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gravity + cosmology + particle physics + GW data,

J

1. Primordial black holes (PBHs): motivation, formation, and constraints

2. PBHs as GW sources #1: single-event studies )

3. PBH as GW sources #2: population studies

~/

Current /future detectors,
confusion with other sources
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Black Hole (BH) zoology

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-K Neutron Stars EM Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

» ~90 events (and counting...), O(0.1) million in the 3G eral
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Black Hole (BH) zoology

Intermediate mass
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» ~90 events (and counting...), O(0.1) million in the 3G eral
» Outstanding events: Mass gap(s)? Intermediate mass? Subsolar?

» How many formation channels? Are they all of astrophysical origin(s)?
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Primordial BHs

z > 3000
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Primordial BHs

Zeldovich-Novikov, Hawking, Chaplin, Carr, ...

» Unique probe of inflation and of beyond SM/GR physics

» Could comprise (at least a fraction of) the dark matter (DM)

» Supermassive BH seeds at high z7

» Could contribute (at least a fraction of) the GW signals [id+ 2016, sasaki+ 2016...
» GW events in mass gap? [Clesse-Garcia Bellido 2020, De Luca+ 2021]

» Subsolar? (Prunier+ 2023, Crescimbenit 2024]

» Most conservative view: exotic channel to confront with astro
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Primordial BHs

Zeldovich-Novikov, Hawking, Chaplin, Carr, ...

» Unique probe of inflation and of beyond SM/GR physics

» Could comprise (at least a fraction of) the dark matter (DM)

» Supermassive BH seeds at high z7

» Could contribute (at least a fraction of) the GW signals [id+ 2016, sasaki+ 2016...
» GW events in mass gap? [Clesse-Garcia Bellido 2020, De Luca+ 2021]

» Subsolar? (Prunier+ 2023, Crescimbenit 2024]

» Most conservative view: exotic channel to confront with astro

Will focus on PBHs from collapse of large overdensities in radiation

domination, but also attempt to identify universal features

Recent review by LISA Cosmo WG: 2310.19857
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Constraints on PBHs as DM
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Constraints on PBHs as DM
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PBH formation

Credits: G. Franciolini

Density perturbations

Horizon S

Radiation domination ' RedSh’iﬁ - ’

~ 101

Formation criterion for horizon-crossing perturbations:

§ > 0. (= 0.5)

Shibata+ (1999), Musco (2018), ...

PBH

Density contrast o.

P. Pani - PBHs or else? - IDM 2024 7/27



PBH merger timeline

Credits: G. Franciolini
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Key predictions for PBHs

) (=P = yes =P =10 ) Xk Model dependent
— v/ |PBH:)
> [
= gl uncertain
P el
X & Xesu(mi, q)
x non-PBH :-(
\ J _\ Y,
Redshift Eccentricity Deformability Mass Spin PBH binary?

Franciolini, Loutrel, Cotesta, Berti, PP, Riotto PRD 2022

» Redshift: merger rates grows with z, only channel to predict mergers at z>30
[Nakamura+ 2016; Koushiappas-Loeb 2017]

» Eccentricity: binary formed highly eccentric, ~e=0 in the LIGO/Virgo band
» Tidal: all BHs (in vacuum GR) have zero Love numbers

+ many Cross
» Masses: no mass gaps, no Chandra limit correlations!

» Spins: zero at formation in many scenarios; accretion? Mass-spin relation?
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Extracting info from GW signals
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High redshift events?

» Events at z>0(10) — Pop III or PBHs —

102, — PBH d
— ABH: Dynamical 8
t(Z) —34/37 - — ABH: Isolated %' ]
¢ - 8 I —_— . E.ﬂ
NPBH X 4 [Raidal+ 2018] = 10l ABH: Fop NI g
O 5
= P
» How accurately can we measure high z7 100 £
(requires 3G) : H
10° 100 z=30
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High redshift events?

» Events at z>0(10) — Pop III or PBHs —

102 — PBH : :
- — ABH: Dynamical g
t Z) —34/37 r — ABH: Isolated 2
: = F_ , o
NpBH X —t Raidal+ 2018] = 10l ABH: Pop III g |
0 == i ' 8
' ! ' 8
» How accurately can we measure high z7 10 5 -
(requires 3G) i S
Ng+ ApJL 931 (2022 A - -
g+ Ap (2022) 100 10! =30
5.0
90 Ng+, ApJL 2022
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Careful with systematics at high z
and with higher-order modes! 2

Ng+ PRD 2023
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Subsolar PBHs or else? |[T==%

Crescimbeni, Franciolini, Pani, Riotto, PRD 2024
Golomb+ 2403.07697

» Subsolar mass (SSM): possible confusion with NSs or exotic objects?

» Only BHs: i) never get tidally disrupted, ii) have zero Love number

» Common lore: only early inspiral detectable in LVK — tidal effects negligible
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Subsolar PBHs or else? |[T==%

Crescimbeni, Franciolini, Pani, Riotto, PRD 2024
Golomb+ 2403.07697

Subsolar mass (SSM): possible confusion with NSs or exotic objects?

Only BHs: i) never get tidally disrupted, ii) have zero Love number

Common lore: only early inspiral detectable in LVK — tidal effects negligible

However: SSM NSs have huge tidal deformability
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Mass & tidal deformability measurements

can allow identification of putative SSM binaries
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Subsolar PBHs or else? | [T-5%

Crescimbeni, Franciolini, Pani, Riotto, PRD 2024

» TaylorF2 waveform + tidal deformability + FidalNdiSEuption

Y(Z) = Ypp(T) + 0Utidal(T)  svian = = s K_%) ot (—3“5[\+ e i 5[\) xﬁ}

128nx5/2 2 64
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Subsolar PBHs or else? |[TE=®

Crescimbeni, Franciolini, Pani, Riotto, PRD 2024

» TaylorF2 waveform + tidal deformability + FidalNdiSEuption

77D(33) — 7vbpp(a’") + 5¢tidal($) Sty = K—gf\) x° + (—3115]\ + 635615\/@ 5]\) :136]
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Waveform parameters
0 = {mla ma, dLa 97 ¢7 Ly w: tm (I)Ca X1, X2}

Or = {A, A, Xp, 00}
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Subsolar PBHs or else? | [T-5%

. Crescimbeni, Franciolini, Pani, Riotto, PRD 2024
1 { — Inject PBHs, recover PBHs
‘ h Inject PBHs, recover NS2 Network LVK O3 | IVK 04 | IVK O5 | ET+2CE
. — Inject NS2, recover PBHs T 15 fR 0t 3. _
| Inject No2. recover NS2 BNS SSM200308 (A = 1.5-10%,6A = 4.9 - 10%, 35 = 0.36)
- e SNR 7.90 12.8 22.4 398
\ ‘XW@ i Ama /ma 047 | 022 | 0082 | 0.0017
| i
!_L H w&%& Amz/m 0.39 0.19 | 0070 | 0.0015
| . L Crescimbeni+ in preparation AJ}/ Ay 0.86 0.66 0.55 VRO
| AXNr/A 0.38 0.24 0.13 0.015
® . v | )
o J BPBH SSM200308 (A = §A = 0,\; = 1)
. QPQ | SNR 8.38 13.4 23.9 403
s . I Amy /mi 020 | 013 | 0044 |6.6-107°
PN & | Ama/ms 017 | 011 | 0037 | 56-107°
i ON ( AA 9.1-10% | 5.8-10° [[3.0-10° [ 7.5 102
f-L )
Q e
"o ® | J | TABLE I: Fisher parameter estimation uncertainties with
) For - current and future GW experiments. We inject a sys-
Q?)Q Q’}" ,\/SDQ %')f’ Q,-\jo Q’_\?‘ N Q?‘Q Qbe tem with similar properties to the sub-threshold event
mr (Mg) m, (Ma) SSM200308 with my; = 0.62M and ms = 0.27TM,,, as-
1Mo 2 1Mo suming the object was either a BNS (top rows) or a BPBH
(bottom rows).
Injections+recovery Bayes Factors e ™~
» Well measured masses
Detectors |BH2 — NS2 [NS2 — BH2
03 01 1.5 » Disruption better than deformability
04 -3.5 -10.0 » Constraining power already in O4!

-
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Population studies

1 10g2 ('m,/MC)

lb(m‘MmU) — exXp\{ —
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Lognormal mass function, 2 hyperparameters + fppn and zcutos

Searching for a subpopulation of primordial black holes
in LIGO/Virgo gravitational-wave data

Gabriele Franciolini,’*?* Vishal Baibhav,® Valerio De Luca,? Ken K. Y. Ng,*%
Kaze W. K. Wong,®> Emanuele Berti,? Paolo Pani,>® Antonio Riotto,! and Salvatore Vitale®?®

! Département de Physique Théorique and Centre for Astroparticle Physics (CAP),
Université de Genéve, 24 quat E. Ansermet, CH-1211 Geneva, Switzerland
2 Dipartimento di Fisica, Sapienza Universita di Roma, Piazzale Aldo Moro 5, 00185, Roma, Italy
3 Department of Physics and Astronomy, Johns Hopkins University, 3400 N. Charles Street, Baltimore, MD 21218, USA
LLIGO Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
S Kauli Institute for Astrophysics and Space Research,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
SINFN, Sezione di Roma, Piazzale Aldo Moro 2. 00185, Roma, Italy,

Hall, Gow, Byrnes, PRD 2020
Hutsi+, JCAP 2021

De Luca+ JCAP 2021
Franciolini+ PRD 2022

Chen, Yuan, Huang, PLB 2022

+ many more....
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PBH merger rate

» PBHs formed at high z with small natal spin and not clustered

» Gravitational decoupling from Hubble flow before matter-radiation equality
[Nakamura+ ApJL 1997; Ioka+ PRD 1998]

4 3
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dmim,  Gpc3yr

6 55 T o
dvme = Gperyr o () ¥ () S 4008 1 20
0 ©

suppression factors

Ali-Haimoud, Kovetz, Kamionkowski, PRD 2017
Raidal+ JCAP 2018
De Luca+ JCAP 2020

» Suppression due to:
» Early: PBH and dark-matter perturbations surrounding binaries

» Late: multiple PBH encounters in small clusters

(negligible if fppr<O(1le-3), in agreement with N-body simulations [nman-Ali-Haimoud, PRD 2019] )
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Quantifying the evidence for PBHs in GWT(C-X

» Astro models from Zevin+ ApJ 2021

» Bayesian inference on hyperpar & fractions

CE+G

w.o. GW190814 w.o. G

— CE+GC+PBH
— w. GW190521
--=- w.0. GW190521

(0.34%4%, 0.31 5538

)

C+PBH
W190521

] —— PBH

— GC

CE+GC+PBH
— CE w. GW190521

(0317435, 0.3658)

i
1

Y

T 9+0.28 1) o7+0.38
(0.325433, 0.27505

Ll

[Franciolini+ PRD 2022]

log,o Bétice  CE+GC+PBH
w.o. GW190521 1.22
w. GW190521 2.38
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Quantifying the evidence for PBHs in GWT(C-X

» Astro models from Zevin+ ApJ 2021 S G [Franciolini+ PRD 2022]
. . 0.30%g:33, 0.02Z55
» Bayesian inference on hyperpar & fractions (0 27+r[1: %}0 060 ?)) w.0. GW190814
_ CETGOTPE ] — CE+GC+NSC+PBH CETGCINSCIPBH] [CETGCTSMTIPBH
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] === w.o. GW190521

1 (0.3271,0.26%513)
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3450 0.17 0.19 —— FBH
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— SMT
1 (O Pl Rl

(0.315335, 0.36536) | Lgrmmefgt—— 024133, 0.341431) |k - 4 L
4 log 3§ log ;"

(0.18%5:1%, 0.347433)
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I

I

SFE;H o - /8“ ’ o (u)r - :1 SN Q\;I N et v
log,o BMice  CE+GC+PBH CE+GC+NSC CE+GC+SMT CE+GC+NSC+PBH CE+GC+SMT+PBH
w.o. GW190521 1.22 0.52 1.39 1.43 1.31
w. GW190521 2.38 -0.15 0.72 2.30 2.58
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Quantifying the evidence for PBHs in GWT(C-X

[Franciolini+ PRD 2022]
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» Most conservative view: data explained by at least 3 different channels
» PBH statistically favored against competitive channels (eg. GC, NSC), fppu~1035
» Neglecting GW190521, the constraining power of current catalogs is insufficient

» To avoid PBHs, SMT should be the dominant channel (~34%)!
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Population studies #2

An ab-initio model across the QCD epoch

Gravitational-wave data-driven constraints on inflationary scenarios
with a first-principle model of primordial black holes across the QCD epoch

! Dipartimento di Fisica, Sapienza Universitd di Roma, Piazzale Aldo Moro 5, 00185, Roma, Italy

From inflation to black hole mergers and back again:

Gabriele Franciolini,? Ilia Musco,? Paolo Pani,’»? and Alfredo Urbano':?

2INFN, Sezione di Roma, Piazzale Aldo Moro 2, 00185, Roma, Italy

PRD106 (2022) 12, 123526

-
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Nearly scale-invariant power spectrum (with 4 hyperparams) h

Pe (k) :A(

PBH mass function

| (mpen)

L ns—1
k.—> @(k — kmin)g(kmax o k)

J
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Critical collapse & QCD phase

Jedamzik, Phys. Rept. 1998; Jedamzik-Niemeyer, PRD 1999; Byrnes+ JCAP 2018; Carr+ Phys. Dark Univ. (2021); Jedamzik PRL 2021

1 . 2
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1079 10_5 10 =3 10 4 10_

i 3 =75,

Mpn(8) = KMy (5 — 5.)7 “ 0.30]

\ 0.20F

Details on simulations:
Musco, Jedamzik, Young, 2303:07980 (see also Escriva-Bagui-Clesse JCAP 2023)
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Role of the power spectrum

4 Nearly scale-invariant power spectrum (with 4 hyperparams) h
2 ns—1
Pe(k)=A (k—> Ok — kpnin)O(kmax — k).
- /
Threshold for critical collapse

0c(Mpy)

B(Mp) = exp |-

QJE(MH)

Variance of density perturbations

My '#'j(m-;*mi)

Young, Musco, Byrnes, JCAP 2021

—-24 16 08 0 (.5 1.6

logyo(My /M) = R T
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e w = 1/3

100 B
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Full mass function (convolution)
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1005
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e 2 107
MS Eﬂ«
Mass function: - 1073
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Role of the power spectrum

Young, Musco, Byrnes, JCAP 2021

/ ] ] 1 \ -24 16 -0 0 0.8 1.6
Nearly scale-invariant power spectrum (with 4 hyperparams) o Tl .
E o\ Single mode
,PC(k) — A (k‘— @(k T kmin)@(kmax T k) 100- wennn = 1/3
\ / é 1.0—1_
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=
1072
/ . _ X 10! 100
» Power spectrum is crucial ioma M
Full mass function (convolution)

: 0 i
» Strong dependence on tilt n, 10 — =1 n =08 —n, =05 ]
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» QCD enhancement + shoulder L -
£ 1072
» More features than lognormal! £
=
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Recipe: From inflation to GWT C-3

rrrrrr iolini+; 2209.05959

ns—1
1. assume power spectrum { Pe(k) = A (ki) Ok — kumin) O (Frax — k)]
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Recipe: From inflation to GWTC-3

Franciolini+; 2209.05959

ne—1
1. assume power spectrum [ Pe(k) = A (kk ) Ok — kumin) O (Frax — k)]

100

H;@m-li {:\ Zﬁfﬂ?iﬁiﬁi?}i
2. compute PBH mass function across QCD phase ER N
0t 160 :.

107

1071
1

PBH [M@}
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Recipe: From inflation to GWTC-3

Franciolini+; 2209.05959

k

ns—1
1. assume power spectrum { Pe(k)=A (k ) Ok — kumin) O (Frax — k)]

2. compute PBH mass function across QCD phase

100

3 —_—n =1 ne =108 — n, =06 |3
—n, =09 — n, =07 =—n, =05

o 107 E
)
F10% :
£ i
= . v

10—3 .. 4

0! 10°

1071
1

10! 10?

Megx [Mp)

chnupQZZ Gpc3 yr *FBH

3. Merger rate [dRPBH 1.6 x 105 ss (t(z))§7 y ( M )E;%
to

S(M, fpeH, zp)w(ml)w(mz)J
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Recipe: From inflation to GWTC-3

Franciolini+; 2209.05959

ne—1
1. assume power spectrum [ Pe(k) = A (kk ) Ok — kumin) O (Frax — k)]

100 ' [_ PR _"’:m’}_

—‘g 107tk \_\n'n<J "'~:”i: n, =05 -

2. compute PBH mass function across QCD phase ] .
o 100

107

1071
1

10! 10?
Moy [Mo]

3. M te | drR 16 x 109 58 (#(2)\ ™5 s [ M\
erger rate [dmfani - Gp>(j3y1“ [t (%) N (_> S(M, prH,w)w(ml)w(mz)J

4. Dataset of GW events (eg. GWTC-3) + intepretation models
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Recipe: From inflation to GWTC-3

Franciolini+; 2209.05959

ns—1
. assume power spectrum [ Pe(k) = A (kk ) Ok — kumin) O (Frax — k)]

N =\ S
. E}lo‘l- \\ il
. compute PBH mass function across QCD phase 707 A

Megx [Mp)

. Merger rate | dr 16 %105 55 (t(z)\ "7 _a [ M\
’ [dmii - o i (22) ¥ (51) S<M,fPBH,w>w<m1>w<m2>J

. Dataset of GW events (eg. GWTC-3) + intepretation models

. Posterior distribution p()\\d) ¢~ Naet (3 7 () Nobs H /de p(0 \d Pp NCAPY
T

. Multi-population Bayesian inference
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Let the data speak #1

Conservative approach:

» LVK pheno BH/NS models (tuned to data!)

» | ab-initio PBH channel

_1}

(O]

dR/dm;[Gpc3yr M

Model PBH

A logo feru g log,( Mx log,o ML

Prior [—6,0] |]0,1.5] | [-2.5,1log,, My] | [log,, Ms, 4]
Abundance Tilt Lightest mass  Heaviest mass

ABHs or PBHs

me > 3Mg

— PowerLaw+Peak
— PBH-LN
— PBH-QCD

20

10

60

mi[Mo)]

dR/dg [Gpc 3 yr!]

dR /dm;[Gpe3yr~'M

NSs or PBHs

100

10! //
Dl

10°F :

s my < 3Mg |1

— NS ]

I — PBH-QCD |]
102

v

10“\ |
ma [-M o]

£

Support both for subsolar and lower gap

ABHs or PBHs

— PBH-LN

~
— PowerLaw+Peak | -

— PBH-QCD
'm-g > 3;‘1’1{@

04 06 08 10
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Let the data speak #2

Subsolar
<+—>
1(]3 I 1 [T THTTITTTT L MWW T I =
9 LOWGI' ga’p — PowerLaw-+Peak | 3
1 — NS =
TE 10! — PBH-QCD N
=4 — Tot 3
= 100 . . A
2, U 3
© 107! pper gap -
S <
S 35
T 10
=
1073
10~ S l , o N -
]00 10! 102
ma[Mo)]
GW event PBH prob. [%] | mi[Mg] | ma[Mc]
GW190412 25.4 301757 | 83408
GW190521 7.2 953737 [go0t27 | |Constraints from no subsolar detection
GW100024_ 021846 40.3 89710 | 50tit up to O3 automatically included
GW190814 29.1 232710 | 2.5970 08

Mass-gap events naturally standing out
(even if using LVK pheno models!)
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Can LIGO detect the dark matter?

(34033

v N
".0 o

logyg freu
5

Y

Mg
2,9y 2y 4

» Absence of subsolar events in O3 excludes fpgp~1 with ns~0.97
[agrees with Juan, Serpico, Abellan JCAP 2022, disagrees with Escriva-Bagui-Clesse 2209.06196]

» Otherwise ~30 subsolar and ~100 solar events — incompatible
with LVK null searches [Lvkc 2212.01477]

' =+1.83
i A15575))
! : :
I U T T
= > ‘ - —|—22 107 —n=1 1y = 0.8 = n, =06 |7
':\:3 ® ‘\/\3 | loglo fPBH — _3°4_23 — =09 n, = 0.7 =—n, =05
20 | |
= | | 3 +1.29 T 107
P I 1l gl (244755 =) \\\
R ™\ | | 3 107
— 1 ] B
Ez \ﬁa H \;55:
bc'E o _\‘/A—g\ - 1078
< H
/‘\:D 1 1 \
2Rz TS T A T
logy fren logyy Ms logyy My, (M)
Mppu o)

» fegu~1 only for blue spectrum (ns>1) — PBH mass peaks outside LVK

» However, some GWTC-3 events can be PBHs

» Inferred red tilt is key: reduces hierarchy between QCD peak and O(10) Mgu,
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1ctions

PBH constraints & pred

Franciolini+; 2209.05959

= 10% 10 S
M : = i ‘Aﬁbﬂagggy'

& -1f : ,/’//y,éﬁéﬁﬁb'*eﬁ?"
£ 10 GW190814 101 ) /7%//////%;//(4{’ V/

= 10 GW190924 E /// 7

g y 2| _ '?////
2 107 T X _
” 10_52 10~ meB
E ol 1074 N
p o j: ?[— (}WTC-S} !
Preng _7-..| Ll PR S S S T | Ll L ..- _'i — . L T L ......-
B T T 10! 107 100 T 0 07 T 102

M| Mo)] {rmppsn [ M

If lower-mass-gap event GW190814 (~25% probability) is primordial, then:

Negu | Negu(SS) | Nepu(LMG) | Nogu (UMG)
01-03 | [0.8,22.4] | [0.0,0.6] | [0.1,2.3] 0.0, 6.1]
04 1.9,43.7] | [0.0,1.3] | [0.3,13.0] | [0.0,13.1]
05 10.3,216.7]| [0.0,8.6] | [0.8,25.2] | [0.0,47.3]
subsolar lower gap upper gap
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Conclusion

4 )
gravity 4+ cosmology + particle physics + GW data
\_ Y,

» Searching for PBHs with precision GW astronomy

» Golden single events with peculiar properties + population studies

» More than meets the eye already in GWTC-3, looking forward to O4

» Various ways to rule out the primordial hypothesis, harder to firmly rule it in

» ET/LISA will be a game changers for many tests

» The Optimistic: great opportunity to find a subpop of PBHs in GW data

» The Pessimistic: hypothetical PBH subpop can benchmark astro uncertainties
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PBH textbook

With contributions from:

Bellomo, Bromm, Carr, Chen, Chulmoon, Cole,
Colpi, De Luca, Domenech, Green, Hall, lacovell,
' Jedamzik, Kohri, Kovetz, Kuehnel, Kuroyanagi,
Primordial Black Holes Kusenko, Lupi, Maggiore, Miller, Musco, Pi,
Profumo, Raidal, Riotto, Romero-Rodriguez,
Serpico, Silk, Suyama, Tiniakov, Vaskonen,
Veermae, Vennin, Wands, Yokoyama, Young...

and others!

Editors:
Chris Byrnes, Gabriele Franciolini,

Tomohiro Harada, Paolo Pani, Misao
Sasaki

Out in Fall 2024!

@ Springer Open
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Backup slides

“Nothing 1s More Necessary than
the Unnecessary” [cit. ]
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PBHs & detected SGWB

Franciolini, Tovino, Vaskonen, Veermae, 2306.17149

log;,(f+/Hz)

I7.OI - I7.5I - .8.0I - I8.5I - .9.0
logm(k*/Mpc_l)

60 65

» If SGWB induced by 2" order perturbations — overproduction of PBHs unless
non-Gaussianities suppress PBH formation

» PTA data do not constrain directly the PBH abundance, but can indirect probe it
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Population studies in the 3G era

» Focus on z>10 — Pop III vs PBHs Net: ApJL 2022
» 4-month data with CE-ET network !
dR B
e R [BpeuppeH(2) + (1 — BpeH)pmi(2)] o
z . . | 0
differential merger rate Q 10
&)
S
=1t
2.51
77\2.0
= 1072
X 1.51
E Z
0.5
1071;-
0.0° 0 1/9 1/5 1/3 1/2 |
BreH 10_25—
Most conservative assumptions: =
1078

» Same mass function, only redshift info
» No PBH accretion 101 CE-ET
» Optimistic Pop III merger rate :

107 ’ 3
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Subsolar masses? |78

» How accurately can we measure subsolar masses?

Detection horizon

10! 107
100L “ 1ot
f 10

o] 510

2: 110!
10-2F ;

35 l10-2
107% ]

| l10-%
07 Lisa - - g=1/4

102 101 100
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o m/m|%]

Accuracy (at Adv LIGO
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» Current searches limited in horizon [phukont 2021; Nitz-Wang PRL 2021, ApJ 2021, LVKC MNRAS 2023

» Mass measurements typically accurate already for O4

» 3G: up to z~1 and subpercent accuracy [Franciolini+ PRD 2022

» E/IMRIs detected by LISA/ET — astonishing accuracy [samanti+ PRL 2022]
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BH vs NS NS vs BH

BH vs boson star

mg| M)

ma[Mg)

ma[ M)

Subsolar PBHs or else?| 18

my[Mg]

ma| M|

ma[ M)

Crescimbeni, Franciolini, Pani, Riotto, 2402.18656
[ > m; +3Am; > Mg

A—3AA>0

o A 5\f N SAS\f -1

» Constraining power already in O4

» E'T will cover the entire param space

» Can exclude NS and more exotic
objects
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Spin

» PBHs formed with spin x~0O(0.01) in various scenarios [Mirbabayi+ 2019, De Luca+ 2019]
» Accretion before rionization? [Ricotti+ 2008, Ali-Haimoud 2018, De Luca+ 2020]

» Not efficient for mass < 10 Mg, very efficient otherwise (SMBHs?)

> SUppI‘GSSQd at some z (feedback, structure formation, X-ray pre-heating) — Zcut-off

» Accretion flow not spherical — ang. mom. accretion — BH spin up

» Model uncertainties but one robust prediction: mass-spin correlation

1.0FZ 100 pr— e
0.8} S0f
0.6} 60
= | [
0.4} 40
0.2} 20¢
0.0k L
-1.0
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Role of accretion: the case of GW190521

[De Luca+ PRL 2021]

» Accretion affects: pe Lucat PLB 2020]
» Mass function, PBH abundance, merger rate, masses and spin

T T T 103' T L | T T T T L
1071 N : g
-~~~ Noaccretion = + — Lognormal 0 = 0.5
5 N Zeuteosr = 13 — r - Powerlaw M, /Mu,=4 2]
10 -“‘ R Zeut-off — 10 £ 1025_ —  Zeutoff — 7 """"""""""""
g “‘ Zeuteof — 7 > E —  Zoutoff — 10 """"""""""""
5/ 10_3 CH) : Reut-off — 15 """"""""""
H oc=20.5 \‘:2/ 1015_ -"",. ’’’’’’’’ 1
10—4 | M, =15M; z "/,:': ,,,,,,,
') z < Zc“t,oﬂ' ~ N—a:‘ K ""':_ ;;;;;;
10_5 I . ‘ o : I 100_‘0 I I —::1:’-‘: IIHI”Z II II””3 — """'4
20 40 60 80 100 120 140 10 10 10 10 10
M[M,] (M(z = 0))[Mo]

» Accretion could remove observational tension for GW190521 as primordial:

100 10
1071 E 10—1
----Planck D
102k 1072 —— Planck S
Ogle
1073 1073 —— EROS
Tcarus
1074 104 — XRay
—— XRayB
107} 107 -
i ---- NANOGrav (. = 1)
10—6 ! i L e 10—6 1 1 ! 1
10 100 10! 10? 10? 1071 10° 10! 102 10?
(m(z = 0))[Mo] (m(z = 0))[Mo]
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Mass-spin correlations

Franciolini-Pani 2201.13098; Franciolini+ (in prep)

» High z is out of reach until 3G, formation models & mass distribution uncertain

» Can we identify robust features to be searched for in 2G?

» BHs born in isolation — x>0

X1 COS (v1 + @X2 COS Qg
1+g¢

Xett =

» BHs assembled dynamically — .« distributed symmetrically around zero

» PBHs — mass-spin correlation

1)

LVKC phenomenological model:

p;}op (Xete| 12, 0)

N(M? U) exXp (_<Xeff -

w)?/20%)

(parameters can be g-dependent [Callister+ ApJL 2021])

2)

10t

PDF

1071k

109E

PBHs

Dynamical channel [Baibhav+ PRD 2020] 3)
— Total M > 60M; g<2/3
10 ' ' ' 3
— 1y Inl NSC(x, = 0)
29+ 1g = 10% e —
29 + 29 ~ = B
107! :
' : oL -
10% E GCx = 0) ;
F 1 :
E 10%% b
a J:————--:I= 't——-xl ;
107! a
-06 -04 -02 00 02 04 0.6 -06 -04 -0.2 0.0 0.2 0.4 0.6 -1.0
Xet n 2941 Xeft
ABH
ppop (Xeff) = (1 o fg)ppgp(xeﬁ) + fg ppgp gme (Xeff)
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Mass-spin correlations in GWTC-3

(0.07%42, 0.06105%)
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Franciolini-Pani PRD 2022
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Geonr+PBH

Geore +ABH+-PBH

Fraction r

0.6870%)

—0.41

0.51%0%

—0.29

(0.3779:2% "0.3010-2

- 0.7770 50

—0.36

0.687020

(0.3470°35 0.3270-21)

—0.29 —0.24

¥
log,, BZ

0.94

0.88

1.33

1.06 2.15

1.72

2.40

P. Pani - PBHs or else? - IDM 2024




Mass-spin correlations in GWTC-3

Franciolini-Pani PRD 2022
ABH

_ G PBH

(0,097, 0.065557)

GWTC-3

S

» More than just (extended) Gaussian model in | ,L o g +AB§B; PB]:I:IBH
AU 2, 1 Ty —_— o / +

GWTC(C-3 data L

T

N 1

,| - (0.32:913,0.32+9%)

» Features of astro dynam. formation / PBH

» Degeneracy between ABHs & PBHs

ra

a, o

(0372 0345020

E

» Need larger statistics and smaller errors

il i P G, G, &
s, “dm %y Y Y Py, %y % %a %
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» More realistic isolated channels?
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Model M +ABH | G+PBH G+ABH+PBH Georr | Georr+ABH | Geon+PBH || Geon+ABH+PBH
Fraction 7y || 0.68707%% | 0.511702% | (0.3712220.30702%) - 0.771020 0.687027 (0347055 0.3210-21)
log,, B 0.94 0.88 1.33 1.06 2.15 1.72 2.40
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fABH

fPBH

Mass-spin correlations: prospects

» Gaussian + Isolated + Dynamical + PBH

» Same mass/redshift distributions

» 500 events @ Ad. LIGO

G = 0.37+3:%3

J

G+Dyn+PBH

fABH = 0.40*333

fPBH = 0.231384
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PDF
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Eccentricity

» PBH binary formed with e~1, but e~0 when detected (other channels subdominant)
Initial

1071

10~

1073

logyo P(a, j) Evolution
= 1005""" [ T ! P S
:»*10;37 Mpse = 30Mg |— 25 15 I | i ]
20 107k | 2 I= | 3
15 25 I = I~ : ]
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L 4 : : | ep =1

N 1077 | | o= 1/2
05107 |2
20 _gf ) | | ]
10 3 | I PBH — 1073; i pen = 30My — 3
- 107/ ! !I f il gn. MR | i E
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» How well can we exclude e=07
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From GWT(C-3 back to inftlation

» Engineering a single-field inflationary potential

1 N — Np

Franciolini-Urbano, PRD 2022

B N — Ny
n(N) = { [?71 i+ (7 nl)tallh( N, )] + [7711 + nur + (M TIH)taIlh( SN )] }

2

n=—H/(2HH)

number of e-folds N

0 10 NN 25 30 40 50
» Power spectrum from Mukhanov-Sasaki eq. 102 R '
i . 1075 ;___ —————————————————————————————
[Sasaki PTP 1986; Mukhanov JETP 1988] 10745 f\ -HMOddA
‘ol . 107) FIRAS %
» Fix inflationary model to match GW data % e 3} e
& 10_7§ T"I‘?(IF B ¢
10_82 P, N,{z, J
109 ——— = k o |
10-10 nr % Hur = v
2 6 10 14 18
M, [M,)] * 10 10 10 10
LI VeE 0 1 107110721073 k Mpe™]
I T
Posterior 30% C.I. GW190814 1 102 Model A Xy Y
; ----Model B
CMB
=
10°° N
10" 10°

k [Mpe™] | -
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Four birds with one stone?”

number of e-folds N

0 10 NNo 25 30 Niydo - > Step power spectrum connects vastly
dlfferent scales [De Luca, Franciolini, Riotto PLB 2020, PRL

_oF I : I :V .2 H;
10 2 ; P~ K7 4\ i y 2021; Sugiyama PLB 2021]
1077877 N N
104§ 3
e FIREE” - — Model C 5 . . . .
107°F ¢ N = » Can be built out of inflationary dynamics
0% % Q& P~ k2 E [Franciolini-Urbano, 2207.10056, PRD 2022]
E 5 . o
107 EPIXIE, 2
10E g . :
10— Je i =0 » Can be made compatible with GW data
~10f n = [Franciolini+ 2209.05959, PRD 2022]
10710¢ =
ke 107 10° 0 10"
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Four birds with one stone?”

De Luca, Franciolini, Riotto PRL 2021; Sugiyama+ PLB 2021
Franciolini+; 2209.05959

My [ﬂ/fe]
10° 1 1073 10710 1079 10-%° 1
i R B ; AN L)
8 s C : 10725 o/ HSC ERO?)L Y ///"
10~ LVK 2 yr © ey ‘ Y CMB /
NANOGray ‘ ---=Model A g ," zf‘f-s;;;,.j /
107 12.5 yr 10—4 s ' 1} y ) /
10 S0 \\ g /
10_ - < > — r 5
% ,__E 10 6 i II \\ 7?23)&25 4 /frj e /%//‘
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1071 107 N .
—-14 19 N |
10 10 [ Model C AN !
1018 - —=== Model D N
10°° 1077 10~° 10=* 10°' 10 10 101 AN '
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TRPBH["'M@:I

1. Asteroid-mass peak gives PBH dark matter

2. Stellar-mass secondary peak compatible with bounds and with events in LVK band

3. SGWB induced at second order detectable by PTAs and LISA
4. SGWB from PBH mergers detectable by ET
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Subsolar masses? [ =®

» How accurately can we measure subsolar masses?

» If EMRIs/IMRIs detected by LISA (and ET!) — astonishing measurements!

LogmM /M

p + 5oy, [Mg]

L L L L
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How about (primordial) EMRI/IMRI rates? [cuo+ PRD 20219
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Critical collapse & QCD phase

Approximation: we assume 0~3 from peak theory for n~O(1)
[Musco, De Luca, Franciolini, Riotto PRD 2021]

Shape parameter depends on tilt
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Courtesy of Ilia Musco

Musco, Jedamzik, Young, 2303:07980

I " L
Fellowship for Innovation at INFN

P. Pani - PBHs or else? - IDM 2024



Final Caveat: role of priors

[Bhagwat+ JCAP 2021]
We have always assumed the posteriors on params as measured by LVKC

» Are “agnostic” priors motivated in searches for PBHs?
» Can PBH-motivated priors change the properties of certain events?

1326 55 GW190412
I 1 I PBH priors, accretion
I PBH priors, no accretion . . .. .
W Flat priors » Chirp mass insensitive to prior
0.5728% » g-x correlation
Q) - [ nd 1)
Q, | 1 : : ° ° °
. | L g » Agnostic priors mildly favored
S\ i
O | \\ » Careful with spinning, asymmetric
LG b 0012388 binaries (with LVKC priors)!
™ 1 - NERE
y N
, R
AN )
S &=
Q A QD ©
NN
Mchirp q Xeff
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TABLE V: Posterior 90% C.I. for PBH population param-
cters assuming GW190814 is primordial (similar results
are found by assuming that GW190924 is primordial).

Parameter All GW190814 | GW190924
log, A ~1.970%6 | —=1.9370-02 | —1.970]
i 0.68%561 | 068705 | 0.6475%
log 16 (Kmin/Mpc ™) 6.0158 5.970:2 6.079:3
logyo(Kumax/Mpc ™) | 7.8708 | 81703 80703
log 1 fepu ~34722 | 31705 | —3.27%3
logyo(Ms/Mo) —1.2F18 | —1ethT | 16723
log, o (M. /M) 24733 | 2.6707% 2,510
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