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Primordial Black Holes: outline presentation

PART 1) ABUNDANCE of PBH: The role of NGs 
arXiv:2211.01728 (PRD)   G.Ferrante, G.Franciolini, A.J.I., A.Urbano
arXiv:2402.11033 A.Ianniccari, A.J.I., A. Kehagias, D. Perrone, A. Riotto

PART 2) GRAVITY WAVES: PBH as possible explanation of PTA 
arXiv:2306.17149 (PRL)  G.Franciolini, A.J.I., V. Vaskonen, H. Veermae
arXiv:2402.11033 A.Ianniccari, A.J.I., A. Kehagias, D. Perrone, A. Riotto

PART 3) GRAVITATIONAL WAVES: are PBHs the end of the story?
arXiv:2308.08546 (PRD) J, Ellis, M. Fairbairn, G. Franciolini, G.Hütsi, 
A.J.I., M. Lewicki. M. Raidal, J. Urrutia, V. Vaskonen, H. Veermae          
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REVIEW: 
A. M. Green and B. J. Kavanagh.– 
arXiv:2007.10722 



Black Holes: Astro vs Primordial

Astro BH: forms from the gravitational collapse of a star. 

PBH: (standard scenario) gravitational collapse of large over 
densities in the primordial density contrast field δ.
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PBHs from collapse of large overdensities
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Primordial Black Holes as DM candidates
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Models for PBH formation
What we can compute during inflation is the curvature perturbation field ζ (or R).
In order to get a sizeable amount of DM Pζ≃10^-2 or 10^-3

 
    

PBH as Dark Matter:
● USR models
● Curvaton field
● Hybrid inflation
● And etc etc…

arXiv:2305.13382 (Published on JCAP) 
G.Ferrante, G.Franciolini, A.J.I., A.Urbano

arXiv:2305.03491 (Minor corrections PRD) 
G.Franciolini, A.J.I., M. Taoso, A.Urbano



Abundance of PBHs: The role of Non-Gaussianities (NG).

An exact formalism for the computation of PBHs mass fraction abundance NGs in the curvature perturbation field ζ:

               
 NON-LINEARITIES (NL)       

PRIMORDIAL NG IN ζ=F(ζG)
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T. Harada, C. M. Yoo, T. 
Nakama and Y. Koga,.– 
arXiv:1503.03934 



Abundance of PBHs: The role of Non-Gaussianities (NG).
 NON-LINEARITIES (NL)                                                                                          PRIMORDIAL NG 

                                                                                                                        
                                                                                                                              ζ=F(ζG)  
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T. Harada, C. M. Yoo, T. Nakama and Y. Koga,.– arXiv:1503.03934 

arXiv:2211.01728 (PRD) G.Ferrante, G.Franciolini, A.J.I., A.Urbano
Later on confirmed also by D.Wands et al  arXiv:2211.08348
IMPORTANT: PBH abundance depends on the amplitude of the power spectrum and the amount of NGs.



Mathematical formulation
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Application to the curvaton model (1)
Failure of the perturbative approach (Narrow)
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Application to the curvaton model (1)
Failure of the perturbative approach (Broad)
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For a broad Power spectrum the power-series 
expansion is simply wrong and one is forced 
to use the full result NG.



Application to the curvaton model (2)
Breaking of MH -Independence
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We need another observable: The induced Gravitational waves

rdec=0.5
rdec=0.1

NL



PBH and SGWB
SGWB are produced by a second-order effect when scalar perturbations re-enter the horizon.
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Several PTA collaborations show that the correlations follow the Hellings–Downs 
pattern expected for a stochastic gravitational-wave background.

NANOGrav 
– arXiv:2306.16213
– arXiv:2306.16219



PBH and SGWB
SGWB are produced by a second-order effect when scalar perturbations re-enter the horizon.
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Log-likelihood analysis
Fitting the posterior distributions

arXiv:2306.17149 (PRL)
G.Franciolini, A.J.I., V. Vaskonen, H. Veermae. 



PBH and SGWB
SGWB are produced by a second-order effect when scalar perturbations re-enter the horizon.
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Log-likelihood analysis
Fitting the posterior distributions

Results:
The causality tail is not good:



PBH and SGWB
SGWB are produced by a second-order effect when scalar perturbations re-enter the horizon.
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Log-likelihood analysis
Fitting the posterior distributions

Results:
The causality tail is not good:



PBH and SGWB
SGWB are produced by a second-order effect when scalar perturbations re-enter the horizon.
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Log-likelihood analysis
Fitting the posterior distributions

Results:
Position of the peak at higher frequencies.
Broad spectrum does not fit so well.





Improvement respect to NANOGrav analysis.
Power spectrum <> Abundance <> GWs

● Non-Gaussianities in the abundance.

● Dependency of the PBH formation parameters on the PS shape.

● QCD impact on threshold.
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NANOGrav collaboration
arXiv:2306.16219



NGs in the abundance: Cases under consideration
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 NON-LINEARITIES (NL)       

PRIMORDIAL NG IN ζ=F(ζG)

            curvaton case                                   Inflection-point (USR) case                                Quadratic approx.



Abundance of PBHs:
Shape dependencies                                  QCD phase transitions
I. Musco,V. De Luca, G. Franciolini, A.Riotto.– arXiv:2011.03014

22

I. Musco, K.Jedamzik, S.Young.– arXiv:2303.07980



Tension between NANOGrav and PBHs
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A potential issue
Threshold values maybe are not correct? When we compute the threshold using the 
average value for the compaction, non-linear effects not included in the linear transfer 
function lead to different super-horizon threshold conditions.
V. De Luca, A. Kehagias, A. Riotto.– arXiv:2307.13633
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Going beyond the average profile

In realistic cases, threshold is determined by the broadest possible compaction function.

We need to reduce the amplitude of a factor O(2-3), so PTA-PBH tension is exacerbates
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arXiv:2402.11033 A.Ianniccari, A.J.I., 
A. Kehagias, D. Perrone, A. Riotto



Are PBHs the end of the story?
All the PTA possible sources for NANOGrav: Astro vs Cosmo
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arXiv:2308.08546 (PRD)
J. Ellis et al



SMBH: Extra mechanism to lose energy with a different time scale

The interactions with the environments reduce the period over which the binaries emit GWs.

See also arXiv:2306.17021 J.Ellis, J.Urrutia et al



Cosmic Superstring: From evolution of a network of cosmic strings. See also arXiv:2306.17147 J.Ellis, M.Lewicki, C.Lin and 

V.Vaskonen

Phase Transition: From bubbles collisions and motion by inhomogeneities in the fluid.

Domain Walls: emission of GWs due to DWs annihilation. See also arXiv:2306.17841 Y.Gouttenoire and E. Vitagliano



SIGWs: Large scalar cosmological perturbations. See this talk

FOGWs: Tensorial perturbations during Inflation. See also arXiv:2306.16912 S. Vagnozzi

Audible axions: Coupling to DP. Axion rolls down, tachionic instability for one of the DP helicities, 
causing vacuum fluctuations to grow.  Anisotropic stress in energy-momentum tensor and then GWs.
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Other experiments?
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Conclusions 
● Fundamental to take into account both kind of NGs in the 

computation for the abundance.

● The tension between PTA and the PBH explanation can be alleviated for models 
where large negative NGs suppress the PBH abundance.

● GWs are an amazing tool to study the Universe. 
       A Myriad of GWs experiment and data are coming.
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Backup Slides
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Abundance of PBHs: The role of curvature perturbation ζ (or R).

For the moment:

In order to get 100 % of DM Pζ≃10^-2

USR
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● ζ is gaussian

               

● ζ 

               

G.Franciolini A.Urbano– 
arXiv:2207.10056



USR models

35

Inflection 
point

Famous Mukhanov-Sasaki equation



USR models
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                          SR                                                                                                        USR

G.Ballesteros,
J. Rey,
M.Taoso,
A.Urbano.
ArXiv:
2001.08220

https://inspirehep.net/authors/1051733
https://inspirehep.net/authors/1800684
https://inspirehep.net/authors/1055960
https://inspirehep.net/authors/1060008


USR models
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                          SR                                                                                                        USR



By integrating δ over the radial coordinate r we get the compaction function C

In the presence of NG C1 takes the form

From the two-dimensional joint PDF of ζG and CG, called PG

                 

       

Threshold statistics on the Compaction: Mathematical formulation
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Later on confirmed 
also by
A.Gow et al
arXiv:2211.08348



Failure of perturbative approach
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Breaking of scale invariance
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NG generic features
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PBH and SGWB
Several PTA collaborations show that the correlations follow the Hellings–Downs pattern 
expected for a stochastic gravitational-wave background.
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NANOGrav – arXiv:2306.16213
   arXiv:2306.16219IPTA – arXiv:2309.00693



NG generic features
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Small improvements left
● Compute the threshold including NGs 

● Variation of speed of sound due to QCD

● NGs directly in GWs
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K.T.Abe, Y. Tada, I.Ueda.– arXiv:2010.06193 

A. Escriva, Y. Tada, S. Yokoyama, and C.Yoo.– arXiv:2202.01028

R. Cai, S. Pi, and M. Sasaki– arXiv:1810.11000
K. T. Abe, R. Inui, Y. Tada, and S. Yokoyama-arXiv:2209.13891



NGs directly in GWs
PTA prefers IR tail, so HO corrections do not affect significantly the results showed 
before.
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arXiv:2308.08546
J. Ellis, M. Fairbarn, A.J.I. et al



NGs directly in GWs
HO corrections do not affect significantly the results showed before.

We cannot constrain the presence of
NGs at PTA scales.
Large values of FNL are possible, provided 
the PS amplitude is sufficiently small.
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arXiv:2308.08546 (PRD)
J. Ellis et al

R. Cai, S. Pi, and M. Sasaki– 
arXiv:1810.11000
K. T. Abe, R. Inui, Y. Tada, and S. 
Yokoyama-arXiv:2209.13891



PBH and SGWB
Several PTA collaborations show that the correlations follow the Hellings–Downs pattern 
expected for a stochastic gravitational-wave background.
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IPTA – arXiv:2309.00693
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