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Outline

1. Ultra-relativistic freeze-out in radiation domination

2. Ultra-relativistic freeze-out during reheating (UFO)

3. Gravitational ultra-relativistic freeze-out during reheating (GUFO)
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We use the Boltzmann equation
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Relativistic freeze-out in radiation domination

We use the Boltzmann equation And parametrize our ignorance on the interaction

(real scalar)

(Majorana fermion)

Assume relativistic thermal equilibrium

6



Relativistic freeze-out in radiation domination

We use the Boltzmann equation And parametrize our ignorance on the interaction

No dependence on the coupling due to

and ruled out by structure formation 

Assume relativistic thermal equilibrium
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Reheating in a nutshel
Prethermalization production of dark matter | Phys. Rev. D
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Reheating in a nutshel
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Once inflation ends:
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Reheating in a nutshel
Prethermalization production of dark matter | Phys. Rev. D

Once inflation ends:

Reheating is achieved by coupling the inflaton:
During reheating:
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Reheating in a nutshel

Marcos A.G. Garcia et al JCAP04(2021)012
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Reheating in a nutshel

Inflation

Reheating Radiation domination

Marcos A.G. Garcia et al JCAP04(2021)012
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Reheating in a nutshel

Inflation

Reheating Radiation domination

Marcos A.G. Garcia et al JCAP04(2021)012
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Relativistic freeze-out in radiation domination

We use the Boltzmann equation And parametrize our ignorance on the interaction

Assume relativistic thermal equilibrium

Reheating can save the day since it inject entropy

For the following results we will assume:
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Is relativistic freeze-out during reheating allowed?

UFO has 3 requirement:

Happens during reheating

Relativistic decoupling

Validity of the effective approach
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Relativistic freeze-out during reheating

Using the scalings
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After decoupling

Using the scalings

23



Relativistic freeze-out during reheating

IR dominated UFO UV dominated UFO

24



Producing the right relic abundance
UV dominated UFOIR dominated UFO
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Generalizing to an arbitrary profile
Going back to the generic scaling:
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Is decoupling possible?
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Generalizing to an arbitrary profile
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Generalizing to an arbitrary profile
Going back to the generic scaling:

Is decoupling possible? Will the production be UV or IR?

Fermion decay is always the most efficient channel for UFO to happen except if  29



Minimal production of radiation

S. Cléry et al. Phys. Rev. D 105, 075005
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Minimal production of radiation

S. Cléry et al. Phys. Rev. D 105, 075005

As UFO decoupling is unrelated to the DM mass, 
decoupling can happen in this initial phase (GUFO) 
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GUFO

We can compute the crossing temperature:
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GUFO

We can compute the crossing temperature:

If 

The decoupling temperature do not depend on 

35



GUFO
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GUFO
decoupling
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GUFO
decoupling

Boltzmann equation is
kinematically blocked
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GUFO
decoupling

Boltzmann equation is
kinematically blocked

UFO like freeze in
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GUFO
The comoving number density is then given by:
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GUFO
The comoving number density is then given by:
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GUFO
The comoving number density is then given by:

UV or IR GUFO depends on the time between decoupling and crossing
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GUFO
Decoupling leading

to UV pheno

Decoupling leading
to IR pheno
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Producing the right relic abundance
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UFO and light DM constraints

Dark matter need to be compatible with relativistic degrees of freedom:

Tsung-Han Yeh et al JCAP10(2022)046
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UFO and light DM constraints

DM need to be cold at the time of structure formation:

One can compute the DM temperature at BBN:

Always satisfied!

UFO is a viable model to produce dark matter

Dark matter need to be compatible with relativistic degrees of freedom :

Tsung-Han Yeh et al JCAP10(2022)046
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Conclusion

• Relativistic dark matter production is possible during reheating and is
compatible with standard cosmology.

• The independence of the decoupling from the dark matter mass 
allows the DM production to be modulated by additional radiation 
production, such as CGPP.

• The UFO/GUFO phenomenology can be seen as a freeze-in with a 
thermal equilibrium initial condition.
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Thank you!
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Backup
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Gravitationally produced radiation

It is usefull to introduce:

The reheating temperature must be low enough
for GUFO to be possible:

The crossing temperature is inevitably a 
function of the reheating temperature:
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UV vs IR GUFO
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