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Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing gravitational force) at very different scales!

* Galactic rotation curves — [HEEE I P
* RC in Clusters of galaxies R I
* Clusters of galaxies -
* CMB anisotropies

DISTRIBUTION OF DARK MATTER IN NGC 3198
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Dark Matter: WIMP
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Dark Matter: WIMP vs FIMP

d;X + 3 Hn, = —(voy) [nz — (ncq)ﬂ
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‘ﬁ' What if DM only couples to the SM
via gravitational interactions?

Nicolas BERNAL @ UAN 6



What if DM only couples to the SM
via gravitational interactions?

DM is unavoidably produced
by PBH Hawking evaporation!

Nicolas BERNAL @ UAN



Primordial Black Holes

* Density fluctuations can collapse into a PBH in the early universe

* Lose mass by emitting all particles via Hawking evaporation
— PBH have a ~black body spectrum, with temperature T, ~ 1/Mg,

— PBHs unavoidable radiate DM!

*1f M,, < 10° g, PBH completely evaporate before BBN
- poorly constrained
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Primordial Black Holes

* Density fluctuations can collapse into a PBH in the early universe

* Lose mass by emitting all particles via Hawking evaporation
— PBH have a ~black body spectrum, with temperature T, ~ 1/Mg,

— PBHs unavoidable radiate DM!

*1f M,, < 10° g, PBH completely evaporate before BBN
- poorly constrained

Effective theory: Two free parameters
* A single PBH characterized by its mass at formation M,
(or equivalently, by the SM temperature T;, at formation)

* Initial PBH energy density 8 = pg./Psy

Nicolas BERNAL @ UAN 9



DM from PBHSs

DM density = PBH density x # DM emitted per PBH

Number of DM particles radiated per PBH
— Only depends on initial PBH mass!
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DM from PBHSs

DM density = PBH density x # DM emitted per PBH

Number of DM particles radiated per PBH
— Only depends on initial PBH mass!

2
M; for in
‘ ) S or m. < T,
_15¢(3) g;Cn (Mp) j = +BH
— y .
™ 9x(Ten) (—‘“P)z for m; > Ti%,
;>

?H,j

JI-\I : !

As PBH scale like non-relativistic matter,
they can dominate the total energy density of the universe
— Nonstandard expansion!
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DM from PBHSs
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DM from PBHSs
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DM from PBHSs
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1. Self-interacting DM from PBHs
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Self-interacting DM from PBHs

* If DM possess sizable self-interactions:
— DM thermalizes

- Number-changing interactions: 2 - 3, 2 - 4...
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Self-interacting DM from PBHs

* If DM possess sizable self-interactions:

— DM thermalizes
- Number-changing interactions: 2 - 3, 2 - 4...

*What is the energy transferred from PBHs to DM?
* What is the DM temperature? (kinetic equilibrium)
* What is DM equilibrium number density?  (chemical equilibrium)
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Self-interacting DM from PBHs

* If DM possess sizable self-interactions:

— DM thermalizes
- Number-changing interactions: 2 - 3, 2 - 4...

*What is the energy transferred from PBHs to DM?
* What is the DM temperature? (kinetic equilibrium)
* What is DM equilibrium number density?  (chemical equilibrium)

Self-interactions:
— Increase the DM density

— Decrease the mean DM kinetic energy
Nicolas BERNAL @ UAN 18



Self-interacting DM from PBHs
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* DM production more efficient — smaller 8 could be explored

* DM cools down . keV DM becomes viable

* Model independent result
Nicolas BERNAL @ UAN



et

Self-interacting DM from PBHs
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* DM production more efficient

* DM cools down

* Model independent result
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— smaller B could be explored

. keV DM becomes viable
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2. Gravitational UV freeze-In
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DM from PBHSs
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Gravitational UV Freeze-in

An example of UV FIMP, mediated by massless SM gravitons

SM ,“DM
P g
SM DM
>
Depends on:

* DM mass and spin
* Reheating temperature T

- No free couplings: M,
Qh?> ~m* (T IM_)?
Nicolds BERNAL @ UAN
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Gravitational UV Freeze-In

An example of UV FIMP, mediated by massless SM gravitons

SM ,”DM
:>_ ~ _<\
s g N
SM ‘DM
>
Depends on:

* DM mass and spin

* Reheating temperature T

- No free couplings: M,
Qh? ~m* (T IM_)?
Nicolds BERNAL @ UAN
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Gravitational DM: PBHs & UV Freeze-in
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Gravitational UV freeze-in strongly constrains super heavy DM radiated by PBHS!
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Gravitational DM: PBHs & UV Freeze-in
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Gravitational UV freeze-in strongly constrains super heavy DM radiated by PBHS!
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3. QCD Axion and PBHs
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Locp =
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Strong CP Problem
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Locp =
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Strong CP Problem
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CP violating

usually forgotten!
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Strong CP Problem @.7%@
Q

/‘07
Locn = — G aGl? i GV Dy — g Gq+ == 0 Gua G
QCD — — 1 T pura'T g + L gy pd — Mg qq + g pra'T g
q L o -
~ ~~ d CP violating

CP conserving
usually forgotten!

Electric dipole moment of the neutron...
d, = (24+1.0)0 x 1073 e fm
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Strong CP Problem @.7%@
Q

/‘07
Lacn = —2GuaG + 3 107" D — myg Gg+ 2 0Gyu G
QCD — — 1 T pura'T g + L gy pd — Mg qq + g pra'T g
q L o -
~ ~~ d CP violating

CP conserving
usually forgotten!

Electric dipole moment of the neutron... not observed!
d, = (24+1.0)0 x 1073 e fm

0] < 1.3 x 10~1Y ~ Strong CP problem!

Nicolas BERNAL @ UAN



AXion &7,
QfO}'
If 8 is a dynamical field, QCD will relax it to its minimum...
— Strong QCD problem explained! Peccei & Quinn ‘77

-
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AXion &7,
QfO}'
If 8 is a dynamical field, QCD will relax it to its minimum...
— Strong QCD problem explained! Peccei & Quinn ‘77

-

Axion oscillates in a ~ quadratic potential
- natural cold dark matter candidate

Nicolas BERNAL @ UAN 34



Producing Axion DM: Misalignment

Effective axion potential V(0) = x(T) (1 — cos0)

Evolution of the axion field  § ++ 3 H(T) 6 + m2(T) sinf = 0
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Producing Axion DM: Misalignment

Effective axion potential V(0) = x(T) (1 — cos0)

Evolution of the axion field  § ++ 3 H(T) 6 + m2(T) sinf = 0
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Axions from PBHSs: Dark Radiation
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As these axions are ultra-relativistic:
- can’t be the cold DM
- contribute to dark radiation A N.g ~ 0.04
Nicolds BERNAL @ UAN 37
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Misalignment with PBHs

Even axions radiated by PBHs can’t be the DM, PBHs can have a strong impact
on the DM genesis via the misalignment mechanism
Non-standard cosmological evolution:
— enhanced Hubble expansion rate
- entropy injection by PBH evaporation

Nicolas BERNAL @ UAN
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Misalignment with PBHs

Even axions radiated by PBHs can’t be the DM, PBHs can have a strong impact
on the DM genesis via the misalignment mechanism
Non-standard cosmological evolution:
— enhanced Hubble expansion rate
- entropy injection by PBH evaporation
T, [GeV]
101'2 1011
S
<&

1078

107+ Gy
10 10 .
Q10111

107121 T

10 13 e |
fﬂ' s 1[-]]11 CaV .5
100 107 108 -

1014



Misalignment with PBHs

Even axions radiated by PBHs can’t be the DM, PBHs can have a strong impact
on the DM genesis via the misalignment mechanism
Non-standard cosmological evolution:
— enhanced Hubble expansion rate
- entropy injection by PBH evaporation
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4. ALPs and PBHs
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Nicolas

QCD Axion and ALPs with PBHs
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Conclusions

 It's possible that DM only features gravitational interactions &
* PBHs formed in the early universe
0.1 g<M, <10°g evaporate before BBN

* PBHSs could Hawing radiate the whole DM density
* DM masses: 1 MeV < mp, < 1018 GeV

* DM self-interactions:
— boost DM density
Boost factors of several order of magnitude can be computed in a model independent way!
— cools down DM: keV DM becomes viable

e Gravitational DM production is unavoidable!
* PBHSs radiates axions - Dark radiation within the reach of CMB-S4

* Nonstandard cosmology due to PBHs have a strong impact on misalignment
- preferred axion mass wider: lighter axions allowed
— ALPs within the read of future ABRACADABRA, KLASH, ADMX, and DM-Radio
Nicolds BERNAL @ UAN 44
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