Clms+6r5 of
Primodial .
Black Holas

Dawn GW Cosmology Benasque 9™ May 25

al Juan Garcia-Bellido
T T . o IFT-UAM/CSIC



Outlive

Fundamental Physics and PBH:
- Critical Higgs Inflation
- Quantum Diffusion and PNG tails

PBH cluster dynamics:

- Bivary parameter distributions
- Spin induction in dewse clusters

Observational Evidences:
- Gravitational Waves (GWTC-3)
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. The resulting density inhomogeneities lead to a copious production of black holes.

quantum fluctuations at the time cotresponding to the phase transition between the two inflationary stazes can

for certain values of parameters these black holes
may constitute the dark matter in the Universe.

hese models can be made extremely small, but 1n general it could be sufhciently large to have important
cosmological and astrophysical implications. In particular, for certain values of parameters these black holes
may constitute the dark matter in the Umverse. It 1s also pomf
inflation where the black hole production 15 not suppressed, but where the typical masses of the black holes are

very small. Such models lead to a completely different thermal history of the Universe, where postinflationary
reheating occurs via black hole evaporation. [S0556-2821(96)00522-X]
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Steven Weinberg

“our problem is not that we
take our theories too seriously,

but that we
don't take them seriously enough”
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In this paper we present a new scenario where massive primordial black holes (PBHs) are produced from
the collapse of large curvature perturbations generated during a mild-waterfall phase of hybrid inflation. We
determine the values of the inflaton potential parameters leading to a PBH mass spectrum peaking on
planetarylike masses at matter-radiation equality and producing abundances comparable to those of dark
matter today, while the matter power spectrum on scales probed by cosmic microwave background (CMB)
anisotropies agrees with Planck data. These PBHs could have acquired large stellar masses today, via
merging, and the model passes both the constraints from CMB distortions and microlensing. This scenario
is supported by Chandra observations of numerous BH candidates in the central region of Andromeda.
Moreover,_the tail of the PEH m diziribution could be respopsible for the seeds g i jve b

oles at the center of galaxies, as well as for ultraluminous x-ray sources. We find that our effective hybrid

These PBHs could have acquired large stellar masses today, via merging,
the model passes both the constraints from CMB distortions and microlensing.

the tail of the PBH mass distribution could be responsible for the seeds of supermassive

black holes at the center of galaxies, as well as for ultraluminous x-ray sources.
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Moreover, PBH binaries should emit gravitational waves

that could be detected by future gravitational wave experi-
ments such as LIGO, DECIGO and eLISA [70,71].

Binaries of

PBHs forming a fraction of dark matter should emit

gravitational waves; this results 1n a background of gravi-
tational waves that could be observed by LIGO, DECIGO

and eLISA [70-72].
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logP (k) Sivgle Field Tuflatiow
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Higgs quartic coupling A(u)

Revormalization of Higas couplings

Ezquiaga, JGB, Ruiz [1705.04861] °"
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Critical Hings Twflation
Ezquiaga, JGB, Ruiz Morales [1705.04861]

s=[ a7 | (5 + S226° ) R - 500 — 206"

A¢) = o+ baln®(¢/p) ,

Juv — hm/ — (1 -+ £¢2)gm/
§(d) = So+beln(o/p) ,

dp _ITE@) F T 6F (E@) T 68(9)/2)
de 1+ &(9) ¢°

Vo (14 aln®z)a?
(I4+c(1+blnz)x?)?

V(.’L‘) = r = ¢/p

VO — )\OlL4/4, a = b)\/)\o, b= bg/gg and ¢ = &0 ﬁQy,Q
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Twflation

JGB [1702.08275]
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Extended Mass Function of PBH

JGB, Clesse [1501.07565] G

Cc ~ 0.5

MPBH ~ 30 M@ 62(N_36)

& @)

BT (My) = ) P (Cr) dC

\/m) , Gaussian statistics ,
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wWhat about clusters of PBH?

* Monochromatic (m)
« Uniformly distributed
« (Gaussian statistics

« Broad range of masses
* PBH in dense clusters
 Non-Gaussian tails

JGB [1702.08275]



Stochastic 8N - forwmalism

Coarse-grained curvature perturbation

ds® = —dt* + a* (t)ezdt’x)&jdﬂ?idafj Ceg (X) = ONeg (x) = N (x]) — (V)
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_OZ (6) " Ezquiaga, JGB, Vennin [1912.05399]
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Quantum Piffusion © CMB & LSS

Ezquiaga, JGB, Vennin [2207.06317] Elliptic Functions
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Quantum Piffusion © CMB & LSS
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PBH clusters explain the cumply
Nature of “Little Red Dots”

Tanaka et al. [2410.00104]

0.5-2 keV

Fig. 1. Three-color (JWST/NIRCam F277W, F150W, and F115W for RGB) image and separate filter images of CID-931. The slit position of Keck-
[I/DEIMOS observation is shown by the white lines. Note that the Chandra 0.5-2 keV image has a different cutout size (6’ x 6’") due to a much lower pixel
scale (0!/'984/pixel) than the HST and JWST images (3" x 3" cutout with the pixel scale of 0!'03/pixel). Yellow bars in right panels indicate the position
of the red core.




Cl
nsters from Quantum Diffusion

2-pt distributi
ution functi
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PBH and Stochastic Tuflatiov

A. Linde (1994)
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Spatial Distribution PBH

 Monochromatic
« Uniformly distributed

X

« Broad range of masses

 PBH in dense cl

JGB [1702.08275]
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Cluster Dynamics

Twitial conditions

Binary parameter distributions
Hierarchical mergers (w/ kicks)
Werger rates

Spiv induction



Cluster Dynamics

J.F. Nuno Siles, JGB [2405.06391]

Logworimal mass distribution
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https://github.com/nbody6ppgpu/Nbody6PPGPU-beijing/tree/dev

Multiple simulations

J.F. Nuno Siles, JGB [2405.06391]
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Cluster Dynamics

Clusters expand with time while core radins
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Cluster Dynamics

J.F. Nuno Siles, JGB [2405.06391]

All the clusters are metastable or e [ ME&A G050, 215} | 58
directly unstable, that is, they 1
dissolved n a time comparable with — T°°
the age of the Universe or ; i
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=i
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the mass ratio distribution of the g G2 B m 7= B

Time [Cyr] Time[Gyr]
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BHs remaining in clusters within 13.6 Gyr




Clms+6r Dynamics

Trashorras, JGB, Nesseris [2006.15018]




Nescapers

Nescapers

Distribution of escapers
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IMF / Binaries
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Binary escapers

JFN+JGB [2405.06391]

- The laraer the initial N, the
harder the binary needs to be
To escape.

- Mainly highly eccentric (at
birthh) binaries coalesce in a
Hubble +ime.

- Most binaries would not have — 10°
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{50,7.0,03 of the
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umiverse.
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Binary escapers

Numbers increase with x> 7 M&A
initial density but ratio  os- 7 g A S
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BBH merger rates

In-cluster merger rate Escapers merger rate
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BBH merger masses
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BBH merger kicks
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BBH vnerger eccent.’s

Redshlft
10 2 0
GW searches assume 10- ' ' ,
quasi-circular approx.
How good is this
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Inspirals vs scatterings

00000 o) o Jaraba, JGB [2106.01436]
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Inspirals vs scatterings
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Spiv induction in devise clusters

Spin acduired at periastrow, during W emission.

Characterized by Kerr parameter a.
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Spiv induction in devise clusters

Highest spiv is induced in most massive black hole. g = wm,/m, < 1.
Spiv induction is enhavced for the massive black hole when ¢ << 1.
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Observational evidence for primordial black holes

Carr, Clesse, JGB, Hawkins, Kihnel [2306.03903]
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Observational evidence for primordial black holes
Carr, Clesse, JGB, Hawkins, Kihnel [2306.03903]
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Primary and secondary masses

Binary black hole

o GWTC-3 (2022)
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Are LLGO/Nirgo BH Primordial?

Binary black hole
3e+2 inary neutron star
i GWTC-3 (2022)
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Are LLGO/Nirgo BH Primordial?

Binary black hole
3e+2 Binary neutron star

GWTC-3 (2022)
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Are LLGO/Nirgo BH Primordial?

Secondary mass (M®)
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Are LLGO/Nirgo BH Primordial?

Secondary mass (M®)
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Are LLGO/Nirgo BH Primordial?

Clesse, JGB [2007.06481]
Escriva, Bagui, Clesse [2209.061906]
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Final spin

Effective and Final Spin

GWTC-3 (2022)
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Effective and Final Spin

JGB Nuno Slles Rmz Morales [2010 13811]
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Spin distributions GWTC-3
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Spin distributions GWTC-3

— Primarjr BH
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Hussain et al. [2411.02252]
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Are there PBH in LIGONirgo?

Morras et al. [2301.11619]
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Are there PBH in LIGONirgo?

Prunier et al. [2311.16085]
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BBH seusitivity n future G2 GW

Binary black holes
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The future of GW (G3)

Detection horizon for black-hole binaries
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Covclusions

Quantum diffusion inevitably generates PBH

Thermal history predicts PBH with multimodal mass
distribution ~107%, 1,100, 10° M, (1070 W, also?)

The predicted PBH spin and mass distribution

has been measured by LTGO/Nirao + OGLE/Gaia
arond 1-100 W, (features: peak & platean)

Other peaks could be explored with microlensivg of stars
PBH scevario can explaiv varions coswmic conuvdra (LSS)
Paradigm shift v Structure Formation of the Uviverse

Very rich phevomenclogy: multi-scale, multi-epoch, munlti-
probe => Future (33 detectors (ET, CE, LISA)
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