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Dark Matter and Primordial Black Holes
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Thanks Katy!



Outline

e Introduction on Primordial Black Holes (PBHs)

e How can LISA search for and constrain PBH?

part 1 part 11

G Ws and PBH formation PBH mergers

e Open questions?



Introduction



Primordial BHs
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PBH formation timeline
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PBH formation

Density perturbations

Horizon 5

Radiation domination ‘ Redshzf t— ’

~ 1019

Formation criterion for horizon-crossing perturbations:

§ > 6. (= 0.5)

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

PBH

Density contrast o.

Threshold dependence on the statistical properties of curvature perturbations
Musco, De Luca, GF, Riotto PRD (2020), ...



Small scales - Large amplitude

PBH mass
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PBH abundance: frpy

Constraints on the PBH abundance
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PBH mass: Mppy|Mg)

e.g. review: Carr et al [2002.12778|



Constraints on the PBH abundance

PBH abundance: frpy

108 = Monochroi®atic
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part I: Induced G Ws



G Ws at second order

Acquaviva et al. (2002), Mollerach et al. (2003), Ananda et al (2006), Baumann et al. (2007),
Ando et al (2018), Espinosa et al (2018), Khori et al (2018), ...

The same curvature perturbations giving rise to PBHs are

unavoidably a source for GWs ,
) : e
h;/g + 27'”% — vzhij ~ S;; (CC) h NAARAAARK
\ ) \
"

Since perturbations are large, they generate a sizeable SGWB at horizon re-entry

Potentially observable at current and future GW observatories (LIGO, Virgo, LISA,...)

Livingston Hanford




Emassion

Emission takes place near Hubble crossing time

T

Scales Hubblelcrossing Ry,=1/H

Super-Hubble scales
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' Sub-Hubble scales
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» Time

The emitted GWs reach us redshifted as radiation: Pgw "~ CL—4
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The energy density of GWs 1s given by P %\T‘%I / C
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the time average over several cycles
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The characteristic frequency of the GWs

18 stmailar to the frequency of the scalar
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perturbations, related to the PBH mass
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Test the unconstrained mass range with LISA
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Characterisation of the SGWB: spectrum

Power spectrum of GWs: L=~ C
S Y h / N h
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Characterisation of the SGWB: NGs at emission

Bispectrum of GWs: h
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Characterisation of the SGWB: propagation

N\

Initial coherent emission

Inflation

Emission patches

Observer

Phase shift

GWs following different geodesics in the perturbed universe

This gives rise to a loss of coherence due to perturbation effects



Characterisation of the SGWB: NGs suppressed today
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(similar to Shapiro time-delay)

v

e Power spectrum: unaffected

(the PS is basically proportional to the energy density)

e Bispectrum: hugely suppressed
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Characterisation of the SGWB: local NGs

Can we detect local NGs of curvature perturbations?

Cna(T) = C(T) + Fa (D) = (C(8)))

Pi, Sasaki [2112.12680)

J e Fni; >0 suppresses the signal

e Smoothing of the high-peak
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Result for very narrow PS .
see also: Sasaki+ 2018, Unal 2018, ...
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Abundance scales exponentially with the power spectrum *

To constrain the PBH abundance fPBH :

\ 1) threshold; ii) statistics of peaks with NGs corrections;

—

e.g. constraints from PTAs...
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Did we rule out existence of asteroidal mass PBH?
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What about alternative formation scenarios?

Farly Matter dominated era: smaller threshold for collapse.
Dalianis, Kouvaris [2012.09255]
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part 11: PBH mergers



The PBH timeline
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(One may also form binaries in the late time universe)



PBH: masses and spins

e Mass distribution depends on the curvature spectrum and
statistical properties:

- Theoretical expectations:
i) No gaps in the mass distribution

1) Minimum width due to critical collapse
(effect of thermal features around QCD epoch...)

Extreme peaks =1 close to spherical symmetry Bardeen+ (1986)

Small torques on the collapsing radiation overdensity
De Luca, Desjacques, GF, Malhotra, Riotto JCAP (2019)
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PBH Clustering

In the standard scenario, PBHs are not clustered at formation
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Tada & Yokoyama (2015), Young & Byrnes (2015)...

For gaussian perturbations:

0] ~ V/J(RPBH/Rd)QC(kd) < 1

To generate initial clustering, need local NG at the charecteristic PBH distance scale



PBH Clustering evolution

2z 2~ 100 Inman, Ali-Haimoud PRD (2019)

Shot noise drives early structure
formation, depending on fopy

PBHs 1solated for:

fopn < z-1074

PBH small scale properties well described by Press-Schechter theory
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See also De Luca,GF+ [2009.04731]



PBH binary properties

e Initial spatial Poisson distribution

e Random decoupling of binary systems
Jrom the Hubble flow Nakamura (1997)

9 eee

e Binary formation happening before matter-
radiation equality

e The distribution of initial semi-major axis
and eccentricity determaines the merger rate

(Peters’ time-scale tow x a*(1— e2)7/2)

Inatial large eccentricity... ...lost before entering LVK band
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Merger rate

Nakamura+ (1997), ...
e Decoupling of binary systems from Hubble flow

Ali-Haimoud+(2017), Raidal+ (2018), ...

e The abundance sets the merger rate: R fﬁBH

e S - — - _—

astro from Ng et al. (2020)
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Future gravitational wave horizon
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Detectable mergers from narrow
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The role of accretion

De Luca, GF, Pani, Riotto PRD (2020)
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The role of accretion

De Luca, GF, Pani, Riotto PRD (2020)

| , o Accretion shifts early Late-time
CMB anisotropies ) ) :
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Bonus slide (straight from the google doc)

Q2. Can the memory effect be used to detect subsolar (;-);imordial) black holes with LISA?

No, unfortunately.
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Testing Primordial Black Hole as Dark matter with LISA

' SGWB vs PBH formation

e Do we control PBH formation systematics well enough?

e Can alternative formation scenario evade LISA constraint? |

| PBH mergers

e Can we reduce uncertainties in the PBH accretion model?

| eCan PBH be the seeds for SMIBHs and comply to bounds?

(Clustering? FMRIs rates? ...

Fundamental physics with LISA
Brussels, 26-28 April 2022






