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Numerical Results: PBH formation, mass distribution
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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.

() S ER ]

® 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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Shape parameter
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PBH threshold prescription

Curvature power spectrum P

U

Characteristic overdensity scale k.7,

4

Characteristic shape parameter o

U
Threshold 9.

IM, De Luca, Franciolini, Riotto - PRD (2021)
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1. The power spectrum of the curvature
perturbation : take the primordial power spec-
trum P, of the Gaussian curvature perturbation
and compute, on superhorizon scales, its convolu-
tion with the transfer function T (k,!)

2|| 2
k3

2. The comoving length scale ry, of the per-
turbation is related to the characteristic scale K
of the power spectrum P,. Compute the value of
Ki Fm by solving the following integral equation
n #
in(kr
dkk? (k?rZ | 1)M + cos (kfm) Py (k,1)=0.

P (k,!) = P, (K)T2(k,!).

A~

M'm
3. The shape parameter. compute the corre-
sponding shape parameter # of the collapsing per-

turbation, including the correction from the non
linear e Ledts, by solving the following equation

" $ i
@ dkk* cos (kfm )Py (K, !)

"™ 9Kk sin (Kfm )Py (K, )

%

4. The threshold %: compute the threshold as

function of #, fitting the numerical simulations, at
superhorizon scalesmaking a linear extrapolation
at horizon crossing (aHr, = 1).
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PBH threshold
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PBH Abundance (Peak Theory) C.Germani, IM - PRL (2019)
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Equation of State of the Early Universe

The easy Universe goes through 3 main transitions before matter-radiation equality:

* Electroweak phase-transition

 QCD phase- transition (crossover)
p

.
= éaga(T)T4 S = %%;hd(T)T3
p=sT! ! = w(T)!

_ 4he! (T)
wiT) = 30 (T) -

'p 4(4he!-+'rhg!)
" 3(4Qe + Tdy)

cZ(T) 11

* Nucelosynthesis (e+e- annihilation)
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PBH Threshold dllI’iIlg the QCD IM, K. Jedamzik, Sam Young - arXiv:2303.07980
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Scale invariant Power Spectrum

Pr(k)= A kK. )" 11 (k! Ky ) (Kow ! K)

Ng ! spectrum tilt

kmax /k min

cut-o! scale

| N a i
N ' o o
4.0 : ® kmux,'; k:miu — J'O > : : ¢
3.5F | @ Ko/l = 100 A
AN J
5-0f e L L8
2.0F . .
I U ‘
2.0¢ . s
150 .0
[ nearly scale invariant Spectrum
& S T T M T T




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

1 d! pgH
|

| (Mpgp ) =
(Meen ) ! pen dM ppH

dmpgy ! (Mpen ) =1

* The main effect is given by the]

modification of the threshold.

| masses.
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PBH mass function during the QCD: shape/tilt dependence
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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. (%] | mi[Mg] | ma[Mg]
GW151012 1.2 23.27 %9 | 13.619 ¢
GW190412 25.4 30.1%57 | 8.3%5%
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 53.975':% | 40.87%)
GW190706_ 222641 1.3 67.07 155 | 38.2713%
GW190828_ 065509 2.8 241779 | 10.2759
GW190924 021846 89770 | 5.0717%
GW191109_010717 2.9 65711 | 4715
GW191129_ 134029 107557 | 6.7515
GW190425 2.8 2.010% | 14733
GW190426_ 152155 1.2 57755 | 15705
GW190814 23.2711 | 2.5970-08
GW190917 114630 9.3+34 | 91+15
GW200105_ 162426 8.9%1% | 1.9%03
GW200115_042309 5.9752 | 1.4477:55




PBH - DM constraints
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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).



Workshop (Rome 11-13 December): Future Perspectives on PBHs

2.5 days in the Botanic Garden of Trastevere (Rome downtown)

e 9 Invited talks, 5 contributed talks for young researches, 3 moderated

discussions.

 Special Event 12 December: “The Nature of Time and Mach Principle”

https://agenda.anfn.it/event/35854/
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Power Spectrum: Gaussian:P; (k) = Pgexp ! (k! k)?/2!°2
Lognormal: P, (k) = Pgexp ! In?(k/k,)/2!?
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PBH formation during the QCD
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PBHs and Dark Matter (asteroidal mass)
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PBH - DM constraints (PTA / NANOGrav)
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Relativistic Hydrodynamics in spherical symmetry

ds® = | A%(t,r)dt® + B2(t,r)dr* + R2(t, r)d! 2 - comoving (cosmic time) slicing
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Numerical technique

The diagram show two different time foliation (space-time slicing):
1. comoving (cosmic time) - solid line

2. null (observer time) - dashed line |

t

The initial conditions are
specified on the cosmic time
slicing. To follow the full

evolution, and avoid the

central singularity, one can

transform the calculation into
the observer time slicing, _ ]

where the formation of the U

apparent horizon formation is
inﬁnitely redshifted. This allow

to fuﬂy compute the final mass -4

of the BH.

The code is using AMR.
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Scaling law (critical collapse)
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Non linear horizon crossing
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Comparison with EBC

iMOur (AMR) numerical

.; scheme gives a larger| 10°
variation of the threshold 102
(about 25%).

e Scaling law was not| 10

‘ considered: broader mass]|

~ function profile. s 1

' * Press-Schecther or Peak|

| 0.1

0.01
10-3
:

Eqgcriva, Bagui, Clesse - arXiv:2209.06196
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