
Dark Matter Production During  
Warm Inflation via Freeze-In

DPF-PHENO 2024 
University of Pittsburgh / Carnegie Mellon University

May 16, 2024

Barmak Shams
Weinberg Institute for Theoretical Physics 

UT Austin

with Katherine Freese, Gabriele Montefalcone 

arXiv:2401.17371



An intriguing mechanism to produce DM:
through interaction with a thermal bath.

depending on the interaction: 
DM abundance is mainly established by 
freeze-out or freeze-in mechanisms.

Thermal 
Bath DM
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Freeze-out:
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Freeze-in:

How can we suppress the production rate?

L. J. Hall, K. Jedamzik, J. March-Russell, S. M. West, 2009

Thermal 
Bath

DM
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the DM final abundance is built
up gradually over time
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Thermal 
Bath

DM
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non-renormaizblae operators
(a heavy scale)
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UV freeze-in is sensitive to the highest temperature.
What is the highest temperature of the bath?

Inflation
RD
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UV freeze-in during reheating prior to RD :

Enhancement of DM yield from 
UV freeze-in compared to 
instantaneous reheating case
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How about UV freeze-in during inflation?   

Requires a thermal bath within the inflationary phase:
warming up cold inflation!

UV freeze-in during reheating
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the inhomogeneities sourced by thermal fluctuations
inflation
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DM production during Warm Inflation 
via ultraviolet Freeze-In (WIFI)

Thermal 
Bath
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1

⇤nDissipation
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
UV freeze-in

<latexit sha1_base64="N1Gt8K2kQSDql8KsEhQNKR1MSlE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+y/32EyrNE/loJikGMR1KHnFGjZX8HhvxSr9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTTClynAmcFbpZRpTysZ0iF1LJY1RB9P5sTNyZpUBiRJlSxoyV39PTGms9SQObWdMzUgve7n4n9fNTHQTTLlMM4OSLRZFmSAmIfnnZMAVMiMmllCmuL2VsBFVlBmbTx6Ct/zyKmld1L2r+uXDZa1xW8RRhhM4hXPw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QM4So5P</latexit>�
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Cosmology:
<latexit sha1_base64="7s6xlmZyk1ikykqmr6zCNPIdmUM=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK0FGqi9bERim66rGDaQhPKZDJth04mYWYilNAvceOvuHGhiOBK/8ZJG1BbDwxzOOfeO3OPF1EipGl+abml5ZXVtfx6YWNza3tH391riTDmCNsopCHveFBgShi2JZEUdyKOYeBR3PZGN6nfvsdckJDdyXGE3QAOGOkTBKWSevqZ4/uhTJxoSCaV0mmj4tiRIDRkZedH91ullJSP/fS6Mgs9vWhWzSmMRWJlpAgyNHv6hxqH4gAziSgUomuZkXQTyCVBFE8KTixwBNEIDnBXUQYDLNxkut7EOFKKb/RDrg6TxlT93ZHAQIhx4KnKAMqhmPdS8T+vG8v+pZsQFsUSMzR7qB9TQ4ZGmpXhE46RpGNFIOJE/dVAQ8ghkirRNARrfuVF0jqpWufV2m2tWL/O4siDA3AISsACF6AOGqAJbIDAA3gCL+BVe9SetTftfVaa07KeffAH2uc3kUShfA==</latexit>

�̈+ (3H +⌥)�̇+ dV (�)/d� = 0
<latexit sha1_base64="ka4PZPD63ClwmegtVvHsgilztac=">AAACFXicbVDLSgMxFM34rPU16tJNsAiCUmZKUTdC0U2XFewD2nHIpJlOaCYZkoxQhv6EG3/FjQtF3Aru/BszbRfaeiBwOOcebu4JEkaVdpxva2l5ZXVtvbBR3Nza3tm19/ZbSqQSkyYWTMhOgBRhlJOmppqRTiIJigNG2sHwJvfbD0QqKvidHiXEi9GA05BipI3k22e9vtBZT0Zi7MvTaj1nvrzqNRNFmeBwaicRHd9Xir5dcsrOBHCRuDNSAjM0fPvL5HEaE64xQ0p1XSfRXoakppiRcbGXKpIgPEQD0jWUo5goL5tcNYbHRunDUEjzuIYT9XciQ7FSozgwkzHSkZr3cvE/r5vq8NLLKE9STTieLgpTBrWAeUWwTyXBmo0MQVhS81eIIyQR1qbIvAR3/uRF0qqU3fNy9bZaql3P6iiAQ3AEToALLkAN1EEDNAEGj+AZvII368l6sd6tj+nokjXLHIA/sD5/AJA5nw8=</latexit>

⇢̇r + 4H⇢r = ⌥�̇
2

<latexit sha1_base64="7z02AbAP9xezUNxt1zpqdliFz6w="></latexit>

H
2 = (⇢� + ⇢r) /

�
3M2

pl

�

<latexit sha1_base64="udUwJkhh6uqFsiNb3w0GoYMVF90=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYhApSZqSoG6HoxmWFTlvoDCWTZtrQTCYkGaGU4sZXceNCEbc+hTvfxrQdQVsPBD7OvZebe0LBqNKO82XllpZXVtfy64WNza3tHXt3r6GSVGLi4YQlshUiRRjlxNNUM9ISkqA4ZKQZDm4m9eY9kYomvK6HggQx6nEaUYy0sTr2ge8JRVnCr36g5Is+Pa2fdOyiU3amgovgZlAEmWod+9PvJjiNCdeYIaXariN0MEJSU8zIuOCnigiEB6hH2gY5iokKRtMTxvDYOF0YJdI8ruHU/T0xQrFSwzg0nTHSfTVfm5j/1dqpji6DEeUi1YTj2aIoZVAncJIH7FJJsGZDAwhLav4KcR9JhLVJrWBCcOdPXoTGWdk9L1fuKsXqdRZHHhyCI1ACLrgAVXALasADGDyAJ/ACXq1H69l6s95nrTkrm9kHf2R9fAOQwZbl</latexit>

⌥ = ⌥(�, T )

<latexit sha1_base64="8SbsoQEq1XBqvNr5JbO2HUcRz+s=">AAACFnicbVDLSgMxFM3UV62vqks3wSIIxTpTi7oRim66cFGhL2jrkMmkbWgmMyQZoQzzFW78FTcuFHEr7vwbM9MutPVA4OSce29yjxMwKpVpfhuZpeWV1bXsem5jc2t7J7+715J+KDBpYp/5ouMgSRjlpKmoYqQTCII8h5G2M75J/PYDEZL6vKEmAel7aMjpgGKktGTnT3quryIe2z08osWzGuQpu2rcR2VerMSnvVs9zEXJNc7Z+YJZMlPARWLNSAHMULfzX3o+Dj3CFWZIyq5lBqofIaEoZiTO9UJJAoTHaEi6mnLkEdmP0rVieKQVFw58oQ9XMFV/d0TIk3LiObrSQ2ok571E/M/rhmpw2Y8oD0JFOJ4+NAgZVD5MMoIuFQQrNtEEYUH1XyEeIYGw0kkmIVjzKy+SVrlknZcqd5VC9XoWRxYcgENwDCxwAaqgBuqgCTB4BM/gFbwZT8aL8W58TEszxqxnH/yB8fkDaHWeQw==</latexit>

ṅ� + 3Hn� = T
2n+4

/⇤2n

<latexit sha1_base64="jCetJE4SJ30JddzJUK90aHaYm+0=">AAACF3icbVDLSsNAFJ3UV62vqks3g0UQhJhIUZdFNy4KVrAPaGKZTCbt0MkkzEyEEvIXbvwVNy4Ucas7/8ZJW0RbDwwczr3nzr3HixmVyrK+jMLC4tLySnG1tLa+sblV3t5pySgRmDRxxCLR8ZAkjHLSVFQx0okFQaHHSNsbXub19j0Rkkb8Vo1i4oaoz2lAMVJa6pVNJ0RqgBFL65kjk1gSBX+k66yX8qNqduzU9UQf3WlDxTKtMeA8saekAqZo9Mqfjh/hJCRcYYak7NpWrNwUCUUxI1nJSSSJER6iPulqylFIpJuO78rggVZ8GERCP67gWP3tSFEo5Sj0dGe+spyt5eJ/tW6ignM3pTxOFOF48lGQMKgimIcEfSoIVmykCcKC6l0hHiCBsNJRlnQI9uzJ86R1YtqnZvWmWqldTOMogj2wDw6BDc5ADVyBBmgCDB7AE3gBr8aj8Wy8Ge+T1oIx9eyCPzA+vgHTCqBT</latexit>

L � On+4/⇤
n

DM production 
via UV freeze-in:

<latexit sha1_base64="/EHKSKDGOEYo45OS3VahR061t3s=">AAAB+XicbVBNSwMxEM36WevXqkcvwSIIQtktRT0WvXisYD+gXUo2zbah2WRJZitl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzwkRwA5737aytb2xubRd2irt7+weH7tFx06hUU9agSijdDolhgkvWAA6CtRPNSBwK1gpHdzO/NWbacCUfYZKwICYDySNOCVip57qVruaDIRCt1ROWl5WeW/LK3hx4lfg5KaEc9Z771e0rmsZMAhXEmI7vJRBkRAOngk2L3dSwhNARGbCOpZLEzATZ/PIpPrdKH0dK25KA5+rviYzExkzi0HbGBIZm2ZuJ/3mdFKKbIOMySYFJulgUpQKDwrMYcJ9rRkFMLCFUc3srpkOiCQUbVtGG4C+/vEqalbJ/Va4+VEu12zyOAjpFZ+gC+ega1dA9qqMGomiMntErenMy58V5dz4WrWtOPnOC/sD5/AG9c5MW</latexit>

2 ! n+ 2



<latexit sha1_base64="8SbsoQEq1XBqvNr5JbO2HUcRz+s=">AAACFnicbVDLSgMxFM3UV62vqks3wSIIxTpTi7oRim66cFGhL2jrkMmkbWgmMyQZoQzzFW78FTcuFHEr7vwbM9MutPVA4OSce29yjxMwKpVpfhuZpeWV1bXsem5jc2t7J7+715J+KDBpYp/5ouMgSRjlpKmoYqQTCII8h5G2M75J/PYDEZL6vKEmAel7aMjpgGKktGTnT3quryIe2z08osWzGuQpu2rcR2VerMSnvVs9zEXJNc7Z+YJZMlPARWLNSAHMULfzX3o+Dj3CFWZIyq5lBqofIaEoZiTO9UJJAoTHaEi6mnLkEdmP0rVieKQVFw58oQ9XMFV/d0TIk3LiObrSQ2ok571E/M/rhmpw2Y8oD0JFOJ4+NAgZVD5MMoIuFQQrNtEEYUH1XyEeIYGw0kkmIVjzKy+SVrlknZcqd5VC9XoWRxYcgENwDCxwAaqgBuqgCTB4BM/gFbwZT8aL8W58TEszxqxnH/yB8fkDaHWeQw==</latexit>

ṅ� + 3Hn� = T
2n+4

/⇤2n

Evolution of DM yield:

T and H are outputs of 
warm inflation model

<latexit sha1_base64="iOimwZGk7VYqIaKVH58gEiJJHP8="></latexit>

Y�(Ne) =
45

2⇡2g?

e�3Ne

T 3(Ne)

Z Ne

Ne,0

I�(N 0
e)dN

0
e

<latexit sha1_base64="KpQ4wfTQ+jxlE4hMM6SNmz+B4T8=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL54kgnlAsobZSW8yZHZ2nZmNhJD/8OJBEa/+izf/xsnjoIkFDUVVN91dQSK4Nq777WRWVtfWN7Kbua3tnd29/P5BTcepYlhlsYhVI6AaBZdYNdwIbCQKaRQIrAf964lfH6DSPJb3ZpigH9Gu5CFn1Fjp4baNLXxM+aAlJKHtfMEtulOQZeLNSQHmqLTzX61OzNIIpWGCat303MT4I6oMZwLHuVaqMaGsT7vYtFTSCLU/ml49JidW6ZAwVrakIVP198SIRloPo8B2RtT09KI3Ef/zmqkJL/0Rl0lqULLZojAVxMRkEgHpcIXMiKEllClubyWsRxVlxgaVsyF4iy8vk9pZ0Tsvlu5KhfLVPI4sHMExnIIHF1CGG6hAFRgoeIZXeHOenBfn3fmYtWac+cwh/IHz+QNC3pJe</latexit>

Ne ⌘ ln a

<latexit sha1_base64="2uGVn/U5lYZEFumFDZOVapk6E1Y="></latexit>

I�(Ne) ⌘ e
3Ne

T
2n+4(Ne)

⇤2nH(Ne)
= dN�/dNe

<latexit sha1_base64="w1vDLrKuPMf4WvRACUSXZrCn9TU=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAbBU9jVoB6DXjyFCOYB2XWZnXSSIbOz68xsICy5efFXvHhQxKu/4M2/cfI4aGJBQ1HVTXdXEHOmtG1/W5ml5ZXVtex6bmNza3snv7tXV1EiKdRoxCPZDIgCzgTUNNMcmrEEEgYcGkH/euw3BiAVi8SdHsbghaQrWIdRoo3k5w8xxhXfpT3mwkPCBhju07OKDyMxEf18wS7aE+BF4sxIAc1Q9fNfbjuiSQhCU06Uajl2rL2USM0oh1HOTRTEhPZJF1qGChKC8tLJHyN8bJQ27kTSlNB4ov6eSEmo1DAMTGdIdE/Ne2PxP6+V6M6llzIRJxoEnS7qJBzrCI9DwW0mgWo+NIRQycytmPaIJFSb6HImBGf+5UVSPy0658XSbalQvprFkUUH6AidIAddoDK6QVVUQxQ9omf0it6sJ+vFerc+pq0Zazazj/7A+vwBiAiYgA==</latexit>

N� ⌘ e3Nen�

rate of change of comoving
 DM number density

deep in warm inflation: <latexit sha1_base64="qsK+o2mO6pNO5APTDx5f9owMc3U=">AAACD3icbVC7SgNBFJ2Nrxhfq5Y2g0GJTdjVoJZBG20kgnlAdl1mJzfJkNkHM7NCWPIHNv6KjYUitrZ2/o2TZAtNPDBw5px7ufceP+ZMKsv6NnILi0vLK/nVwtr6xuaWub3TkFEiKNRpxCPR8okEzkKoK6Y4tGIBJPA5NP3B5dhvPoCQLArv1DAGNyC9kHUZJUpLnnmINZyAqD4lPL0eeQ7ts9KNB0eOZAGG+/REf0aeWbTK1gR4ntgZKaIMNc/8cjoRTQIIFeVEyrZtxcpNiVCMchgVnERCTOiA9KCtaUgCkG46uWeED7TSwd1I6BcqPFF/d6QkkHIY+LpyvLmc9cbif147Ud1zN2VhnCgI6XRQN+FYRXgcDu4wAVTxoSaECqZ3xbRPBKFKR1jQIdizJ8+TxnHZPi1XbivF6kUWRx7toX1UQjY6Q1V0hWqojih6RM/oFb0ZT8aL8W58TEtzRtazi/7A+PwBuMqbPg==</latexit>

I�(Ne) ⇠ e3Ne

in RD:
<latexit sha1_base64="hT7YuPr8KdX02PL9B5GakY43Rc0=">AAACFXicbVDLSgNBEJz1GeMr6tHLYBASMGE3BPUY9KIXiWAekI3L7KSTDJmdXWZmhbDkJ7z4K148KOJV8ObfOHkcNLGgoajqprvLjzhT2ra/raXlldW19dRGenNre2c3s7dfV2EsKdRoyEPZ9IkCzgTUNNMcmpEEEvgcGv7gcuw3HkAqFoo7PYygHZCeYF1GiTaSlznBBm5AdJ8SnlyPPJf2We7Gg7yrWIDhPinkSqLg5I008jJZu2hPgBeJMyNZNEPVy3y5nZDGAQhNOVGq5diRbidEakY5jNJurCAidEB60DJUkABUO5l8NcLHRungbihNCY0n6u+JhARKDQPfdI7vV/PeWPzPa8W6e95OmIhiDYJOF3VjjnWIxxHhDpNANR8aQqhk5lZM+0QSqk2QaROCM//yIqmXis5psXxbzlYuZnGk0CE6QjnkoDNUQVeoimqIokf0jF7Rm/VkvVjv1se0dcmazRygP7A+fwDY5pzD</latexit>

I�(Ne) ⇠ e�(2n�1)Ne

it has to peak somewhere between
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comoving production rate is sharply peaked at 
<latexit sha1_base64="6n0+wPnGVXxpixrCPC2DtjEss7s=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqMeiF09SwX5AG8NmO2mXbjZhd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IdHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2d+ZwJSsVg86mkCXkSGgoWMEm0k37bv/Qzyp6wvI5wAGee+XXVqzhx4lbgFqaICTd/+6g9imkYgNOVEqZ7rJNrLiNSMcsgr/VRBQuiYDKFnqCARKC+bX57jM6MMcBhLU0Ljufp7IiORUtMoMJ0R0SO17M3E/7xeqsNrL2MiSTUIulgUphzrGM9iwAMmgWo+NYRQycytmI6IJFSbsComBHf55VXSvqi5l7X6Q73auCniKKMTdIrOkYuuUAPdoSZqIYom6Bm9ojcrs16sd+tj0Vqyiplj9AfW5w+o0pOw</latexit>

Npeak
e

<latexit sha1_base64="uiaWZyvT3ARyLYVQyQdY11A+9LI="></latexit>

3 + (2n+ 4)
d lnT (Ne)

dNe
� d lnH(Ne)

dNe
= 0

In WIFI, DM abundance is not set by the highest temperature 
of the bath, but rather in a short time around 

<latexit sha1_base64="6n0+wPnGVXxpixrCPC2DtjEss7s=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqMeiF09SwX5AG8NmO2mXbjZhd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IdHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2d+ZwJSsVg86mkCXkSGgoWMEm0k37bv/Qzyp6wvI5wAGee+XXVqzhx4lbgFqaICTd/+6g9imkYgNOVEqZ7rJNrLiNSMcsgr/VRBQuiYDKFnqCARKC+bX57jM6MMcBhLU0Ljufp7IiORUtMoMJ0R0SO17M3E/7xeqsNrL2MiSTUIulgUphzrGM9iwAMmgWo+NYRQycytmI6IJFSbsComBHf55VXSvqi5l7X6Q73auCniKKMTdIrOkYuuUAPdoSZqIYom6Bm9ojcrs16sd+tj0Vqyiplj9AfW5w+o0pOw</latexit>

Npeak
e

Maximum contribution to the yield:
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Key distinction from UV freeze-in during reheating: 



Warm Little Inflaton

<latexit sha1_base64="0L8NUR3bOK8caVAtGUB4xCWQeVY="></latexit>

�L � V (�) + gM cos(�/M) ̄1 1 + gM sin(�/M) ̄2 2 + h�( ̄j�+ �̄ j)

M. Bastero-Gil, A. Berera, R. O. Ramos, J. G. Rosa , 2016

Example:

<latexit sha1_base64="7s6xlmZyk1ikykqmr6zCNPIdmUM=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK0FGqi9bERim66rGDaQhPKZDJth04mYWYilNAvceOvuHGhiOBK/8ZJG1BbDwxzOOfeO3OPF1EipGl+abml5ZXVtfx6YWNza3tH391riTDmCNsopCHveFBgShi2JZEUdyKOYeBR3PZGN6nfvsdckJDdyXGE3QAOGOkTBKWSevqZ4/uhTJxoSCaV0mmj4tiRIDRkZedH91ullJSP/fS6Mgs9vWhWzSmMRWJlpAgyNHv6hxqH4gAziSgUomuZkXQTyCVBFE8KTixwBNEIDnBXUQYDLNxkut7EOFKKb/RDrg6TxlT93ZHAQIhx4KnKAMqhmPdS8T+vG8v+pZsQFsUSMzR7qB9TQ4ZGmpXhE46RpGNFIOJE/dVAQ8ghkirRNARrfuVF0jqpWufV2m2tWL/O4siDA3AISsACF6AOGqAJbIDAA3gCL+BVe9SetTftfVaa07KeffAH2uc3kUShfA==</latexit>

�̈+ (3H +⌥)�̇+ dV (�)/d� = 0
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<latexit sha1_base64="joNXGP6gOsSCakzCKHidOt/Mkr4=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh6JXjxiwgIJrKRbutDQbTdtV0M2/A8vHjTGq//Fm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HtzO//UiVZlI0zSShQYyHgkWMYGOlh56faMal6GkWo2a/XHGr7hxolXg5qUCORr/81RtIksZUGMKx1l3PTUyQYWUY4XRa6qWaJpiM8ZB2LRU4pjrI5ldP0ZlVBiiSypYwaK7+nshwrPUkDm1njM1IL3sz8T+vm5roOsiYSFJDBVksilKOjESzCNCAKUoMn1iCiWL2VkRGWGFibFAlG4K3/PIqaV1Uvctq7b5Wqd/kcRThBE7hHDy4gjrcQQN8IKDgGV7hzXlyXpx352PRWnDymWP4A+fzB1x6km4=</latexit>

⌥ ⇠ T

<latexit sha1_base64="QyR9LUOgUwGm6PJHUrqtMa4FW7Y=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFqJsyI0XdCEU3LivYB3TGkslk2tDMgyQjlNqFv+LGhSJu/Q13/o2ZdhbaeiBwcs495OZ4CWdSWda3UVhaXlldK66XNja3tnfM3b2WjFNBaJPEPBYdD0vKWUSbiilOO4mgOPQ4bXvD68xvP1AhWRzdqVFC3RD3IxYwgpWWeuZBq+IkA3Zy6XAd8jHKbve1nlm2qtYUaJHYOSlDjkbP/HL8mKQhjRThWMqubSXKHWOhGOF0UnJSSRNMhrhPu5pGOKTSHU/3n6BjrfgoiIU+kUJT9XdijEMpR6GnJ0OsBnLey8T/vG6qggt3zKIkVTQis4eClCMVo6wM5DNBieIjTTARTO+KyAALTJSurKRLsOe/vEhap1X7rFq7rZXrV3kdRTiEI6iADedQhxtoQBMIPMIzvMKb8WS8GO/Gx2y0YOSZffgD4/MHdO+VHQ==</latexit>

V (�) = ��4



by increasing n:
peak occurs at earlier times.

for sufficiently large value of n:
the whole DM abundance is produced 
entirely during the inflationary phase!

<latexit sha1_base64="2uGVn/U5lYZEFumFDZOVapk6E1Y="></latexit>

I�(Ne) ⌘ e
3Ne

T
2n+4(Ne)

⇤2nH(Ne)
= dN�/dNe
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Pick a model to evaluate T and H: Warm Little Inflaton



Comparison with conventional Uv freeze-in during RD:
<latexit sha1_base64="0kL0XvLYQDKOjqWByP1z4kBZGe0="></latexit>

R(n)
� ⌘ Y�,1/Y RD

�,1(Trh)

<latexit sha1_base64="3SRDkYM9j9GMal0TVbJlpcNawKk="></latexit>
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onset of RD: 
<latexit sha1_base64="i8toaU/9kWnOFgwlOKjlhMv9aNI=">AAACBXicbZDLSsNAFIYn9VbrLepSF8EiuLEmpajLoi6yrGAv0MQymZ60QycXZyaFErpx46u4caGIW9/BnW/jtM1CW38Y+PjPOZw5vxczKqRpfmu5peWV1bX8emFjc2t7R9/da4go4QTqJGIRb3lYAKMh1CWVDFoxBxx4DJre4HpSbw6BCxqFd3IUgxvgXkh9SrBUVkc/dCAWlCm0HXhI6PDUuYlkao/P7PtyRy+aJXMqYxGsDIooU62jfzndiCQBhJIwLETbMmPppphLShiMC04iIMZkgHvQVhjiAISbTq8YG8fK6Rp+xNULpTF1f0+kOBBiFHiqM8CyL+ZrE/O/WjuR/qWb0jBOJIRktshPmCEjYxKJ0aUciGQjBZhwqv5qkD7mmEgVXEGFYM2fvAiNcsk6L1VuK8XqVRZHHh2gI3SCLHSBqshGNVRHBD2iZ/SK3rQn7UV71z5mrTktm9lHf6R9/gAKR5hG</latexit>

✏H ⌘ �Ḣ/H
2

<latexit sha1_base64="LwPp2JZWxEKY3Bv85ArYr8gyG0c=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAixCbshqI0QtEkZIS/ILsvs5CYZMvtwZjYQlrQ2/oqNhSK2/oGdf+Mk2UITD1w4nHMv997jx5xJZVnfxtr6xubWdm4nv7u3f3BoHh23ZJQICk0a8Uh0fCKBsxCaiikOnVgACXwObX90N/PbYxCSRWFDTWJwAzIIWZ9RorTkmbjhpY4IsBhOHXhI2Bg3ig7EknHt1m7KF55ZsErWHHiV2BkpoAx1z/xyehFNAggV5UTKrm3Fyk2JUIxymOadREJM6IgMoKtpSAKQbjr/ZIrPtdLD/UjoChWeq78nUhJIOQl83RkQNZTL3kz8z+smqn/tpiyMEwUhXSzqJxyrCM9iwT0mgCo+0YRQwfStmA6JIFTp8PI6BHv55VXSKpfsy1LlvlKo3mZx5NApOkNFZKMrVEU1VEdNRNEjekav6M14Ml6Md+Nj0bpmZDMn6A+Mzx92vZmL</latexit>

Trh ⌘ T (✏H = 2)

always enhancement

examples:

even for n=1 (dim. 5 operator)
enhancement can be >10
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Conclusion:

A novel perspective on the role of inflation in the production of DM: 
DM production during Warm Inflation via ultraviolet Freeze-In

The persistent thermal bath during warm inflation provides an intriguing 
cosmological set-up for phenomenologists!

16/16

UV freeze-in from warm inflation also provides new ways for 
reheating into the Standard Model.



more examples:



Exponential enhancement!
<latexit sha1_base64="0kL0XvLYQDKOjqWByP1z4kBZGe0="></latexit>

R(n)
� ⌘ Y�,1/Y RD

�,1(Trh)



Model-building is challenging!

inflaton couples to light fields: 
To have a sustained radiation bath, interaction cannot be too small:
light fields gaining large masses,
large quantum and thermal corrections to inflaton mass.

J. Yokoyama, A. Linde, 1998 Is Warm Inflation Possible?



Consequences of Warm Inflation:

Dissipation rate: additional thermal friction
allows sub-Planckian field excursion even for very steep potentials. 

smooth transition to RD, no need of a separate reheating phase: 
even potentials without a minimum can also 
be embedded into warm inflation) 

Generally, Suppressed tensor-to-scalar ratio, r, and relatively large non-
gaussianities.
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Standard cosmology: RD
with some initial temperature,

<latexit sha1_base64="0IY3PJ5sfZF2rtOgaBsWvZlx2VI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxW6Bd0lyWbpm1okl2TbKEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZelHCmjet+O4WNza3tneJuaW//4PCofHzS1nGqCG2RmMeqG2FNOZO0ZZjhtJsoikXEaSca38/9zoQqzWLZNNOEBgIPJRswgo2VgmbIfM6RCH0yYmG54lbdBdA68XJSgRyNsPzl92OSCioN4VjrnucmJsiwMoxwOiv5qaYJJmM8pD1LJRZUB9ni6Bm6sEofDWJlSxq0UH9PZFhoPRWR7RTYjPSqNxf/83qpGdwGGZNJaqgky0WDlCMTo3kCqM8UJYZPLcFEMXsrIiOsMDE2p5INwVt9eZ20r6redbX2WKvU7/I4inAG53AJHtxAHR6gAS0g8ATP8ApvzsR5cd6dj2VrwclnTuEPnM8fUICR0Q==</latexit>

Ti ⌧ m�

Kinematics: Boltzmann suppression

V. A. Kuzmin, V. A. Rubakov, 1998
C. Cosme, F. Costa, O. Lebedev, 2023
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�production ⇠ e�2m�/T

K. Boddy, K. Freese, G. Montefalcone, BSE, 2024



Warm Little Inflaton

Distributed Mass Model 

controlling corrections by making the theory supersymmetric

A. Berera, M. Gleiser, R. O. Ramos,  1999

inflaton: pseudo-Nambu-Goldstone boson (PNGB) 

<latexit sha1_base64="0L8NUR3bOK8caVAtGUB4xCWQeVY="></latexit>

�L � V (�) + gM cos(�/M) ̄1 1 + gM sin(�/M) ̄2 2 + h�( ̄j�+ �̄ j)

<latexit sha1_base64="UHZnWZKMJA7/WkEucFzXURv93Ro="></latexit>

L � �V (�) + g(��Mj)
2�2 + h(��Mj) ̄j j

M. Bastero-Gil, A. Berera, R. O. Ramos, J. G. Rosa , 2016

Warm Inflation Models:
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Recent progress:

Minimal Warm Inflation:
<latexit sha1_base64="QR+9qrcN9d5z/AyMTJbj7Kts6Bs="></latexit>

L � �V (�) +
�

f
F̃ aµ⌫F a

µ⌫

inflaton: axion-like particle interacting with Yang -Mills fields,
protected by shift symmetry 

K. V. Berghaus, P. W. Graham and D. E. Kaplan, 2019

In these models, a warm inflation phase is almost inevitable.
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W. DeRocco, P. W. Graham, S. Kalia, 2021


