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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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Relativistic freeze-out in radiation domination

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

I"
<Jw> ™~ An+2

9¢(3)

ﬂ'2

Assume relativistic thermal equilibrium Neg =

106.75 s 17eV S m, S 170eV  (real scalar)
(17’0 e\f)

Jro 11eV < My < 110eV (Majorana fermion)




Relativistic freeze-out in radiation domination

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

dn "
d—tx +3Hn, = (JU}(ngq — ni) (ov) ~ N

1
Assume relativistic thermal equilibrium Neg = 95523) T3 - Tro=A (A{P g\c (‘3)2?1-2\/9

106.?5) ( My ) No dependence on the coupling due to

Jro 170 eV T xa !

and ruled out by structure formation
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Prethermalization production of dark matter | Phys. Rev. D
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Once inflation ends: V(d)) ~ )\ﬂfp (

Reheating is achieved by coupling the inflaton:
During reheating:




Reheating in a nutshel

channel generic k=2
= . — 3k—3 —3/8
d—> ff | Toxa 20+ | Toxa™
—_ 3 —
d—>bb | Txa 21 | Txa

— 7
dp —bb | T oca 2k+4

3/8

Marcos A.G. Garcia et al JCAP04(2021)012




Reheating in a nutshel

channel

generic

k=2

k=4

k=6

¢~ ff

SR —.0

T oc g 2k+4

T oca™

3/8

T oca™

3/4

T o q—15/16

¢ — bb

]
I' oc q 2k+4

T oxa™

3/8

T oxa™

1/4

T o aq—3/16

dp — bb

9

I' oca 2k+4

T oxa

3/4

T o q—9/16

Inflation

T x a ¢

T oxa

1

Marcos A.G. Garcia et al JCAP04(2021)012

Reheating

Radiation domination




Reheating in a nutshel

channel

generic

k=2

k=4

k=6

¢~ ff

SR —.0

I' oca 2k+4

T oca™

3/8

T x a—:%fd

T ox a

—15/16

¢ — bb

]
I' oc q 2k+4

T oxa™

3/8

T o g 1/4

T oxa

—3/16

dp — bb

9

I' oca 2k+4

T o m—ﬁffl

T oxa

—9/16

Inflation

T x a ¢

T oxa

1

Reheating

|
TRy

101 GeV > Tpy > 1 MeV

Marcos A.G. Garcia et al JCAP04(2021)012

Radiation domination




Relativistic freeze-out in radiation domination

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

dn "
d—tx +3Hn, = (JU}(ngq — ni) (ov) ~ N

1
Assume relativistic thermal equilibrium Neg = 95523) T3 - Tro=A (A{P g\c (‘3)2?1-2\/9

I Reheating can save the day since it inject entropy I

106.75 ( My )
dgro 170 eV For the following results we will assume:

Lint ~yof f ‘ T a_gi:&l
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2k 3—k
Using the scalings [~ T”‘+3 H ~ T - n>n.——
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After decoupling

d (n,a’ dY, 31426 —8k—3k
» Neg > Ny » ( X ) X x a S o » Freeze-in period after decoupling

da da

2, 3 2 3 Tﬂ+4ﬂ{ (3k—3)(n+6)—6k 2;{ 1
Y. (a) = Yoot 28 \ﬁ M, ( . )

i o A2 3n — 3nk — 6k + 30
(3—3k) (n+6)+12k+12

(3—31)(n+6)+12k+12
TR p) i

)|V (arm) = Yro+Yyy + YR




Relativistic freeze-out during reheating my <Tru

Yy (arg) =~ YR Yy(arm) = 3YFro

IR dominated UFO UV dominated UFO




Producing the right relic abundance
IR dominated UFO UV dominated UFO
Vo~ 2, (ov) ~ T Vo~ gt (ov) ~ T2

Freeze-in DIN Freeze-in
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Generalizing to an arbitrary profile

Going back to the generic scaling: T ¢ a_£

Is decoupling possible? Will the production be UV or IR?
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Fermion decay is always the most efficient channel for UFO to happen except if f =3




Minimal production of radiation

¢/SM - _ - X/SM

\\_L N ’hr
75 T - JLv
SH/SMC PN XS
MI?’// } \"\. . MP

e Ly A

b

¢/SM -~ L X/SM

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




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




GUFO

E(k—4)+3k(1-&)

Sk(1—&
We can compute the crossing temperature: T>< — TTRH (1=¢)




GUFO

E(k—4)+3k(1-&)

Sk(1—&
We can compute the crossing temperature: T>< — TTRH (1=¢)
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The decoupling temperature do not depend on TRH
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The comoving number density is then given by: YX(G’RH) — YFO+/
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The comoving number density is then given by: YX(G’RH) — YFO+/ |
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GUFO

The comoving number density is then given by: YX(G’RH) — YFO+/
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UV or IR GUFO depends on the time between decoupling and crossing
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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: ANeff < 0.18
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UFO and light DM constraints

Dark matter need to be compatible with relativistic degrees of freedom : ANeff < 0.18

Tsung-Han Yeh et a/ JCAP10(2022)046

T—n 1

, Iru\ " (gBBN \°
One can compute the DM temperature at BBN: BBN — TBBN p—
Iro gRH

» Ty < 1.3Tro | Always satisfied!

=
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T; 3n—3
DM need to be cold at the time of structure formation: my > 5keV x (%
FO

UFO is a viable model to produce dark matter




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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Gravitationally produced radiation
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The reheating temperature must be low enough TRH < R.max mawx.h

hlo- £(k+2)
for GUFO to be possible: v g Aend
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The crossing temperature is inevitably a
function of the reheating temperature:




UV vs IR GUFO
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