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Outline:

Producing Dark Matter (DM) from a thermal bath:

freeze-out
freeze-in

sensitivity of DM abundance to initial condition of the bath

Possibility of a thermal bath during inflation: warm inflation
(interesting non-standard cosmology)
producing DM during warm inflation

High frequency gravitons from warm inflation
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Evidence for Dark Matter from different scales
(All from Gravitational Interaction) 

Rotation Curves of Galaxies

Cosmic Microwave Background (CMB)

Structure Formation

Gravitational Lensing
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Lin, 2019 

Nature of Dark Matter?

our knowledge is limited:
DM: candidates with a mass range spanning over 90 orders of magnitude.
each model can only be partially constrained.

nature of DM and the prospects for its detection:
closely related to production mechanism 
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An intriguing mechanism to produce DM:
through interaction with a thermal bath.

non-gravitational interactions between DM 

and the bath establish DM abundance mainly by:

freeze-out or freeze-in mechanisms.

Thermal 
Bath DM

<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�
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Freeze-out:

Standard Cosmology: Radiation Dominated (RD),
with some initial temperature, above the mass of DM

Interaction is strong enough to keep DM in chemical equilibrium 
with the bath at early times. 

Thermal 
Bath

DM
<latexit sha1_base64="N1Gt8K2kQSDql8KsEhQNKR1MSlE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+y/32EyrNE/loJikGMR1KHnFGjZX8HhvxSr9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTTClynAmcFbpZRpTysZ0iF1LJY1RB9P5sTNyZpUBiRJlSxoyV39PTGms9SQObWdMzUgve7n4n9fNTHQTTLlMM4OSLRZFmSAmIfnnZMAVMiMmllCmuL2VsBFVlBmbTx6Ct/zyKmld1L2r+uXDZa1xW8RRhhM4hXPw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QM4So5P</latexit>�

Departure from chemical equilibrium:
sets the final DM abundance. 
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Weakly Interacting Massive Particles (WIMPs):

ṅ� + 3Hn� = �h�vi
�
n
2
� � n

2
�,eq

�
<latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit><latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit><latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit><latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit>

weak-scale couplings, 
weak scale mass

<latexit sha1_base64="++rbl8uzxQeRMumEIeTPHMDSu7s="></latexit>

h�vi ⇠ 10�9 GeV�2 ⇠ 10�26 cm3/s ⇠ (0.01)2

(100GeV)2

advantage: 
Due to thermalization, no dependence on the initial 
temperature of the bath

<latexit sha1_base64="gXB5EzMvvyhtfjBIxjN/oNddUvE="></latexit>

Y� ⇠ 1

MPlm�h�vi

<latexit sha1_base64="I/kZXB7mINGkir/8FwEm/ostWwE=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVzWRoi6LblxWsA9pQplMb9qhk0mcmRRKKPgrblwo4tbvcOffOE270OqBC2fOuZe59wQJZ0o7zpdVWFpeWV0rrpc2Nre2d+zdvaaKU0mhQWMey3ZAFHAmoKGZ5tBOJJAo4NAKhtdTvzUCqVgs7vQ4AT8ifcFCRok2Utc+uO96dMA8eEjZCIv8caq6dtmpODnwX+LOSRnNUe/an14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86hgoSgfKzfP0JPjZKD4exNCU0ztWfExmJlBpHgemMiB6oRW8q/ud1Uh1e+hkTSapB0NlHYcqxjvE0C9xjEqjmY0MIlczsiumASEK1SaxkQnAXT/5LmmcV97xSva2Wa1fzOIroEB2hE+SiC1RDN6iOGoiiDD2hF/RqPVrP1pv1PmstWPOZffQL1sc341OVcw==</latexit>

Y� ⌘ n�/s
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Freeze-in:
negligible initial number density 
no equilibrium/no annihilation
small production rate

How can we suppress the production rate?

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

Thermal 
Bath

DM
<latexit sha1_base64="N1Gt8K2kQSDql8KsEhQNKR1MSlE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+y/32EyrNE/loJikGMR1KHnFGjZX8HhvxSr9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTTClynAmcFbpZRpTysZ0iF1LJY1RB9P5sTNyZpUBiRJlSxoyV39PTGms9SQObWdMzUgve7n4n9fNTHQTTLlMM4OSLRZFmSAmIfnnZMAVMiMmllCmuL2VsBFVlBmbTx6Ct/zyKmld1L2r+uXDZa1xW8RRhhM4hXPw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QM4So5P</latexit>�

the DM final abundance is built
up gradually over time

ṅ� + 3Hn� = �h�vi
�
n
2
� � n

2
�,eq

�
<latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit><latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit><latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit><latexit sha1_base64="MFsJQUmFH7MHyCgkSqN80KT3oPk="></latexit>
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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

Energy

N
um
be
ro
fP
ar
tic
le
s
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<latexit sha1_base64="KwqKrTUE2/WD3Kz0ml67N9MhyFU=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQwZqUoi6LLnRZoS9oaphMpu3QmSTMTIQS8g9u/BU3LhRx68adf+OkzUJbD1w4nHMv997jRYxKZVnfRmFpeWV1rbhe2tjc2t4xd/faMowFJi0cslB0PSQJowFpKaoY6UaCIO4x0vHG15nfeSBC0jBoqklE+hwNAzqgGCktueaJc4M4R27iCA4jEfoxzozUkZRDcp+cVrnr4BE9a6auWbYq1hRwkdg5KYMcDdf8cvwQx5wECjMkZc+2ItVPkFAUM5KWnFiSCOExGpKepgHiRPaT6U8pPNKKDweh0BUoOFV/TySISznhnu7kSI3kvJeJ/3m9WA0u+wkNoliRAM8WDWIGVQizgKBPBcGKTTRBWFB9K8QjJBBWOsaSDsGef3mRtKsV+7xSu6uV61d5HEVwAA7BMbDBBaiDW9AALYDBI3gGr+DNeDJejHfjY9ZaMPKZffAHxucPHWSeTg==</latexit>

�production ⇠ e�2m�/T

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



Standard cosmology: RD
with some initial temperature,

<latexit sha1_base64="s4LttByS4ktsj+9bRNWCGMFc5Cw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVNCJvtJl26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSDlT2ra/rdLG5tb2Tnm3srd/cHhUPT7pqiSThHZIwhPZD7CinMW0o5nmtJ9KikXAaS8Y38/93oRKxZK4racp9QSOYhYygrWRvLbP3ChCwnfJiPnVml23F0DrxClIDQq0/OqXO0xIJmisCcdKDRw71V6OpWaE01nFzRRNMRnjiA4MjbGgyssXR8/QhVGGKEykqVijhfp7IsdCqakITKfAeqRWvbn4nzfIdHjr5SxOM01jslwUZhzpBM0TQEMmKdF8aggmkplbERlhiYk2OVVMCM7qy+uke1V3ruuNx0ateVfEUYYzOIdLcOAGmvAALegAgSd4hld4sybWi/VufSxbS1Yxcwp/YH3+AEENkcc=</latexit>

Ti � m�

renormaizblae operators 
and very small coupling 

IR dominated: 
independent of initial temperature,
most of the DM produced when 

IR freeze-in

L. J. Hall, K. Jedamzik, J. March-Russell, S. M. West, 2009
<latexit sha1_base64="Bu7spDRuP9PB+ikizybdpz6v1Dw=">AAACOnicfVA7T8MwGHR4lvIKMLJYVEhMVVJVwFjBwthKfaGmRI7rtFZtJ7IdpCrK72LhV7AxsDCAECs/AKftAC3iJEunu/tsfxfEjCrtOM/Wyura+sZmYau4vbO7t28fHLZVlEhMWjhikewGSBFGBWlpqhnpxpIgHjDSCcbXud+5J1LRSDT1JCZ9joaChhQjbSTfbtz6Hh5RT1EOocfM4ADdVaAXSoRT7qee5LDOsixtZnnmvwSf3pT5dskpO1PAZeLOSQnMUfftJ28Q4YQToTFDSvVcJ9b9FElNMSNZ0UsUiREeoyHpGSoQJ6qfTlfP4KlRBjCMpDlCw6n6cyJFXKkJD0ySIz1Si14u/uX1Eh1e9lMq4kQTgWcPhQmDOoJ5j3BAJcGaTQxBWFLzV4hHyHSiTdtFU4K7uPIyaVfK7nm52qiWalfzOgrgGJyAM+CCC1ADN6AOWgCDB/AC3sC79Wi9Wh/W5yy6Ys1njsAvWF/f3HSuwA==</latexit>

Y� ⇠ �2mPl

T
⇠ �2mPl

m�
<latexit sha1_base64="GN0SbjNBH/fzXtRuBHpiv0kCUP8=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEN5ZEinVZdOOygn1AE8tkMmmHziRhZiKUUDf+ihsXirj1L9z5N04fC209MHA451zu3BOknCntON/W0vLK6tp6YaO4ubW9s2vv7TdVkklCGyThiWwHWFHOYtrQTHPaTiXFIuC0FQyux37rgUrFkvhOD1PqC9yLWcQI1kbq2oceN+EQI49TpRQTyHXu87PqqGuXnLIzAVok7oyUYIZ61/ 7ywoRkgsaacKxUx3VS7edYakY4HRW9TNEUkwHu0Y6hMRZU+fnkghE6MUqIokSaF2s0UX9P5FgoNRSBSQqs+2reG4v/eZ1MR5d+zuI00zQm00VRxpFO0LgOFDJJieZDQzCRzPwVkT6WmGhTWtGU4M6fvEia52X3oly5rZRqV7M6CnAEx3AKLlShBjdQhwYQeIRneIU368l6sd6tj2l0yZrNHMAfWJ8/NOWWGA==</latexit>

� . 10�7

Thermal 
Bath

<latexit sha1_base64="FUMVQtBjhbNOE4zRLWoNdtK46DE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4AmlMnkph06mYSZiVBKf8ONC0Xc+jPu/BunbRbaemDgcM653DsnzATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zRXDFssFanqhlSj4BJbhhuB3UwhTUKBnXB0N/M7T6g0T+WjGWcYJHQgecwZNVbyfWGjEfWFIF6/WnPr7hxklXgFqUGBZr/65UcpyxOUhgmqdc9zMxNMqDKcCZxW/FxjRtmIDrBnqaQJ6mAyv3lKzqwSkThV9klD5urviQlNtB4noU0m1Az1sjcT//N6uYlvggmXWW5QssWiOBfEpGRWAIm4QmbE2BLKFLe3EjakijJja6rYErzlL6+S9kXdu6pfPlzWGrdFHWU4gVM4Bw+uoQH30IQWMMjgGV7hzcmdF+fd+VhES04xcwx/4Hz+AFeVkT0=</latexit>

� ⌧ 1
DM

<latexit sha1_base64="N1Gt8K2kQSDql8KsEhQNKR1MSlE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+y/32EyrNE/loJikGMR1KHnFGjZX8HhvxSr9ac+vuHGSVeAWpQYFmv/rVGyQsi1EaJqjWXc9NTTClynAmcFbpZRpTysZ0iF1LJY1RB9P5sTNyZpUBiRJlSxoyV39PTGms9SQObWdMzUgve7n4n9fNTHQTTLlMM4OSLRZFmSAmIfnnZMAVMiMmllCmuL2VsBFVlBmbTx6Ct/zyKmld1L2r+uXDZa1xW8RRhhM4hXPw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QM4So5P</latexit>�

<latexit sha1_base64="y/LdtexbidK+Czcsmfo9Up2NtIc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVNKJvtpl26uwm7G6GE/g0vHhTx6p/x5r9xm+agrQ8GHu/NMDMvTDjTxnW/ndLG5tb2Tnm3srd/cHhUPT7p6jhVhHZIzGPVD7GmnEnaMcxw2k8UxSLktBdO7xd+74kqzWLZNrOEBgKPJYsYwcZKftvXTCAx9MmEDas1t+7mQOvEK0gNCrSG1S9/FJNUUGkIx1oPPDcxQYaVYYTTecVPNU0wmeIxHVgqsaA6yPKb5+jCKiMUxcqWNChXf09kWGg9E6HtFNhM9Kq3EP/zBqmJboOMySQ1VJLloijlyMRoEQAaMUWJ4TNLMFHM3orIBCtMjI2pYkPwVl9eJ92runddbzw2as27Io4ynME5XIIHN9CEB2hBBwgk8Ayv8Oakzovz7nwsW0tOMXMKf+B8/gCjbpFw</latexit>

T ⇠ m�
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Standard cosmology: RD
with some initial temperature,

<latexit sha1_base64="s4LttByS4ktsj+9bRNWCGMFc5Cw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVNCJvtJl26m8TdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSDlT2ra/rdLG5tb2Tnm3srd/cHhUPT7pqiSThHZIwhPZD7CinMW0o5nmtJ9KikXAaS8Y38/93oRKxZK4racp9QSOYhYygrWRvLbP3ChCwnfJiPnVml23F0DrxClIDQq0/OqXO0xIJmisCcdKDRw71V6OpWaE01nFzRRNMRnjiA4MjbGgyssXR8/QhVGGKEykqVijhfp7IsdCqakITKfAeqRWvbn4nzfIdHjr5SxOM01jslwUZhzpBM0TQEMmKdF8aggmkplbERlhiYk2OVVMCM7qy+uke1V3ruuNx0ateVfEUYYzOIdLcOAGmvAALegAgSd4hld4sybWi/VufSxbS1Yxcwp/YH3+AEENkcc=</latexit>

Ti � m�

UV freeze-in

non-renormaizblae operators
(a heavy scale)

UV dominated:
sensitive to highest temperature,
most of the DM produced at the beginning

<latexit sha1_base64="Vzj3hbFPxdnoGSMWG/MzpqGgZtk=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURUZdFNy5cVOgLmhAmk0k6dPJgZiLU0C9x40IRt36KO//GaZuFth4YOJxzLvfO8TPOpLKsb6Oytr6xuVXdru3s7u3XzYPDnkxzQWiXpDwVAx9LyllCu4opTgeZoDj2Oe3749uZ33+kQrI06ahJRt0YRwkLGcFKS55Zd+51OMDIiSLU8ZhnNqymNQdaJXZJGlCi7ZlfTpCSPKaJIhxLObStTLkFFooRTqc1J5c0w2SMIzrUNMExlW4xP3yKTrUSoDAV+iUKzdXfEwWOpZzEvk7GWI3ksjcT//OGuQqv3YIlWa5oQhaLwpwjlaJZCyhgghLFJ5pgIpi+FZERFpgo3VVNl2Avf3mV9M6b9mXz4uGi0bop66jCMZzAGdhwBS24gzZ0gUAOz/AKb8aT8WK8Gx+LaMUoZ47gD4zPH55Zkm0=</latexit>

⇤ � Ti

Thermal 
Bath DM

<latexit sha1_base64="8gkuKZMRM0MO4L8dK+wI+0A4c8o=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIvgqiQi6rLoxoWLCvYBTSyTyaQdOpmEmYkQQvwVNy4UceuHuPNvnLZZaOuBgcM593DvHD9hVCrb/jYqK6tr6xvVzdrW9s7unrl/0JVxKjDp4JjFou8jSRjlpKOoYqSfCIIin5GeP7me+r1HIiSN+b3KEuJFaMRpSDFSWhqadTcUCOdOkbu3OhWgB14MzYbdtGewlolTkgaUaA/NLzeIcRoRrjBDUg4cO1FejoSimJGi5qaSJAhP0IgMNOUoItLLZ8cX1rFWAiuMhX5cWTP1dyJHkZRZ5OvJCKmxXPSm4n/eIFXhpZdTnqSKcDxfFKbMUrE1bcIKqCBYsUwThAXVt1p4jHQbSvdV0yU4i19eJt3TpnPePLs7a7SuyjqqcAhHcAIOXEALbqANHcCQwTO8wpvxZLwY78bHfLRilJk6/IHx+QPpU5T0</latexit>

1

⇤n

<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�

<latexit sha1_base64="Nvw/1FIqtHOFLaP76x2l0+OHQUc=">AAACG3icbVC7TsMwFHV4lvIqMLJYVEgsVElVAWMFCwNDkfpCTYgcx2mt2k5kO0hVlP9g4VdYGECICYmBv8F9DNByJEvH59x77XuChFGlbfvbWlpeWV1bL2wUN7e2d3ZLe/ttFacSkxaOWSy7AVKEUUFammpGuokkiAeMdILh1djvPBCpaCyaepQQj6O+oBHFSBvJL1XvfBcPqKsoh24kEc64n7mSwwbLm/dZVZw6eZ65N2ZiiMb3PPdLZbtiTwAXiTMjZTBDwy99umGMU06Exgwp1XPsRHsZkppiRvKimyqSIDxEfdIzVCBOlJdNdsvhsVFCGMXSHKHhRP3dkSGu1IgHppIjPVDz3lj8z+ulOrrwMiqSVBOBpw9FKYM6huOgYEglwZqNDEFYUvNXiAfIJKRNnEUTgjO/8iJpVyvOWaV2WyvXL2dxFMAhOAInwAHnoA6uQQO0AAaP4Bm8gjfryXqx3q2PaemSNes5AH9gff0Adkuhsw==</latexit>

Y� ⇠ mPlT 2n�1

⇤2n F. Elahi, C. Kolda, J. Unwin, 2014  
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UV freeze-in is sensitive to the highest temperature:

instantaneous reheating:

reheating temperature: 
temperature at the onset of RD

What is the highest temperature of the bath?

<latexit sha1_base64="uRrP53pyYXTXPKlphA3fTUJGuEY=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwWwVVJpKgboejGZYXeoA1hMp20Q2eSMDMRS+zCV3HjQhG3voY738Zpm4W2/jDw8Z9zOGf+IOFMacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61geDOpt+6pVCyO6nqUUE/gfsRCRrA2lm8f1v2sKwUS+GF8lbMcjH275JSdqdAiuDmUIFfNt7+6vZikgkaacKxUx3US7WVYakY4HRe7qaIJJkPcpx2DERZUedn0/jE6MU4PhbE0L9Jo6v6eyLBQaiQC0ymwHqj52sT8r9ZJdXjpZSxKUk0jMlsUphzpGE3CQD0mKdF8ZAATycytiAywxESbyIomBHf+y4vQPCu75+XKXaVUvc7jKMARHMMpuHABVbiFGjSAwCM8wyu8WU/Wi/Vufcxal6x85gD+yPr8Acu7lfk=</latexit>

Tmax = Trh

Inflation
RD

<latexit sha1_base64="ToCzDoWnyvkjhnGqU3yYDZOwBL4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHiHlBsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rGsm3GCfkQHkoecUWOlx/qN2yuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2Xvslx5qJSqt1kceTiBUzgHD66gCvdQgwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBoomNYg==</latexit>

T = 0
<latexit sha1_base64="C6SFRMDfvrI1VKD1dxnlq1IpqAQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosevFYoV/QXUs2zbahSXZJskJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044vpv5nSeqNItl00wSGgg8lCxiBBsr+U1fM4HwY3bhTfvlilt150CrxMtJBXI0+uUvfxCTVFBpCMda9zw3MUGGlWGE02nJTzVNMBnjIe1ZKrGgOsjmN0/RmVUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+ulJroJMiaT1FBJFouilCMTo1kAaMAUJYZPLMFEMXsrIiOsMDE2ppINwVt+eZW0L6veVbX2UKvUb/M4inACp3AOHlxDHe6hAS0gkMAzvMKbkzovzrvzsWgtOPnMMfyB8/kDN0yRKQ==</latexit>

T ⇠ a�1

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t
(entropy conservation)

instantaneous 
reheating

<latexit sha1_base64="+c+yJmYiCHooKHrYXgyn1g7gOlk=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48R8sJkCbOT2WTIPJaZWSEs+QsvHhTx6t9482+cJHvQxIKGoqqb7q4o4cxY3//2CmvrG5tbxe3Szu7e/kH58KhlVKoJbRLFle5E2FDOJG1aZjntJJpiEXHajsZ3M7/9RLVhSjbsJKGhwEPJYkawddJjo5/1tEB6NO2XK37VnwOtkiAnFchR75e/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3iKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vgmzJhMUkslWSyKU46sQrP30YBpSiyfOIKJZu5WREZYY2JdSCUXQrD88ippXVSDq+rlw2WldpvHUYQTOIVzCOAaanAPdWgCAQnP8ApvnvFevHfvY9Fa8PKZY/gD7/MHcIeQxw==</latexit>

Trh
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Reheating
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Maximum temperature vs. reheating temperature:
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Reheating

Trh

TR~
1
a

Scale factor (a)
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Tmax =Trh
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inflaton decays to radiation directly
D.J. H. Chung, E. W. Kolb, A. Riotto, 1998

G. F. Giudice, E. W. Kolb, A. Riotto, 2000

E. W. Kolb, A. Notari, A. Riotto, 2003

inflaton decays to an 
unstable particle which then 
decays to radiation 
C. Cosme, F. Costa, O. Lebedev, 2024

inflaton has generic dissipation rate 
dependent on temperature and scale factor 
R. T. Co, E. Gonzalez, K. Harigaya, 2021

Resonant reheating:  s-channel inflaton annihilation
B. Barman, N. Bernal, Y. Xu, 2024

13/35



Non-Standard Cosmologies after inflation, prior to RD phase: 
reheating

<latexit sha1_base64="83z/fJ44TOGrVmW2aFmlKSxmc/E=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGirosunFZoS/oDEMmzUxDk8yQZMQyFDf+ihsXirj1K9z5N6btLLT1wIWTc+4l954wZVRpx/m2Siura+sb5c3K1vbO7p69f9BRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxzdTP3uPZGKJqKlxynxOYoFjShG2kiBfdQKck9yyNHDxItjWDzlcBLYVafmzACXiVuQKijQDOwvb5DgjBOhMUNK9V0n1X6OpKaYkUnFyxRJER6hmPQNFYgT5eezEybw1CgDGCXSlNBwpv6eyBFXasxD08mRHqpFbyr+5/UzHV35ORVpponA84+ijEGdwGkecEAlwZqNDUFYUrMrxEMkEdYmtYoJwV08eZl0zmvuRa1+V682ros4yuAYnIAz4IJL0AC3oAnaAINH8AxewZv1ZL1Y79bHvLVkFTOH4A+szx/syZck</latexit>

Tmax � Trh

D.J. H. Chung, E. W. Kolb, A. Riotto, 1998
G. F. Giudice, E. W. Kolb, A. Riotto, 2000
E. W. Kolb, A. Notari, A. Riotto, 2003

<latexit sha1_base64="sLhbacQYkWHBScDVltpRrwq1df4="></latexit>
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employed in the context of freeze-out: 
overcome Boltzmann suppression when

<latexit sha1_base64="r+bmXpWkeSoZaJZe5VEB2bjmUc0=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVEinosevFYoa2FJoTNdtMu3U3C7kaoofhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bZKK6tr6xvlzcrW9s7unr1/0FFJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQz9e8fqFQsiVt6nFJf4EHMIkawNlJgH7WC3JMCyeHE4xyJwCNDFthVp+bMgJaJW5AqFGgG9pfXT0gmaKwJx0r1XCfVfo6lZoTTScXLFE0xGeEB7RkaY0GVn8+un6BTo/RRlEhTsUYz9fdEjoVSYxGaToH1UC16U/E/r5fp6MrPWZxmmsZkvijKONIJmkaB+kxSovnYEEwkM7ciMsQSE20Cq5gQ3MWXl0nnvOZe1Op39WrjuoijDMdwAmfgwiU04Baa0AYCj/AMr/BmPVkv1rv1MW8tWcXMIfyB9fkDKPSVDA==</latexit>

Trh ⌧ m�

Inflation Transition to RD RD

<latexit sha1_base64="ToCzDoWnyvkjhnGqU3yYDZOwBL4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHiHlBsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rGsm3GCfkQHkoecUWOlx/qN2yuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2Xvslx5qJSqt1kceTiBUzgHD66gCvdQgwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBoomNYg==</latexit>

T = 0
<latexit sha1_base64="C6SFRMDfvrI1VKD1dxnlq1IpqAQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosevFYoV/QXUs2zbahSXZJskJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044vpv5nSeqNItl00wSGgg8lCxiBBsr+U1fM4HwY3bhTfvlilt150CrxMtJBXI0+uUvfxCTVFBpCMda9zw3MUGGlWGE02nJTzVNMBnjIe1ZKrGgOsjmN0/RmVUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+ulJroJMiaT1FBJFouilCMTo1kAaMAUJYZPLMFEMXsrIiOsMDE2ppINwVt+eZW0L6veVbX2UKvUb/M4inACp3AOHlxDHe6hAS0gkMAzvMKbkzovzrvzsWgtOPnMMfyB8/kDN0yRKQ==</latexit>

T ⇠ a�1

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t
(entropy production) (entropy conservation)

<latexit sha1_base64="PB5sB44Ce0HVzgMkRyfjHsaXrKw=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosevFYoV/QriWbZtvQJLsm2UJZ+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupv5rTFVmkWybiYx9QUeSBYygo2V/HpXaiYQfkwvvGmvWHLL7hxolXgZKUGGWq/41e1HJBFUGsKx1h3PjY2fYmUY4XRa6CaaxpiM8IB2LJVYUO2n86On6MwqfRRGypY0aK7+nkix0HoiAtspsBnqZW8m/ud1EhPe+CmTcWKoJItFYcKRidAsAdRnihLDJ5Zgopi9FZEhVpgYm1PBhuAtv7xKmpdl76pceaiUqrdZHHk4gVM4Bw+uoQr3UIMGEHiCZ3iFN2fsvDjvzseiNedkM8fwB87nDwgJkaE=</latexit>

T ⌧ a�1
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UV freeze-in during reheating and prior to RD :

M. A. G. Garcia, Y. Mambrini, K. A. Olive, M. Peloso, 2017
S. Chen, Z. Kang, 2017

N. Bernal, F. Elahi, C. Maldonado, J. Unwin, 2019

UV freeze-in during matter domination 
prior to RD

UV freeze-in during 
other non-standard cosmologies
before RD

Enhancement of DM yield from 
UV freeze-in compared to 
instantaneous reheating case

<latexit sha1_base64="1OKCWJ6kLIdT5DJtKbxKUeZJE9Q="></latexit>
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Note: for dim. 5 operator
enhancement is NOT noticeable



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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(Cold) Inflation
an early period of accelerated expansion to drive 
the primordial universe towards homogeneity, isotropy and flatness.

D.Baumann , 2012

slow-roll:

reheating:
particle production via decay

<latexit sha1_base64="p47rg5EvX6FlpPkrTNYSqRpsdfQ="></latexit>

�̈+ (3H +⌥)�̇+ dV (�)/d� = 0

<latexit sha1_base64="p47rg5EvX6FlpPkrTNYSqRpsdfQ="></latexit>

�̈+ (3H +⌥)�̇+ dV (�)/d� = 0

Quantum fluctuations:
generate the inhomogeneities observed in the CMB 

Linde 1982
Albrecht, Steinhardt 1982
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Warm inflation
<latexit sha1_base64="p47rg5EvX6FlpPkrTNYSqRpsdfQ="></latexit>

�̈+ (3H +⌥)�̇+ dV (�)/d� = 0
<latexit sha1_base64="qys+FyaHLeoLpLgJ1/qUrOVWA9g="></latexit>

⇢̇r + 4H⇢r = ⌥�̇
2

<latexit sha1_base64="Am7S/Iw+nNohonViHFDUyhwSbqo="></latexit>
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2 = (⇢� + ⇢r) /

�
3M2

pl

�

A. Berera, 1995

Phenomenology:
inflation<latexit sha1_base64="8M9ZWNeOOGkFNpYwa+mFopNuIIY=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm2ARXJVERF1J0Y3LCvYCTQiT6aQZOpkJM5NCCX0TNy4UceubuPNtnLZZaOsPAx//OYdz5o8yRpV23W+rsra+sblV3a7t7O7tH9iHRx0lcolJGwsmZC9CijDKSVtTzUgvkwSlESPdaHQ/q3fHRCoq+JOeZCRI0ZDTmGKkjRXati8TEfpZQm/nJEO77jbcuZxV8EqoQ6lWaH/5A4HzlHCNGVKq77mZDgokNcWMTGt+rkiG8AgNSd8gRylRQTG/fOqcGWfgxEKax7Uzd39PFChVapJGpjNFOlHLtZn5X62f6/gmKCjPck04XiyKc+Zo4cxicAZUEqzZxADCkppbHZwgibA2YdVMCN7yl1ehc9HwrhqXj5f15l0ZRxVO4BTOwYNraMIDtKANGMbwDK/wZhXWi/VufSxaK1Y5cwx/ZH3+AJ4mk6k=</latexit>

⇢� > ⇢r

<latexit sha1_base64="gbjcqesv1sqyXyaGvUJz6OFj9t4=">AAACC3icbVDLSgMxFM3UV62vqks3oUVwIWVGirqSopsuK9gHdMqQSTNtaJIJSUYsw+zd+CtuXCji1h9w59+YPhbaeuDC4Zx7ufeeUDKqjet+O7mV1bX1jfxmYWt7Z3evuH/Q0nGiMGnimMWqEyJNGBWkaahhpCMVQTxkpB2ObiZ++54oTWNxZ8aS9DgaCBpRjIyVgmIp9RVPOXrIMuinflNqymIBT2Hdz6544MshDYplt+JOAZeJNydlMEcjKH75/RgnnAiDGdK667nS9FKkDMWMZAU/0UQiPEID0rVUIE50L53+ksFjq/RhFCtbwsCp+nsiRVzrMQ9tJ0dmqBe9ifif101MdNlLqZCJIQLPFkUJgyaGk2BgnyqCDRtbgrCi9laIh0ghbGx8BRuCt/jyMmmdVbzzSvW2Wq5dz+PIgyNQAifAAxegBuqgAZoAg0fwDF7Bm/PkvDjvzsesNefMZw7BHzifP9g/muo=</latexit>

max{⌥, H} > m� slow-roll regime

<latexit sha1_base64="ITac2uKVmmy20TIeOkwrhElbboU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCcJeskxYl6QLGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FjpsX5b7RVLbtmdg6wSLyMlyFDrFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE974Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7J3Vb58uCxV7rI48nACp3AOHlxDBapQgwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwByG6New==</latexit>

T > H Thermal fluctuations dominate over quantum ones

<latexit sha1_base64="ZaKzUsllY7jym8gowCUy2J4t27I=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzKjRV0W3XRZwWkLnaFk0kwbmseQZIQ6FH/FjQtF3Pof7vwb08dCWw8EDuecy705ccqoNp737RRWVtfWN4qbpa3tnd09d/+gqWWmMAmwZFK1Y6QJo4IEhhpG2qkiiMeMtOLh7cRvPRClqRT3ZpSSiKO+oAnFyFip6x6FQaopkwKGfWNjHF7UYdctexVvCrhM/DkpgzkaXfcr7EmccSIMZkjrju+lJsqRMhQzMi6FmSYpwkPUJx1LBeJER/n0+jE8tUoPJlLZJwycqr8ncsS1HvHYJjkyA73oTcT/vE5mkusopyLNDBF4tijJGDQSTqqAPaoINmxkCcKK2lshHiCFsLGFlWwJ/uKXl0nzvOJfVqp31XLtZl5HERyDE3AGfHAFaqAOGiAAGDyCZ/AK3pwn58V5dz5m0YIznzkEf+B8/gBslZSP</latexit>

⌥ & 3H (in contrast to cold inflation 
where dissipation is negligible)

the inhomogeneities sourced by thermal fluctuations
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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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<latexit sha1_base64="fTW+B10KOyQpQ2sBQiLjqkyD8bA=">AAACFnicbZC7SgNBFIZn4y3G26qlzWAQBDXsalALi6BNyghuEsiGMDs5mwyZvTAzK4TNPoWNr2JjoYit2Pk2Ti6FRg8MfPz/OZw5vxdzJpVlfRm5hcWl5ZX8amFtfWNzy9zeqcsoERQcGvFIND0igbMQHMUUh2YsgAQeh4Y3uBn7jXsQkkXhnRrG0A5IL2Q+o0RpqWOeuBBLxjXWj/HIBUU6dTzCV9g+cn1BaOo6Uz9Lz6pZxyxaJWtS+C/YMyiiWdU65qfbjWgSQKgoJ1K2bCtW7ZQIxSiHrOAmEmJCB6QHLY0hCUC208lZGT7QShf7kdAvVHii/pxISSDlMPB0Z0BUX857Y/E/r5Uo/7KdsjBOFIR0ushPOFYRHmeEu0wAVXyogVDB9F8x7ROdhtJJFnQI9vzJf6F+WrLPS+XbcrFyPYsjj/bQPjpENrpAFVRFNeQgih7QE3pBr8aj8Wy8Ge/T1pwxm9lFv8r4+AYJAJ6x</latexit>
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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?
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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



Model:
<latexit sha1_base64="NJgJUqm3vVKWcjKEzbv96k3nqG4=">AAACKnicbVDLSsNAFJ34rPUVdelmsAgtSkmkqBuh6saFiwq2DTSlTKaTduhkEmYmQgn9Hjf+ipsulOLWD3HSZtGHBwbOPede5t7jRYxKZVkTY219Y3NrO7eT393bPzg0j44bMowFJnUcslA4HpKEUU7qiipGnEgQFHiMNL3BY+o334iQNOSvahiRdoB6nPoUI6WljnnvBkj1MWLJ8+gOzhVFN+rT0sW84iyWacOlU+qYBatsTQFXiZ2RAshQ65hjtxviOCBcYYakbNlWpNoJEopiRkZ5N5YkQniAeqSlKUcBke1keuoInmulC/1Q6McVnKrzEwkKpBwGnu5MV5XLXir+57Vi5d+2E8qjWBGOZx/5MYMqhGlusEsFwYoNNUFYUL0rxH0kEFY63bwOwV4+eZU0rsr2dbnyUilUH7I4cuAUnIEisMENqIInUAN1gME7+ARf4Nv4MMbGxPiZta4Z2cwJWIDx+wfYiKbi</latexit>

L = L(�) + L(X) + L(�, X)

Calculate dissipation coefficient 
from first principles:

<latexit sha1_base64="x86cyS4zkT0YZjxPPoKXxUTYV6w=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWoYKUGSnqRii6cVmh0xY6Q8mkmTY0kwlJRiil4MZXceNCEbe+hDvfxrQdQVsPBD7OvZebe0LBqNKO82XllpZXVtfy64WNza3tHXt3r6GSVGLi4YQlshUiRRjlxNNUM9ISkqA4ZKQZDm4m9eY9kYomvK6HggQx6nEaUYy0sTr2ge8JRVnCr36g5Is+PYX1k45ddMrOVHAR3AyKIFOtY3/63QSnMeEaM6RU23WEDkZIaooZGRf8VBGB8AD1SNsgRzFRwWh6wxgeG6cLo0SaxzWcur8nRihWahiHpjNGuq/maxPzv1o71dFlMKJcpJpwPFsUpQzqBE4CgV0qCdZsaABhSc1fIe4jibA2sRVMCO78yYvQOCu75+XKXaVYvc7iyINDcARKwAUXoApuQQ14AIMH8ARewKv1aD1bb9b7rDVnZTP74I+sj2/vbpcP</latexit>

⌥ = ⌥(�, T )

Confront with the observation
<latexit sha1_base64="bw5qfuGXw/7DOsabCCfZPLARD5A=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8SNmVoh6LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHt1O/9cS04Uo+2HHCgpgMJI84JdZJTX2OZc/0SmWv4s2Al4mfkzLkqPdKX92+omnMpKWCGNPxvcQGGdGWU8EmxW5qWELoiAxYx1FJYmaCbHbtBJ86pY8jpV1Ji2fq74mMxMaM49B1xsQOzaI3Ff/zOqmNroOMyyS1TNL5oigV2Co8fR33uWbUirEjhGrubsV0SDSh1gVUdCH4iy8vk+ZFxb+sVO+r5dpNHkcBjuEEzsCHK6jBHdShARQe4Rle4Q0p9ILe0ce8dQXlM0fwB+jzB/V5jr0=</latexit>r, ns

<latexit sha1_base64="03WM2qv95IvtESwZtdXXafVlSwk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAZX1dpDrVy/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Gzo8N</latexit>

V (�)

Phenomenological approach:

<latexit sha1_base64="6Kbr5BUNnna7gxt+jvpgzGvsYQA=">AAACBXicbZDNSgMxFIUz9a/Wv6pLXQSLUDdlRoq6EYpuXFbotIXOWDJppg1NMkOSEcrQjRtfxY0LRdz6Du58G9N2BG29EPg4515u7gliRpW27S8rt7S8srqWXy9sbG5t7xR395oqSiQmLo5YJNsBUoRRQVxNNSPtWBLEA0ZawfB64rfuiVQ0Eg09ionPUV/QkGKkjdQtHnpurCiLxOUPlBsnnqIcNu6MXbIr9rTgIjgZlEBW9W7x0+tFOOFEaMyQUh3HjrWfIqkpZmRc8BJFYoSHqE86BgXiRPnp9IoxPDZKD4aRNE9oOFV/T6SIKzXigenkSA/UvDcR//M6iQ4v/JSKONFE4NmiMGFQR3ASCexRSbBmIwMIS2r+CvEASYS1Ca5gQnDmT16E5mnFOatUb6ul2lUWRx4cgCNQBg44BzVwA+rABRg8gCfwAl6tR+vZerPeZ605K5vZB3/K+vgGynuYHw==</latexit>

⌥ = ⌥(T ) ⇠ Tn

Warm Inflation set-up:

(no concrete model)
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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

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

�
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<latexit sha1_base64="joNXGP6gOsSCakzCKHidOt/Mkr4=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh6JXjxiwgIJrKRbutDQbTdtV0M2/A8vHjTGq//Fm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HtzO//UiVZlI0zSShQYyHgkWMYGOlh56faMal6GkWo2a/XHGr7hxolXg5qUCORr/81RtIksZUGMKx1l3PTUyQYWUY4XRa6qWaJpiM8ZB2LRU4pjrI5ldP0ZlVBiiSypYwaK7+nshwrPUkDm1njM1IL3sz8T+vm5roOsiYSFJDBVksilKOjESzCNCAKUoMn1iCiWL2VkRGWGFibFAlG4K3/PIqaV1Uvctq7b5Wqd/kcRThBE7hHDy4gjrcQQN8IKDgGV7hzXlyXpx352PRWnDymWP4A+fzB1x6km4=</latexit>

⌥ ⇠ T



DM production during Warm Inflation 
via ultraviolet Freeze-In (WIFI)

Thermal 
Bath

<latexit sha1_base64="8gkuKZMRM0MO4L8dK+wI+0A4c8o=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIvgqiQi6rLoxoWLCvYBTSyTyaQdOpmEmYkQQvwVNy4UceuHuPNvnLZZaOuBgcM593DvHD9hVCrb/jYqK6tr6xvVzdrW9s7unrl/0JVxKjDp4JjFou8jSRjlpKOoYqSfCIIin5GeP7me+r1HIiSN+b3KEuJFaMRpSDFSWhqadTcUCOdOkbu3OhWgB14MzYbdtGewlolTkgaUaA/NLzeIcRoRrjBDUg4cO1FejoSimJGi5qaSJAhP0IgMNOUoItLLZ8cX1rFWAiuMhX5cWTP1dyJHkZRZ5OvJCKmxXPSm4n/eIFXhpZdTnqSKcDxfFKbMUrE1bcIKqCBYsUwThAXVt1p4jHQbSvdV0yU4i19eJt3TpnPePLs7a7SuyjqqcAhHcAIOXEALbqANHcCQwTO8wpvxZLwY78bHfLRilJk6/IHx+QPpU5T0</latexit>

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="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 (standard) RD UV freeze-in: 



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

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

L � On+4/⇤
n



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>

' (2n� 1)
I�(Npeak

e )

I�(NRD
e )

�Npeak
e

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

R(n)
� ⌘ Y�,1/Y RD

�,1(Trh)
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R
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)
¬

Q0 = 10°2

Q0 = 1
numerical
semi-analytical

Take-home message:

Harmless relic:
UV freeze-in yield too low? 
Switch to a non-standard cosmology (prior to RD)! 
Better yet, kick things off from the beginning of (warm) inflation!

Dangerous relic: 
UV freeze-in yield too low?
Be careful if you want to Switch to a non-standard cosmologies! 



Hot Gravitons from Warm Inflation

Work in progress with: Gabriele Montefalcone, and Tao Xu 

In a thermal bath particles scatter off 
each other, experience acceleration, 
emit GWs

S. Winberg, 1972
J. Ghiglieri, M. Laine, 2015
J. Ghiglieri, G. Jackson, M. Laine, Y. Zhu, 2020
A. Ringwald, J. Schutte-Engel, C. Tamarit, 2020
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<latexit sha1_base64="QF3xmDdphb6yiRFIveDD0J2+Se4="></latexit>

⇢̇GW + 4H⇢GW =
T

4

M
2
Pl

Z
d
3
k

(2⇡)3
⌘̂(T, k/T )

A. Ringwald, J. Schutte-Engel, C. Tamarit, 2020



<latexit sha1_base64="VSmtIgih/AjS4UHF82iYr/0vhZ0="></latexit>

d⇢GW

dNe
+ 4⇢GW =

T
7

M
2
Pl H

high-frequency gravitons:

<latexit sha1_base64="QF3xmDdphb6yiRFIveDD0J2+Se4="></latexit>

⇢̇GW + 4H⇢GW =
T

4

M
2
Pl

Z
d
3
k

(2⇡)3
⌘̂(T, k/T )

gravitons can contribute to dark radiation:
impact the Hubble expansion rate.
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Hot Gravitons from Warm Inflation
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Simple, single-field warm inflation models 
do not appear to be constrained.
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GW spectrum: could still be interesting …



Conclusion:

A novel perspective on the role of inflation in the production of DM: 
DM production during Warm Inflation via Freeze-In (WIFI).

The persistent and out-of-equilibrium thermal bath during warm inflation 
provides an intriguing cosmological setup for phenomenologists!
(e.g. regarding baryogenesis)
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WIFI provides new ways for reheating of warm inflation into the SM 
(production and decay of heavy meta-stable particles).

Freeze-out during warm inflation? more challenging …

The first complete picture of DM production via freeze-in 
from the onset of inflation to today.


