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Equation of State of the Early Universe

The radiation dominated Universe goes through 3 main transitions:

* Electroweak phase-transition

 QCD phase-transition (crossover)
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PBH formation in radiation dominated Universe
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Initial conditions: curvature profile

® The asymptotic metric ( £ — 0 ), describing super-horizon cosmological

perturbations in the comoving synchronous gauge can be written as:
ds? ~ —dt? + a®(t)e> ") dr® + r?dQ?]
® In the “linear regime” of cosmological perturbations, adiabatic perturbations

on super horizon scales can be described by a time independent curvature
profile using the quasi-homogeneous / gradient expansion approach.
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® The perturbation amplitude 0 is measured by the peak of the compaction
function, corresponding to the excess of mass of the over density.
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PBH Abundance (Peak Theory) C.Germani, I - PRL (2019)

C. Yoo, T. Harada, J. Garriga, K. Kobri (2019)
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PBH threshold
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1. The power spectrum of the curvature
perturbation : take the primordial power spec-
trum P, of the Gaussian curvature perturbation

PBH threshold PI’BSCI’iptiOIl and compute, on superhorizon scales, its convolu-
tion with the transfer function T(k,!)

P (k)= %ZP! (K)T?(k,!).
Curvature power SpeCtrum P! 2. The comoving length scale 6, of the per-

turbation is related to the characteristic scale k;
of the power spectrumP,. Compute the value of
ki B, by solving the following integral equation
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dkk? (k2ex, ! 1)%%05(“%) P (k,1)=0.

Characteristic overdensity scalek; Gy

3. The shape parameter. compute the corre-

sponding shape paramete# of the collapsing per-

- turbation, including the correction from the non
linear elects, by solving the following equation
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Power Spectrum: Gaussian:P; (k) = Pgexp ! (k! k)?/2!°2
Lognormal: P, (k) = Pgexp ! In?(k/k,)/2!?

0.65 1 1T 1T T 1 rr 11 1T 11 | 1 11 1T 11 | |

Gaussian

0.6

— Lognormal

0.55

0.45

Cc
L | [ | [ | L | I I B
L1 1 1 | I I | | L1 1 1 | L1 1 1 | L1 1 1

0.4 1 1 1 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1 | l
0.4 0.8 1.2

)

-



PBH Threshold dllI’iIlg the QCD IM, K. Jedamzik, Sam Young - arXiv:23503.07980
Eqgcriva, Bagui, Clesse (20253)
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1 Dependmg on the shape the threshold for PBH formatlon durmg the QCD phase transition
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Scale invariant Power Spectrum
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PBH scaling law during the QCD
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PBH mass function during the QCD

Mass Function p(mPBH): fraction of PBHs with mass in the infinitesimal interval of Mpeu
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* The main effect is given by the]

modification of the threshold.
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PBH mass function during the QCD: shape/tilt dependence
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PBH formation during the QCD
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PBH evolution

PBH PBH binaries Change of PBH
Formation Formation parameters

Observed mergers

Binary system

Ovedensity can decouple from
Collapse Hubble Row
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GWs from PBH mergers

G. Franciolini, IM, PPani, A urbano - PRD (2022)

- Making Bayesian inference analysis we found that a sub-population of PBHs is

compatible with the LVK catalog.

- PBHs give a natural explanation for the events in with BH mass gap: in particular
GW190814 falling within the lower mass gap (predictions for O4 and O5).
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GW event PBH prob. (%] | mi1[Mg] | ma2[Mg)]
GW151012 1.2 23.27 %9 | 13.619 ¢
GW190412 30.1747 | 8.3+18
GW190512_180714 1.6 23.3123 | 12.615%
GW190519_ 153544 1.5 66.0719°7 | 40.51119
GW190521 7.2 95.373%.¢ | 69.07353 1
GW190602_175927 2.7 69.1713:0 | 47.8%17]
GW190701_203306 1.4 53.97¢%° [ 40.81%),
GW190706_ 222641 1.3 67.07155 | 38.2713°%
GW190828 065509 2.8 241779 | 10.2759
GW190924 021846 89770 | 5.0717
GW191109_010717 2.9 65711 | 47t13
GW191129_ 134029 107557 | 6.7515
GW190425 2.8 2.010% | 14733
GW190426_ 152155 1.2 57755 | 15705
GW190814 23.2710 | 2.5970-08
GW190917_ 114630 3.0 9.31%% | 21552
GW200105_ 162426 8.971% | 1.9%0:3
GW200115_042309 59730 | 1.447755




PBH - DM constraints
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PBHs and Dark Matter (asteroidal mass)
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Conclusions

* The non linear threshold for PBH and the mass function could be fully computed
from the shape of the power spectrum of cosmological perturbations, making

relativistic numerical simulations.

* A softening of the equation of state (QCD) significantly enhances the formation of
PBHs, with a mass distribution peaked between 1 and 2 solar masses (the range of
heavy NSs and light BHs).

 This could gives a sub-population of BH mergers compatible with the LVK catalog,
explaining mass gap events as GW190814.

* OQOur analysis predicts a constraint on the abundance of DM in PBHs formed during

the QCD (up to 0.1%), compatible with the current observational constraints.

* A large enough feature of the power spectrum could account for all dark matter

in PBHs in the asteroidal mass range (USR inflation models).
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Non linear horizon crossing

_I 1T 1T T 17 1T 1T1 1T 1 T 1T 1T 1T 11 IIIIIIIII_ 2 _l | L IIIIIIIII|IIIIIIIII |

3 a=1 - i ——— 6,(ty) :

] 6p,y | i ]

I = ] 1.5 F 5,(t,) &

2 | — N i

- (gpc )ti . B i

< f b - - .

}l _ il o - =TT i

“© - - 1 [ _

1 - - B ]

ok 0.5 —// -

_I 11 1 1 1 1 1 | | I I N N A N A I | | 11 1 1 1 1 1 I_ :' 111 1 1 1 1 11 | | I T N I I | | | I I N I T I I | |:

0 1 2 3 0 10 20 30
R/R, @

3, " 0047 050 1! "1 7 g " 012 0,05 Q1! "1 3

l(t) !, "%0% " 0475 71 "1 13 le(ty) !, "9% 1+0.025 31 "1 8

w0020 (45 13! "1 3C 3 1.15 "8

04! 1.(t)< 06 07! ! (ty)! 115




0.34 - ! - 0.34 _
0.32 |- = 0.32 -
L 03 — | — . 03 = =
S E _ ~ i _
oF [~ _ o, - _
1 0.28 - — 1 0.28 -
g i i g i i
0.26 - — 0.26 - -
0.24 | - 0.24 |- ~
022 B | | | | I | | | | I | | | | I | | | | ] 022 i | | | | I | | | | I | | | | I | | | | ]
0 0.5 1 1.5 2 0 0.5 1 1.5
M, = 10
R/RBH | | | | | | IOI | | | | | | | | R/RBH

0.34 |- ! ' | —

0.32 |- /

0.3 [ w _

Q _

N " _

Q. — 6-6,=10"7| -

I 0.28 - _ ss—10e|]

g : §5-6,=10-5 | -

0.26 | -

. — 6-6,=10"%| -

i §-6,=10-3 | -

0.24 = \\L -

n | —— 6-6,=10"2] -

022 _l | | | I | | | | I | | | | I | | | l_

0 0.5 1 1.5 %

R/Rgy

QY]



PBH - DM constraints (PTA / NANOGrav)
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