3J1QbpuSjnSY0FHgoWcwItk4KNSVKRExmv3654lf9DGidBDmpQI5Gv/zVGyiSCiot4diYbuAnNpxhbRnhdF7qpYYmmIzxkHYdlVhQE86ypefowikDFCvtnrQoU393zLAwZioiVymwHZlVbyH+53VTG9+EMyaT1FJJloPilCOr0CIBNGDuasunjmCimdsVkRHWmFiXU8mFEKyevE5atWpwVQ0eapX6bR5HEc7gHC4hgGuowz00oAkEnuAZXuHNm3gv3rv3sSwteHnPKfyB9/kDQmqSag==</latexit> re
co
m
b
in
at
io
n

<latexit sha1_base64="csN8T3vTrqHySjXh+Cf7mdiI+fE=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0KtQyxsZKI5gOSI+xt5pIle3vH7p4QjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkRwbVz321lb39jc2i7sFHf39g8OS0fHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD/X6Xb9UdivuHGSVeDkpQ45Gv/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6pScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY3GXCFzIiJJZQpbm8lbEQVZcamU7QheMsvr5JWteJdVrz7arlWz+MowCmcwQV4cAU1uIUGNIHBEJ7hFd4c4bw4787HonXNyWdO4A+czx+6mI1u</latexit> B
B
N

<latexit sha1_base64="Al6uy8taxjJB7Nl2Y7x/dpPJ9tA=">AAAB83icbZC7TsMwFIZPyq2UW4GRJaJCYqqSDsBY0QW2ItGL1EbVieO0Vh0nsh2kKuprsDCAECsvw8bb4LQZoOWXLH36zzm2z+8nnCntON9WaWNza3unvFvZ2z84PKoen3RVnEpCOyTmsez7qChngnY005z2E0kx8jnt+dNWXu89UalYLB71LKFehGPBQkZQG2uIAUPfILHvW6Nqzak7C9nr4BZQg0LtUfVrGMQkjajQhKNSA9dJtJehNPdxOq8MU0UTJFMc04FBgRFVXrb489y+ME5gh7E0R2h74f6eyDBSahb5pjNCPVGrtdz8rzZIdXjjZUwkqaaCLB8KU27r2M4DsAMmKdF8ZgCJZPnuZIISiTYxVUwI7urK69Bt1N2ruvvQqDVvizjKcAbncAkuXEMT7qANHSCQwDO8wpuVWi/Wu/WxbC1Zxcwp/JH1+QNPtZE0</latexit> ad
ia
b
at
ic

IC

<latexit sha1_base64="VOibH947W8zDkKZZaZfI/xMgdnc=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWKLhgAQuZG/Zgw27e5fdPRNy4TfYWGiMrT/Izn/jAlco+JJJXt6bycy8MOFMG9f9dgobm1vbO8Xd0t7+weFR+fikreNUEeqTmMeqG2JNOZPUN8xw2k0UxSLktBNO7uZ+54kqzWLZMtOEBgKPJIsYwcZKfrU1eKwOyhW35i6A1omXkwrkaA7KX/1hTFJBpSEca93z3MQEGVaGEU5npX6qaYLJBI9oz1KJBdVBtjh2hi6sMkRRrGxJgxbq74kMC62nIrSdApuxXvXm4n9eLzXRTZAxmaSGSrJcFKUcmRjNP0dDpigxfGoJJorZWxEZY4WJsfmUbAje6svrpF2veVc176FeadzmcRThDM7hEjy4hgbcQxN8IMDgGV7hzZHOi/PufCxbC04+cwp/4Hz+AMC7jf0=</latexit>

TR

<latexit sha1_base64="q5XMpPMKOwBUm+NHdGnckqFrdkI=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkrSg3osevFYwX5gG8pmO2mXbjZhdyOU0H/hxYMiXv033vw3btMctPWFhYd3ZtiZN0gE18Z1v5219Y3Nre3STnl3b//gsHJ03NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5HZe7zyh0jyWD2aaoB/RkeQhZ9RY65HLUOREBpWqW3NzkVXwCqhCoeag8tUfxiyNUBomqNY9z02Mn1FlOBM4K/dTjQllEzrCnkVJI9R+lm88I+fWGZIwVvZJQ3L390RGI62nUWA7I2rGerk2N/+r9VITXvsZl0lqULLFR2EqiInJ/Hwy5AqZEVMLlCludyVsTBVlxoZUtiF4yyevQrte8y5r3n292rgp4ijBKZzBBXhwBQ24gya0gIGEZ3iFN0c7L86787FoXXOKmRP4I+fzB3alkMY=</latexit>

inflation
<latexit sha1_base64="wpA5GFISb+JicSwaPCcQtf2e5yM=">AAAB8HicbZC7TsMwFIZPyq2UW4GRxaJCYqqSDpSxgoWxSPSC2qhyHKe1ajuR7SBVUZ+ChQGEWHkcNt4GN80ALb9k6dN/zpHP+YOEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfR2Ue89UaVZLB/MLKG+wGPJIkawsdajwiHLaVStuXU3F1oHr4AaFGqPql/DMCapoNIQjrUeeG5i/Awrwwin88ow1TTBZIrHdGBRYkG1n+ULz9GFdUIUxco+aVDu/p7IsNB6JgLbKbCZ6NXawvyvNkhNdO1nTCapoZIsP4pSjkyMFtejkClKDJ9ZwEQxuysiE6wwMTajig3BWz15HbqNundV9+4btdZNEUcZzuAcLsGDJrTgDtrQAQICnuEV3hzlvDjvzseyteQUM6fwR87nDw+bkJM=</latexit>

radiation

<latexit sha1_base64="2GspSnB+A3EGYgp8N1usSmxkupY=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8hd0c1GNILl6ECOYByRJmZ3uTIbMPZ3oDYcl3ePGgiFc/xpt/4yTZgyYWNBRV3XR3eYkUGm3729rY3Nre2S3sFfcPDo+OSyenbR2nikOLxzJWXY9pkCKCFgqU0E0UsNCT0PHGjbnfmYDSIo4ecZqAG7JhJALBGRrJRdAIPvWmtHFfH5TKdsVegK4TJydlkqM5KH31/ZinIUTIJdO659gJuhlTKLiEWbGfakgYH7Mh9AyNWAjazRZHz+ilUXwaxMpUhHSh/p7IWKj1NPRMZ8hwpFe9ufif10sxuHUzESUpQsSXi4JUUozpPAHqCwUc5dQQxpUwt1I+YopxNDkVTQjO6svrpF2tONcV56FartXzOArknFyQK+KQG1Ijd6RJWoSTJ/JMXsmbNbFerHfrY9m6YeUzZ+QPrM8fzjORdg==</latexit>

tested by CMB
<latexit sha1_base64="00CNAVVzrXVx0N/0plcdRx4FWOQ=">AAAB8nicbVC7TsMwFHXKq5RXgZHFokJiipIOwFjBwlgk+pDSqHKcm9aqY0e2g1RF/QwWBhBi5WvY+BvcNgO0HMnS0Tn3yueeKONMG8/7diobm1vbO9Xd2t7+weFR/fikq2WuKHSo5FL1I6KBMwEdwwyHfqaApBGHXjS5m/u9J1CaSfFophmEKRkJljBKjJWClBgDCscydYf1hud6C+B14pekgUq0h/WvQSxpnoIwlBOtA9/LTFgQZRjlMKsNcg0ZoRMygsBSQVLQYbGIPMMXVolxIpV9wuCF+nujIKnW0zSykzbjWK96c/E/L8hNchMWTGS5AUGXHyU5x0bi+f04Zgqo4VNLCFXMZsV0TBShtgddsyX4qyevk27T9a9c/6HZaN2WdVTRGTpHl8hH16iF7lEbdRBFEj2jV/TmGOfFeXc+lqMVp9w5RX/gfP4A8k6RBw==</latexit>

matte
r do

m.

<latexit sha1_base64="gaBuq8zsR4YieqcI9CVgG+2V/EY=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYoqSDsBYwcJYJHqR2lA5jtNatZ3IdkBV1PdgYQAhVt6FjbfBbTNAyy9Z+vSfc3SO/zDlTBvP+3ZKa+sbm1vl7crO7t7+QfXwqK2TTBHaIglPVDfEmnImacsww2k3VRSLkNNOOL6Z1TuPVGmWyHszSWkg8FCymBFsrPWgcMTmhKJEuINqzXO9udAq+AXUoFBzUP3qRwnJBJWGcKx1z/dSE+RYGUY4nVb6maYpJmM8pD2LEguqg3x+9RSdWSdCcaLskwbN3d8TORZaT0RoOwU2I71cm5n/1XqZia+CnMk0M1SSxaI448gkaBYBipiixPCJBUwUs7ciMsIKE2ODqtgQ/OUvr0K77voXrn9XrzWuizjKcAKncA4+XEIDbqEJLSCg4Ble4c15cl6cd+dj0Vpyiplj+CPn8wc5dpJT</latexit> ra
di
at
io
n
do
m
.

<latexit sha1_base64="Sd7PlY/vrTGVTBRXKKws3UOexU0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQQsuI5gOSI+xt9pIle3vH7pwQjvwEGwtFbP1Fdv4bN8kVmvhg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVI04S7kd0qEQoGEUrPdwmrF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5F1buvVerXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEn/422</latexit>

Gpc

<latexit sha1_base64="B2A3iPKS0FtY+pZ/hiTG5NfkkOw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SqGXQxkaIaD4gOcLeZi9Zsrd37M4J4chPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etUycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H45uZ337i2ohYPeIk4X5Eh0qEglG00sNdwvrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWrepdVL37WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx8xI428</latexit>

Mpc

<latexit sha1_base64="og4B2fFf/y0HsFVfTCHhyREB2bA=">AAACJHicbVC5TsNAFFyHK4QrQEmzIopEQ2Sn4OgioKAMEjmk2FjPm3WyyvrQ7hoRWf4C/oOeFn6BDlHQUPMZbBIXkDDSk0Yz72n0xos5k8o0P43C0vLK6lpxvbSxubW9U97da8soEYS2SMQj0fVAUs5C2lJMcdqNBYXA47TjjS4nfueeCsmi8FaNY+oEMAiZzwgoLbnlqt0r2VeUK3BTWwQY+rXMhjgW0QO2zLv0+DzDtuOWK2bNnAIvEisnFZSj6Za/7X5EkoCGinCQsmeZsXJSEIoRTrOSnUgaAxnBgPY0DSGg0kmn72S4qpU+9iOhJ1R4qv6+SCGQchx4ejMANZTz3kT815soQvpyLl/5Z07KwjhRNCSzeD/hWEV40hjuM0GJ4mNNgAimP8BkCAKI0r2WdDXWfBGLpF2vWSc166ZeaVzkJRXRATpER8hCp6iBrlETtRBBj+gZvaBX48l4M96Nj9lqwchv9tEfGF8/4K+kPA==</latexit>

�ad. ⇡ 10�9

production needs to happen in the ‘white area’ 
don’t want to spoil BBN/REC nor the adiabatic fluctuations

<latexit sha1_base64="LbVaAjA3E7tsvvCuKlPXVkdEiTE=">AAAB83icbZA9SwNBEIbn4leMX1FLm8UgWIW7FNEyaGMZwSRCcoS9zV6yZO+D3VkhHPkbNhaK2Ppn7Pw3bi5XaOILCw/vzDCzb5BKodF1v53SxubW9k55t7K3f3B4VD0+6erEKMY7LJGJegyo5lLEvIMCJX9MFadRIHkvmN4u6r0nrrRI4gecpdyP6DgWoWAUrTUIpWFoctbDas2tu7nIOngF1KBQe1j9GowSZiIeI5NU677npuhnVKFgks8rA6N5StmUjnnfYkwjrv0sv3lOLqwzImGi7IuR5O7viYxGWs+iwHZGFCd6tbYw/6v1DYbXfibi1CCP2XJRaCTBhCwCICOhOEM5s0CZEvZWwiZUUYY2pooNwVv98jp0G3WvWW/eN2qtmyKOMpzBOVyCB1fQgjtoQwcYpPAMr/DmGOfFeXc+lq0lp5g5hT9yPn8ArAWSHA==</latexit>

fluctuations



Where/when dark sectors can be produced?

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a
<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

Secluded dark sectors can be produced:



Where/when dark sectors can be produced?

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a
<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

Secluded dark sectors can be produced:
At large temperatures T



Where/when dark sectors can be produced?

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a
<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

Secluded dark sectors can be produced:
At large temperatures T

At large physical wavenumbers k/a



Where/when dark sectors can be produced?

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a
<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

Secluded dark sectors can be produced:
At large temperatures T

At large physical wavenumbers k/a

At large Hubble values



Where/when dark sectors can be produced?

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a
<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

Secluded dark sectors can be produced:
At large temperatures T

At large physical wavenumbers k/a

At large Hubble values

<latexit sha1_base64="yfowbahwmFvLl5EyXgfAPnkHIIY=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe5SRMugjY0QwXxA7gh7m71kye7euTsXCEd+h42FIrb+GDv/jZvkCk18MPB4b4aZeWEiuAHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVFPWorGIdTckhgmuWAs4CNZNNCMyFKwTjm/nfmfCtOGxeoRpwgJJhopHnBKwUuD3/CFYV+J7P+iXK27VXQCvEy8nFZSj2S9/+YOYppIpoIIY0/PcBIKMaOBUsFnJTw1LCB2TIetZqohkJsgWR8/whVUGOIq1LQV4of6eyIg0ZipD2ykJjMyqNxf/83opRNdBxlWSAlN0uShKBYYYzxPAA64ZBTG1hFDN7a2YjogmFGxOJRuCt/ryOmnXql69Wn+oVRo3eRxFdIbO0SXy0BVqoDvURC1E0RN6Rq/ozZk4L86787FsLTj5zCn6A+fzB1a5kdQ=</latexit>& M



Where/when dark sectors can be produced?

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a
<latexit sha1_base64="uJ5jOMeShEEnoLCvg+WBKaRddNc=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiM5gINom7KdQyaGMZwTwgWcLsZHYzZB7LzGwghGDjr9hYKGLrV9j5N06SLTR64MLhnHu5954wYVQbz/tyciura+sb+c3C1vbO7p67f9DUMlWYNLBkUrVDpAmjgjQMNYy0E0UQDxlphcObmd8aEaWpFPdmnJCAo1jQiGJkrNRzj7DkckRFDBkR8cBoWC7Dkn8+LPXcolfx5oB/iZ+RIshQ77mf3b7EKSfCYIa07vheYoIJUoZiRqaFbqpJgvAQxaRjqUCc6GAyf2EKT63Sh5FUtoSBc/XnxARxrcc8tJ0cmYFe9mbif14nNdFVMKEiSQ0ReLEoShk0Es7ygH2qCDZsbAnCitpbIR4ghbCxqRVsCP7yy39Js1rxLyr+XbVYu87iyINjcALOgA8uQQ3cgjpoAAwewBN4Aa/Oo/PsvDnvi9ack80cgl9wPr4B6hiVzQ==</latexit> co
m
ov
in
g
le
n
gh

ts
–
1/

k

Secluded dark sectors can be produced:
At large temperatures T

At large physical wavenumbers k/a

‘jump start’ won’t give much energy budget —> DM heavy

At large Hubble values

eventually we are sensitive to the end of inflation/start of reheating

<latexit sha1_base64="yfowbahwmFvLl5EyXgfAPnkHIIY=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe5SRMugjY0QwXxA7gh7m71kye7euTsXCEd+h42FIrb+GDv/jZvkCk18MPB4b4aZeWEiuAHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVFPWorGIdTckhgmuWAs4CNZNNCMyFKwTjm/nfmfCtOGxeoRpwgJJhopHnBKwUuD3/CFYV+J7P+iXK27VXQCvEy8nFZSj2S9/+YOYppIpoIIY0/PcBIKMaOBUsFnJTw1LCB2TIetZqohkJsgWR8/whVUGOIq1LQV4of6eyIg0ZipD2ykJjMyqNxf/83opRNdBxlWSAlN0uShKBYYYzxPAA64ZBTG1hFDN7a2YjogmFGxOJRuCt/ryOmnXql69Wn+oVRo3eRxFdIbO0SXy0BVqoDvURC1E0RN6Rq/ozZk4L86787FsLTj5zCn6A+fzB1a5kdQ=</latexit>& M



Hey, look! 

I can have 

renormalizable


interactions 

with the SM!

seclusion can be difficult to achieve

if all terms allowed by symmetry are included



Rules of the game

I am interested in secluded and initially empty dark sectors

defined by the above interactions (and nothing more)

<latexit sha1_base64="+Ex6sfwM7GRpgDX3eJ9mwtxiRHk="></latexit>Z
d4x

p
�gLSM+inflaton +

Z
d4x

p
�gLDM +M2

Pl

Z
d4x

p
�gR



Rules of the game

I am interested in secluded and initially empty dark sectors

defined by the above interactions (and nothing more)

<latexit sha1_base64="+Ex6sfwM7GRpgDX3eJ9mwtxiRHk="></latexit>Z
d4x

p
�gLSM+inflaton +

Z
d4x

p
�gLDM +M2

Pl

Z
d4x

p
�gR

Inflaton reheats only the SM

No energy from self-interactions (e.g. no misalignement, system in 
vacuum state…)



Rules of the game

I am interested in secluded and initially empty dark sectors

defined by the above interactions (and nothing more)

<latexit sha1_base64="+Ex6sfwM7GRpgDX3eJ9mwtxiRHk="></latexit>Z
d4x

p
�gLSM+inflaton +

Z
d4x

p
�gLDM +M2

Pl

Z
d4x

p
�gR

Inflaton reheats only the SM

No energy from self-interactions (e.g. no misalignement, system in 
vacuum state…)

are there theories like these?



Accidental seclusion

Seclusion is a tough requirement

<latexit sha1_base64="i5BIwcVsdB7Bj812UelCNowYmfs="></latexit>Z
d4x

p
�g(LSM + LDM +

OSMODM

M4��
Pl

)



Accidental seclusion

Seclusion is a tough requirement

how to avoid marginal/relevant coupling to SM?

Dark sectors with gauge symmetries
Dark sectors with self-interactions

Dark sectors with fermion DM

<latexit sha1_base64="i5BIwcVsdB7Bj812UelCNowYmfs="></latexit>Z
d4x

p
�g(LSM + LDM +

OSMODM

M4��
Pl

)



Archetype of secluded DM sectors - I



Archetype of secluded DM sectors - I

Dark sector: pure Yang-Mills
<latexit sha1_base64="1fr8T9X0MLVEHQj7W4wFt8i4TcI=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpUGGsYICxSPQhJSFyXKe16jiR7SBVUUYWfoWFAYRY+QQ2/ga3zQAtR7pXR+fcK/ueIGFUKsv6NkpLyyura+X1ysbm1vaOubvXkXEqMGnjmMWiFyBJGOWkrahipJcIgqKAkW4wupr43QciJI35nRonxIvQgNOQYqS05JuHrnPqhgLh7NrP3Ch1eZrf1/PsbKA7dD3frFo1awq4SOyCVEGBlm9+uf0YpxHhCjMkpWNbifIyJBTFjOQVN5UkQXiEBsTRlKOISC+bHpLDY630YRgLXVzBqfp7I0ORlOMo0JMRUkM5703E/zwnVeGFl1GepIpwPHsoTBlUMZykAvtUEKzYWBOEBdV/hXiIdCxKZ1fRIdjzJy+STr1mN2qN23q1eVnEUQYH4AicABucgya4AS3QBhg8gmfwCt6MJ+PFeDc+ZqMlo9jZB39gfP4AGfOZZQ==</latexit>

�
G2

µ⌫

4g2
confinement gives glueball DM



Archetype of secluded DM sectors - I

Dark sector: pure Yang-Mills

Dark sector: free fermion    <——— mostly today!

<latexit sha1_base64="1fr8T9X0MLVEHQj7W4wFt8i4TcI=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpUGGsYICxSPQhJSFyXKe16jiR7SBVUUYWfoWFAYRY+QQ2/ga3zQAtR7pXR+fcK/ueIGFUKsv6NkpLyyura+X1ysbm1vaOubvXkXEqMGnjmMWiFyBJGOWkrahipJcIgqKAkW4wupr43QciJI35nRonxIvQgNOQYqS05JuHrnPqhgLh7NrP3Ch1eZrf1/PsbKA7dD3frFo1awq4SOyCVEGBlm9+uf0YpxHhCjMkpWNbifIyJBTFjOQVN5UkQXiEBsTRlKOISC+bHpLDY630YRgLXVzBqfp7I0ORlOMo0JMRUkM5703E/zwnVeGFl1GepIpwPHsoTBlUMZykAvtUEKzYWBOEBdV/hXiIdCxKZ1fRIdjzJy+STr1mN2qN23q1eVnEUQYH4AicABucgya4AS3QBhg8gmfwCt6MJ+PFeDc+ZqMlo9jZB39gfP4AGfOZZQ==</latexit>

�
G2

µ⌫

4g2

<latexit sha1_base64="PCZ/OF59h++iG+kHz9V0hoJ0hu8="></latexit>

i ̄�µDµ +
M

2
(  + h.c.)

confinement gives glueball DM

fermionic DM



Archetype of secluded DM sectors - I

what is common to these sectors?

Dark sector: pure Yang-Mills

Dark sector: free fermion    <——— mostly today!

<latexit sha1_base64="1fr8T9X0MLVEHQj7W4wFt8i4TcI=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJhSqpUGGsYICxSPQhJSFyXKe16jiR7SBVUUYWfoWFAYRY+QQ2/ga3zQAtR7pXR+fcK/ueIGFUKsv6NkpLyyura+X1ysbm1vaOubvXkXEqMGnjmMWiFyBJGOWkrahipJcIgqKAkW4wupr43QciJI35nRonxIvQgNOQYqS05JuHrnPqhgLh7NrP3Ch1eZrf1/PsbKA7dD3frFo1awq4SOyCVEGBlm9+uf0YpxHhCjMkpWNbifIyJBTFjOQVN5UkQXiEBsTRlKOISC+bHpLDY630YRgLXVzBqfp7I0ORlOMo0JMRUkM5703E/zwnVeGFl1GepIpwPHsoTBlUMZykAvtUEKzYWBOEBdV/hXiIdCxKZ1fRIdjzJy+STr1mN2qN23q1eVnEUQYH4AicABucgya4AS3QBhg8gmfwCt6MJ+PFeDc+ZqMlo9jZB39gfP4AGfOZZQ==</latexit>

�
G2

µ⌫

4g2

<latexit sha1_base64="PCZ/OF59h++iG+kHz9V0hoJ0hu8="></latexit>

i ̄�µDµ +
M

2
(  + h.c.)

confinement gives glueball DM

fermionic DM



Archetype of secluded DM sectors - II

I believe that the prototype of secluded dark sectors are dark CFTs*



Archetype of secluded DM sectors - II

I believe that the prototype of secluded dark sectors are dark CFTs*
or less fancy: conformally coupled matter
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at very high scales production can be insensitive to M
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dark CFTs are among the most secluded sectors
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Secluded DM originates from a dark CFT

dark CFTs are among the most secluded sectors
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Tµ
µ = 0 Weyl invariant theory

No CFT production from de Sitter expansion

No massless fermion, no gauge fields production from FRW

This invariance is only lost when:

1. CFT approximation breaks down (Mass or running)

2. Gravity is dynamical: fluctuations on top of FRW

(production from the thermal plasma at work in the CFT limit)
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conformally coupled dark matter?
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Outline

Gravitational freeze-in

[Garny, Sandora, Sloth ’16;

Bernal, Dutra, Mambrini, Olive, Peloso, Pierre ;…


…; Chiu, Hong, Wang ’22]
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Outline

Gravitational freeze-in

Gravitational Particle Production

[Garny, Sandora, Sloth ’16;

Bernal, Dutra, Mambrini, Olive, Peloso, Pierre ;…


…; Chiu, Hong, Wang ’22]

[Ford ‘76 
Chung, Kolb, Riotto ’98 

Chung, Kolb, Riotto, Senatore;

Ema, Nakayama, Tang…]

conformally coupled dark matter?
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Outline

Gravitational freeze-in

Gravitational Particle Production

Stochastic Gravitational Particle Production NEW

[Garny, Sandora, Sloth ’16;

Bernal, Dutra, Mambrini, Olive, Peloso, Pierre ;…


…; Chiu, Hong, Wang ’22]

[Ford ‘76 
Chung, Kolb, Riotto ’98 

Chung, Kolb, Riotto, Senatore;

Ema, Nakayama, Tang…]

[Maleknejad ,Kopp ’24]

conformally coupled dark matter?
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Gravitational freeze-in 
(GFI)

with Michele Redi and Hannah Tillim

JHEP 05 (2021) 010 



Extracting energy from SM thermal bath

the idea is to extract energy from the SM thermal plasma
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Extracting energy from SM thermal bath

the idea is to extract energy from the SM thermal plasma

via graviton exchange

[Garny, Sandora, Sloth ’16;

…; Chiu, Hong, Wang ’22]

scattering happens at short distances, flat space computation
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during standard cosmology the universe is reheated at high temperature
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Production insensitive to the mass of DM

Freeze-in type of calculation: thermal cross-section mediated by gravitons

It is possible to compute explicitly case by case

Exploiting conformal symmetry, derived general formula

SM

SM DM

DM
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Generalized application to relativistic CFTs

by the optical theorem we just need to know
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by the optical theorem we just need to know

<latexit sha1_base64="nyIc7JJ6UBOxrwa3SwTz2lZ6ZqQ="></latexit>Z
d�CFT|h0|O|CFTi|2 = 2Im[ihOOi]

in our case it’s just fixed by the conformal symmetries

and we just need the 2-point function of the stress-energy tensor
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Thermal cross section
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Thermal cross section
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with this easy to solve the Boltzmann equation
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DM mass from gravitational freeze-in

sharp prediction just based on the mass and central charge
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DM mass from gravitational freeze-in

sharp prediction just based on the mass and central charge
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Strongly sensitive to reheating temperature
Very heavy DM, very small numerical density
Applicable to glueball DM (viable scenario)

No visible signals…



Gravitational Particle Production 
(GPP)

with Michele Redi

JHEP 01 (2023) 085 

[see also Andrew Long and 
Rocky Kolb review ‘23]



Particle Production
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 initial

HELP!

need time dependence

initial state has overlap with excited states of new Hamiltonian



Hamiltonian with time dependence

Particle production can be understood in QM

<latexit sha1_base64="k300aE0sVFaT0nA1UFt70z1Tx+U=">AAACFHicbZC7SgNBFIZnvcZ4i1raDAbBC4TdFGojBG0sI5hEyG7C2ckkGZy9MHNWDEsewsZXsbFQxNbCzrdxkqyg0R8GPv5zDmfO78dSaLTtT2tmdm5+YTG3lF9eWV1bL2xs1nWUKMZrLJKRuvZBcylCXkOBkl/HikPgS97wb85H9cYtV1pE4RUOYu4F0AtFVzBAY7ULh27T7QOmd0N6Sm/3XIRknwI9/ObWAYWW24Eedb12oWiX7LHoX3AyKJJM1Xbhw+1ELAl4iEyC1k3HjtFLQaFgkg/zbqJ5DOwGerxpMISAay8dHzWku8bp0G6kzAuRjt2fEykEWg8C33QGgH09XRuZ/9WaCXZPvFSEcYI8ZJNF3URSjOgoIdoRijOUAwPAlDB/pawPChiaHPMmBGf65L9QL5eco9LRZblYOcviyJFtskP2iEOOSYVckCqpEUbuySN5Ji/Wg/VkvVpvk9YZK5vZIr9kvX8B1q6cLQ==</latexit>

x̂ = v(⌧)a+ v(⌧)⇤a†
<latexit sha1_base64="UZO3mXDKgQ6euOok0NKOUPetzR4=">AAACL3icbVDJSgNBFOxxjXGLevTSGISIEGbmoF4EURCPCiYRMmN40+lJmvQsdL8Rw5A/8uKv5CKiiFf/ws4CrgUNRVU9Xr8KUik02vazNTM7N7+wWFgqLq+srq2XNjbrOskU4zWWyETdBKC5FDGvoUDJb1LFIQokbwS9s5HfuONKiyS+xn7K/Qg6sQgFAzRSq3TuNb0uYH4xqHgI2R49pl6ogDkuHek0vXXp/peURLwDt+4kOw7cm4Dnt0plu2qPQf8SZ0rKZIrLVmnotROWRTxGJkHrpmOn6OegUDDJB0Uv0zwF1oMObxoaQ8S1n4/vHdBdo7RpmCjzYqRj9ftEDpHW/SgwyQiwq397I/E/r5lheOTnIk4z5DGbLAozSTGho/JoWyjOUPYNAaaE+StlXTDdoKm4aEpwfp/8l9TdqnNQPbhyyyen0zoKZJvskApxyCE5IRfkktQIIw9kSF7Iq/VoPVlv1vskOmNNZ7bID1gfnyACphQ=</latexit>

Ĥ(⌧) =
1

2
p̂
2 +

1

2
!
2(⌧)x̂2



Hamiltonian with time dependence

Particle production can be understood in QM

The mode function satisfies at all times

<latexit sha1_base64="4G2MhP1nZ0ub7pBeVA/Oa1GD9Rw=">AAACCHicbZBNS8MwGMfT+TbnW9WjB4NDEGGj3WF6EYZePE5wL9DWkWbpFpamJUkLo+zoxa/ixYMiXv0I3vw2ZlsPuvmHwI//8zxJnr8fMyqVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGYtHDEItH1kSSMctJSVDHSjQVBoc9Ixx/dTOudlAhJI36vxjHxQjTgNKAYKW31zGPXgW4/UjCF6cM5rMxZUwqvKtT1embZqlozwWWwcyiDXM2e+aWvwElIuMIMSenYVqy8DAlFMSOTkptIEiM8QgPiaOQoJNLLZotM4Kl2+jCIhD5cwZn7eyJDoZTj0NedIVJDuVibmv/VnEQFl15GeZwowvH8oSBhUEVwmgrsU0GwYmMNCAuq/wrxEAmElc6upEOwF1dehnatater9btauXGdx1EER+AEnAEbXIAGuAVN0AIYPIJn8ArejCfjxXg3PuatBSOfOQR/ZHz+APh9l2g=</latexit>

v̇v⇤ � v̇⇤v = �i

<latexit sha1_base64="k300aE0sVFaT0nA1UFt70z1Tx+U=">AAACFHicbZC7SgNBFIZnvcZ4i1raDAbBC4TdFGojBG0sI5hEyG7C2ckkGZy9MHNWDEsewsZXsbFQxNbCzrdxkqyg0R8GPv5zDmfO78dSaLTtT2tmdm5+YTG3lF9eWV1bL2xs1nWUKMZrLJKRuvZBcylCXkOBkl/HikPgS97wb85H9cYtV1pE4RUOYu4F0AtFVzBAY7ULh27T7QOmd0N6Sm/3XIRknwI9/ObWAYWW24Eedb12oWiX7LHoX3AyKJJM1Xbhw+1ELAl4iEyC1k3HjtFLQaFgkg/zbqJ5DOwGerxpMISAay8dHzWku8bp0G6kzAuRjt2fEykEWg8C33QGgH09XRuZ/9WaCXZPvFSEcYI8ZJNF3URSjOgoIdoRijOUAwPAlDB/pawPChiaHPMmBGf65L9QL5eco9LRZblYOcviyJFtskP2iEOOSYVckCqpEUbuySN5Ji/Wg/VkvVpvk9YZK5vZIr9kvX8B1q6cLQ==</latexit>

x̂ = v(⌧)a+ v(⌧)⇤a†

<latexit sha1_base64="y+k8f+TxQwQ4sUk1hSVwnEiCLPc=">AAACDHicbVDLSgMxFM34rPVVdekmWISKUGa6qG6EohuXFewDOmPJZDJtaGYyJHcKpfQD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzj58IrsG2v62V1bX1jc3cVn57Z3dvv3Bw2NQyVZQ1qBRStX2imeAxawAHwdqJYiTyBWv5g5up3xoypbmM72GUMC8ivZiHnBIwUrdQdDtuEEjAQ3yOXRmxHnmolFwg6ZmRrrCNXc+k7LI9A14mTkaKKEO9W/hyA0nTiMVABdG649gJeGOigFPBJnk31SwhdEB6rGNoTCKmvfHsmAk+NUqAQ6nMiwHP1N8TYxJpPYp8k4wI9PWiNxX/8zophJfemMdJCiym80VhKjBIPG0GB1wxCmJkCKGKm79i2ieKUDD95U0JzuLJy6RZKTvVcvWuUqxdZ3Xk0DE6QSXkoAtUQ7eojhqIokf0jF7Rm/VkvVjv1sc8umJlM0foD6zPH7K+mNk=</latexit>

v̈ + !2(⌧)v = 0

<latexit sha1_base64="UZO3mXDKgQ6euOok0NKOUPetzR4=">AAACL3icbVDJSgNBFOxxjXGLevTSGISIEGbmoF4EURCPCiYRMmN40+lJmvQsdL8Rw5A/8uKv5CKiiFf/ws4CrgUNRVU9Xr8KUik02vazNTM7N7+wWFgqLq+srq2XNjbrOskU4zWWyETdBKC5FDGvoUDJb1LFIQokbwS9s5HfuONKiyS+xn7K/Qg6sQgFAzRSq3TuNb0uYH4xqHgI2R49pl6ogDkuHek0vXXp/peURLwDt+4kOw7cm4Dnt0plu2qPQf8SZ0rKZIrLVmnotROWRTxGJkHrpmOn6OegUDDJB0Uv0zwF1oMObxoaQ8S1n4/vHdBdo7RpmCjzYqRj9ftEDpHW/SgwyQiwq397I/E/r5lheOTnIk4z5DGbLAozSTGho/JoWyjOUPYNAaaE+StlXTDdoKm4aEpwfp/8l9TdqnNQPbhyyyen0zoKZJvskApxyCE5IRfkktQIIw9kSF7Iq/VoPVlv1vskOmNNZ7bID1gfnyACphQ=</latexit>

Ĥ(⌧) =
1

2
p̂
2 +

1

2
!
2(⌧)x̂2



Hamiltonian with time dependence

Particle production can be understood in QM

The mode function satisfies at all times

<latexit sha1_base64="4G2MhP1nZ0ub7pBeVA/Oa1GD9Rw=">AAACCHicbZBNS8MwGMfT+TbnW9WjB4NDEGGj3WF6EYZePE5wL9DWkWbpFpamJUkLo+zoxa/ixYMiXv0I3vw2ZlsPuvmHwI//8zxJnr8fMyqVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGYtHDEItH1kSSMctJSVDHSjQVBoc9Ixx/dTOudlAhJI36vxjHxQjTgNKAYKW31zGPXgW4/UjCF6cM5rMxZUwqvKtT1embZqlozwWWwcyiDXM2e+aWvwElIuMIMSenYVqy8DAlFMSOTkptIEiM8QgPiaOQoJNLLZotM4Kl2+jCIhD5cwZn7eyJDoZTj0NedIVJDuVibmv/VnEQFl15GeZwowvH8oSBhUEVwmgrsU0GwYmMNCAuq/wrxEAmElc6upEOwF1dehnatater9btauXGdx1EER+AEnAEbXIAGuAVN0AIYPIJn8ArejCfjxXg3PuatBSOfOQR/ZHz+APh9l2g=</latexit>

v̇v⇤ � v̇⇤v = �i

for constant frequency, only positive frequency solutions are allowed

we assume the initial state is the vacuum of the initial Hamiltonian

<latexit sha1_base64="qe9UKj1h/cQbf+q+0k09TQZ1QUE=">AAACH3icbVDLSsNAFJ34tr6qLt0MFsGNJemiuhFENy4rWC0kMUymN3Vw8nDmplBC/sSNv+LGhSLirn/j9LFQ64ELZ865l7n3hJkUGm17aM3NLywuLa+sVtbWNza3qts7NzrNFYc2T2WqOiHTIEUCbRQooZMpYHEo4TZ8uBj5t31QWqTJNQ4y8GPWS0QkOEMjBdWm5/YDm55SL1KMF05ZePpRYdHw0hh6rCwp3BVHgk6e1EOWl9Tzg2rNrttj0FniTEmNTNEKql9eN+V5DAlyybR2HTtDv2AKBZdQVrxcQ8b4A+uBa2jCYtB+Mb6vpAdG6dIoVaYSpGP150TBYq0HcWg6Y4b3+q83Ev/z3ByjE78QSZYjJHzyUZRLiikdhUW7QgFHOTCEcSXMrpTfMxMUmkgrJgTn78mz5KZRd5r15lWjdnY+jWOF7JF9ckgcckzOyCVpkTbh5Im8kDfybj1br9aH9TlpnbOmM7vkF6zhNxwMomw=</latexit>

v0 =
1p
2!

e�i!⌧

<latexit sha1_base64="k300aE0sVFaT0nA1UFt70z1Tx+U=">AAACFHicbZC7SgNBFIZnvcZ4i1raDAbBC4TdFGojBG0sI5hEyG7C2ckkGZy9MHNWDEsewsZXsbFQxNbCzrdxkqyg0R8GPv5zDmfO78dSaLTtT2tmdm5+YTG3lF9eWV1bL2xs1nWUKMZrLJKRuvZBcylCXkOBkl/HikPgS97wb85H9cYtV1pE4RUOYu4F0AtFVzBAY7ULh27T7QOmd0N6Sm/3XIRknwI9/ObWAYWW24Eedb12oWiX7LHoX3AyKJJM1Xbhw+1ELAl4iEyC1k3HjtFLQaFgkg/zbqJ5DOwGerxpMISAay8dHzWku8bp0G6kzAuRjt2fEykEWg8C33QGgH09XRuZ/9WaCXZPvFSEcYI8ZJNF3URSjOgoIdoRijOUAwPAlDB/pawPChiaHPMmBGf65L9QL5eco9LRZblYOcviyJFtskP2iEOOSYVckCqpEUbuySN5Ji/Wg/VkvVpvk9YZK5vZIr9kvX8B1q6cLQ==</latexit>

x̂ = v(⌧)a+ v(⌧)⇤a†

<latexit sha1_base64="y+k8f+TxQwQ4sUk1hSVwnEiCLPc=">AAACDHicbVDLSgMxFM34rPVVdekmWISKUGa6qG6EohuXFewDOmPJZDJtaGYyJHcKpfQD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzj58IrsG2v62V1bX1jc3cVn57Z3dvv3Bw2NQyVZQ1qBRStX2imeAxawAHwdqJYiTyBWv5g5up3xoypbmM72GUMC8ivZiHnBIwUrdQdDtuEEjAQ3yOXRmxHnmolFwg6ZmRrrCNXc+k7LI9A14mTkaKKEO9W/hyA0nTiMVABdG649gJeGOigFPBJnk31SwhdEB6rGNoTCKmvfHsmAk+NUqAQ6nMiwHP1N8TYxJpPYp8k4wI9PWiNxX/8zophJfemMdJCiym80VhKjBIPG0GB1wxCmJkCKGKm79i2ieKUDD95U0JzuLJy6RZKTvVcvWuUqxdZ3Xk0DE6QSXkoAtUQ7eojhqIokf0jF7Rm/VkvVjv1sc8umJlM0foD6zPH7K+mNk=</latexit>

v̈ + !2(⌧)v = 0

<latexit sha1_base64="2zKMxO4hB/9L5kH/Uke5x0zd0OY=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5L0UL0IRS8eK9gPSELZbCft0s0m7G6U0vanePGgiFd/iTf/jds2B219MPB4b4aZeWHKmdKO820VNja3tneKu6W9/YPDI7t83FZJJim0aMIT2Q2JAs4EtDTTHLqpBBKHHDrh6Hbudx5BKpaIBz1OIYjJQLCIUaKN1LPLvkemji+JGHDA144f9OyKU3UWwOvEzUkF5Wj27C+/n9AsBqEpJ0p5rpPqYEKkZpTDrORnClJCR2QAnqGCxKCCyeL0GT43Sh9HiTQlNF6ovycmJFZqHIemMyZ6qFa9ufif52U6ugomTKSZBkGXi6KMY53geQ64zyRQzceGECqZuRXTIZGEapNWyYTgrr68Ttq1qluv1u9rlcZNHkcRnaIzdIFcdIka6A41UQtR9ISe0St6s6bWi/VufSxbC1Y+c4L+wPr8ARKTkz0=</latexit>

a|0i = 0

<latexit sha1_base64="UZO3mXDKgQ6euOok0NKOUPetzR4=">AAACL3icbVDJSgNBFOxxjXGLevTSGISIEGbmoF4EURCPCiYRMmN40+lJmvQsdL8Rw5A/8uKv5CKiiFf/ws4CrgUNRVU9Xr8KUik02vazNTM7N7+wWFgqLq+srq2XNjbrOskU4zWWyETdBKC5FDGvoUDJb1LFIQokbwS9s5HfuONKiyS+xn7K/Qg6sQgFAzRSq3TuNb0uYH4xqHgI2R49pl6ogDkuHek0vXXp/peURLwDt+4kOw7cm4Dnt0plu2qPQf8SZ0rKZIrLVmnotROWRTxGJkHrpmOn6OegUDDJB0Uv0zwF1oMObxoaQ8S1n4/vHdBdo7RpmCjzYqRj9ftEDpHW/SgwyQiwq397I/E/r5lheOTnIk4z5DGbLAozSTGho/JoWyjOUPYNAaaE+StlXTDdoKm4aEpwfp/8l9TdqnNQPbhyyyen0zoKZJvskApxyCE5IRfkktQIIw9kSF7Iq/VoPVlv1vskOmNNZ7bID1gfnyACphQ=</latexit>

Ĥ(⌧) =
1

2
p̂
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!
2(⌧)x̂2



Explicit examples (important for later)

Changes of frequency will give particle production

<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>!

<latexit sha1_base64="srBDsVwmvmEqo77XowUdULZKBHA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0l6qB6LXrxZwX5AEspmu2mX7m7C7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut1Pa2Nza3invVvb2Dw6PqscnXZNkmrIOTUSi+xExTHDFOsBBsH6qGZGRYL1ocjv3e09MG56oR5imLJRkpHjMKQEr+YGPg3vJRiQIB9WaW3cXwOvEK0gNFWgPql/BMKGZZAqoIMb4nptCmBMNnAo2qwSZYSmhEzJivqWKSGbCfHHyDF9YZYjjRNtSgBfq74mcSGOmMrKdksDYrHpz8T/PzyC+DnOu0gyYostFcSYwJHj+Px5yzSiIqSWEam5vxXRMNKFgU6rYELzVl9dJt1H3mvXmQ6PWuiniKKMzdI4ukYeuUAvdoTbqIIoS9Ixe0ZsDzovz7nwsW0tOMXOK/sD5/AGF+5DG</latexit>

⌦
<latexit sha1_base64="ofqHNWiHt5bNX2JEtXf+HdMUEzw=">AAAB9HicbVBNT8JAEN3iF+IX6tHLRmLiibQc0CPRi0dMBEzahmyXKWzY3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrk4yRaFDE56ox4ho4ExCxzDD4TFVQETEoReNb+d+bwJKs0Q+mGkKoSBDyWJGibFSGPg4SAQMST8Own615tbdBfA68QpSQwXa/epXMEhoJkAayonWvuemJsyJMoxymFWCTENK6JgMwbdUEgE6zBdHz/CFVQY4TpQtafBC/T2RE6H1VES2UxAz0qveXPzP8zMTX4c5k2lmQNLlojjj2CR4ngAeMAXU8KklhCpmb8V0RBShxuZUsSF4qy+vk26j7jXrzftGrXVTxFFGZ+gcXSIPXaEWukNt1EEUPaFn9IrenInz4rw7H8vWklPMnKI/cD5/ADRAkb8=</latexit>!f

<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧
<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧



Explicit examples (important for later)

Changes of frequency will give particle production

in the far future the solution is

<latexit sha1_base64="loJy3FWScJjFlSsHM71Y1L1fxqU=">AAACA3icbZDLSsNAFIYnXmu9Rd3pJlgEN5aki+pGKLpxWcFeIIllMj1ph04mYWYilLTgxldx40IRt76EO9/GSduFtv4w8PGfczhz/iBhVCrb/jaWlldW19YLG8XNre2dXXNvvynjVBBokJjFoh1gCYxyaCiqGLQTATgKGLSCwXVebz2AkDTmd2qYgB/hHqchJVhpq2Meeu7Iwyzp49F95WzkBaByunQ8v2OW7LI9kbUIzgxKaKZ6x/zyujFJI+CKMCyl69iJ8jMsFCUMxkUvlZBgMsA9cDVyHIH0s8kNY+tEO10rjIV+XFkT9/dEhiMph1GgOyOs+nK+lpv/1dxUhRd+RnmSKuBkuihMmaViKw/E6lIBRLGhBkwE1X+1SB8LTJSOrahDcOZPXoRmpexUy9XbSql2NYujgI7QMTpFDjpHNXSD6qiBCHpEz+gVvRlPxovxbnxMW5eM2cwB+iPj8wcbFpct</latexit>

|↵|2 � |�|2 = 1

<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>!

<latexit sha1_base64="srBDsVwmvmEqo77XowUdULZKBHA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0l6qB6LXrxZwX5AEspmu2mX7m7C7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut1Pa2Nza3invVvb2Dw6PqscnXZNkmrIOTUSi+xExTHDFOsBBsH6qGZGRYL1ocjv3e09MG56oR5imLJRkpHjMKQEr+YGPg3vJRiQIB9WaW3cXwOvEK0gNFWgPql/BMKGZZAqoIMb4nptCmBMNnAo2qwSZYSmhEzJivqWKSGbCfHHyDF9YZYjjRNtSgBfq74mcSGOmMrKdksDYrHpz8T/PzyC+DnOu0gyYostFcSYwJHj+Px5yzSiIqSWEam5vxXRMNKFgU6rYELzVl9dJt1H3mvXmQ6PWuiniKKMzdI4ukYeuUAvdoTbqIIoS9Ixe0ZsDzovz7nwsW0tOMXOK/sD5/AGF+5DG</latexit>

⌦
<latexit sha1_base64="ofqHNWiHt5bNX2JEtXf+HdMUEzw=">AAAB9HicbVBNT8JAEN3iF+IX6tHLRmLiibQc0CPRi0dMBEzahmyXKWzY3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrk4yRaFDE56ox4ho4ExCxzDD4TFVQETEoReNb+d+bwJKs0Q+mGkKoSBDyWJGibFSGPg4SAQMST8Own615tbdBfA68QpSQwXa/epXMEhoJkAayonWvuemJsyJMoxymFWCTENK6JgMwbdUEgE6zBdHz/CFVQY4TpQtafBC/T2RE6H1VES2UxAz0qveXPzP8zMTX4c5k2lmQNLlojjj2CR4ngAeMAXU8KklhCpmb8V0RBShxuZUsSF4qy+vk26j7jXrzftGrXVTxFFGZ+gcXSIPXaEWukNt1EEUPaFn9IrenInz4rw7H8vWklPMnKI/cD5/ADRAkb8=</latexit>!f

<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧
<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧

<latexit sha1_base64="CY329uwqzX2YGCREp0edehyfiac="></latexit>

v =
↵(⌧)p
2!(⌧)

e�i!(⌧)⌧ +
�(⌧)p
2!(⌧)

e+i!(⌧)⌧



Explicit examples (important for later)

Changes of frequency will give particle production

in the far future the solution is

<latexit sha1_base64="loJy3FWScJjFlSsHM71Y1L1fxqU=">AAACA3icbZDLSsNAFIYnXmu9Rd3pJlgEN5aki+pGKLpxWcFeIIllMj1ph04mYWYilLTgxldx40IRt76EO9/GSduFtv4w8PGfczhz/iBhVCrb/jaWlldW19YLG8XNre2dXXNvvynjVBBokJjFoh1gCYxyaCiqGLQTATgKGLSCwXVebz2AkDTmd2qYgB/hHqchJVhpq2Meeu7Iwyzp49F95WzkBaByunQ8v2OW7LI9kbUIzgxKaKZ6x/zyujFJI+CKMCyl69iJ8jMsFCUMxkUvlZBgMsA9cDVyHIH0s8kNY+tEO10rjIV+XFkT9/dEhiMph1GgOyOs+nK+lpv/1dxUhRd+RnmSKuBkuihMmaViKw/E6lIBRLGhBkwE1X+1SB8LTJSOrahDcOZPXoRmpexUy9XbSql2NYujgI7QMTpFDjpHNXSD6qiBCHpEz+gVvRlPxovxbnxMW5eM2cwB+iPj8wcbFpct</latexit>

|↵|2 � |�|2 = 1

In terms of the new creation/annihilation operators
Bogoliubov coefficient related to the number of particles produced

<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>!

<latexit sha1_base64="srBDsVwmvmEqo77XowUdULZKBHA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0l6qB6LXrxZwX5AEspmu2mX7m7C7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut1Pa2Nza3invVvb2Dw6PqscnXZNkmrIOTUSi+xExTHDFOsBBsH6qGZGRYL1ocjv3e09MG56oR5imLJRkpHjMKQEr+YGPg3vJRiQIB9WaW3cXwOvEK0gNFWgPql/BMKGZZAqoIMb4nptCmBMNnAo2qwSZYSmhEzJivqWKSGbCfHHyDF9YZYjjRNtSgBfq74mcSGOmMrKdksDYrHpz8T/PzyC+DnOu0gyYostFcSYwJHj+Px5yzSiIqSWEam5vxXRMNKFgU6rYELzVl9dJt1H3mvXmQ6PWuiniKKMzdI4ukYeuUAvdoTbqIIoS9Ixe0ZsDzovz7nwsW0tOMXOK/sD5/AGF+5DG</latexit>

⌦
<latexit sha1_base64="ofqHNWiHt5bNX2JEtXf+HdMUEzw=">AAAB9HicbVBNT8JAEN3iF+IX6tHLRmLiibQc0CPRi0dMBEzahmyXKWzY3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrk4yRaFDE56ox4ho4ExCxzDD4TFVQETEoReNb+d+bwJKs0Q+mGkKoSBDyWJGibFSGPg4SAQMST8Own615tbdBfA68QpSQwXa/epXMEhoJkAayonWvuemJsyJMoxymFWCTENK6JgMwbdUEgE6zBdHz/CFVQY4TpQtafBC/T2RE6H1VES2UxAz0qveXPzP8zMTX4c5k2lmQNLlojjj2CR4ngAeMAXU8KklhCpmb8V0RBShxuZUsSF4qy+vk26j7jXrzftGrXVTxFFGZ+gcXSIPXaEWukNt1EEUPaFn9IrenInz4rw7H8vWklPMnKI/cD5/ADRAkb8=</latexit>!f

<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧
<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧

<latexit sha1_base64="0cCpBEFQfzBsRsO/ZWHtHBcr5lY=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKTNdVDdC0Y3LCvYBnbFk0ts2NMkMSUYo036EG3/FjQtF3Lpw59+YPhbaeiBwOOdebs4JY860cd1vZ2l5ZXVtPbOR3dza3tnN7e3XdJQoClUa8Ug1QqKBMwlVwwyHRqyAiJBDPexfj/36AyjNInlnBjEEgnQl6zBKjJVauVO/6QtiekqkEaVJPJH9MywTEYIaXeKhH4Ihw/uiH7RyebfgToAXiTcjeTRDpZX78tsRTQRIQznRuum5sQlSogyjHEZZP9EQE9onXWhaKokAHaSTUCN8bJU27kTKPmnwRP29kRKh9UCEdnIcQM97Y/E/r5mYzkWQMhknBiSdHuokHJsIjxvCbaaAGj6whFDF7F8x7RFFqLE9Zm0J3nzkRVIrFrxSoXRbzJevZnVk0CE6QifIQ+eojG5QBVURRY/oGb2iN+fJeXHenY/p6JIz2zlAf+B8/gBDZZ7y</latexit>

occupation number = |�|2

<latexit sha1_base64="CY329uwqzX2YGCREp0edehyfiac="></latexit>

v =
↵(⌧)p
2!(⌧)

e�i!(⌧)⌧ +
�(⌧)p
2!(⌧)

e+i!(⌧)⌧



Explicit examples (important for later)

Changes of frequency will give particle production

in QFT slighlty more complicated, but the idea is the same
[at work also for asymptotically slow varying frequencies]

[Ford ‘76]

<latexit sha1_base64="U8oWNjmk+D/HGepo9asyAmi5EL4="></latexit>

|�|2 =

�
!2 � ⌦2

�2
sin2(⌦�⌧)

4!2⌦2

<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="cxs1QZ6W5Ktj/1pF43g6aLNgSGY=">AAACAHicbVC7TsNAEDzzDOFloKCgOREh0RDZKQJlBA1lkMhDsk10vmySU84+6+6MFFlu+BUaChCi5TPo+BsuiQtIGGml0cyudnfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2Eqmk0KKCC9kNiQLOYmhppjl0EwkkCjl0wvHN1O88glRMxPd6kkAQkWHMBowSbaSefex7GB6yC4Z9EcGQYF+TNPeDnl1xqs4MeJm4BamgAs2e/eX3BU0jiDXlRCnPdRIdZERqRjnkZT9VkBA6JkPwDI1JBCrIZg/k+MwofTwQ0lSs8Uz9PZGRSKlJFJrOiOiRWvSm4n+el+rBVZCxOEk1xHS+aJByrAWepoH7TALVfGIIoZKZWzEdEUmoNpmVTQju4svLpF2ruvVq/a5WaVwXcZTQCTpF58hFl6iBblETtRBFOXpGr+jNerJerHfrY966YhUzR+gPrM8fkoeVxg==</latexit>

e�i!⌧
<latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>! <latexit sha1_base64="ZEwle7s3JwYwIZ4i9Zp9MBr3KOg=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5SRMugjWUEkwh3R9jb7CVL9uPY3RNCyM+wsVDE1l9j579xk1yhiQ8GHu/NMDMvyTgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVrQjtEcaUfE2woZ5J2LLOcPmaaYpFw2kvGt3O/90S1YUo+2ElGY4GHkqWMYOukMApRpAQd4ijuV2t+3V8ArZOgIDUo0O5Xv6KBIrmg0hKOjQkDP7PxFGvLCKezSpQbmmEyxkMaOiqxoCaeLk6eoQunDFCqtCtp0UL9PTHFwpiJSFynwHZkVr25+J8X5ja9jqdMZrmlkiwXpTlHVqH5/2jANCWWTxzBRDN3KyIjrDGxLqWKCyFYfXmddBv1oFlv3jdqrZsijjKcwTlcQgBX0II7aEMHCCh4hld486z34r17H8vWklfMnMIfeJ8/tzuQ5g==</latexit>!

<latexit sha1_base64="srBDsVwmvmEqo77XowUdULZKBHA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0l6qB6LXrxZwX5AEspmu2mX7m7C7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut1Pa2Nza3invVvb2Dw6PqscnXZNkmrIOTUSi+xExTHDFOsBBsH6qGZGRYL1ocjv3e09MG56oR5imLJRkpHjMKQEr+YGPg3vJRiQIB9WaW3cXwOvEK0gNFWgPql/BMKGZZAqoIMb4nptCmBMNnAo2qwSZYSmhEzJivqWKSGbCfHHyDF9YZYjjRNtSgBfq74mcSGOmMrKdksDYrHpz8T/PzyC+DnOu0gyYostFcSYwJHj+Px5yzSiIqSWEam5vxXRMNKFgU6rYELzVl9dJt1H3mvXmQ6PWuiniKKMzdI4ukYeuUAvdoTbqIIoS9Ixe0ZsDzovz7nwsW0tOMXOK/sD5/AGF+5DG</latexit>

⌦
<latexit sha1_base64="ofqHNWiHt5bNX2JEtXf+HdMUEzw=">AAAB9HicbVBNT8JAEN3iF+IX6tHLRmLiibQc0CPRi0dMBEzahmyXKWzY3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrk4yRaFDE56ox4ho4ExCxzDD4TFVQETEoReNb+d+bwJKs0Q+mGkKoSBDyWJGibFSGPg4SAQMST8Own615tbdBfA68QpSQwXa/epXMEhoJkAayonWvuemJsyJMoxymFWCTENK6JgMwbdUEgE6zBdHz/CFVQY4TpQtafBC/T2RE6H1VES2UxAz0qveXPzP8zMTX4c5k2lmQNLlojjj2CR4ngAeMAXU8KklhCpmb8V0RBShxuZUsSF4qy+vk26j7jXrzftGrXVTxFFGZ+gcXSIPXaEWukNt1EEUPaFn9IrenInz4rw7H8vWklPMnKI/cD5/ADRAkb8=</latexit>!f

<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧
<latexit sha1_base64="hOyprZgb6Q04TKle8ExGjOtbhKw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQ9VI9FLx4r2A9IQtlsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MBVco+N8W6WNza3tnfJuZW//4PCoenzS1UmmKOvQRCSqHxLNBJesgxwF66eKkTgUrBdObud+74kpzRP5gNOUBTEZSR5xStBIfd/zkWR+MKjWnLqzgL1O3ILUoEB7UP3yhwnNYiaRCqK15zopBjlRyKlgs4qfaZYSOiEj5hkqScx0kC/undkXRhnaUaJMSbQX6u+JnMRaT+PQdMYEx3rVm4v/eV6G0XWQc5lmyCRdLooyYWNiz5+3h1wximJqCKGKm1ttOiaKUDQRVUwI7urL66TbqLvNevO+UWvdFHGU4QzO4RJcuIIW3EEbOkBBwDO8wpv1aL1Y79bHsrVkFTOn8AfW5w/t/4/p</latexit>⌧

<latexit sha1_base64="Aw8Dn1YxyDPJM0MM6dxmUKKI/2Q=">AAACKXicbZDLSgMxFIYzXmu9VV26CRahLiwzRaoboejGZQV7gc60ZNIzbWjmQpIRyrSv48ZXcaOgqFtfxLQdRFsPhPx8/zkk53cjzqQyzQ9jaXlldW09s5Hd3Nre2c3t7ddlGAsKNRryUDRdIoGzAGqKKQ7NSADxXQ4Nd3A98Rv3ICQLgzs1jMDxSS9gHqNEadTJVezWyHZBkVG7hC9tTxCaFOzQhx7Bp7O74+GTdmmcnOGU4x8+tp1OLm8WzWnhRWGlIo/SqnZyL3Y3pLEPgaKcSNmyzEg5CRGKUQ7jrB1LiAgdkB60tAyID9JJppuO8bEmXeyFQp9A4Sn9PZEQX8qh7+pOn6i+nPcm8D+vFSvvwklYEMUKAjp7yIs5ViGexIa7TABVfKgFoYLpv2LaJzotpcPN6hCs+ZUXRb1UtMrF8m0pX7lK48igQ3SECshC56iCblAV1RBFD+gJvaI349F4Nt6Nz1nrkpHOHKA/ZXx9A3hppYk=</latexit>

|�|2 =
(! � !f )2

4!!f



Gravitational Particle Production

A consequence of QFT on curved space:

Gravitational Particle Production

[Chung, Kolb, Riotto;….;

Long, Kolb]



Gravitational Particle Production

A consequence of QFT on curved space:

Gravitational Particle Production

Consider a massive field conformally coupled to the metric

by acting with a Weyl rescaling:

<latexit sha1_base64="kP0VMxJeJtpDx0Z5rUOIm/I0POE="></latexit>

�(⌧, ~x) =

Z
d3k

(2⇡)3


vk(⌧)e

+i~k·~xak + ...

�

[Chung, Kolb, Riotto;….;

Long, Kolb]

<latexit sha1_base64="U0AlIhdJ92dqaL5DfU/1dH6Sis0=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5L0UL0IRS8eK9hWSELYbKft0s0m7G6EEOtf8eJBEa/+EG/+G7cfB219MPB4b4aZeVHKmdKO822V1tY3NrfK25Wd3b39A/vwqKuSTFLo0IQn8j4iCjgT0NFMc7hPJZA44tCLxtdTv/cAUrFE3Ok8hSAmQ8EGjBJtpNCu+h4Jx4+OL4kYcsCXjh+Eds2pOzPgVeIuSA0t0A7tL7+f0CwGoSknSnmuk+qgIFIzymFS8TMFKaFjMgTPUEFiUEExO36CT43Sx4NEmhIaz9TfEwWJlcrjyHTGRI/UsjcV//O8TA8ugoKJNNMg6HzRIONYJ3iaBO4zCVTz3BBCJTO3YjoiklBt8qqYENzll1dJt1F3m/XmbaPWulrEUUbH6ASdIRedoxa6QW3UQRTl6Bm9ojfryXqx3q2PeWvJWsxU0R9Ynz+crZQb</latexit>

ak|0i = 0



Gravitational Particle Production

A consequence of QFT on curved space:

Gravitational Particle Production

Consider a massive field conformally coupled to the metric

by acting with a Weyl rescaling:

<latexit sha1_base64="kP0VMxJeJtpDx0Z5rUOIm/I0POE="></latexit>

�(⌧, ~x) =

Z
d3k

(2⇡)3


vk(⌧)e

+i~k·~xak + ...

�

<latexit sha1_base64="rDZER/Do/5YvmDPsbj6Jf/rHLA4=">AAACI3icbZDLSsNAFIYnXmu8VV26GSxCRShJF1UEoejGjVDBXqBJw8l02g6ZXJiZFErou7jxVdy4UIobF76LSVtEWw8MfPz/OZw5vxtxJpVhfGorq2vrG5u5LX17Z3dvP39w2JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nT9W4zvzmkQrIweFSjiNo+9APWYwRUKjn5K6utWxEIxYA7loK4U8ZDx8Pn2Psh6JSLmXWG72fataFbtu7kC0bJmBZeBnMOBTSvmpOfWN2QxD4NFOEgZds0ImUn2XLC6Vi3YkkjIB70aTvFAHwq7WR64xifpkoX90KRvkDhqfp7IgFfypHvpp0+qIFc9DLxP68dq96lnbAgihUNyGxRL+ZYhTgLDHeZoETxUQpABEv/iskABBCVxpqFYC6evAyNcsmslCoP5UL1Zh5HDh2jE1REJrpAVXSHaqiOCHpCL+gNvWvP2qs20T5mrSvafOYI/Snt6xverqCn</latexit>

@2
⌧vk + k2vk + a2(⌧)M2vk = 0

we quantize as in flat space at minus infinity!

 

Bunch-Davies type of initial conditions

for k>>aM only positive frequency

[Chung, Kolb, Riotto;….;

Long, Kolb]

<latexit sha1_base64="U0AlIhdJ92dqaL5DfU/1dH6Sis0=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5L0UL0IRS8eK9hWSELYbKft0s0m7G6EEOtf8eJBEa/+EG/+G7cfB219MPB4b4aZeVHKmdKO822V1tY3NrfK25Wd3b39A/vwqKuSTFLo0IQn8j4iCjgT0NFMc7hPJZA44tCLxtdTv/cAUrFE3Ok8hSAmQ8EGjBJtpNCu+h4Jx4+OL4kYcsCXjh+Eds2pOzPgVeIuSA0t0A7tL7+f0CwGoSknSnmuk+qgIFIzymFS8TMFKaFjMgTPUEFiUEExO36CT43Sx4NEmhIaz9TfEwWJlcrjyHTGRI/UsjcV//O8TA8ugoKJNNMg6HzRIONYJ3iaBO4zCVTz3BBCJTO3YjoiklBt8qqYENzll1dJt1F3m/XmbaPWulrEUUbH6ASdIRedoxa6QW3UQRTl6Bm9ojfryXqx3q2PeWvJWsxU0R9Ynz+crZQb</latexit>

ak|0i = 0



GPP needs massive particles

Standard GPP needs mass term



GPP needs massive particles

Standard GPP needs mass term

Let us consider a conformal scalar (=1/2 Weyl) with mass M

<latexit sha1_base64="rDZER/Do/5YvmDPsbj6Jf/rHLA4=">AAACI3icbZDLSsNAFIYnXmu8VV26GSxCRShJF1UEoejGjVDBXqBJw8l02g6ZXJiZFErou7jxVdy4UIobF76LSVtEWw8MfPz/OZw5vxtxJpVhfGorq2vrG5u5LX17Z3dvP39w2JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nT9W4zvzmkQrIweFSjiNo+9APWYwRUKjn5K6utWxEIxYA7loK4U8ZDx8Pn2Psh6JSLmXWG72fataFbtu7kC0bJmBZeBnMOBTSvmpOfWN2QxD4NFOEgZds0ImUn2XLC6Vi3YkkjIB70aTvFAHwq7WR64xifpkoX90KRvkDhqfp7IgFfypHvpp0+qIFc9DLxP68dq96lnbAgihUNyGxRL+ZYhTgLDHeZoETxUQpABEv/iskABBCVxpqFYC6evAyNcsmslCoP5UL1Zh5HDh2jE1REJrpAVXSHaqiOCHpCL+gNvWvP2qs20T5mrSvafOYI/Snt6xverqCn</latexit>

@2
⌧vk + k2vk + a2(⌧)M2vk = 0

<latexit sha1_base64="/BxI2ehtfCtR52JNRmn+044+nlg=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCIJSZWVQ3QtGNG6GCfUBnWjJppg1NJkOSEcpQN/6KGxeKuPUv3Pk3pu0stPXA5R7OuZfknjBhVGnH+baWlldW19YLG8XNre2dXXtvv6FEKjGpY8GEbIVIEUZjUtdUM9JKJEE8ZKQZDq8nfvOBSEVFfK9HCQk46sc0ohhpI3XtQ7/tC076qONdDjvemem3HQ/6QdcuOWVnCrhI3JyUQI5a1/7yewKnnMQaM6RU23USHWRIaooZGRf9VJEE4SHqk7ahMeJEBdn0gjE8MUoPRkKaijWcqr83MsSVGvHQTHKkB2rem4j/ee1URxdBRuMk1STGs4eilEEt4CQO2KOSYM1GhiAsqfkrxAMkEdYmtKIJwZ0/eZE0vLJbKVfuvFL1Ko+jAI7AMTgFLjgHVXADaqAOMHgEz+AVvFlP1ov1bn3MRpesfOcA/IH1+QMOiJVa</latexit>

!2 = k2 + a2M2



GPP needs massive particles

Standard GPP needs mass term

Let us consider a conformal scalar (=1/2 Weyl) with mass M

<latexit sha1_base64="rDZER/Do/5YvmDPsbj6Jf/rHLA4=">AAACI3icbZDLSsNAFIYnXmu8VV26GSxCRShJF1UEoejGjVDBXqBJw8l02g6ZXJiZFErou7jxVdy4UIobF76LSVtEWw8MfPz/OZw5vxtxJpVhfGorq2vrG5u5LX17Z3dvP39w2JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nT9W4zvzmkQrIweFSjiNo+9APWYwRUKjn5K6utWxEIxYA7loK4U8ZDx8Pn2Psh6JSLmXWG72fataFbtu7kC0bJmBZeBnMOBTSvmpOfWN2QxD4NFOEgZds0ImUn2XLC6Vi3YkkjIB70aTvFAHwq7WR64xifpkoX90KRvkDhqfp7IgFfypHvpp0+qIFc9DLxP68dq96lnbAgihUNyGxRL+ZYhTgLDHeZoETxUQpABEv/iskABBCVxpqFYC6evAyNcsmslCoP5UL1Zh5HDh2jE1REJrpAVXSHaqiOCHpCL+gNvWvP2qs20T5mrSvafOYI/Snt6xverqCn</latexit>

@2
⌧vk + k2vk + a2(⌧)M2vk = 0

Production happens when time-dependence is maximal:

<latexit sha1_base64="/BxI2ehtfCtR52JNRmn+044+nlg=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCIJSZWVQ3QtGNG6GCfUBnWjJppg1NJkOSEcpQN/6KGxeKuPUv3Pk3pu0stPXA5R7OuZfknjBhVGnH+baWlldW19YLG8XNre2dXXtvv6FEKjGpY8GEbIVIEUZjUtdUM9JKJEE8ZKQZDq8nfvOBSEVFfK9HCQk46sc0ohhpI3XtQ7/tC076qONdDjvemem3HQ/6QdcuOWVnCrhI3JyUQI5a1/7yewKnnMQaM6RU23USHWRIaooZGRf9VJEE4SHqk7ahMeJEBdn0gjE8MUoPRkKaijWcqr83MsSVGvHQTHKkB2rem4j/ee1URxdBRuMk1STGs4eilEEt4CQO2KOSYM1GhiAsqfkrxAMkEdYmtKIJwZ0/eZE0vLJbKVfuvFL1Ko+jAI7AMTgFLjgHVXADaqAOMHgEz+AVvFlP1ov1bn3MRpesfOcA/IH1+QMOiJVa</latexit>

!2 = k2 + a2M2

<latexit sha1_base64="KwuQG2+xIByKvSzweCTvt11lHN4=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVU26qC6LbropVLAPSEKYTCft0JkkzEyEEgpu/BU3LhRx60+482+ctF1o64HLPZxzLzP3hCmjUtn2t1FaW9/Y3Cpvmzu7e/sH1uFRVyaZwKSDE5aIfogkYTQmHUUVI/1UEMRDRnrh+Lbwew9ESJrE92qSEp+jYUwjipHSUmCdeK45vkRBC3qSctict5bp+WZgVeyqPQNcJc6CVMAC7cD68gYJzjiJFWZIStexU+XnSCiKGZmaXiZJivAYDYmraYw4kX4+u2EKz7UygFEidMUKztTfGzniUk54qCc5UiO57BXif56bqejaz2mcZorEeP5QlDGoElgEAgdUEKzYRBOEBdV/hXiEBMJKx1aE4CyfvEq6tapTr9bvapXGzSKOMjgFZ+ACOOAKNEATtEEHYPAInsEreDOejBfj3fiYj5aMxc4x+APj8wcot5VM</latexit>

k/aM ⇠ H ⇠ M
<latexit sha1_base64="nAywM8bGY1lz6Ur74toW0HrcIvQ=">AAAB/HicbZBPS8MwGMbT+W/Of9UdvQSH4Gm0O0yPQy9eBhPcJrSlpFm6hSVpSVKhlPlVvHhQxKsfxJvfxmzrQTcfCPx43vflffNEKaNKO863VdnY3Nreqe7W9vYPDo/s45OBSjKJSR8nLJEPEVKEUUH6mmpGHlJJEI8YGUbTm3l9+Eikoom413lKAo7GgsYUI22s0K77HpyGXegryiEy0PWD0G44TWchuA5uCQ1QqhfaX/4owRknQmOGlPJcJ9VBgaSmmJFZzc8USRGeojHxDArEiQqKxfEzeG6cEYwTaZ7QcOH+nigQVyrnkenkSE/Uam1u/lfzMh1fBQUVaaaJwMtFccagTuA8CTiikmDNcgMIS2puhXiCJMLa5FUzIbirX16HQavptpvtu1ajc13GUQWn4AxcABdcgg64BT3QBxjk4Bm8gjfryXqx3q2PZWvFKmfq4I+szx+c+5N4</latexit>

kM ⇠ aMM



GPP needs massive particles

Standard GPP needs mass term

Let us consider a conformal scalar (=1/2 Weyl) with mass M

<latexit sha1_base64="rDZER/Do/5YvmDPsbj6Jf/rHLA4=">AAACI3icbZDLSsNAFIYnXmu8VV26GSxCRShJF1UEoejGjVDBXqBJw8l02g6ZXJiZFErou7jxVdy4UIobF76LSVtEWw8MfPz/OZw5vxtxJpVhfGorq2vrG5u5LX17Z3dvP39w2JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nT9W4zvzmkQrIweFSjiNo+9APWYwRUKjn5K6utWxEIxYA7loK4U8ZDx8Pn2Psh6JSLmXWG72fataFbtu7kC0bJmBZeBnMOBTSvmpOfWN2QxD4NFOEgZds0ImUn2XLC6Vi3YkkjIB70aTvFAHwq7WR64xifpkoX90KRvkDhqfp7IgFfypHvpp0+qIFc9DLxP68dq96lnbAgihUNyGxRL+ZYhTgLDHeZoETxUQpABEv/iskABBCVxpqFYC6evAyNcsmslCoP5UL1Zh5HDh2jE1REJrpAVXSHaqiOCHpCL+gNvWvP2qs20T5mrSvafOYI/Snt6xverqCn</latexit>

@2
⌧vk + k2vk + a2(⌧)M2vk = 0

Production happens when time-dependence is maximal:

At this time largest contribution to negative frequency:

<latexit sha1_base64="GkriPrRE8/gNXFn+YYwXl/q+6rs="></latexit>

vk =
↵k(⌧)p

2!
e�i

R
!d⌧ 0

+
�k(⌧)p

2!
e+i

R
!d⌧ 0

<latexit sha1_base64="/BxI2ehtfCtR52JNRmn+044+nlg=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCIJSZWVQ3QtGNG6GCfUBnWjJppg1NJkOSEcpQN/6KGxeKuPUv3Pk3pu0stPXA5R7OuZfknjBhVGnH+baWlldW19YLG8XNre2dXXtvv6FEKjGpY8GEbIVIEUZjUtdUM9JKJEE8ZKQZDq8nfvOBSEVFfK9HCQk46sc0ohhpI3XtQ7/tC076qONdDjvemem3HQ/6QdcuOWVnCrhI3JyUQI5a1/7yewKnnMQaM6RU23USHWRIaooZGRf9VJEE4SHqk7ahMeJEBdn0gjE8MUoPRkKaijWcqr83MsSVGvHQTHKkB2rem4j/ee1URxdBRuMk1STGs4eilEEt4CQO2KOSYM1GhiAsqfkrxAMkEdYmtKIJwZ0/eZE0vLJbKVfuvFL1Ko+jAI7AMTgFLjgHVXADaqAOMHgEz+AVvFlP1ov1bn3MRpesfOcA/IH1+QMOiJVa</latexit>

!2 = k2 + a2M2

<latexit sha1_base64="KwuQG2+xIByKvSzweCTvt11lHN4=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVU26qC6LbropVLAPSEKYTCft0JkkzEyEEgpu/BU3LhRx60+482+ctF1o64HLPZxzLzP3hCmjUtn2t1FaW9/Y3Cpvmzu7e/sH1uFRVyaZwKSDE5aIfogkYTQmHUUVI/1UEMRDRnrh+Lbwew9ESJrE92qSEp+jYUwjipHSUmCdeK45vkRBC3qSctict5bp+WZgVeyqPQNcJc6CVMAC7cD68gYJzjiJFWZIStexU+XnSCiKGZmaXiZJivAYDYmraYw4kX4+u2EKz7UygFEidMUKztTfGzniUk54qCc5UiO57BXif56bqejaz2mcZorEeP5QlDGoElgEAgdUEKzYRBOEBdV/hXiEBMJKx1aE4CyfvEq6tapTr9bvapXGzSKOMjgFZ+ACOOAKNEATtEEHYPAInsEreDOejBfj3fiYj5aMxc4x+APj8wcot5VM</latexit>

k/aM ⇠ H ⇠ M
<latexit sha1_base64="nAywM8bGY1lz6Ur74toW0HrcIvQ=">AAAB/HicbZBPS8MwGMbT+W/Of9UdvQSH4Gm0O0yPQy9eBhPcJrSlpFm6hSVpSVKhlPlVvHhQxKsfxJvfxmzrQTcfCPx43vflffNEKaNKO863VdnY3Nreqe7W9vYPDo/s45OBSjKJSR8nLJEPEVKEUUH6mmpGHlJJEI8YGUbTm3l9+Eikoom413lKAo7GgsYUI22s0K77HpyGXegryiEy0PWD0G44TWchuA5uCQ1QqhfaX/4owRknQmOGlPJcJ9VBgaSmmJFZzc8USRGeojHxDArEiQqKxfEzeG6cEYwTaZ7QcOH+nigQVyrnkenkSE/Uam1u/lfzMh1fBQUVaaaJwMtFccagTuA8CTiikmDNcgMIS2puhXiCJMLa5FUzIbirX16HQavptpvtu1ajc13GUQWn4AxcABdcgg64BT3QBxjk4Bm8gjfryXqx3q2PZWvFKmfq4I+szx+c+5N4</latexit>

kM ⇠ aMM



GPP needs massive particles

Standard GPP needs mass term

Let us consider a conformal scalar (=1/2 Weyl) with mass M

<latexit sha1_base64="rDZER/Do/5YvmDPsbj6Jf/rHLA4=">AAACI3icbZDLSsNAFIYnXmu8VV26GSxCRShJF1UEoejGjVDBXqBJw8l02g6ZXJiZFErou7jxVdy4UIobF76LSVtEWw8MfPz/OZw5vxtxJpVhfGorq2vrG5u5LX17Z3dvP39w2JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nT9W4zvzmkQrIweFSjiNo+9APWYwRUKjn5K6utWxEIxYA7loK4U8ZDx8Pn2Psh6JSLmXWG72fataFbtu7kC0bJmBZeBnMOBTSvmpOfWN2QxD4NFOEgZds0ImUn2XLC6Vi3YkkjIB70aTvFAHwq7WR64xifpkoX90KRvkDhqfp7IgFfypHvpp0+qIFc9DLxP68dq96lnbAgihUNyGxRL+ZYhTgLDHeZoETxUQpABEv/iskABBCVxpqFYC6evAyNcsmslCoP5UL1Zh5HDh2jE1REJrpAVXSHaqiOCHpCL+gNvWvP2qs20T5mrSvafOYI/Snt6xverqCn</latexit>

@2
⌧vk + k2vk + a2(⌧)M2vk = 0

Production happens when time-dependence is maximal:

At this time largest contribution to negative frequency:

<latexit sha1_base64="GkriPrRE8/gNXFn+YYwXl/q+6rs="></latexit>

vk =
↵k(⌧)p

2!
e�i

R
!d⌧ 0

+
�k(⌧)p

2!
e+i

R
!d⌧ 0

<latexit sha1_base64="/BxI2ehtfCtR52JNRmn+044+nlg=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCIJSZWVQ3QtGNG6GCfUBnWjJppg1NJkOSEcpQN/6KGxeKuPUv3Pk3pu0stPXA5R7OuZfknjBhVGnH+baWlldW19YLG8XNre2dXXtvv6FEKjGpY8GEbIVIEUZjUtdUM9JKJEE8ZKQZDq8nfvOBSEVFfK9HCQk46sc0ohhpI3XtQ7/tC076qONdDjvemem3HQ/6QdcuOWVnCrhI3JyUQI5a1/7yewKnnMQaM6RU23USHWRIaooZGRf9VJEE4SHqk7ahMeJEBdn0gjE8MUoPRkKaijWcqr83MsSVGvHQTHKkB2rem4j/ee1URxdBRuMk1STGs4eilEEt4CQO2KOSYM1GhiAsqfkrxAMkEdYmtKIJwZ0/eZE0vLJbKVfuvFL1Ko+jAI7AMTgFLjgHVXADaqAOMHgEz+AVvFlP1ov1bn3MRpesfOcA/IH1+QMOiJVa</latexit>

!2 = k2 + a2M2

<latexit sha1_base64="KwuQG2+xIByKvSzweCTvt11lHN4=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVU26qC6LbropVLAPSEKYTCft0JkkzEyEEgpu/BU3LhRx60+482+ctF1o64HLPZxzLzP3hCmjUtn2t1FaW9/Y3Cpvmzu7e/sH1uFRVyaZwKSDE5aIfogkYTQmHUUVI/1UEMRDRnrh+Lbwew9ESJrE92qSEp+jYUwjipHSUmCdeK45vkRBC3qSctict5bp+WZgVeyqPQNcJc6CVMAC7cD68gYJzjiJFWZIStexU+XnSCiKGZmaXiZJivAYDYmraYw4kX4+u2EKz7UygFEidMUKztTfGzniUk54qCc5UiO57BXif56bqejaz2mcZorEeP5QlDGoElgEAgdUEKzYRBOEBdV/hXiEBMJKx1aE4CyfvEq6tapTr9bvapXGzSKOMjgFZ+ACOOAKNEATtEEHYPAInsEreDOejBfj3fiYj5aMxc4x+APj8wcot5VM</latexit>

k/aM ⇠ H ⇠ M

[here asymptotically adiabatic evolution]

<latexit sha1_base64="nAywM8bGY1lz6Ur74toW0HrcIvQ=">AAAB/HicbZBPS8MwGMbT+W/Of9UdvQSH4Gm0O0yPQy9eBhPcJrSlpFm6hSVpSVKhlPlVvHhQxKsfxJvfxmzrQTcfCPx43vflffNEKaNKO863VdnY3Nreqe7W9vYPDo/s45OBSjKJSR8nLJEPEVKEUUH6mmpGHlJJEI8YGUbTm3l9+Eikoom413lKAo7GgsYUI22s0K77HpyGXegryiEy0PWD0G44TWchuA5uCQ1QqhfaX/4owRknQmOGlPJcJ9VBgaSmmJFZzc8USRGeojHxDArEiQqKxfEzeG6cEYwTaZ7QcOH+nigQVyrnkenkSE/Uam1u/lfzMh1fBQUVaaaJwMtFccagTuA8CTiikmDNcgMIS2puhXiCJMLa5FUzIbirX16HQavptpvtu1ajc13GUQWn4AxcABdcgg64BT3QBxjk4Bm8gjfryXqx3q2PZWvFKmfq4I+szx+c+5N4</latexit>

kM ⇠ aMM



Gravitational Particle Production

The number and energy densities are computed as follows
<latexit sha1_base64="tgZmPTUlaMpLQgOMFfseT3ILfHM="></latexit>
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Gravitational Particle Production

The number and energy densities are computed as follows
<latexit sha1_base64="tgZmPTUlaMpLQgOMFfseT3ILfHM="></latexit>
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<latexit sha1_base64="qoje4HgHSf+oxOv7dsqEElvJykY="></latexit>

⌦DM|GPP ⇡ 10�2 M k
3
M

3M2
PlH

2
0

,



Gravitational Particle Production

The number and energy densities are computed as follows
<latexit sha1_base64="tgZmPTUlaMpLQgOMFfseT3ILfHM="></latexit>
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<latexit sha1_base64="qoje4HgHSf+oxOv7dsqEElvJykY="></latexit>
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Abundance strongly suppressed by M, Weyl invariance forbids production! 
Is there a way out?



DM abundance: GFI + GPP
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Stochastic Gravitational Particle Production

with Raghuveer Garani and Michele Redi

2408.yyyyy + 240x.yyyyy

NEW



An obstruction to produce CFTs from inflation

CFTs do not see the time dependence of FRW*

Production of conformally coupled matter goes to zero with 
<latexit sha1_base64="0RWODTXXo5Krk2Qm8ZYPLetSp44=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6qB6LXrwIFewHJKFstpt26WYTdzeFEvo7vHhQxKs/xpv/xm2ag7Y+GHi8N8PMvCDhTGnb/rZKG5tb2zvl3cre/sHhUfX4pKviVBLaITGPZT/AinImaEczzWk/kRRHAae9YHK78HtTKhWLxaOeJdSP8EiwkBGsjeR7LrpHno6RjTx/UK3ZdTsHWidOQWpQoD2ofnnDmKQRFZpwrJTr2In2Myw1I5zOK16qaILJBI+oa6jAEVV+lh89RxdGGaIwlqaERrn6eyLDkVKzKDCdEdZjteotxP88N9XhtZ8xkaSaCrJcFKYcmS8XCaAhk5RoPjMEE8nMrYiMscREm5wqJgRn9eV10m3UnWa9+dCotW6KOMpwBudwCQ5cQQvuoA0dIPAEz/AKb9bUerHerY9la8kqZk7hD6zPH5XZkLE=</latexit>

M ! 0



An obstruction to produce CFTs from inflation

CFTs do not see the time dependence of FRW*

Production of conformally coupled matter goes to zero with 
<latexit sha1_base64="0RWODTXXo5Krk2Qm8ZYPLetSp44=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6qB6LXrwIFewHJKFstpt26WYTdzeFEvo7vHhQxKs/xpv/xm2ag7Y+GHi8N8PMvCDhTGnb/rZKG5tb2zvl3cre/sHhUfX4pKviVBLaITGPZT/AinImaEczzWk/kRRHAae9YHK78HtTKhWLxaOeJdSP8EiwkBGsjeR7LrpHno6RjTx/UK3ZdTsHWidOQWpQoD2ofnnDmKQRFZpwrJTr2In2Myw1I5zOK16qaILJBI+oa6jAEVV+lh89RxdGGaIwlqaERrn6eyLDkVKzKDCdEdZjteotxP88N9XhtZ8xkaSaCrJcFKYcmS8XCaAhk5RoPjMEE8nMrYiMscREm5wqJgRn9eV10m3UnWa9+dCotW6KOMpwBudwCQ5cQQvuoA0dIPAEz/AKb9bUerHerY9la8kqZk7hD6zPH5XZkLE=</latexit>

M ! 0

Let us consider the case of a massless Weyl fermion



An obstruction to produce CFTs from inflation

CFTs do not see the time dependence of FRW*

Production of conformally coupled matter goes to zero with 

<latexit sha1_base64="GoorNyPTD7vS01N6R7DYmC0ZkrQ=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuStJFdSMU3bisYB+QxDCZTtqhk0mYh1BC1278FTcuFHHrF7jzb5y2QbT1wIXDOfdy7z1RxqhUjvNlLS2vrK6tlzbKm1vbO7v23n5bplpg0sIpS0U3QpIwyklLUcVINxMEJREjnWh4NfE790RImvJbNcpIkKA+pzHFSBkptI98rx/mfqJ9rscX6K4GfaLQjwL9ILQrTtWZAi4StyAVUKAZ2p9+L8U6IVxhhqT0XCdTQY6EopiRcdnXkmQID1GfeIZylBAZ5NNXxvDEKD0Yp8IUV3Cq/p7IUSLlKIlMZ4LUQM57E/E/z9MqPg9yyjOtCMezRbFmUKVwkgvsUUGwYiNDEBbU3ArxAAmElUmvbEJw519eJO1a1a1X6ze1SuOyiKMEDsExOAUuOAMNcA2aoAUweABP4AW8Wo/Ws/Vmvc9al6xi5gD8gfXxDQ+RmoE=</latexit>

gµ⌫ = a2⌘µ⌫
<latexit sha1_base64="0uOyONKv7rqZxly2QHdzvibSvL8=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDAbBxrgbIVoGbSwjmAfsrmF2MpsMmX0wMyuEJYWNv2JjoYitH2Hn3zhJttDEAwOHc+7lzjl+wplUlvVtFFZW19Y3ipulre2d3T1z/6At41QQ2iIxj0XXx5JyFtGWYorTbiIoDn1OO/7oeup3HqiQLI7u1DihXogHEQsYwUpLPbPsOm4iGXJVjPB9dnp+VpugueL1zIpVtWZAy8TOSQVyNHvml9uPSRrSSBGOpXRsK1FehoVihNNJyU0lTTAZ4QF1NI1wSKWXzUJM0LFW+iiIhX6RQjP190aGQynHoa8nQ6yGctGbiv95TqqCSy9jUZIqGpH5oSDlSCeeNoL6TFCi+FgTTATTf0VkiAUmSvdW0iXYi5GXSbtWtevV+m2t0rjK6yhCGY7gBGy4gAbcQBNaQOARnuEV3own48V4Nz7mowUj3zmEPzA+fwB9j5a5</latexit>

 ! a�3/2 

applying a Weyl transformation (field redefinition)

<latexit sha1_base64="0RWODTXXo5Krk2Qm8ZYPLetSp44=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6qB6LXrwIFewHJKFstpt26WYTdzeFEvo7vHhQxKs/xpv/xm2ag7Y+GHi8N8PMvCDhTGnb/rZKG5tb2zvl3cre/sHhUfX4pKviVBLaITGPZT/AinImaEczzWk/kRRHAae9YHK78HtTKhWLxaOeJdSP8EiwkBGsjeR7LrpHno6RjTx/UK3ZdTsHWidOQWpQoD2ofnnDmKQRFZpwrJTr2In2Myw1I5zOK16qaILJBI+oa6jAEVV+lh89RxdGGaIwlqaERrn6eyLDkVKzKDCdEdZjteotxP88N9XhtZ8xkaSaCrJcFKYcmS8XCaAhk5RoPjMEE8nMrYiMscREm5wqJgRn9eV10m3UnWa9+dCotW6KOMpwBudwCQ5cQQvuoA0dIPAEz/AKb9bUerHerY9la8kqZk7hD6zPH5XZkLE=</latexit>

M ! 0

Let us consider the case of a massless Weyl fermion



An obstruction to produce CFTs from inflation

CFTs do not see the time dependence of FRW*

* no photon production during inflation

Production of conformally coupled matter goes to zero with 

<latexit sha1_base64="GoorNyPTD7vS01N6R7DYmC0ZkrQ=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuStJFdSMU3bisYB+QxDCZTtqhk0mYh1BC1278FTcuFHHrF7jzb5y2QbT1wIXDOfdy7z1RxqhUjvNlLS2vrK6tlzbKm1vbO7v23n5bplpg0sIpS0U3QpIwyklLUcVINxMEJREjnWh4NfE790RImvJbNcpIkKA+pzHFSBkptI98rx/mfqJ9rscX6K4GfaLQjwL9ILQrTtWZAi4StyAVUKAZ2p9+L8U6IVxhhqT0XCdTQY6EopiRcdnXkmQID1GfeIZylBAZ5NNXxvDEKD0Yp8IUV3Cq/p7IUSLlKIlMZ4LUQM57E/E/z9MqPg9yyjOtCMezRbFmUKVwkgvsUUGwYiNDEBbU3ArxAAmElUmvbEJw519eJO1a1a1X6ze1SuOyiKMEDsExOAUuOAMNcA2aoAUweABP4AW8Wo/Ws/Vmvc9al6xi5gD8gfXxDQ+RmoE=</latexit>

gµ⌫ = a2⌘µ⌫
<latexit sha1_base64="0uOyONKv7rqZxly2QHdzvibSvL8=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDAbBxrgbIVoGbSwjmAfsrmF2MpsMmX0wMyuEJYWNv2JjoYitH2Hn3zhJttDEAwOHc+7lzjl+wplUlvVtFFZW19Y3ipulre2d3T1z/6At41QQ2iIxj0XXx5JyFtGWYorTbiIoDn1OO/7oeup3HqiQLI7u1DihXogHEQsYwUpLPbPsOm4iGXJVjPB9dnp+VpugueL1zIpVtWZAy8TOSQVyNHvml9uPSRrSSBGOpXRsK1FehoVihNNJyU0lTTAZ4QF1NI1wSKWXzUJM0LFW+iiIhX6RQjP190aGQynHoa8nQ6yGctGbiv95TqqCSy9jUZIqGpH5oSDlSCeeNoL6TFCi+FgTTATTf0VkiAUmSvdW0iXYi5GXSbtWtevV+m2t0rjK6yhCGY7gBGy4gAbcQBNaQOARnuEV3own48V4Nz7mowUj3zmEPzA+fwB9j5a5</latexit>

 ! a�3/2 

applying a Weyl transformation (field redefinition)

metric completely disappears from the action of a Weyl fermion

<latexit sha1_base64="3AsrnxtrUBTra49GniyHrvWAVvQ="></latexit>Z
d4x i †�̄µ@µ as in flat space! no GPP!

<latexit sha1_base64="0RWODTXXo5Krk2Qm8ZYPLetSp44=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6qB6LXrwIFewHJKFstpt26WYTdzeFEvo7vHhQxKs/xpv/xm2ag7Y+GHi8N8PMvCDhTGnb/rZKG5tb2zvl3cre/sHhUfX4pKviVBLaITGPZT/AinImaEczzWk/kRRHAae9YHK78HtTKhWLxaOeJdSP8EiwkBGsjeR7LrpHno6RjTx/UK3ZdTsHWidOQWpQoD2ofnnDmKQRFZpwrJTr2In2Myw1I5zOK16qaILJBI+oa6jAEVV+lh89RxdGGaIwlqaERrn6eyLDkVKzKDCdEdZjteotxP88N9XhtZ8xkaSaCrJcFKYcmS8XCaAhk5RoPjMEE8nMrYiMscREm5wqJgRn9eV10m3UnWa9+dCotW6KOMpwBudwCQ5cQQvuoA0dIPAEz/AKb9bUerHerY9la8kqZk7hD6zPH5XZkLE=</latexit>

M ! 0

Let us consider the case of a massless Weyl fermion



Fluctuations breaks Weyl invariance

[PLANCK]

<latexit sha1_base64="MP4mc0QU7YZj6Zr8dJP2VhnivtY=">AAACEHicbVC5TsNAEF1zhnAFKGlWRAgaIpuCo0MJBQ1SkEhAio213kxgxa5t7Y6Rgskn0PArNBQgREtJx9+wOQquJ4309N6MZuZFqRQGXffTGRufmJyaLswUZ+fmFxZLS8tNk2SaQ4MnMtHnETMgRQwNFCjhPNXAVCThLLqu9f2zG9BGJPEpdlMIFLuMRUdwhlYKSxt+yz8EiSz0bwHZXZj7WtHacbXnG6Go517kW/s9PwhLZbfiDkD/Em9EymSEelj68NsJzxTEyCUzpuW5KQY50yi4hF7RzwykjF+zS2hZGjMFJsgHD/XoulXatJNoWzHSgfp9ImfKmK6KbKdieGV+e33xP6+VYWcvyEWcZggxHy7qZJJiQvvp0LbQwFF2LWFcC3sr5VdMM442w6INwfv98l/S3K54O5Wdk+3yQXUUR4GskjWySTyySw7IEamTBuHknjySZ/LiPDhPzqvzNmwdc0YzK+QHnPcvhoacQQ==</latexit>

�⇣ |CMB ⇠ 10�9 generated during inflation



Gravitational fluctuations break Weyl invariance

Dynamical gravity breaks Weyl invariance
<latexit sha1_base64="uYJo8aliCtIR6PFci24kjnfuejw="></latexit>
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Gravitational fluctuations break Weyl invariance

Dynamical gravity breaks Weyl invariance
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Fluctuations on top of FRW background will break Weyl invariance

Within the SM we have sources of fluctuations

Curvature (scalar) perturbations generated during inflation



Gravitational fluctuations break Weyl invariance

Dynamical gravity breaks Weyl invariance
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Within the SM we have sources of fluctuations

Curvature (scalar) perturbations generated during inflation

Gravitational waves produced during inflation



Gravitational fluctuations break Weyl invariance

Dynamical gravity breaks Weyl invariance
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Fluctuations on top of FRW background will break Weyl invariance

Within the SM we have sources of fluctuations

Curvature (scalar) perturbations generated during inflation

Gravitational waves produced during inflation

are they enough to produce DM?  
even conformally coupled DM?



Gravitational fluctuations break Weyl invariance

Dynamical gravity breaks Weyl invariance
<latexit sha1_base64="uYJo8aliCtIR6PFci24kjnfuejw="></latexit>

M2
PlR

Fluctuations on top of FRW background will break Weyl invariance

Within the SM we have sources of fluctuations

Curvature (scalar) perturbations generated during inflation

Gravitational waves produced during inflation

[for the case of GWs generated at a phase transition, 

see Maleknejad & Kopp ’24 ]

are they enough to produce DM?  
even conformally coupled DM?
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In single field inflation, 

curvature perturbations constant on super-horizon scales



The case of curvature perturbations

In single field inflation, 

curvature perturbations constant on super-horizon scales

<latexit sha1_base64="Rckd4WxN4hQXu0VvRjbhgCbWkrc="></latexit>

h⇣q⇣⇤q0i =
2⇡2

q3
�(3)(~q � ~q0)�⇣(q)

<latexit sha1_base64="3SQLoKFLbf28sy1uoD+T820y6dk=">AAAB8HicbVA9T8MwEHX4LOWrwMhiUSExVUmHwljBwlgk+oGSqHJcp7VqO5F9QSpRfwULAwix8nPY+De4bQZoedJJT+/d6e5elApuwHW/nbX1jc2t7dJOeXdv/+CwcnTcMUmmKWvTRCS6FxHDBFesDRwE66WaERkJ1o3GNzO/+8i04Ym6h0nKQkmGisecErDSQ+AHTwxIEPYrVbfmzoFXiVeQKirQ6le+gkFCM8kUUEGM8T03hTAnGjgVbFoOMsNSQsdkyHxLFZHMhPn84Ck+t8oAx4m2pQDP1d8TOZHGTGRkOyWBkVn2ZuJ/np9BfBXmXKUZMEUXi+JMYEjw7Hs84JpREBNLCNXc3orpiGhCwWZUtiF4yy+vkk695jVqjbt6tXldxFFCp+gMXSAPXaImukUt1EYUSfSMXtGbo50X5935WLSuOcXMCfoD5/MHtvKQXQ==</latexit>

⇣ <latexit sha1_base64="S7ey831wjJ9SN4UQRI2aa8cykwo="></latexit>
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The case of curvature perturbations

In single field inflation, 

curvature perturbations constant on super-horizon scales

in conformal-newtonian gauge the metric with perturbations is
<latexit sha1_base64="4rsDd85TRVhX28g/XJwf0ivN+QQ="></latexit>

ds2 = a2d⌧2[1 + 2�(⌧, ~x)]� a2dx2[1� 2 (⌧, ~x)]

<latexit sha1_base64="Rckd4WxN4hQXu0VvRjbhgCbWkrc="></latexit>

h⇣q⇣⇤q0i =
2⇡2

q3
�(3)(~q � ~q0)�⇣(q)

<latexit sha1_base64="3SQLoKFLbf28sy1uoD+T820y6dk=">AAAB8HicbVA9T8MwEHX4LOWrwMhiUSExVUmHwljBwlgk+oGSqHJcp7VqO5F9QSpRfwULAwix8nPY+De4bQZoedJJT+/d6e5elApuwHW/nbX1jc2t7dJOeXdv/+CwcnTcMUmmKWvTRCS6FxHDBFesDRwE66WaERkJ1o3GNzO/+8i04Ym6h0nKQkmGisecErDSQ+AHTwxIEPYrVbfmzoFXiVeQKirQ6le+gkFCM8kUUEGM8T03hTAnGjgVbFoOMsNSQsdkyHxLFZHMhPn84Ck+t8oAx4m2pQDP1d8TOZHGTGRkOyWBkVn2ZuJ/np9BfBXmXKUZMEUXi+JMYEjw7Hs84JpREBNLCNXc3orpiGhCwWZUtiF4yy+vkk695jVqjbt6tXldxFFCp+gMXSAPXaImukUt1EYUSfSMXtGbo50X5935WLSuOcXMCfoD5/MHtvKQXQ==</latexit>

⇣ <latexit sha1_base64="S7ey831wjJ9SN4UQRI2aa8cykwo="></latexit>
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The case of curvature perturbations

In single field inflation, 

curvature perturbations constant on super-horizon scales

in conformal-newtonian gauge the metric with perturbations is
<latexit sha1_base64="4rsDd85TRVhX28g/XJwf0ivN+QQ="></latexit>

ds2 = a2d⌧2[1 + 2�(⌧, ~x)]� a2dx2[1� 2 (⌧, ~x)]

 are matched to the super-horizon value of 
<latexit sha1_base64="+7nyyT+gATH04zJspdGtzo6+kDo=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZSki+qy6MZlBPuAJJTJdNIOnTyYmQgh1F9x40IRt36IO//GaZuFth7uhcM59zJ3TpByJpVlfRuVjc2t7Z3qbm1v/+DwyDw+6ckkE4R2ScITMQiwpJzFtKuY4nSQCoqjgNN+ML2d+/1HKiRL4geVp9SP8DhmISNYaWlo1j0Xec6EXSJPlyMZ8vyh2bCa1gJondglaUAJZ2h+eaOEZBGNFeFYSte2UuUXWChGOJ3VvEzSFJMpHlNX0xhHVPrF4vgZOtfKCIWJ0B0rtFB/bxQ4kjKPAj0ZYTWRq95c/M9zMxVe+wWL00zRmCwfCjOOVILmSaARE5QonmuCiWD6VkQmWGCidF41HYK9+uV10ms17Xazfd9qdG7KOKpwCmdwATZcQQfuwIEuEMjhGV7hzXgyXox342M5WjHKnTr8gfH5AwwEkxs=</latexit>

�,  

<latexit sha1_base64="Rckd4WxN4hQXu0VvRjbhgCbWkrc="></latexit>

h⇣q⇣⇤q0i =
2⇡2

q3
�(3)(~q � ~q0)�⇣(q)

<latexit sha1_base64="3SQLoKFLbf28sy1uoD+T820y6dk=">AAAB8HicbVA9T8MwEHX4LOWrwMhiUSExVUmHwljBwlgk+oGSqHJcp7VqO5F9QSpRfwULAwix8nPY+De4bQZoedJJT+/d6e5elApuwHW/nbX1jc2t7dJOeXdv/+CwcnTcMUmmKWvTRCS6FxHDBFesDRwE66WaERkJ1o3GNzO/+8i04Ym6h0nKQkmGisecErDSQ+AHTwxIEPYrVbfmzoFXiVeQKirQ6le+gkFCM8kUUEGM8T03hTAnGjgVbFoOMsNSQsdkyHxLFZHMhPn84Ck+t8oAx4m2pQDP1d8TOZHGTGRkOyWBkVn2ZuJ/np9BfBXmXKUZMEUXi+JMYEjw7Hs84JpREBNLCNXc3orpiGhCwWZUtiF4yy+vkk695jVqjbt6tXldxFFCp+gMXSAPXaImukUt1EYUSfSMXtGbo50X5935WLSuOcXMCfoD5/MHtvKQXQ==</latexit>

⇣

<latexit sha1_base64="3SQLoKFLbf28sy1uoD+T820y6dk=">AAAB8HicbVA9T8MwEHX4LOWrwMhiUSExVUmHwljBwlgk+oGSqHJcp7VqO5F9QSpRfwULAwix8nPY+De4bQZoedJJT+/d6e5elApuwHW/nbX1jc2t7dJOeXdv/+CwcnTcMUmmKWvTRCS6FxHDBFesDRwE66WaERkJ1o3GNzO/+8i04Ym6h0nKQkmGisecErDSQ+AHTwxIEPYrVbfmzoFXiVeQKirQ6le+gkFCM8kUUEGM8T03hTAnGjgVbFoOMsNSQsdkyHxLFZHMhPn84Ck+t8oAx4m2pQDP1d8TOZHGTGRkOyWBkVn2ZuJ/np9BfBXmXKUZMEUXi+JMYEjw7Hs84JpREBNLCNXc3orpiGhCwWZUtiF4yy+vkk695jVqjbt6tXldxFFCp+gMXSAPXaImukUt1EYUSfSMXtGbo50X5935WLSuOcXMCfoD5/MHtvKQXQ==</latexit>

⇣ <latexit sha1_base64="S7ey831wjJ9SN4UQRI2aa8cykwo="></latexit>
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The case of curvature perturbations

in absence of anisotropic stress, we write the following expression*

<latexit sha1_base64="WwJyoRQQqbD0cDYCIZXHJ8u8Nm8=">AAACD3icbVC7SgNBFJ31GeNr1dJmMCgJSNhNEW2EoI1lhLxgdwmzk0kyZPaRmbtCXPIHNv6KjYUitrZ2/o2TR6GJB4Z7OOde7tzjx4IrsKxvY2V1bX1jM7OV3d7Z3ds3Dw4bKkokZXUaiUi2fKKY4CGrAwfBWrFkJPAFa/qDm4nfvGdS8SiswShmXkB6Ie9ySkBLbfPMdbBb7XN8pYualFp+eI5dIEkBuw8MSH5YcL22mbOK1hR4mdhzkkNzVNvml9uJaBKwEKggSjm2FYOXEgmcCjbOuoliMaED0mOOpiEJmPLS6T1jfKqVDu5GUr8Q8FT9PZGSQKlR4OvOgEBfLXoT8T/PSaB76aU8jBNgIZ0t6iYCQ4Qn4eAOl4yCGGlCqOT6r5j2iSQUdIRZHYK9ePIyaZSKdrlYvivlKtfzODLoGJ2gPLLRBaqgW1RFdUTRI3pGr+jNeDJejHfjY9a6YsxnjtAfGJ8/VB2ZuQ==</latexit>

� =  = T (q, ⌧)⇣(q)



The case of curvature perturbations

in absence of anisotropic stress, we write the following expression*
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T is a transfer function fixed by standard cosmology



The case of curvature perturbations

in absence of anisotropic stress, we write the following expression*
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The case of curvature perturbations

in absence of anisotropic stress, we write the following expression*
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T is a transfer function fixed by standard cosmology
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Constant super-horizon



The case of curvature perturbations

in absence of anisotropic stress, we write the following expression*
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Damped oscillations in radiation



The case of curvature perturbations

in absence of anisotropic stress, we write the following expression*

* Fourier space calculation

<latexit sha1_base64="WwJyoRQQqbD0cDYCIZXHJ8u8Nm8=">AAACD3icbVC7SgNBFJ31GeNr1dJmMCgJSNhNEW2EoI1lhLxgdwmzk0kyZPaRmbtCXPIHNv6KjYUitrZ2/o2TR6GJB4Z7OOde7tzjx4IrsKxvY2V1bX1jM7OV3d7Z3ds3Dw4bKkokZXUaiUi2fKKY4CGrAwfBWrFkJPAFa/qDm4nfvGdS8SiswShmXkB6Ie9ySkBLbfPMdbBb7XN8pYualFp+eI5dIEkBuw8MSH5YcL22mbOK1hR4mdhzkkNzVNvml9uJaBKwEKggSjm2FYOXEgmcCjbOuoliMaED0mOOpiEJmPLS6T1jfKqVDu5GUr8Q8FT9PZGSQKlR4OvOgEBfLXoT8T/PSaB76aU8jBNgIZ0t6iYCQ4Qn4eAOl4yCGGlCqOT6r5j2iSQUdIRZHYK9ePIyaZSKdrlYvivlKtfzODLoGJ2gPLLRBaqgW1RFdUTRI3pGr+jNeDJejHfjY9a6YsxnjtAfGJ8/VB2ZuQ==</latexit>

� =  = T (q, ⌧)⇣(q)

T is a transfer function fixed by standard cosmology

Negligible during inflation

Constant super-horizon

Damped oscillations in radiation

<latexit sha1_base64="C4d1bScGTHSJdNAwhoLT3jcLV98=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6qB6LXjxWsB+ShLLZbtqlu5uwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrk4yRWiHJDxR/QhrypmkHcMMp/1UUSwiTnvR5Hbu956o0iyRD2aa0lDgkWQxI9hY6THwUWBwFoSDas2tuwugdeIVpAYF2oPqVzBMSCaoNIRjrX3PTU2YY2UY4XRWCTJNU0wmeER9SyUWVIf54uAZurDKEMWJsiUNWqi/J3IstJ6KyHYKbMZ61ZuL/3l+ZuLrMGcyzQyVZLkozjgyCZp/j4ZMUWL41BJMFLO3IjLGChNjM6rYELzVl9dJt1H3mvXmfaPWuiniKMMZnMMleHAFLbiDNnSAgIBneIU3RzkvzrvzsWwtOcXMKfyB8/kDRPeQEw==</latexit>⌧

<latexit sha1_base64="4Nw8tk3CZD624oL741UddhxUfX8=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBahgpSkh+qx6MVjhX5BEstmu2mXbjZxd6KU0v/hxYMiXv0v3vw3btsctPXBwOO9GWbmBYngGmz728qtrW9sbuW3Czu7e/sHxcOjto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gdDPzO49MaR7LJowT5kdkIHnIKQEj3XsubpYfLjwg6bnn94olu2LPgVeJk5ESytDoFb+8fkzTiEmggmjtOnYC/oQo4FSwacFLNUsIHZEBcw2VJGLan8yvnuIzo/RxGCtTEvBc/T0xIZHW4ygwnRGBoV72ZuJ/nptCeOVPuExSYJIuFoWpwBDjWQS4zxWjIMaGEKq4uRXTIVGEggmqYEJwll9eJe1qxalVanfVUv06iyOPTtApKiMHXaI6ukUN1EIUKfSMXtGb9WS9WO/Wx6I1Z2Uzx+gPrM8f9YyRhw==</latexit>

T (q, ⌧)



A bit more details on massless fermions

<latexit sha1_base64="16ODPqdlMi3W6/Tv6Oe21H8o9Jk="></latexit>

 (⌧, ~x) =

Z
d3k
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h
 ~k(⌧)e

i~k·~xa~k + ...
i



A bit more details on massless fermions

in vacuum (away from sources) the mode function is

<latexit sha1_base64="PEkmmLPmxeDIEGx149+61goOQxc=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWYKVjdC0Y3LCvYBk2HIpGkbmswMSaZYhn6JG3/FjQtFBFf6N2bagtp6IOHknHu5uSdMOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEpCmyTmseyEWFHOItrUTHPaSSTFIuS0HQ6vc789olKxOLrT44T6Avcj1mMEayMF9hnyIBpRApFifYEhIt1Yz5QhRPcsQImAl/n180R+YJedijMFXCbunJTBHI3A/kDdmKSCRppwrJTnOon2Myw1I5xOSihVNMFkiPvUMzTCgio/m643gSdG6cJeLM2JNJyqvzsyLJQai9BUCqwHatHLxf88L9W9Cz9jUZJqGpHZoF7KoY5hnhXsMkmJ5mNDMJHM/BWSAZaYaJNoyYTgLq68TFrVilur1G6r5frVPI4iOALH4BS44BzUwQ1ogCYg4AE8gRfwaj1az9ab9T4rLVjznkPwB9bnN9O+oRM=</latexit>

~� · ~k⇠± = ±k⇠±

<latexit sha1_base64="16ODPqdlMi3W6/Tv6Oe21H8o9Jk="></latexit>

 (⌧, ~x) =

Z
d3k

(2⇡)3

h
 ~k(⌧)e

i~k·~xa~k + ...
i

<latexit sha1_base64="4yt+R2/Nt446jlWU8kImOOuIF3U="></latexit>
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A bit more details on massless fermions

in vacuum (away from sources) the mode function is

Quantization enforces

<latexit sha1_base64="PEkmmLPmxeDIEGx149+61goOQxc=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWYKVjdC0Y3LCvYBk2HIpGkbmswMSaZYhn6JG3/FjQtFBFf6N2bagtp6IOHknHu5uSdMOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEpCmyTmseyEWFHOItrUTHPaSSTFIuS0HQ6vc789olKxOLrT44T6Avcj1mMEayMF9hnyIBpRApFifYEhIt1Yz5QhRPcsQImAl/n180R+YJedijMFXCbunJTBHI3A/kDdmKSCRppwrJTnOon2Myw1I5xOSihVNMFkiPvUMzTCgio/m643gSdG6cJeLM2JNJyqvzsyLJQai9BUCqwHatHLxf88L9W9Cz9jUZJqGpHZoF7KoY5hnhXsMkmJ5mNDMJHM/BWSAZaYaJNoyYTgLq68TFrVilur1G6r5frVPI4iOALH4BS44BzUwQ1ogCYg4AE8gRfwaj1az9ab9T4rLVjznkPwB9bnN9O+oRM=</latexit>

~� · ~k⇠± = ±k⇠±

<latexit sha1_base64="ctBYoJNZL6PA8eIrV8dLsWiJ4fs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUJIuqhuh6MZlBfuAJIbJdNoOnTyYuRFK2rUbf8WNC0Xc+gXu/BunbRbaemDg3HPu5c49QSK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/qeJUUtagsYhlOyCKCR6xBnAQrJ1IRsJAsFYwuJ74rQcmFY+jOxgmzAtJL+JdTgloyTePXAePXCKSPvEHo/sKPtNlwGBWXdqu55slq2xNgReJnZMSylH3zS+3E9M0ZBFQQZRybCsBLyMSOBVsXHRTxRJCB6THHE0jEjLlZdNTxvhEKx3cjaV+EeCp+nsiI6FSwzDQnSGBvpr3JuJ/npNC98LLeJSkwCI6W9RNBYYYT3LBHS4ZBTHUhFDJ9V8x7RNJKOj0ijoEe/7kRdKslO1quXpbKdWu8jgK6BAdo1Nko3NUQzeojhqIokf0jF7Rm/FkvBjvxsesdcnIZw7QHxifP1EBmWU=</latexit>

|↵k|2 + |�k|2 = 1

<latexit sha1_base64="16ODPqdlMi3W6/Tv6Oe21H8o9Jk="></latexit>
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<latexit sha1_base64="4yt+R2/Nt446jlWU8kImOOuIF3U="></latexit>
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A bit more details on massless fermions

in vacuum (away from sources) the mode function is

Quantization enforces

<latexit sha1_base64="PEkmmLPmxeDIEGx149+61goOQxc=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWYKVjdC0Y3LCvYBk2HIpGkbmswMSaZYhn6JG3/FjQtFBFf6N2bagtp6IOHknHu5uSdMOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEpCmyTmseyEWFHOItrUTHPaSSTFIuS0HQ6vc789olKxOLrT44T6Avcj1mMEayMF9hnyIBpRApFifYEhIt1Yz5QhRPcsQImAl/n180R+YJedijMFXCbunJTBHI3A/kDdmKSCRppwrJTnOon2Myw1I5xOSihVNMFkiPvUMzTCgio/m643gSdG6cJeLM2JNJyqvzsyLJQai9BUCqwHatHLxf88L9W9Cz9jUZJqGpHZoF7KoY5hnhXsMkmJ5mNDMJHM/BWSAZaYaJNoyYTgLq68TFrVilur1G6r5frVPI4iOALH4BS44BzUwQ1ogCYg4AE8gRfwaj1az9ab9T4rLVjznkPwB9bnN9O+oRM=</latexit>

~� · ~k⇠± = ±k⇠±

<latexit sha1_base64="ctBYoJNZL6PA8eIrV8dLsWiJ4fs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUJIuqhuh6MZlBfuAJIbJdNoOnTyYuRFK2rUbf8WNC0Xc+gXu/BunbRbaemDg3HPu5c49QSK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/qeJUUtagsYhlOyCKCR6xBnAQrJ1IRsJAsFYwuJ74rQcmFY+jOxgmzAtJL+JdTgloyTePXAePXCKSPvEHo/sKPtNlwGBWXdqu55slq2xNgReJnZMSylH3zS+3E9M0ZBFQQZRybCsBLyMSOBVsXHRTxRJCB6THHE0jEjLlZdNTxvhEKx3cjaV+EeCp+nsiI6FSwzDQnSGBvpr3JuJ/npNC98LLeJSkwCI6W9RNBYYYT3LBHS4ZBTHUhFDJ9V8x7RNJKOj0ijoEe/7kRdKslO1quXpbKdWu8jgK6BAdo1Nko3NUQzeojhqIokf0jF7Rm/FkvBjvxsesdcnIZw7QHxifP1EBmWU=</latexit>

|↵k|2 + |�k|2 = 1

Boundary condition in the past

<latexit sha1_base64="16ODPqdlMi3W6/Tv6Oe21H8o9Jk="></latexit>

 (⌧, ~x) =

Z
d3k

(2⇡)3

h
 ~k(⌧)e

i~k·~xa~k + ...
i

<latexit sha1_base64="4yt+R2/Nt446jlWU8kImOOuIF3U="></latexit>
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<latexit sha1_base64="T95ZZja79Y3gMrtGa2nCVWqfexo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahLixJF9WNUHTjsoJ9QBLCZDpph04mYWYihLbgxl9x40IRt/6EO//GaZuFth64cDjnXu69J0gYlcqyvo3Cyura+kZxs7S1vbO7Z+4ftGWcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTDG+mfueBCEljfq+yhHgR6nMaUoyUlnzzyHXg2EUsGSB/WDl3KQ9Vdja+sl3PN8tW1ZoBLhM7J2WQo+mbX24vxmlEuMIMSenYVqK8ERKKYkYmJTeVJEF4iPrE0ZSjiEhvNPthAk+10oNhLHRxBWfq74kRiqTMokB3RkgN5KI3Ff/znFSFl96I8iRVhOP5ojBlUMVwGgjsUUGwYpkmCAuqb4V4gATCSsdW0iHYiy8vk3atater9btauXGdx1EEx+AEVIANLkAD3IImaAEMHsEzeAVvxpPxYrwbH/PWgpHPHII/MD5/AJt+lt4=</latexit>

|↵k(�1)| = 1



A bit more details on massless fermions

in vacuum (away from sources) the mode function is

Quantization enforces

<latexit sha1_base64="PEkmmLPmxeDIEGx149+61goOQxc=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWYKVjdC0Y3LCvYBk2HIpGkbmswMSaZYhn6JG3/FjQtFBFf6N2bagtp6IOHknHu5uSdMOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEpCmyTmseyEWFHOItrUTHPaSSTFIuS0HQ6vc789olKxOLrT44T6Avcj1mMEayMF9hnyIBpRApFifYEhIt1Yz5QhRPcsQImAl/n180R+YJedijMFXCbunJTBHI3A/kDdmKSCRppwrJTnOon2Myw1I5xOSihVNMFkiPvUMzTCgio/m643gSdG6cJeLM2JNJyqvzsyLJQai9BUCqwHatHLxf88L9W9Cz9jUZJqGpHZoF7KoY5hnhXsMkmJ5mNDMJHM/BWSAZaYaJNoyYTgLq68TFrVilur1G6r5frVPI4iOALH4BS44BzUwQ1ogCYg4AE8gRfwaj1az9ab9T4rLVjznkPwB9bnN9O+oRM=</latexit>

~� · ~k⇠± = ±k⇠±

<latexit sha1_base64="ctBYoJNZL6PA8eIrV8dLsWiJ4fs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUJIuqhuh6MZlBfuAJIbJdNoOnTyYuRFK2rUbf8WNC0Xc+gXu/BunbRbaemDg3HPu5c49QSK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/qeJUUtagsYhlOyCKCR6xBnAQrJ1IRsJAsFYwuJ74rQcmFY+jOxgmzAtJL+JdTgloyTePXAePXCKSPvEHo/sKPtNlwGBWXdqu55slq2xNgReJnZMSylH3zS+3E9M0ZBFQQZRybCsBLyMSOBVsXHRTxRJCB6THHE0jEjLlZdNTxvhEKx3cjaV+EeCp+nsiI6FSwzDQnSGBvpr3JuJ/npNC98LLeJSkwCI6W9RNBYYYT3LBHS4ZBTHUhFDJ9V8x7RNJKOj0ijoEe/7kRdKslO1quXpbKdWu8jgK6BAdo1Nko3NUQzeojhqIokf0jF7Rm/FkvBjvxsesdcnIZw7QHxifP1EBmWU=</latexit>

|↵k|2 + |�k|2 = 1

Boundary condition in the past

If a source is active for a finite time, we can have
<latexit sha1_base64="aVt7REbkGVdWNH3rLD+INpbrIDM=">AAACBnicbVA9SwNBEN2L3/ErainCYhAUIdyliJZBG0sFo0LuCHubuWTJ3t65OyeEJJWNf8XGQhFbf4Od/8ZNvEKjDwYe780wMy9MpTDoup9OYWZ2bn5hcam4vLK6tl7a2LwySaY5NHgiE30TMgNSKGigQAk3qQYWhxKuw97p2L++A21Eoi6xn0IQs44SkeAMrdQq7fhNOvRDQNbq7R/6QkXYPxj6Cm6p6wetUtmtuBPQv8TLSZnkOG+VPvx2wrMYFHLJjGl6borBgGkUXMKo6GcGUsZ7rANNSxWLwQSDyRsjumeVNo0SbUshnag/JwYsNqYfh7YzZtg1095Y/M9rZhgdBwOh0gxB8e9FUSYpJnScCW0LDRxl3xLGtbC3Ut5lmnG0yRVtCN70y3/JVbXi1Sq1i2q5fpLHsUi2yS7ZJx45InVyRs5Jg3ByTx7JM3lxHpwn59V5+24tOPnMFvkF5/0LzU6YEg==</latexit>

|�k(+1)| 6= 0

<latexit sha1_base64="16ODPqdlMi3W6/Tv6Oe21H8o9Jk="></latexit>

 (⌧, ~x) =
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<latexit sha1_base64="4yt+R2/Nt446jlWU8kImOOuIF3U="></latexit>
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<latexit sha1_base64="T95ZZja79Y3gMrtGa2nCVWqfexo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahLixJF9WNUHTjsoJ9QBLCZDpph04mYWYihLbgxl9x40IRt/6EO//GaZuFth64cDjnXu69J0gYlcqyvo3Cyura+kZxs7S1vbO7Z+4ftGWcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTDG+mfueBCEljfq+yhHgR6nMaUoyUlnzzyHXg2EUsGSB/WDl3KQ9Vdja+sl3PN8tW1ZoBLhM7J2WQo+mbX24vxmlEuMIMSenYVqK8ERKKYkYmJTeVJEF4iPrE0ZSjiEhvNPthAk+10oNhLHRxBWfq74kRiqTMokB3RkgN5KI3Ff/znFSFl96I8iRVhOP5ojBlUMVwGgjsUUGwYpkmCAuqb4V4gATCSsdW0iHYiy8vk3atater9btauXGdx1EEx+AEVIANLkAD3IImaAEMHsEzeAVvxpPxYrwbH/PWgpHPHII/MD5/AJt+lt4=</latexit>

|↵k(�1)| = 1



A bit more details on massless fermions

in vacuum (away from sources) the mode function is

Quantization enforces

<latexit sha1_base64="PEkmmLPmxeDIEGx149+61goOQxc=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWYKVjdC0Y3LCvYBk2HIpGkbmswMSaZYhn6JG3/FjQtFBFf6N2bagtp6IOHknHu5uSdMOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEpCmyTmseyEWFHOItrUTHPaSSTFIuS0HQ6vc789olKxOLrT44T6Avcj1mMEayMF9hnyIBpRApFifYEhIt1Yz5QhRPcsQImAl/n180R+YJedijMFXCbunJTBHI3A/kDdmKSCRppwrJTnOon2Myw1I5xOSihVNMFkiPvUMzTCgio/m643gSdG6cJeLM2JNJyqvzsyLJQai9BUCqwHatHLxf88L9W9Cz9jUZJqGpHZoF7KoY5hnhXsMkmJ5mNDMJHM/BWSAZaYaJNoyYTgLq68TFrVilur1G6r5frVPI4iOALH4BS44BzUwQ1ogCYg4AE8gRfwaj1az9ab9T4rLVjznkPwB9bnN9O+oRM=</latexit>

~� · ~k⇠± = ±k⇠±

<latexit sha1_base64="ctBYoJNZL6PA8eIrV8dLsWiJ4fs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUJIuqhuh6MZlBfuAJIbJdNoOnTyYuRFK2rUbf8WNC0Xc+gXu/BunbRbaemDg3HPu5c49QSK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/qeJUUtagsYhlOyCKCR6xBnAQrJ1IRsJAsFYwuJ74rQcmFY+jOxgmzAtJL+JdTgloyTePXAePXCKSPvEHo/sKPtNlwGBWXdqu55slq2xNgReJnZMSylH3zS+3E9M0ZBFQQZRybCsBLyMSOBVsXHRTxRJCB6THHE0jEjLlZdNTxvhEKx3cjaV+EeCp+nsiI6FSwzDQnSGBvpr3JuJ/npNC98LLeJSkwCI6W9RNBYYYT3LBHS4ZBTHUhFDJ9V8x7RNJKOj0ijoEe/7kRdKslO1quXpbKdWu8jgK6BAdo1Nko3NUQzeojhqIokf0jF7Rm/FkvBjvxsesdcnIZw7QHxifP1EBmWU=</latexit>

|↵k|2 + |�k|2 = 1

Boundary condition in the past

If a source is active for a finite time, we can have
<latexit sha1_base64="aVt7REbkGVdWNH3rLD+INpbrIDM=">AAACBnicbVA9SwNBEN2L3/ErainCYhAUIdyliJZBG0sFo0LuCHubuWTJ3t65OyeEJJWNf8XGQhFbf4Od/8ZNvEKjDwYe780wMy9MpTDoup9OYWZ2bn5hcam4vLK6tl7a2LwySaY5NHgiE30TMgNSKGigQAk3qQYWhxKuw97p2L++A21Eoi6xn0IQs44SkeAMrdQq7fhNOvRDQNbq7R/6QkXYPxj6Cm6p6wetUtmtuBPQv8TLSZnkOG+VPvx2wrMYFHLJjGl6borBgGkUXMKo6GcGUsZ7rANNSxWLwQSDyRsjumeVNo0SbUshnag/JwYsNqYfh7YzZtg1095Y/M9rZhgdBwOh0gxB8e9FUSYpJnScCW0LDRxl3xLGtbC3Ut5lmnG0yRVtCN70y3/JVbXi1Sq1i2q5fpLHsUi2yS7ZJx45InVyRs5Jg3ByTx7JM3lxHpwn59V5+24tOPnMFvkF5/0LzU6YEg==</latexit>

|�k(+1)| 6= 0

<latexit sha1_base64="16ODPqdlMi3W6/Tv6Oe21H8o9Jk="></latexit>
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<latexit sha1_base64="4yt+R2/Nt446jlWU8kImOOuIF3U="></latexit>
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<latexit sha1_base64="T95ZZja79Y3gMrtGa2nCVWqfexo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahLixJF9WNUHTjsoJ9QBLCZDpph04mYWYihLbgxl9x40IRt/6EO//GaZuFth64cDjnXu69J0gYlcqyvo3Cyura+kZxs7S1vbO7Z+4ftGWcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTDG+mfueBCEljfq+yhHgR6nMaUoyUlnzzyHXg2EUsGSB/WDl3KQ9Vdja+sl3PN8tW1ZoBLhM7J2WQo+mbX24vxmlEuMIMSenYVqK8ERKKYkYmJTeVJEF4iPrE0ZSjiEhvNPthAk+10oNhLHRxBWfq74kRiqTMokB3RkgN5KI3Ff/znFSFl96I8iRVhOP5ojBlUMVwGgjsUUGwYpkmCAuqb4V4gATCSsdW0iHYiy8vk3atater9btauXGdx1EEx+AEVIANLkAD3IImaAEMHsEzeAVvxpPxYrwbH/PWgpHPHII/MD5/AJt+lt4=</latexit>

|↵k(�1)| = 1

The field is still massless, frequency is just k



A bit more details on massless fermions

in vacuum (away from sources) the mode function is

Quantization enforces

<latexit sha1_base64="PEkmmLPmxeDIEGx149+61goOQxc=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWYKVjdC0Y3LCvYBk2HIpGkbmswMSaZYhn6JG3/FjQtFBFf6N2bagtp6IOHknHu5uSdMOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEpCmyTmseyEWFHOItrUTHPaSSTFIuS0HQ6vc789olKxOLrT44T6Avcj1mMEayMF9hnyIBpRApFifYEhIt1Yz5QhRPcsQImAl/n180R+YJedijMFXCbunJTBHI3A/kDdmKSCRppwrJTnOon2Myw1I5xOSihVNMFkiPvUMzTCgio/m643gSdG6cJeLM2JNJyqvzsyLJQai9BUCqwHatHLxf88L9W9Cz9jUZJqGpHZoF7KoY5hnhXsMkmJ5mNDMJHM/BWSAZaYaJNoyYTgLq68TFrVilur1G6r5frVPI4iOALH4BS44BzUwQ1ogCYg4AE8gRfwaj1az9ab9T4rLVjznkPwB9bnN9O+oRM=</latexit>

~� · ~k⇠± = ±k⇠±

<latexit sha1_base64="ctBYoJNZL6PA8eIrV8dLsWiJ4fs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUJIuqhuh6MZlBfuAJIbJdNoOnTyYuRFK2rUbf8WNC0Xc+gXu/BunbRbaemDg3HPu5c49QSK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/qeJUUtagsYhlOyCKCR6xBnAQrJ1IRsJAsFYwuJ74rQcmFY+jOxgmzAtJL+JdTgloyTePXAePXCKSPvEHo/sKPtNlwGBWXdqu55slq2xNgReJnZMSylH3zS+3E9M0ZBFQQZRybCsBLyMSOBVsXHRTxRJCB6THHE0jEjLlZdNTxvhEKx3cjaV+EeCp+nsiI6FSwzDQnSGBvpr3JuJ/npNC98LLeJSkwCI6W9RNBYYYT3LBHS4ZBTHUhFDJ9V8x7RNJKOj0ijoEe/7kRdKslO1quXpbKdWu8jgK6BAdo1Nko3NUQzeojhqIokf0jF7Rm/FkvBjvxsesdcnIZw7QHxifP1EBmWU=</latexit>

|↵k|2 + |�k|2 = 1

Boundary condition in the past

If a source is active for a finite time, we can have
<latexit sha1_base64="aVt7REbkGVdWNH3rLD+INpbrIDM=">AAACBnicbVA9SwNBEN2L3/ErainCYhAUIdyliJZBG0sFo0LuCHubuWTJ3t65OyeEJJWNf8XGQhFbf4Od/8ZNvEKjDwYe780wMy9MpTDoup9OYWZ2bn5hcam4vLK6tl7a2LwySaY5NHgiE30TMgNSKGigQAk3qQYWhxKuw97p2L++A21Eoi6xn0IQs44SkeAMrdQq7fhNOvRDQNbq7R/6QkXYPxj6Cm6p6wetUtmtuBPQv8TLSZnkOG+VPvx2wrMYFHLJjGl6borBgGkUXMKo6GcGUsZ7rANNSxWLwQSDyRsjumeVNo0SbUshnag/JwYsNqYfh7YzZtg1095Y/M9rZhgdBwOh0gxB8e9FUSYpJnScCW0LDRxl3xLGtbC3Ut5lmnG0yRVtCN70y3/JVbXi1Sq1i2q5fpLHsUi2yS7ZJx45InVyRs5Jg3ByTx7JM3lxHpwn59V5+24tOPnMFvkF5/0LzU6YEg==</latexit>

|�k(+1)| 6= 0

<latexit sha1_base64="16ODPqdlMi3W6/Tv6Oe21H8o9Jk="></latexit>

 (⌧, ~x) =

Z
d3k

(2⇡)3

h
 ~k(⌧)e

i~k·~xa~k + ...
i

<latexit sha1_base64="4yt+R2/Nt446jlWU8kImOOuIF3U="></latexit>

 k(⌧) =
⇠�p
2
↵ke

�ik⌧ +
⇠+p
2
�ke

ik⌧

negative frequency also for k>>aM

we don’t need the mass

<latexit sha1_base64="T95ZZja79Y3gMrtGa2nCVWqfexo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahLixJF9WNUHTjsoJ9QBLCZDpph04mYWYihLbgxl9x40IRt/6EO//GaZuFth64cDjnXu69J0gYlcqyvo3Cyura+kZxs7S1vbO7Z+4ftGWcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTDG+mfueBCEljfq+yhHgR6nMaUoyUlnzzyHXg2EUsGSB/WDl3KQ9Vdja+sl3PN8tW1ZoBLhM7J2WQo+mbX24vxmlEuMIMSenYVqK8ERKKYkYmJTeVJEF4iPrE0ZSjiEhvNPthAk+10oNhLHRxBWfq74kRiqTMokB3RkgN5KI3Ff/znFSFl96I8iRVhOP5ojBlUMVwGgjsUUGwYpkmCAuqb4V4gATCSsdW0iHYiy8vk3atater9btauXGdx1EEx+AEVIANLkAD3IImaAEMHsEzeAVvxpPxYrwbH/PWgpHPHII/MD5/AJt+lt4=</latexit>

|↵k(�1)| = 1

The field is still massless, frequency is just k



Weyl fermion in presence of scalar fluctuations

Let us neglect the mass of the fermions for the moment



Weyl fermion in presence of scalar fluctuations

Weyl equation in presence of scalar flucutations
<latexit sha1_base64="izmpa0Kmtcc5dg5nyP0DGwaMjnk="></latexit>

i�̄µ@µ = i(2  ̇ � 1

2
(r ) · (~� ) + 3

2
 ̇ )

Let us neglect the mass of the fermions for the moment



Weyl fermion in presence of scalar fluctuations

Weyl equation in presence of scalar flucutations
<latexit sha1_base64="izmpa0Kmtcc5dg5nyP0DGwaMjnk="></latexit>

i�̄µ@µ = i(2  ̇ � 1

2
(r ) · (~� ) + 3

2
 ̇ )

RHS: source of Weyl breaking, relevant for particle production

Let us neglect the mass of the fermions for the moment



Weyl fermion in presence of scalar fluctuations

Weyl equation in presence of scalar flucutations

Equation linear in the field (quadratic hamiltonian)

<latexit sha1_base64="izmpa0Kmtcc5dg5nyP0DGwaMjnk="></latexit>

i�̄µ@µ = i(2  ̇ � 1

2
(r ) · (~� ) + 3

2
 ̇ )

RHS: source of Weyl breaking, relevant for particle production

Let us neglect the mass of the fermions for the moment



Weyl fermion in presence of scalar fluctuations

Weyl equation in presence of scalar flucutations

Equation linear in the field (quadratic hamiltonian)

Idea: apply Bogoliubov-type of calculations (translations broken..)

<latexit sha1_base64="izmpa0Kmtcc5dg5nyP0DGwaMjnk="></latexit>

i�̄µ@µ = i(2  ̇ � 1

2
(r ) · (~� ) + 3

2
 ̇ )

RHS: source of Weyl breaking, relevant for particle production

Let us neglect the mass of the fermions for the moment



Weyl fermion in presence of scalar fluctuations

Weyl equation in presence of scalar flucutations

Equation linear in the field (quadratic hamiltonian)

Idea: apply Bogoliubov-type of calculations (translations broken..)

“Stochastic Bogoliubov Particle Production”

<latexit sha1_base64="izmpa0Kmtcc5dg5nyP0DGwaMjnk="></latexit>

i�̄µ@µ = i(2  ̇ � 1

2
(r ) · (~� ) + 3

2
 ̇ )

RHS: source of Weyl breaking, relevant for particle production

Let us neglect the mass of the fermions for the moment



Stochastic Bogoliubov Particle Production

We have scrutinized many cases (spin<=1)



Stochastic Bogoliubov Particle Production

We have scrutinized many cases (spin<=1)

quite generally (eg. upon weyl rescaling, gauge fixing…) 

all conformally coupled fields satisfy a linear equation

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  



Stochastic Bogoliubov Particle Production

We have scrutinized many cases (spin<=1)

quite generally (eg. upon weyl rescaling, gauge fixing…) 

all conformally coupled fields satisfy a linear equation

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

J is a differential operator depending on scalar/tensor fluctuations



Stochastic Bogoliubov Particle Production

We have scrutinized many cases (spin<=1)

quite generally (eg. upon weyl rescaling, gauge fixing…) 

all conformally coupled fields satisfy a linear equation

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

J is a differential operator depending on scalar/tensor fluctuations

J is zero in the far past and future, non zero and known in between!



Stochastic Bogoliubov Particle Production

We have scrutinized many cases (spin<=1)

quite generally (eg. upon weyl rescaling, gauge fixing…) 

all conformally coupled fields satisfy a linear equation

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

J is a differential operator depending on scalar/tensor fluctuations

J is zero in the far past and future, non zero and known in between!

Solution: a combination of positive/negative frequency k



Stochastic Bogoliubov Particle Production

We have scrutinized many cases (spin<=1)

quite generally (eg. upon weyl rescaling, gauge fixing…) 

all conformally coupled fields satisfy a linear equation

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

J is a differential operator depending on scalar/tensor fluctuations

J is zero in the far past and future, non zero and known in between!

Solution: a combination of positive/negative frequency k

Technically different from the massive case



Stochastic Bogoliubov Particle Production

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

We solve it perturbatively in the source:



Stochastic Bogoliubov Particle Production

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

Initial state:

We solve it perturbatively in the source:
<latexit sha1_base64="EwzK4c2CD9sTvGCKE8kn97Gya1Y=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxtEo6FMYKFsYi0YcUh8hxndaq85DtIKooP8DCr7AwgBArOxt/g9tmgJYjXenonHt17z1+wplUlvVtlFZW19Y3ypuVre2d3T1z/6Ar41QQ2iExj0Xfx5JyFtGOYorTfiIoDn1Oe/74aur37qmQLI5u1SShboiHEQsYwUpLnnmCHIgSyTwLIslCiB6Yl9VyepfVGBwjhdMcuZ5ZterWDHCZ2AWpggJtz/xCg5ikIY0U4VhKx7YS5WZYKEY4zSsolTTBZIyH1NE0wiGVbjb7JoenWhnAIBa6IgVn6u+JDIdSTkJfd4ZYjeSiNxX/85xUBRduxqIkVTQi80VByqGK4TQaOGCCEsUnmmAimL4VkhEWmCgdYEWHYC++vEy6jbrdrDdvGtXWZRFHGRyBY3AGbHAOWuAatEEHEPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QM0BpsL</latexit>

 0 ⇠ ⇠�e
�ik⌧



Stochastic Bogoliubov Particle Production

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

Initial state:

We solve it perturbatively in the source:
<latexit sha1_base64="EwzK4c2CD9sTvGCKE8kn97Gya1Y=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxtEo6FMYKFsYi0YcUh8hxndaq85DtIKooP8DCr7AwgBArOxt/g9tmgJYjXenonHt17z1+wplUlvVtlFZW19Y3ypuVre2d3T1z/6Ar41QQ2iExj0Xfx5JyFtGOYorTfiIoDn1Oe/74aur37qmQLI5u1SShboiHEQsYwUpLnnmCHIgSyTwLIslCiB6Yl9VyepfVGBwjhdMcuZ5ZterWDHCZ2AWpggJtz/xCg5ikIY0U4VhKx7YS5WZYKEY4zSsolTTBZIyH1NE0wiGVbjb7JoenWhnAIBa6IgVn6u+JDIdSTkJfd4ZYjeSiNxX/85xUBRduxqIkVTQi80VByqGK4TQaOGCCEsUnmmAimL4VkhEWmCgdYEWHYC++vEy6jbrdrDdvGtXWZRFHGRyBY3AGbHAOWuAatEEHEPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QM0BpsL</latexit>

 0 ⇠ ⇠�e
�ik⌧

It gives a known source
<latexit sha1_base64="JJ+0bjPlsBdT0MhgEQwgkQDXZ2k=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUo6FMYKFtSpSPQhJVHkOE5r1YmD7VSqoi4s/AoLAwix8g9s/A1umwFajnSlo3Pu1b33BCmjUlnWt1FaW9/Y3CpvV3Z29/YPzMOjruSZwKSDOeOiHyBJGE1IR1HFSD8VBMUBI71gdDPze2MiJOXJvZqkxIvRIKERxUhpyTdPXQe2fMslDxkdw5aLQ66gm0qqNc83q1bNmgOuErsgVVCg7ZtfbshxFpNEYYakdGwrVV6OhKKYkWnFzSRJER6hAXE0TVBMpJfPv5jCc62EMOJCV6LgXP09kaNYykkc6M4YqaFc9mbif56TqejKy2mSZookeLEoyhhUHM4igSEVBCs20QRhQfWtEA+RQFjp4Co6BHv55VXSrdfsRq1xV682r4s4yuAEnIELYINL0AS3oA06AINH8AxewZvxZLwY78bHorVkFDPH4A+Mzx/MNZeC</latexit>

J0 ⌘ J ·  0



Stochastic Bogoliubov Particle Production

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

Initial state:

We solve it perturbatively in the source:
<latexit sha1_base64="EwzK4c2CD9sTvGCKE8kn97Gya1Y=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxtEo6FMYKFsYi0YcUh8hxndaq85DtIKooP8DCr7AwgBArOxt/g9tmgJYjXenonHt17z1+wplUlvVtlFZW19Y3ypuVre2d3T1z/6Ar41QQ2iExj0Xfx5JyFtGOYorTfiIoDn1Oe/74aur37qmQLI5u1SShboiHEQsYwUpLnnmCHIgSyTwLIslCiB6Yl9VyepfVGBwjhdMcuZ5ZterWDHCZ2AWpggJtz/xCg5ikIY0U4VhKx7YS5WZYKEY4zSsolTTBZIyH1NE0wiGVbjb7JoenWhnAIBa6IgVn6u+JDIdSTkJfd4ZYjeSiNxX/85xUBRduxqIkVTQi80VByqGK4TQaOGCCEsUnmmAimL4VkhEWmCgdYEWHYC++vEy6jbrdrDdvGtXWZRFHGRyBY3AGbHAOWuAatEEHEPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QM0BpsL</latexit>

 0 ⇠ ⇠�e
�ik⌧

It gives a known source
<latexit sha1_base64="JJ+0bjPlsBdT0MhgEQwgkQDXZ2k=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUo6FMYKFtSpSPQhJVHkOE5r1YmD7VSqoi4s/AoLAwix8g9s/A1umwFajnSlo3Pu1b33BCmjUlnWt1FaW9/Y3CpvV3Z29/YPzMOjruSZwKSDOeOiHyBJGE1IR1HFSD8VBMUBI71gdDPze2MiJOXJvZqkxIvRIKERxUhpyTdPXQe2fMslDxkdw5aLQ66gm0qqNc83q1bNmgOuErsgVVCg7ZtfbshxFpNEYYakdGwrVV6OhKKYkWnFzSRJER6hAXE0TVBMpJfPv5jCc62EMOJCV6LgXP09kaNYykkc6M4YqaFc9mbif56TqejKy2mSZookeLEoyhhUHM4igSEVBCs20QRhQfWtEA+RQFjp4Co6BHv55VXSrdfsRq1xV682r4s4yuAEnIELYINL0AS3oA06AINH8AxewZvxZLwY78bHorVkFDPH4A+Mzx/MNZeC</latexit>

J0 ⌘ J ·  0

First non-trivial effect can be read-out with retarded Greens’ function*

<latexit sha1_base64="kx9EXk2Gj6Y0GC56prqQZa/9rl0="></latexit>

 (~k, ⌧) =

Z
d⌧ 0GR(⌧ � ⌧ 0)J0(⌧

0)



Stochastic Bogoliubov Particle Production

<latexit sha1_base64="vKWn4bWrID2Ljawb7r5sqX49lX8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsx0Ud0IpW7EVQX7gM5QMplMG5pJhiQjlqErN/6KGxeKuPUb3Pk3pu0stPXAhZNz7iX3niBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRldTv3NPpKKC3+lxQvwYDTiNKEbaSH372OtBryEeoJcoCi/hjYdDoecvz+/bZafizACXiZuTMsjR7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnJSxVJEB6hAekZylFMlJ/NzpjAU6OEMBLSFNdwpv6eyFCs1DgOTGeM9FAtelPxP6+X6ujCzyhPUk04nn8UpQxqAaeZwJBKgjUbG4KwpGZXiIdIIqxNciUTgrt48jJpVyturVK7rZbrjTyOIjgCJ+AMuOAc1ME1aIIWwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we+eJdo</latexit>⇤ = J ·  

Initial state:

We solve it perturbatively in the source:
<latexit sha1_base64="EwzK4c2CD9sTvGCKE8kn97Gya1Y=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxtEo6FMYKFsYi0YcUh8hxndaq85DtIKooP8DCr7AwgBArOxt/g9tmgJYjXenonHt17z1+wplUlvVtlFZW19Y3ypuVre2d3T1z/6Ar41QQ2iExj0Xfx5JyFtGOYorTfiIoDn1Oe/74aur37qmQLI5u1SShboiHEQsYwUpLnnmCHIgSyTwLIslCiB6Yl9VyepfVGBwjhdMcuZ5ZterWDHCZ2AWpggJtz/xCg5ikIY0U4VhKx7YS5WZYKEY4zSsolTTBZIyH1NE0wiGVbjb7JoenWhnAIBa6IgVn6u+JDIdSTkJfd4ZYjeSiNxX/85xUBRduxqIkVTQi80VByqGK4TQaOGCCEsUnmmAimL4VkhEWmCgdYEWHYC++vEy6jbrdrDdvGtXWZRFHGRyBY3AGbHAOWuAatEEHEPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QM0BpsL</latexit>

 0 ⇠ ⇠�e
�ik⌧

It gives a known source
<latexit sha1_base64="JJ+0bjPlsBdT0MhgEQwgkQDXZ2k=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUo6FMYKFtSpSPQhJVHkOE5r1YmD7VSqoi4s/AoLAwix8g9s/A1umwFajnSlo3Pu1b33BCmjUlnWt1FaW9/Y3CpvV3Z29/YPzMOjruSZwKSDOeOiHyBJGE1IR1HFSD8VBMUBI71gdDPze2MiJOXJvZqkxIvRIKERxUhpyTdPXQe2fMslDxkdw5aLQ66gm0qqNc83q1bNmgOuErsgVVCg7ZtfbshxFpNEYYakdGwrVV6OhKKYkWnFzSRJER6hAXE0TVBMpJfPv5jCc62EMOJCV6LgXP09kaNYykkc6M4YqaFc9mbif56TqejKy2mSZookeLEoyhhUHM4igSEVBCs20QRhQfWtEA+RQFjp4Co6BHv55VXSrdfsRq1xV682r4s4yuAEnIELYINL0AS3oA06AINH8AxewZvxZLwY78bHorVkFDPH4A+Mzx/MNZeC</latexit>

J0 ⌘ J ·  0

First non-trivial effect can be read-out with retarded Greens’ function*

*this method can be used instead of the in-in formalism in a few cases

[Maleknejad & Kopp ’24 uses in-in formalism]

<latexit sha1_base64="kx9EXk2Gj6Y0GC56prqQZa/9rl0="></latexit>

 (~k, ⌧) =

Z
d⌧ 0GR(⌧ � ⌧ 0)J0(⌧

0)

we just project onto the Bogoliubov coefficient at infinity



Stochastic Bogoliubov Particle Production

Extracting the coefficient is easy (same frequency)

<latexit sha1_base64="NPI8ZhRwyLL/gwE1Ec5lMt18ij8=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILFRJh8KCVMHCWCR6kZKoctyT1qpzwXYqVVVnFl6FhQGEWHkCNt4GN80ALb9k6fN/zpF9fj/hTCrL+jYKK6tr6xvFzdLW9s7unrl/0JJxKig0acxj0fGJBM4iaCqmOHQSAST0ObT94c2s3h6BkCyO7tU4AS8k/YgFjBKlra557DruCCh24xD6BF/h7DbE53N4cL2uWbYqVia8DHYOZZSr0TW/3F5M0xAiRTmR0rGtRHkTIhSjHKYlN5WQEDokfXA0RiQE6U2yVab4VDs9HMRCn0jhzP09MSGhlOPQ150hUQO5WJuZ/9WcVAWX3oRFSaogovOHgpRjFeNZLrjHBFDFxxoIFUz/FdMBEYQqnV5Jh2AvrrwMrWrFrlVqd9Vy/TqPo4iO0Ak6Qza6QHV0ixqoiSh6RM/oFb0ZT8aL8W58zFsLRj5ziP7I+PwBWSKYxw==</latexit>

~! = ~k � ~q

<latexit sha1_base64="0spv/1lZGogl14rRXgclCP7LwQE="></latexit>

�k(⌧) ⇠
Z ⌧

�1
d⌧ 0e�i(k+!)⌧ 0

⇠†~k,+J0



Stochastic Bogoliubov Particle Production

Extracting the coefficient is easy (same frequency)

<latexit sha1_base64="NPI8ZhRwyLL/gwE1Ec5lMt18ij8=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILFRJh8KCVMHCWCR6kZKoctyT1qpzwXYqVVVnFl6FhQGEWHkCNt4GN80ALb9k6fN/zpF9fj/hTCrL+jYKK6tr6xvFzdLW9s7unrl/0JJxKig0acxj0fGJBM4iaCqmOHQSAST0ObT94c2s3h6BkCyO7tU4AS8k/YgFjBKlra557DruCCh24xD6BF/h7DbE53N4cL2uWbYqVia8DHYOZZSr0TW/3F5M0xAiRTmR0rGtRHkTIhSjHKYlN5WQEDokfXA0RiQE6U2yVab4VDs9HMRCn0jhzP09MSGhlOPQ150hUQO5WJuZ/9WcVAWX3oRFSaogovOHgpRjFeNZLrjHBFDFxxoIFUz/FdMBEYQqnV5Jh2AvrrwMrWrFrlVqd9Vy/TqPo4iO0Ak6Qza6QHV0ixqoiSh6RM/oFb0ZT8aL8W58zFsLRj5ziP7I+PwBWSKYxw==</latexit>

~! = ~k � ~q

The source is linear in 
<latexit sha1_base64="KYabO2DV86icOrKSJiiGyGhgPJw=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgJCBhN0W0DNpYRkhU2F3C7OSsDpm9OHM2EENKG1/FxkIRWx/BzrdxErfw9sPAx3/O4cz5g1QKjbb9YRXm5hcWl4rLpZXVtfWN8ubWuU4yxaHLE5moy4BpkCKGLgqUcJkqYFEg4SIYnEzrF0NQWiRxB0cp+BG7ikUoOENj9cq7nuvdArKqNwROb2qdHA48ZFnN83vlil23Z6J/wcmhQnK1e+V3r5/wLIIYuWRau46doj9mCgWXMCl5mYaU8QG7AtdgzCLQ/nh2yITuG6dPw0SZFyOdud8nxizSehQFpjNieK1/16bmfzU3w/DIH4s4zRBi/rUozCTFhE5ToX2hgKMcGWBcCfNXyq+ZYhxNdiUTgvP75L9w3qg7zXrzrFFpHedxFMkO2SNV4pBD0iKnpE26hJM78kCeyLN1bz1aL9brV2vByme2yQ9Zb5++jpiI</latexit>

⇣(~q)T (~q, ⌧)

<latexit sha1_base64="0spv/1lZGogl14rRXgclCP7LwQE="></latexit>

�k(⌧) ⇠
Z ⌧

�1
d⌧ 0e�i(k+!)⌧ 0

⇠†~k,+J0



Stochastic Bogoliubov Particle Production

Extracting the coefficient is easy (same frequency)

<latexit sha1_base64="NPI8ZhRwyLL/gwE1Ec5lMt18ij8=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILFRJh8KCVMHCWCR6kZKoctyT1qpzwXYqVVVnFl6FhQGEWHkCNt4GN80ALb9k6fN/zpF9fj/hTCrL+jYKK6tr6xvFzdLW9s7unrl/0JJxKig0acxj0fGJBM4iaCqmOHQSAST0ObT94c2s3h6BkCyO7tU4AS8k/YgFjBKlra557DruCCh24xD6BF/h7DbE53N4cL2uWbYqVia8DHYOZZSr0TW/3F5M0xAiRTmR0rGtRHkTIhSjHKYlN5WQEDokfXA0RiQE6U2yVab4VDs9HMRCn0jhzP09MSGhlOPQ150hUQO5WJuZ/9WcVAWX3oRFSaogovOHgpRjFeNZLrjHBFDFxxoIFUz/FdMBEYQqnV5Jh2AvrrwMrWrFrlVqd9Vy/TqPo4iO0Ak6Qza6QHV0ixqoiSh6RM/oFb0ZT8aL8W58zFsLRj5ziP7I+PwBWSKYxw==</latexit>

~! = ~k � ~q

The source is linear in 
<latexit sha1_base64="KYabO2DV86icOrKSJiiGyGhgPJw=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgJCBhN0W0DNpYRkhU2F3C7OSsDpm9OHM2EENKG1/FxkIRWx/BzrdxErfw9sPAx3/O4cz5g1QKjbb9YRXm5hcWl4rLpZXVtfWN8ubWuU4yxaHLE5moy4BpkCKGLgqUcJkqYFEg4SIYnEzrF0NQWiRxB0cp+BG7ikUoOENj9cq7nuvdArKqNwROb2qdHA48ZFnN83vlil23Z6J/wcmhQnK1e+V3r5/wLIIYuWRau46doj9mCgWXMCl5mYaU8QG7AtdgzCLQ/nh2yITuG6dPw0SZFyOdud8nxizSehQFpjNieK1/16bmfzU3w/DIH4s4zRBi/rUozCTFhE5ToX2hgKMcGWBcCfNXyq+ZYhxNdiUTgvP75L9w3qg7zXrzrFFpHedxFMkO2SNV4pBD0iKnpE26hJM78kCeyLN1bz1aL9brV2vByme2yQ9Zb5++jpiI</latexit>

⇣(~q)T (~q, ⌧)

Bogoliubov coefficient zero on average

<latexit sha1_base64="0spv/1lZGogl14rRXgclCP7LwQE="></latexit>
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Z ⌧
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⇠†~k,+J0



Stochastic Bogoliubov Particle Production

Extracting the coefficient is easy (same frequency)

<latexit sha1_base64="NPI8ZhRwyLL/gwE1Ec5lMt18ij8=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILFRJh8KCVMHCWCR6kZKoctyT1qpzwXYqVVVnFl6FhQGEWHkCNt4GN80ALb9k6fN/zpF9fj/hTCrL+jYKK6tr6xvFzdLW9s7unrl/0JJxKig0acxj0fGJBM4iaCqmOHQSAST0ObT94c2s3h6BkCyO7tU4AS8k/YgFjBKlra557DruCCh24xD6BF/h7DbE53N4cL2uWbYqVia8DHYOZZSr0TW/3F5M0xAiRTmR0rGtRHkTIhSjHKYlN5WQEDokfXA0RiQE6U2yVab4VDs9HMRCn0jhzP09MSGhlOPQ150hUQO5WJuZ/9WcVAWX3oRFSaogovOHgpRjFeNZLrjHBFDFxxoIFUz/FdMBEYQqnV5Jh2AvrrwMrWrFrlVqd9Vy/TqPo4iO0Ak6Qza6QHV0ixqoiSh6RM/oFb0ZT8aL8W58zFsLRj5ziP7I+PwBWSKYxw==</latexit>

~! = ~k � ~q

The source is linear in 
<latexit sha1_base64="KYabO2DV86icOrKSJiiGyGhgPJw=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgJCBhN0W0DNpYRkhU2F3C7OSsDpm9OHM2EENKG1/FxkIRWx/BzrdxErfw9sPAx3/O4cz5g1QKjbb9YRXm5hcWl4rLpZXVtfWN8ubWuU4yxaHLE5moy4BpkCKGLgqUcJkqYFEg4SIYnEzrF0NQWiRxB0cp+BG7ikUoOENj9cq7nuvdArKqNwROb2qdHA48ZFnN83vlil23Z6J/wcmhQnK1e+V3r5/wLIIYuWRau46doj9mCgWXMCl5mYaU8QG7AtdgzCLQ/nh2yITuG6dPw0SZFyOdud8nxizSehQFpjNieK1/16bmfzU3w/DIH4s4zRBi/rUozCTFhE5ToX2hgKMcGWBcCfNXyq+ZYhxNdiUTgvP75L9w3qg7zXrzrFFpHedxFMkO2SNV4pBD0iKnpE26hJM78kCeyLN1bz1aL9brV2vByme2yQ9Zb5++jpiI</latexit>

⇣(~q)T (~q, ⌧)

Bogoliubov coefficient zero on average

Need to compute 
<latexit sha1_base64="J1RAJkaKq/R1xhcrE6YAatttLj0=">AAACCHicbVC7TsNAEDzzDOFloKTgRIREFdkpAmUEDWWQyEOKTXS+bJJTzmfr7owUOSlp+BUaChCi5RPo+BsujgtIGGml0cyudneCmDOlHefbWlldW9/YLGwVt3d29/btg8OmihJJoUEjHsl2QBRwJqChmebQjiWQMODQCkbXM7/1AFKxSNzpcQx+SAaC9Rkl2khd+8TreJyIAQc88QLQpDua3FewJzPN87t2ySk7GfAycXNSQjnqXfvL60U0CUFoyolSHdeJtZ8SqRnlMC16iYKY0BEZQMdQQUJQfpo9MsVnRunhfiRNCY0z9fdESkKlxmFgOkOih2rRm4n/eZ1E9y/9lIk40SDofFE/4VhHeJYK7jEJVPOxIYRKZm7FdEgkodpkVzQhuIsvL5NmpexWy9XbSql2lcdRQMfoFJ0jF12gGrpBddRAFD2iZ/SK3qwn68V6tz7mrStWPnOE/sD6/AFOt5mI</latexit>

h|�k|2i

<latexit sha1_base64="0spv/1lZGogl14rRXgclCP7LwQE="></latexit>
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Stochastic Bogoliubov Particle Production

Extracting the coefficient is easy (same frequency)

<latexit sha1_base64="NPI8ZhRwyLL/gwE1Ec5lMt18ij8=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILFRJh8KCVMHCWCR6kZKoctyT1qpzwXYqVVVnFl6FhQGEWHkCNt4GN80ALb9k6fN/zpF9fj/hTCrL+jYKK6tr6xvFzdLW9s7unrl/0JJxKig0acxj0fGJBM4iaCqmOHQSAST0ObT94c2s3h6BkCyO7tU4AS8k/YgFjBKlra557DruCCh24xD6BF/h7DbE53N4cL2uWbYqVia8DHYOZZSr0TW/3F5M0xAiRTmR0rGtRHkTIhSjHKYlN5WQEDokfXA0RiQE6U2yVab4VDs9HMRCn0jhzP09MSGhlOPQ150hUQO5WJuZ/9WcVAWX3oRFSaogovOHgpRjFeNZLrjHBFDFxxoIFUz/FdMBEYQqnV5Jh2AvrrwMrWrFrlVqd9Vy/TqPo4iO0Ak6Qza6QHV0ixqoiSh6RM/oFb0ZT8aL8W58zFsLRj5ziP7I+PwBWSKYxw==</latexit>

~! = ~k � ~q

The source is linear in 
<latexit sha1_base64="KYabO2DV86icOrKSJiiGyGhgPJw=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgJCBhN0W0DNpYRkhU2F3C7OSsDpm9OHM2EENKG1/FxkIRWx/BzrdxErfw9sPAx3/O4cz5g1QKjbb9YRXm5hcWl4rLpZXVtfWN8ubWuU4yxaHLE5moy4BpkCKGLgqUcJkqYFEg4SIYnEzrF0NQWiRxB0cp+BG7ikUoOENj9cq7nuvdArKqNwROb2qdHA48ZFnN83vlil23Z6J/wcmhQnK1e+V3r5/wLIIYuWRau46doj9mCgWXMCl5mYaU8QG7AtdgzCLQ/nh2yITuG6dPw0SZFyOdud8nxizSehQFpjNieK1/16bmfzU3w/DIH4s4zRBi/rUozCTFhE5ToX2hgKMcGWBcCfNXyq+ZYhxNdiUTgvP75L9w3qg7zXrzrFFpHedxFMkO2SNV4pBD0iKnpE26hJM78kCeyLN1bz1aL9brV2vByme2yQ9Zb5++jpiI</latexit>

⇣(~q)T (~q, ⌧)

Bogoliubov coefficient zero on average

Need to compute 
<latexit sha1_base64="J1RAJkaKq/R1xhcrE6YAatttLj0=">AAACCHicbVC7TsNAEDzzDOFloKTgRIREFdkpAmUEDWWQyEOKTXS+bJJTzmfr7owUOSlp+BUaChCi5RPo+BsujgtIGGml0cyudneCmDOlHefbWlldW9/YLGwVt3d29/btg8OmihJJoUEjHsl2QBRwJqChmebQjiWQMODQCkbXM7/1AFKxSNzpcQx+SAaC9Rkl2khd+8TreJyIAQc88QLQpDua3FewJzPN87t2ySk7GfAycXNSQjnqXfvL60U0CUFoyolSHdeJtZ8SqRnlMC16iYKY0BEZQMdQQUJQfpo9MsVnRunhfiRNCY0z9fdESkKlxmFgOkOih2rRm4n/eZ1E9y/9lIk40SDofFE/4VhHeJYK7jEJVPOxIYRKZm7FdEgkodpkVzQhuIsvL5NmpexWy9XbSql2lcdRQMfoFJ0jF12gGrpBddRAFD2iZ/SK3qwn68V6tz7mrStWPnOE/sD6/AFOt5mI</latexit>

h|�k|2i

<latexit sha1_base64="a8ivSFGBy6BQnJ++XSZ9TY3pyoQ="></latexit>

h|�k|2i =
Z
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Z
d⌧ 0

Z
d3q

(2⇡)3
e�i(k+!)(⌧�⌧ 0) ⇥ h ~q(⌧) 

⇤
~q(⌧

0)i� K[k, q, cos ✓]

<latexit sha1_base64="0spv/1lZGogl14rRXgclCP7LwQE="></latexit>
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Stochastic Gravitational Particle Production

The abundance of particles today is

<latexit sha1_base64="OP1W5YBgaufwrqY28eMKGnOxef0="></latexit>

dn

d log k
=

k3

4⇡2

Z
d cos ✓dq

q
�⇣(q)|I(q, k + !)|2K[k, q, cos ✓]



Stochastic Gravitational Particle Production

The abundance of particles today is

Kernel K depends on the spin [0,1/2,1]

<latexit sha1_base64="OP1W5YBgaufwrqY28eMKGnOxef0="></latexit>

dn

d log k
=

k3

4⇡2

Z
d cos ✓dq

q
�⇣(q)|I(q, k + !)|2K[k, q, cos ✓]



Stochastic Gravitational Particle Production

The abundance of particles today is

Kernel K depends on the spin [0,1/2,1]

I = Fourier transform of transfer function in k+w   [known]

<latexit sha1_base64="OP1W5YBgaufwrqY28eMKGnOxef0="></latexit>

dn

d log k
=

k3

4⇡2

Z
d cos ✓dq

q
�⇣(q)|I(q, k + !)|2K[k, q, cos ✓]



Stochastic Gravitational Particle Production

The abundance of particles today is

Kernel K depends on the spin [0,1/2,1]

I = Fourier transform of transfer function in k+w   [known]

Scale set by curvature power spectrum generated during inflation

<latexit sha1_base64="OP1W5YBgaufwrqY28eMKGnOxef0="></latexit>

dn

d log k
=

k3
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Z
d cos ✓dq

q
�⇣(q)|I(q, k + !)|2K[k, q, cos ✓]



Stochastic Gravitational Particle Production

The abundance of particles today is

Kernel K depends on the spin [0,1/2,1]

I = Fourier transform of transfer function in k+w   [known]

Scale set by curvature power spectrum generated during inflation

<latexit sha1_base64="OP1W5YBgaufwrqY28eMKGnOxef0="></latexit>

dn

d log k
=

k3

4⇡2

Z
d cos ✓dq

q
�⇣(q)|I(q, k + !)|2K[k, q, cos ✓]

The abundance of particles today is found upon an integral in wavenumber

[all integrals converge, and have a good flat space limit]



DM from curvature perturbations

In the case of fermion DM

<latexit sha1_base64="TLrbYRJHy4xCJyEZyY+W2/T5Z3U="></latexit>

n = A

Z
dq

q
q3�⇣(q) .



DM from curvature perturbations

In the case of fermion DM

<latexit sha1_base64="TLrbYRJHy4xCJyEZyY+W2/T5Z3U="></latexit>

n = A

Z
dq

q
q3�⇣(q) .

The inflationary power spectrum has a finite support:

the integral is convergent



DM from curvature perturbations

In the case of fermion DM

<latexit sha1_base64="TLrbYRJHy4xCJyEZyY+W2/T5Z3U="></latexit>

n = A

Z
dq

q
q3�⇣(q) .

The inflationary power spectrum has a finite support:

the integral is convergent

Results depends on the shape/amplitude of power spectrum



DM from curvature perturbations

In the case of fermion DM

<latexit sha1_base64="TLrbYRJHy4xCJyEZyY+W2/T5Z3U="></latexit>

n = A

Z
dq

q
q3�⇣(q) .

The inflationary power spectrum has a finite support:

the integral is convergent

Results depends on the shape/amplitude of power spectrum
For a peaked spectrum at q* the DM abundance is reproduced:
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DM from curvature perturbations

Need a sizable primordial power spectrum

Related to ultra-slow roll scenarios (PBHs formation)

Need to happen at the end of inflation

Gravity waves at second order in the curvature

inflationary fluctuations —> particle production
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yet another alternative derivation?

We are producing CFTs: what about the approach with in-in formalism?
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yet another alternative derivation?

We are producing CFTs: what about the approach with in-in formalism?

need more thoughts about this, but looks interesting/general
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energy density computable by knowing stress-energy tensor 3-p function 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Recap & Conclusions
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Gravitational freeze-in

invisible
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DM from gravitationally coupled sectors

Gravitational freeze-in

Gravitational Particle Production
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DM from gravitationally coupled sectors

Gravitational freeze-in

Gravitational Particle Production

Stochastic Gravitational Particle Production
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invisible

secondary GWs/PBHs

non-trivial inflation needed
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The end

the possibility that DM is only gravitationally coupled to us

is both concerning and compelling
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Thank you for your attention!
and thanks for the warm hospitality!


