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%% _PBH Dark Matter - PB formation channel %‘

— - = — e —— ———

Dark matter = Primordial BHs (?!) " Several formation channels:

> No new physics (BSM) besides gravity > Collapse of curvature pert. from inflation

> Distinguishable obs. from Astro-BHs > Phase transitions, bubble nucleation

| > Testable near future! |

» > Grav. collapse of cosmic strings,
(LVK, LISA, Taiji, TianQin, PTAs) | P 9

domain walls, oscillons, boson stars...

| > even if not all DM, their existence [
will tell us about early Cosmology!

> Inflationary vacuum bubbles

> e
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What is PrimBHoles ?

v Python code to compute PBH signatures
v' Based on LISA PBH living review arXiv: 2310.1985

v' Modular structure :

Abundances ..

{03 & {05 & {03 &

v' Public, Documented

v Easy to install, modify and use.

Cristian Joana (ITP) — Porto U.
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https://arxiv.org/abs/2310.19857

- PBH formation: collapse of curvature perturbation
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_InTationary - PBH cosmology

Quantum perturbations
seed CMB/LSS and PBHs

V(p)

Pend PrcmB
(~ -60 efolds) 0]
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time



_Inflationary - PBH cosmology

, Green and Kavanagh arXiv:2007.10722
Quantum perturbations

seed CMB/LSS and PBHs
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_Inflationary - PBH cosmology

Quantum perturbations
seed CMB/LSS and PBHs

V(p)

M H [.\1 J

-

Pend PrcvB
(~ -60 efolds)

June 2024

10" 10" 10° 1079 1077 107P
| ‘ ,-
{  1\PTA /
\\ PBHDM /—it——
[ 1S
\\ / -
\ -,
FIRAS _ N
.BBO ./
_,5' steepest growth
. PIXIE /
Lyman-alpha*.. .~
Planck

10~} 10° 10°
k [Mpc™']

Cristian Joana (ITP) — Porto U.

1(';11

l
104




PrimBHoles — Power-spectrum

import numpy as np

import primbholes ! 10 I | | l | | )

from power_spectrum import PowerSpectrum i — power-law ]

3 — broken power-law |

, . ; — lognormal )

CUm A e e N n-2H- gAuSSIAN

my_PS = PowerSpectrum.gaussian() o lefeld :

=== axion gauge i

~ . L ]

sigma = 0.3 £ 1g-1 }

As = 0.01ksigma - 3

kp = 5€9 f < :

my PS = PowerSpectrum.gaussian(As=As, sigma=sigma, kp=kp) }igt’ j

106 $

# own definition (lognormal; . 3

def my PS(k): ! ]

sigma = @.25 ¢ z

As = 0.01#*sigme F 0 3

kp = 1e7 : f
return As * np.exp(- np.log(k / kp) *x 2 / (2 % sigma %k 2)) f

|

JrIMDNO LES

i S 104 10° 10% 1L
h = imbholes{(ps function=my PS . _
; primbhotes(ps_function=my_PS) Wavenumber k& [Mpc™!]

E. Bagui, S. Clesse, J. Garcia-Bellido, C. Joana, V.d. Luca, G. Franciolini, |. Musco, R.K. Jain, T. Papanikolaou,
A. Reccanelli, S. Renaoux-Petel, A. Riotto, E.R. Morales, M. Scalisi, O. Sergijenko, C. Unal, V. Vennin. D. Wands



Abundances using Press-Shechter for Gaussian PDF

g=LrEH =7f P(5)d5=7/ 9 Xp

Ptotal 5.

_ Abundances: PBH mass function

e
5. V 2TOPpBH

where the variance is given by

o0

dk 16
JI%BH — / TIP&(]‘C,T) — 81

0

the PBH/DN\ ratio then is fPBH —

A/Ima.x
where Qppg ~ /
A'Imin
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Collapse Threshold : Thermal History
Fluctuation in the equation of state, reduce the fluid pressure —» enhancement of PBHs!

100 f

June 2024
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..tabulated input from Numerical Relativity.
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Lollapse Threshold : Non-Gaussianities

Shape of the curvature Prob. Distr. Func. (and Non-Gaussianities) modify the critical threshold

— e R —— —— = [ —— e — N ——— - S ——

Probability Density Function
Probability Density Function

|

) l ] | L} I
1 underdense 0 overdense | underdense 0 overdense

curvature perturbation

curvature perturbation

..analytical prescription fitted from Numerical Relativity.
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PrimBHoles — Abundances

import numpy as
import primbholes

Example of Guassian powersp ectra

from power_spectrum import W77 T T  guf T r 1 1 1
# own defin I U — 10-29 Q
def my_PS(k): 2 o
o 1— 06
W B 1032 |- -
# call primbholes b o | I — I N N | N I
_ . { ) L0 10" 10® 10t 102 10® 10* 0-* 10°7 10 1o
pb = primbho LGS(pS_fUﬂCthﬂ = my_PS, . | k: :‘Up("_l: MmppH :.113.,,.:
threshold_method="ShapePrescription", jumeric | |
. achold Fhy C and- I P } | | | | | m“-——4————#————#——}4—-—-+--—
thermal_history = False, # True 10~ |- —
fpbh_rescaling=False, | 1 | 5 107 = =
e B (Tl - =
) | o 10-5 |- _
1l = -
I S .‘ | L | L | j e =
P SRR LR GRETTEaTLES 4 10 10" 10® [0 10t - 10° =10 e 10T
fpbh = lambda mass: pb.get_fPBH(mass) f ke [Mpe!] mppy M|
beta Llambda mass: pb.get beta(mass) T

E. Bagui, S. Clesse, J. Garcia-Bellido, C. Joana, V.d. Luca, G. Franciolini, |. Musco, R.K. Jain, T. Papanikolaou,
A. Reccanelli, S. Renaoux-Petel, A. Riotto, E.R. Morales, M. Scalisi, O. Sergijenko, C. Unal, V. Vennin. D. Wands 14



Binary formation, merger rates

o Initial spatial Poisson distribution

e Random decoupling of binary systems from
the Hubble flow

e Binary formation happening before matter-
radiation equalily

¢ The distribution of initial semi-major aris
and eccentricity determines the merger rate

wiw
S~
wlos
Y

dR 1.6 x10° s

.f§§H7f_

e
AN

t - Mtot -
d7n1d’m2 GpC3 yT (%) ( M@ ) S (Mt0t7 fPBH) ¢(Tﬂ1)¢(’m2)

N(y)+C " [l

—21/74
S r 142 [<m2>/<m>2 o ] /

Suppression factors

(enviromental,...) with Ny = 2 ( 7 fpi‘a )
FPBH M

T. Nakamura, M. Sasaki, T. Tanaka, and K. S. Thorne, Astrophvs. .J. T.ett. 487, 1.139 (1997), [arXiv:9708060]
K. Toka, T. Chiba. T. Tanaka, and T. Nakamura, Phys. Rev. ) 58 063003 (1998), [arXiv:98070158]

Y. N. Eroshenko, J. Phys. Conf. Ser. 1051, no.1, 012010 (201%8) |arXiv:1604.01932]

Y. Ali Haimoud, E. D. Koverz, and M. Kamionkowski, Phys. Rev. D 96, 123523 (2017), |arXiv:1709.06576]
M. Raidal, C. Spethmann, V. Vaskonen and H. Veermie, JCAP 02, 018 (2019) [arXiv:1812.01930)

V. De Luea, G. Franciolini, P. Pani and A. Riotto, JCAP 06, 044 (2020) [arXiv:2005.05641]
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Binary formation, merger rates

o Initial spatial_Paseson distribution_

. ﬁ?ﬁfﬁ( % iniﬁa\ spatial C‘t _/
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T. Nakamura, M. Sasaki, T. Tanaka, and K. S. Thorne, Astrophvs. .J. T.ett. 487, 1.139 (1997), [arXiv:9708060]
K. Toka, T. Chiba. T. Tanaka, and T. Nakamura, Phys. Rev. 1) A& 063003 {(1998), [arXiv:9807015|

_

. . . . Y. N. Eroshenko, J. Phys. Conf. Ser. 1051, no.1, 012010 (201%8) |arXiv:1604.01932]
—» Binaries from 3-body interactions Y. Ali Haimoud, E. D. Kovetz, and M. Kamionkowski, Phys. Rev. D 96, 123523 (2017), [arXiv:170.06576]

M. Raidal, C. Spethmann, V. Vaskonen and H. Veermie, JCAP 02, 018 (2019) [arXiv:1812.01930)
+ V. De Luea, G. Franciolini, P. Pani and A. Riotto, JCAP 06, 044 (2020) [arXiv:2005.05641]

—» Binaries from Hyperbolic encounters

M. Raidal, C. Spethmann, V. Vaskonen and H. Veermae, JOCAP 02, 018 {2019) [arXiwv:1812.01930)]
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PrimBHoles — Merger rates, GWs

import numpy as * - o 7
import primbholes | Merging rates for primordial binaries

. | 60)
from power_spectrum import | U ' ' ' '

def my_PS(k):

bb=-primbﬁoieslps_function = my_PSI

fpbh = lambda mass: pb.get_fPBH(mass)
beta = lambda mass: pb.get_beta(mass)

rates_EB = lambda masses: pb.get_rates primordial(masses)
rates_LB lambda masses: pb.get_rates_clusters(masses)

GWB_EB = lambda freq: pb.Get_GW_bkg_primordial_binary(freq)
GWB LB lambda freq: pb.Get_GW_bkg_cluster_binary(freq)

E. Bagui, S. Clesse, J. Garcia-Bellido, C. Joana, V.d. Luca, G. Franciolini, |. Musco, R.K. Jain, T. Papanikolaou,
A. Reccanelli, S. Renaoux-Petel, A. Riotto, E.R. Morales, M. Scalisi, O. Sergijenko, C. Unal, V. Vennin. D. Wands 17



10

PrimBHoles

— Merger rates, GWs

import primbholes f — Total Early Binaries
: . N—192 —e— = T-s. b T v
from powe r_Spect rum lmpo rt ‘i “) 12 L Iut.ll L«lt( Bllldl(n —

def my_PS(k):

bb= -p-rir.nb‘l.w.oies-ps_function = my_PS :: “")—15‘ -

OMpute 51glfatlure
lambda mass: pb.get_fPBH(mass)
lambda mass: pb.get_beta(mass)

fpbh
beta

rates EB
rates LB

GWB_EB
GWB_LB

1022 |

E. Bagui, S. Clesse, J. Garcia-Bellido, C. Joana, V.d. Luca, G. Franciolini, |. Musco, R.K. Jain, T. Papanikolaou,
A. Reccanelli, S. Renaoux-Petel, A. Riotto, E.R. Morales, M. Scalisi, O. Sergijenko, C. Unal, V. Vennin. D. Wands

= lambda masses: pb.get_rates_primordial(masses) ;

= lambda masses: pb.get_rates_clusters(masses) ; 1024 —
¢ | | | | | | |

lambda freq: pb.Get_GW_bkg_primordial_binary(freq) =% 10=7 107 107 10~ 10 10

lambda freq: pb.Get_GW_bkg _cluster_binary(freq) f f (Hz)
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External codes or file

PrimBHoles summary

PBH theory
GW observable
GWB _ Primordial curvature fluctuations h Fluct. Model
from 2nd order pert. * *
Threshold model,
GWB — Overdensity threshold, _ Modified thermal histo
from Poisson fluctuations Thermal history ~—rrn . m:>de;7
Newton force from asteroid- _ PBH initial abunfjance,
x mass PBHs in solar system fren and mass dist(z), ﬁ Constraints on PBH
abundance
: _ Merger Rate for late binaires
Continuous ‘ Merger Rate for early binaires .
GWs (formed before recombination) (firmed in cI.usters)
+ rate of hyperbolic encounters
GWB Rate distribution GW x LSS Rate distribution GWB GWB
from early binaries (as a function of angular power (as a function of from late-time from close PBH
masses, redshift) spectrum masses, redshift) binaries encounters

E. Bagui, S. Clesse, J. Garcia-Bellido, C. Joana, V. d. Luca, G. Franciolini, |. Musco, R.K. Jain, T. Papanikolaou,
A. Reccanelli, S. Renaoux-Petel, A. Riotto, E.R. Morales, M. Scalisi, O. Sergijenko, C. Unal, V. Vennin. D. Wands 19



Abundances constraints / Model signatures

— Ve* l EROS -——= (CMB SPIK?2 —-— (CMB PSCCK —— XRay binaries —-— UFD
— EGy —— OGLE — (CMB SPIK1 -=-=CMB FLC22 -=-= Ly« —-—  Wide Binaries
1079 H=—— GC e* — [CARUS -=-=- GW (LVK) === Segue [ — Dyn. friction — (CMB dist. -
— HSC -==SNe —— (MB AK1 === Eridanus II First Clouds — (Gal. Disk
Kepler ——— XRay bkg — = CMB AK?2
10—11 | i} | | | | | |
10~1 10~ 10-7 10~ 10 10° 107
Mppn [Mo) LISA PBH review arXiv: 2310.1985

E. Bagui, S. Clesse, J. Garcia-Bellido, C. Joana, V. d. Luca, G. Franciolini, |. Musco, R.K. Jain, T. Papanikolaou,
A. Reccanelli, S. Renaoux-Petel, A. Riotto, E.R. Morales, M. Scalisi, O. Sergijenko, C. Unal, V. Vennin. D. Wands
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https://arxiv.org/abs/2310.19857

... more under development

(Non-) Gaussianities (based on peak-theory)

* Abundances: Mass functions and accretion

PBHs from reheating

1 3 13

Models: curvaton, ultra-slowroll, linear Starobinsky...

= Rates close encounters
« Rates/ GWB:

= GWB from Quantum diffusion, PBH mergers,

= Continuous GWSs from PBH inspirals

* First Release (v1) ... around October 2024 !

E. Bagui, S. Clesse, J. Garcia-Bellido, C. Joana, V. d. Luca, G. Franciolini, |. Musco, R.K. Jain, T. Papanikolaou,
A. Reccanelli, S. Renaoux-Petel, A. Riotto, E.R. Morales, M. Scalisi, O. Sergijenko, C. Unal, V. Vennin. D. Wands
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... more under development

(Non-) Gaussianities (based on peak-theory)

* Abundances: Mass functions and accretion

PBHs from reheating

1 3 13

Models: curvaton, ultra-slowroll, linear Starobinsky...

= Rates close encounters

« Rates/ GWB:

= GWB from Quantum diffusion, PBH mergers,

= Continuous GWSs from PBH inspirals

* First Release (v1) ... around October 2024 !

Thank you!
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Thank you!



Back-up



_PBH formation: thresholds.

Critical amplitudes (thresholds) require

Numerical Relativity simulations.

* Solve GR : non-linear grav. collapse.

 Dependence on:

- medium & equation of state (i.e. fluid pressur

- profile shape of the perturbation _
(incl. deviations from non-gaussian statistics) -

June 2024
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_PBH formation

My [My)

104 10 10? 10° 10~* 10~ 1071
I T T7 1  E—
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