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Why to study PBHs?

* Primordial Black Holes (PBHs) form in the early universe out of the collapse of

enhanced energy density perturbations, 0 = op > o.(w = plp) [Carr - 1975].
Pb

BBN < t=1s oncmeemtmstuemreens Mppy = 10° M, » SMBHs, LSS?

QCD Phase Transition < t = 10775 enosmsmrbeslacavenes  IMppp = M, » LIGO/VIRGO Progenitors

» PBHsas DM ?

f=10"235 st = 1010 » PBHSs evaporate today
t=10"%% mppy = 10°g » PBHSs evaporate at BBN
End of Inflation < t = 10735 mppy = 10°g

See for reviews in [Carr et al.- 2020, Sasaki et al - 2018, Clesse et al. - 2017]
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What is the metric describing PBHs? =

Schwarzschild, Kerr? = Singular and Attractive
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What about having with "repulsive-like" PBHs
which are generically regular?
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PBHs with “repulsive-like” behaviour (rPBHs)

 Type I: Repulsive behaviour close to the centre, de-
Sitter like core. The repulsive interior is modelled with
an effective A (e.g. Dymnikova) or with a negative
pressure of quantum/modified gravity origin (e.g.
Hayward, Bardeen).

 Type ll: Black holes exhibiting repulsive behaviour at
large distances (e.g. de Sitter-Schwarzschild)

*Origin of Repulsive Behaviour: Nonlinear Electrodynamics, Loop Quantum Gravity,
Asymptotically Safe Gravity

* Reqgular black hole gravitational collapse: [Bojowald et al. - 2005, Bonanno et all - 2021,
Papanikolaou - 2023, Harada et al. - 2025,]
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PBHs with “repulsive-like” behaviour (rPBHs)

 Type I: Repulsive behaviour close to the centre, de-
Sitter like core. The repulsive interior is modelled with
an effective A (e.g. Dymnikova) or with a negative
pressure of quantum/modified gravity origin (e.g.
Hayward, Bardeen).

 Type ll: Black holes exhibiting repulsive behaviour at
large distances (e.g. de Sitter-Schwarzschild)

*Origin of Repulsive Behaviour: Nonlinear Electrodynamics, Loop Quantum Gravity,
Asymptotically Safe Gravity

*Regular black hole gravitational collapse: [Bojowald et al. - 2005, Bonanno et all - 2021,
Papanikolaou - 2023, Harada et al. - 2025]

* Regular Primordial Black Holes: [Easson - 2003, Arbey & Auffinger - 2021, Calza et al. - 2024,
Davies et al. - 2024]
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PBHs with “repulsive-like” behaviour (rPBHs)

 Type I: Repulsive behaviour close to the centre, de-
Sitter like core. The repulsive interior is modelled with
an effective A (e.g. Dymnikova) or with a negative
pressure of quantum/modified gravity origin (e.g.
Hayward, Bardeen).

 Type ll: Black holes exhibiting repulsive behaviour at
large distances (e.g. de Sitter-Schwarzschild)

*Origin of Repulsive Behaviour: Nonlinear Electrodynamics, Loop Quantum Gravity,
Asymptotically Safe Gravity

*Regular black hole gravitational collapse: [Bojowald et al. - 2005, Bonanno et all - 2021,
Papanikolaou - 2023, Harada et al. - 2025]

* Regular Primordial Black Holes: [Easson - 2003, Arbey & Auffinger - 2021, Calza et al. - 2024,
Davies et al. - 2024]

* Four “repulsive-like” PBH metrics considered

1. Hayward, Bardeen (non-singular quantum gravity inspired)
2. Dymnikova (non-singular GR black solution)

3. De Sitter - Schwarzschild (singular GR black solution)
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A Universe filled with rPBHs
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A Universe filled with rPBHs
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rPBH domination

“Swiss Cheese" cosmology

® General Picture: The cosmological spacetime is considered
like a “Cheese” with its "holes" filled with black holes.
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A Universe filled with rPBHs

o - Qppy = Pppu/Pioy X ala™ x a

rPBH domination

“Swiss Cheese" cosmology

® General Picture: The cosmological spacetime is considered
like a “Cheese” with its "holes" filled with black holes.

® More technically: A homogeneous and isotropic FLRW
spacetime is matched to a spherical symmetric interior metric.
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The "Swiss-Cheese" matching

Cosmological FLRW metric : ds? = d¢* + a*(¢) [,,2 (de + sin’ @ d¢2) + dr2]

1
Interior spherical symmetric metric : ds? = — F(R)dT? + R? (d6’2 + sin? 0dgb2) + % dR?
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The "Swiss-Cheese" matching
Cosmological FLRW metric : ds? = dt* 4+ a*(¢) [r2 (d92 + sin’ 4 dqbz) + dr2]

Interior spherical symmetric metric : ds?> = — F(R)dT? + R? (d492 + sin® qubz) + FR) dR?

* The matching is made across a spherical 3-surface 2 which is at fixed
coordinate radius in the cosmological frame but evolving in the black hole frame.
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The "Swiss-Cheese" matching

Cosmological FLRW metric : ds? = dt* 4+ a*(¢) [r2 (d92 + sin’ 4 dqbz) + dr2]

Interior spherical symmetric metric : ds?> = — F(R)dT? + R? (d492 + sin® qubz) + FR) dR?

* The matching is made across a spherical 3-surface 2 which is at fixed

coordinate radius in the cosmological frame but evolving in the black hole frame.

o« Darmois-Israel junction conditions: The first fundamental form Yap [intrinsic (induced)

metric] and the second one K, ; [extrinsic curvature], calculated in terms of the
coordinates on 2, are the same on both sides.
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The "Swiss-Cheese" matching

Cosmological FLRW metric : ds? = dt* 4+ a*(¢) [r2 (d92 + sin’ 4 dqbz) + dr2]

Interior spherical symmetric metric : ds?> = — F(R)dT? + R? (d492 + sin® qubz) + FR) dR?
* The matching is made across a spherical 3-surface 2 which is at fixed
coordinate radius in the cosmological frame but evolving in the black hole frame.

o« Darmois-Israel junction conditions: The first fundamental form Yap [intrinsic (induced)

metric] and the second one K, ; [extrinsic curvature], calculated in terms of the

coordinates on 2, are the same on both sides.

o ) dr\’ [dR\’
1st junction condition: —1 = — F(R) E + F(R) E

2
ar\* 1 : |
2nd junction condition: \ g7 /] ~ FR)’ dR__FR
dr? 2
dRN> R=ar.
dr
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The "Swiss-Cheese" matching

Cosmological FLRW metric : ds? = dt* 4+ a*(¢) [rz (d92 + sin’ 4 dqb2) + dr2]

Interior spherical symmetric metric : ds?> = — F(R)dT? + R? (dH2 + sin® qubz) + FR) dR?

* The matching is made across a spherical 3-surface 2 which is at fixed
coordinate radius in the cosmological frame but evolving in the black hole frame.

o« Darmois-Israel junction conditions: The first fundamental form Yap [intrinsic (induced)

metric] and the second one K, ; [extrinsic curvature], calculated in terms of the

coordinates on 2, are the same on both sides.

dT\ [ dR\’
—l=—F® (— ) +FR™{ —

dT 1

2
- — 2 /
<dr> PRy SR
dr? 2

dR
<_>2: 1 — F(R), R=ar.
dr
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The Einstein-Strauss Model (1945)




The Einstein-Strauss Model (1945)

e Consider a Schwarzschild interior, i.e. F(R) =1—2Gym/R, and a matter

content in form of homogeneously distributed black holes, i.e. p,, = 3m/(47R"),
one gets
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The Einstein-Strauss Model (1945)

e Consider a Schwarzschild interior, i.e. F(R) =1—2Gym/R, and a matter

content in form of homogeneously distributed black holes, i.e. p,, = 3m/(47R"),
one gets

a° _ 2Gym r? _ 8nly k
a> R R2 3'0m a?
Gym 1 4G
a = — = — ap.,
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The Einstein-Strauss Model (1945)

e Consider a Schwarzschild interior, i.e. F(R) =1—2Gym/R, and a matter
content in form of homogeneously distributed black holes, i.e. p,, = 3m/ (47zR?),

one gets
i 2Gym > 8aGy k
2" r RT3 e
Gy 1 4nG
CTT TR T T T3 e

* This is the conventional “Swiss Cheese” model that generates a
dust Universe, introduced firstly by Einstein and Strauss in 1945.
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The Einstein-Strauss Model (1945)

e Consider a Schwarzschild interior, i.e. F(R) =1—2Gym/R, and a matter

content in form of homogeneously distributed black holes, i.e. p,, = 3m/(47R"),
one gets

@’  2Gym r?  8xGy k
AT R RT3 mTa
Gym 1 4nG

CTT TR T T T3 e

* This is the conventional “Swiss Cheese” model that generates a
dust Universe, introduced firstly by Einstein and Strauss in 1945.

* We apply thus the Einstein-Strauss idea in the early Universe,
where an almost homogeneous distribution of PBHs is a very

good approximation [Desjacques & Riotto - 2018, Y. Ali-Hamoud -
2018, De Luca et al. - 2022].
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Regular PBH interior solutions

e | et us consider here as an illustrative example the case of the Hayward metric
[S. A. Hayward - 2005] naturally embedded in quantum gravity frameworks
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Regular PBH interior solutions

e | et us consider here as an illustrative example the case of the Hayward metric
[S. A. Hayward - 2005] naturally embedded in quantum gravity frameworks.

1 2 GyM(R
ds? = — F(R)dr* + —— dR? + R2dQ?, with F(R) = 1 - —= ( ),
F(R) R

mR3 m (R > G&/3m1/3L2/3)
R3 + 2 GN m L2

where M(R) = ~
R/(2G\L* (R < G\°’m'PL*P)
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Regular PBH interior solutions

* |Let us consider here as an illustrative example the case of the Hayward metric
[S. A. Hayward - 2005] naturally embedded in quantum gravity frameworks.

1 2 GyM(R
ds? = — F(R)dr* + —— dR? + R2dQ?, with F(R) = 1 - —= ( ),
F(R) R
m R’ m (R > G°’m'PL*P)
where M(R) = ~
R3+2GymL? R3/2G\L?) (R < GPm!'PL?)

e One can show that for m > 3\/§L/ (4Gy), the metric features inner and outer
horizons at R ~ 2 Gyym and R =~ L respectively.
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Regular PBH interior solutions

e | et us consider here as an illustrative example the case of the Hayward metric
[S. A. Hayward - 2005] naturally embedded in quantum gravity frameworks.

1 2 GyM(R
ds? = — F(R)dr* + —— dR? + R2dQ?, with F(R) = 1 - —= ( ),
F(R) R
) M(R) mR3 m (R > G&/3m1/3L2/3)
winere = ~
R3+2GymL? R3/2G\L?) (R < GPm!'PL?)

e One can show that for m > 3\/§L/(4GN), the metric features inner and outer
horizons at R ~ 2 Gym and R =~ L respectively.

e Applying the “Swiss-Cheese” matching one gets the modified Friedmann

eqguations
d2_87rG _1+87Z'G /2 -
2 3 °N P 3 N

i (16GyL*mp — 3)
— = 4aGyp
a (8GNL2mp + 3)?2
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Regular PBH interior solutions

e | et us consider here as an illustrative example the case of the Hayward metric
[S. A. Hayward - 2005] naturally embedded in quantum gravity frameworks.

1 2 GyM(R
ds? = — F(R)dr* + —— dR? + R2dQ?, with F(R) = 1 - —= ( ),
F(R) R
) M(R) mR3 m (R > G&/3m1/3L2/3)
winere = ~
R3+2GymL? R3/2G\L?) (R < GPm!'PL?)

e One can show that for m > 3\/§L/(4GN), the metric features inner and outer
horizons at R ~ 2 Gym and R =~ L respectively.

e Applying the “Swiss-Cheese” matching one gets the modified Friedmann
eqguations -

G
NP 8GN L2mp + 3)2
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Early cosmic acceleration induced by rPBHs

i (16GxL?mp — 3)

G
a NP 8GN L2mp + 3)2
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Early cosmic acceleration induced by rPBHs

p > p. (Accelerated cosmic expansion)

i (16GxL?mp — 3)
GNP
a (8GNL2mp + 3)2

p < p. (Deccelerated cosmic expansion)
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Early cosmic acceleration induced by rPBHs

(16GxL?mp — 3)

G
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{ p > p. (Accelerated cosmic expansion)

p < p. (Deccelerated cosmic expansion)
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Early cosmic acceleration induced by rPBHs

(16GL2p — 3) { p > p. (Accelerated cosmic expansion)

G
NP 8GN L2mp + 3)2

p < p. (Deccelerated cosmic expansion)
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Early cosmic acceleration induced by rPBHs

(16GxL?mp — 3)

{ p > p. (Accelerated cosmic expansion)

G
NP 8GN L2mp + 3)2

p < p. (Deccelerated cosmic expansion)
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Early cosmic acceleration induced by rPBHs

(16GxL?mp — 3)
= 4nGyp
a (8GNL2mp + 3)2

|

{ p > p. (Accelerated cosmic expansion)

p < p. (Deccelerated cosmic expansion)

e The evaporation process will be governed by the Hayward
evaporation law [Frolov & Zelnikov - 2017]:

dm(t) n, I3 1 1

Y

di 19207 L2 Gim()?  C3GEm(1)?
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Early cosmic acceleration induced by rPBHs

(16GxL?mp — 3)
= 4nGyp
a (8GNL2mp + 3)2

|

{ p > p. (Accelerated cosmic expansion)

p < p. (Deccelerated cosmic expansion)

e The evaporation process will be governed by the Hayward
evaporation law [Frolov & Zelnikov - 2017]:

dm(t) N n, I3 1 1

lad

di 19207 L2 Gim()?  C3GEm(1)?

| M,
;pevap = 27648]2-4MIL’LI <_Pl
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When inflation ends?



When inflation ends?

Pinf = maX[IOC’ /Oevap]

42



The critical energy scale

0
10 —— m=108g
] 3 m=10"g
- — — m=10%g
101 E pC — m
] 167Gy L2 — m=10"g
— m=10%g
102 — m=10%g
m=10%g
§ —— m=10'g
>~ 1073
S
10~4
1075 Horizonfull Objects : L <
1076
102 10% 109 108 1010 1012
L/lp
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L/lpl

The evaporation energy scale

1010
10”

108

m 1n grams
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Inflation and Reheating

o Inflation ends when p, ; = max|p, |. For the Hayward case, one obtains that

P evap

-1 PmpD & a_3_
PRD & A
3 P eMD X Cl_:f.\-‘
P e = Gl S
N -~ - b
~ 40 — 60 efolds :
. Qin Uevap Ueq “o
< i PBH domination |

N =1Ina

* Reheating processes through PBH evaporation producing finally a thermal
radiation bath [J. G. Bellido et al. - 1996, O. Lennon et al. - 2018].

45



rPBHs as early dark energy (EDE)



rPBHs as early dark energy (EDE)

e If Qppyy<0.5= PBHs + radiation filing a spherical vacuole
(Szekeres model?) =>extended “Swiss Cheese” cosmological framework.
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rPBHs as early dark energy (EDE)

o If Qppy < 0.5 = PBHs + radiation filling a spherical vacuole (Szekeres
model?) =>extended “Swiss Cheese” cosmological framework.

e Notably for PBHs of m ~ lOlzg evaporating slightly before matter-radiation
equality and with 0.107 < Qpgy < 0.5 one can get the correct amount of EDE,
consistent with current observational constraints on EDE from CMB and LSS,

Qepe(fis) < 0.015 and  0.015 < Qppp(t,) < 0.107.
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rPBHs as early dark energy (EDE)

o If Qppy < 0.5 = PBHSs + radiation filling a spherical vacuole (Szekeres
model?) =>extended “Swiss Cheese” cosmological framework.

« Notably for PBHs of m ~ 1012g evaporating slightly before matter-
radiation equality and with 0.107 < Qpgy < 0.5 one gets the correct

amount of EDE, consistent with current observational constraints on EDE
from CMB and LSS,

Qppi(ig) < 0.015 and  0.015 < Qppr(te,) < 0.107.

eEDE component in form of PBHs without the addition of exotic scalar fields.
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rPBHs as early dark energy (EDE)

o If Qppy < 0.5 = PBHs + radiation filling a spherical vacuole (Szekeres
model?) =>extended “Swiss Cheese” cosmological framework.

o Notably for PBHs of m ~ 1012g evaporating slightly before matter-radiation
equality and with 0.107 < Qpgiy < 0.5 one gets the correct amount of EDE,
consistent with current EDE observational constraints on from CMB and LSS.

Qepe(fs) < 0.015 and  0.015 < Qppp(t,) < 0.107.

eEDE component in form of PBHs without the addition of exotic scalar fields.

o Interestingly, PBHs decays faster than radiation, pprp a‘4, due to Hawking

evaporation, a condition which is necessary to lead to an increased value of
H, at early times, not disturbing the position of CMB peaks and LSS growth.
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Conclusions



PBHs with repulsive behaviour can act
as cosmic expansion accelerators!
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Conclusions

We studied the PBH dominated Universe within the context of “Swiss-Cheese”
cosmology considering black holes with "repulsive-like" behaviour.

Focusing on the Hayward regular black hole spacetime, we derived the modified
cosmic expansion dynamics finding ultimately an exponential de Sitter-like
inflationary cosmic expansion for very high energies.

Within our “Swiss-Cheese" framework, the phase of cosmic acceleration ends at
an energy scale characteristic to the black hole parameters or due to black hole
evaporation, while reheating proceeds through PBH evaporation.

Repulsive-like PBHs with m ~ 10'%g and 0.107 < Qpgy < 0.5 slightly before matter-
radiation equality can act as a potential EDE component alleviating the H,, tension.
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Thank you for your
attention!



Appendix

e The Bardeen metric

ds® = — F(R)dt* + —— dR“ + R~ dQ-, with f(R) = 1 —
F(R) (R? + [3)3?

2/3
 Gym [213 _ (3—’"> ]
X 2Gym ) Anp 3 _0ph 3
H p— ) _— $ IOC — _2 m lo

1, \ 23 23/2 a 1, \ 23 25/2 T
() +i (&) +4

e The Dymnikova metric

3
f(R)=1-— ad <1 — e_W> where y = 2Gym and a = 3/A

r

This solution coincides with the Schwarzschild black hole for r > (oz,u)l/3

for r < (au)'? it behaves like the de Sitter solution.

2 — SJZ'GNp (1 _ e_8nG3Nap>, a _ 4JZ'GNp N <i + 47TGN'0> e_gm3GNp .

, While

3 a 3 2a 3
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Appendix

Schwarzschild-De Sitter (SdS) metric

2Gym 1 dR*
ds?=— (1 —-"———=AR? ) dT* + + R? (d6?* + sin® 0dg?)
3
- , : G&m? ) 3
The SdS spacetime has two horizons if 0 < y < 1/27, where y = > Where [- = e
2G
Black hole horizon: 7, = —— cos 2+~
NeTE
2Gym T—7T
Cosmological horizon: r, = S cos ,with 7 = cos™1(34/3y).

V/3y
One hasthatr, <r.= y < l.Inthelimity < 1, one gets , = 2Gymandr, — [.

,  3rGy A
H* = 3 p + ? | |
=>{For A > 42Gyp = Endless Acceleration §topped :
7] 4rGy A ! by PBH evaporation! |
— = — p+— e s S
a 3 3
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Matter Power Spectrum

" e 1 de
axe"=>e =—-—H/H "< 1ande, = Ll=n=1-2¢-¢ =1

€1 dN

e Structure Formation: eMD eras, such the ones driven by PBHs, facilitate
the growth of early structures. This is expected from the fact that
subhorizon energy density fluctuations during an eMD era grow linearly

with the scale factor, i.e. o X a, leading potentially to the formation of
P

halos or virialised objects [Eggemeier et al. - 2021, Hidalgo et al. - 2022,

Domenech et al. - 2023].

* GWs from PBH isocurvature [Papanikolaou et al. - 2020, Domenech et al. - 2020],
GWs from Hawking radiated gravitons [Dong et al. - 2020, Ireland et al. - 2022], GWs
from the collapse of early structures [Dalianis et al. - 2021, Fernandez et al. - 2023]
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