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Overview

Formation of primordial black holes

Primordial black holes and particle dark matter

Aspects of primordial black holes and gravitational waves

Uncertainties of primordial black-hole constraints



PBH Generalities
Black-hole (BH) formation for              .

Astrophysical: From              down to      , but not lower.

Have a look at the density

To form smaller black holes we need higher density.

Formation at early times; primordial black holes (PBHs).

Compare to 
cosmological density

Masses of primordial black holes:



PBH Formation Mechan%ms

Formation of primordial black holes



http://www.damtp.cam.ac.uk/research/gr/public/cs_top.html

Cosmic string loops

PBH Formation Mechan%ms

Formation of primordial black holes by



Cosmic string loops

PBH Formation Mechan%ms

Formation of primordial black holes

Bubble collisions

by

http://www.damtp.cam.ac.uk/research/gr/public/cs_phase.html



Cosmic string loops

PBH Formation Mechan%ms

Formation of primordial black holes

Pressure reduction

Bubble collisions

by
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Cosmic string loops

PBH Formation Mechan%ms

Formation of primordial black holes

Pressure reduction

Large density perturbations 
of inflationary origin

Bubble collisions
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[Carr 1975]
Simple estimate:

Jeans length
scale of the over density

w > 0
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PBH —Probes of Scales
Probe a huge range of scales:

Planck relics, Extra dimensions and 
higher-dimensional black holes, …

Quantum Gravity:

Early Universe: Baryogenesis, Nucleosynthesis,   
Reionisation, …

High-Energy Physics: Cosmological and galactic gamma-
rays, …

Critical phenomena,                                    
Cold dark matter,                                    
Dynamical effects, Lensing effects,                                    
Gravitational waves,                                    
Black holes in galactic nuclei, …

Gravity:



PBH Con&raints at Formation

[Carr et al. 2010]
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C!tical Collapse

[Musco, Miller, Polnarev 2008]

Usually: Assume 

Critical scaling:
[Choptuik ’93]

horizon mass

density contrast

Radiation domination and for 
spherical Mexician-hat profile:



Critical collapse for non-spherical systems?

C!tical Collapse



Critical collapse for non-spherical systems?

C!tical Collapse
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[Baumgarte & Montero 2015]

Axial symmetry                                          :⇢(r, ✓) ⇠ ⌘ f1(r)
�
1 + ✏ f2(r, ✓)

�
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amplitude of the density

deviations from sphericity



How would this look for monochromatic mass function?

C!tical Collapse

dark-matter fraction

[Carr, FK, Sandstad 2016]
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Horizon mass approximation



How would this look for monochromatic mass function?

C!tical Collapse
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[Carr, FK, Sandstad 2016]

Horizon mass approximation

critical collapse



More Sy&ematic Study

[Green 2016]

axion-curvaton

running-mass



More Sy&ematic Study
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PBH & Pa(icle Dark Ma$er

If PBHs do not constitute the entirety of the dark matter, 
the latter must necessarily contain something else.

One possibility: a combined scenario, e.g. DM = PBHs + Particles

Halo profile does matter; enhancement of    in density spikes.
The annihilation rate             . 

�

� / n2

Let us now study WIMP annihilations in PBH halos:



PBH & Pa(icle Dark Ma$er

Halo profile does matter; enhancement of    in density spikes.
The annihilation rate             . 
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Let us now study WIMP annihilations in PBH halos:



Halo profile does matter; enhancement of    in density spikes.

PBH & Pa(icle Dark Ma$er

The annihilation rate             . 
�

� / n2

1) We derive the density profile of the captured WIMPs,               
2) calculate the annihilation rate, 3) and compare to data:

Let us now study WIMP annihilations in PBH halos:
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[Boucenna, FK, Ohlsson, Visinelli 2018]



PBH & Pa(icle Dark Ma$er

1) We derive the density profile of the captured WIMPs,               
2) calculate the annihilation rate, 3) and compare to data:

The annihilation rate             . � / n2

Halo profile does matter; enhancement of    in density spikes.�

Let us now study WIMP annihilations in PBH halos:
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h�vi = 3⇥ 10�26 cm3/s

[Boucenna, FK, Ohlsson, Visinelli 2018]
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PBH & Pa(icle Dark Ma$er

Let us now study WIMP annihilations in PBH halos:

Halo profile does matter; enhancement of    in density spikes.
1) We derive the density profile of the captured WIMPs,               
2) calculate the annihilation rate, 3) and compare to data:

The annihilation rate             . � / n2

�

[Boucenna, FK, Ohlsson, Visinelli 2018]



PBH & Pa(icle Dark Ma$er
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1) We derive the density profile of the captured WIMPs,               
2) calculate the annihilation rate, 3) and compare to data:

[Boucenna, FK, Ohlsson, Visinelli 2018]
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h�vi = 3⇥ 10�26 cm3/s

PBH & Pa(icle Dark Ma$er

1) We derive the density profile of the captured WIMPs,               
2) calculate the annihilation rate, 3) and compare to data:

[Boucenna, FK, Ohlsson, Visinelli 2018]
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1) We derive the density profile of the captured WIMPs,               
2) calculate the annihilation rate, 3) and compare to data:

[Boucenna, FK, Ohlsson, Visinelli 2018]



PBH & Pa(icle Dark Ma$er

[Boucenna, FK, Ohlsson, Visinelli 2018]



Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.



Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.
Gravitational waves from PBH formation.
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Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.

Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

Gravitational waves from PBH formation.

[Phinney 2001]
critical density

number of events gravitational-wave energy per event

⌦gw ⇡ 1

⇢c c2

Z
dz

N(z)

1 + z
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[Clesse & Garcia-Bellido 2017]

Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.

Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

Gravitational waves from PBH formation.



2) Individual mergers

Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.

Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

Gravitational waves from PBH formation.



2) Individual mergers                             (such as GW150914,(GW151226, ...?)

Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.

Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

Gravitational waves from PBH formation.



2) Individual mergers                             (such as GW150914,(GW151226, ...?)

Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.

Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

Gravitational waves from PBH formation.



Gravitational Waves form PBHs

PHBs can emit gravitational waves in various instances and times.

Gravitational-wave emission from PBH binaries:
1) Stochastic GW background
2) Individual mergers (such as GW150914,(GW151226, ...?)

Gravitational-wave emission from hyperbolic PBH encounters.

[Garcia-Bellido & Nesseris 2017]

Gravitational waves from PBH formation.
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Gravitational Waves form PBHs

Mergers of PBHs in Galactic centres.

Look at regions of high concentration of dark matter.

Adiabatic growth of SMBHs leads to formation of DM spikes.
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Overall merger rate:

[Nishikawa, Kovetz, Kamionkowski, Silk 2017]
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The previous discussion was for mergers of PBHs with themselves.
Investigate GW emission from the PBHs + SMBH system.
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... Mergers?

Have a look at the time scale over which the gravitational-
wave frequency    changes (circular orbits):f
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� = 1
<latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit><latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit><latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit><latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit>

� = 2
<latexit sha1_base64="AFPgzufJD/jnVx/z4l37BW/7tGE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGwVyEgBePEcwDkyX0TibJkJnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSWCG+v7315uY3Nreye/W9jbPzg8Kh6fNE2casoaNBaxbkdomOCKNSy3grUTzVBGgrWi8e3cbz0xbXisHuwkYaHEoeIDTtE66bE7RCmR3JBKr1jyy/4CZJ0EGSlBhnqv+NXtxzSVTFkq0JhO4Cc2nKK2nAo2K3RTwxKkYxyyjqMKJTPhdHHxjFw4pU8GsXalLFmovyemKI2ZyMh1SrQjs+rNxf+8TmoH1XDKVZJapuhy0SAVxMZk/j7pc82oFRNHkGrubiV0hBqpdSEVXAjB6svrpFkpB345uL8q1apZHHk4g3O4hACuoQZ3UIcGUFDwDK/w5hnvxXv3PpatOS+bOYU/8D5/ACt9j+I=</latexit><latexit sha1_base64="AFPgzufJD/jnVx/z4l37BW/7tGE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGwVyEgBePEcwDkyX0TibJkJnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSWCG+v7315uY3Nreye/W9jbPzg8Kh6fNE2casoaNBaxbkdomOCKNSy3grUTzVBGgrWi8e3cbz0xbXisHuwkYaHEoeIDTtE66bE7RCmR3JBKr1jyy/4CZJ0EGSlBhnqv+NXtxzSVTFkq0JhO4Cc2nKK2nAo2K3RTwxKkYxyyjqMKJTPhdHHxjFw4pU8GsXalLFmovyemKI2ZyMh1SrQjs+rNxf+8TmoH1XDKVZJapuhy0SAVxMZk/j7pc82oFRNHkGrubiV0hBqpdSEVXAjB6svrpFkpB345uL8q1apZHHk4g3O4hACuoQZ3UIcGUFDwDK/w5hnvxXv3PpatOS+bOYU/8D5/ACt9j+I=</latexit><latexit sha1_base64="AFPgzufJD/jnVx/z4l37BW/7tGE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGwVyEgBePEcwDkyX0TibJkJnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSWCG+v7315uY3Nreye/W9jbPzg8Kh6fNE2casoaNBaxbkdomOCKNSy3grUTzVBGgrWi8e3cbz0xbXisHuwkYaHEoeIDTtE66bE7RCmR3JBKr1jyy/4CZJ0EGSlBhnqv+NXtxzSVTFkq0JhO4Cc2nKK2nAo2K3RTwxKkYxyyjqMKJTPhdHHxjFw4pU8GsXalLFmovyemKI2ZyMh1SrQjs+rNxf+8TmoH1XDKVZJapuhy0SAVxMZk/j7pc82oFRNHkGrubiV0hBqpdSEVXAjB6svrpFkpB345uL8q1apZHHk4g3O4hACuoQZ3UIcGUFDwDK/w5hnvxXv3PpatOS+bOYU/8D5/ACt9j+I=</latexit><latexit sha1_base64="AFPgzufJD/jnVx/z4l37BW/7tGE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGwVyEgBePEcwDkyX0TibJkJnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSWCG+v7315uY3Nreye/W9jbPzg8Kh6fNE2casoaNBaxbkdomOCKNSy3grUTzVBGgrWi8e3cbz0xbXisHuwkYaHEoeIDTtE66bE7RCmR3JBKr1jyy/4CZJ0EGSlBhnqv+NXtxzSVTFkq0JhO4Cc2nKK2nAo2K3RTwxKkYxyyjqMKJTPhdHHxjFw4pU8GsXalLFmovyemKI2ZyMh1SrQjs+rNxf+8TmoH1XDKVZJapuhy0SAVxMZk/j7pc82oFRNHkGrubiV0hBqpdSEVXAjB6svrpFkpB345uL8q1apZHHk4g3O4hACuoQZ3UIcGUFDwDK/w5hnvxXv3PpatOS+bOYU/8D5/ACt9j+I=</latexit>
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<latexit sha1_base64="uKVB5dKUUyDwvDlSqQmdluZ9H2E="></latexit><latexit sha1_base64="uKVB5dKUUyDwvDlSqQmdluZ9H2E="></latexit><latexit sha1_base64="uKVB5dKUUyDwvDlSqQmdluZ9H2E="></latexit><latexit sha1_base64="uKVB5dKUUyDwvDlSqQmdluZ9H2E="></latexit>
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4� �
<latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit><latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit><latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit><latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit>



Gravitational Waves form PBHs
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<latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit><latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit><latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit><latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit>

� = 1
<latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit><latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit><latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit><latexit sha1_base64="yd6VKmOkQXRD4xgrEsJPDBMR6CI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokNyTolcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKfmP4Q==</latexit>
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<latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit><latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit><latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit><latexit sha1_base64="AELSzOQNVNrdlyi3t3YAfeLs8dE=">AAACHnicbVDLSgMxFM34rPVVdenmYhHcWGZKRV0IRTcuK9oHdIYhk2ba0GRmSDJCGfolbvwVNy4UEVzp35g+BG09EDj3nHu5uSdIOFPatr+shcWl5ZXV3Fp+fWNza7uws9tQcSoJrZOYx7IVYEU5i2hdM81pK5EUi4DTZtC/GvnNeyoVi6M7PUioJ3A3YiEjWBvJL5y4XSwE9jNXCritDeEC3FBiksE5HEMZJjYMM6iY+qfyC0W7ZI8B88SZkiKaouYXPtxOTFJBI004Vqrt2In2Miw1I5wO826qaIJJH3dp29AIC6q8bHzeEA6N0oEwluZFGsbq74kMC6UGIjCdAuuemvVG4n9eO9XhmZexKEk1jchkUZhy0DGMsoIOk5RoPjAEE8nMX4H0sElHm0TzJgRn9uR50iiXHLvk3FSK1ctpHDm0jw7QEXLQKaqia1RDdUTQA3pCL+jVerSerTfrfdK6YE1n9tAfWJ/fq5ufrQ==</latexit>

Make a conservative estimate for the detection prospects with LISA: 
Compute the signal-to-noise ratio (SNR), assuming circular orbits.

[Freese, FK, Matas, Starkman 2018]
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<latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit><latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit><latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit><latexit sha1_base64="Ylds5kd/Fyh/dqSfOgYLLgrRlSY=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzEUIePEYwTwwWULvZJIMmZldZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7okRwY33/21tb39jc2i7sFHf39g8OS0fHTROnmrIGjUWs2xEaJrhiDcutYO1EM5SRYK1ofDvzW09MGx6rBztJWChxqPiAU7ROeuwOUUokN8Tvlcp+xZ+DrJIgJ2XIUe+Vvrr9mKaSKUsFGtMJ/MSGGWrLqWDTYjc1LEE6xiHrOKpQMhNm84un5NwpfTKItStlyVz9PZGhNGYiI9cp0Y7MsjcT//M6qR1Uw4yrJLVM0cWiQSqIjcnsfdLnmlErJo4g1dzdSugINVLrQiq6EILll1dJ87IS+JXg/qpcq+ZxFOAUzuACAriGGtxBHRpAQcEzvMKbZ7wX7937WLSuefnMCfyB9/kDKHWP4A==</latexit>
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[Freese, FK, Matas, Starkman 2018]
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May constraints rely on rather on uncertain, restrictive, simplistic or 
even incorrect assumptions!
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Validity of 
Hawking 
radiation

Accretion 
models 
uncertain

May constraints rely on rather on uncertain, restrictive, simplistic or 
even incorrect assumptions!

Ignores 
"Wave effect"

Assumes a far too 
large DM density in 
globular clusters

Finite 
sources



Con&raints —Words of Caution

May constraints rely on rather on uncertain, restrictive, simplistic or 
even incorrect assumptions!

Clustering

Galactic dark-matter profile
We have to understand better:

Accretion

Velocity distribution

Characteristics of the lensed sources (size, variability, ...)

Composition of "probes" in general

(Hawking radiation)

...



[FK, Sandstad 2017]

Non-Sphe!cal EffectsNon-Sphe!cal Effects



Non-Sphe!cal Effects

Non-Sphericity
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Spherical

Simple estimate:

prolatenessellipticity

spherical threshold

ellipsoidal threshold

As the collapse starts along shortest axis first,
consider collapse of largest enclosed sphere (green curve):

[FK, Sandstad 2016]
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One may wonder how the constraints on the PBH dark-matter fraction 
constrain the primordial power spectrum.

Go back to the constraints at the time of formation:
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These constraints naïvely translate to:
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Take the uncertainty due to non-sphericities into account: 

[Akrami, FK, Sandstad 2017]

critical collapse

non-sphericities



Conclusion

Primordial black holes are very interesting!

A detailed understanding of their formation is crucial.

Combined dark-matter scenarios (e.g. PBHs + WIMPs) 
can offer bright detection prospect.

Most of the primordial black holes constraints rely 
on assumptions whose validity is hard to quantify.

Gravitational-wave signals from the Galactic centre 
may soon confirm the hypothesis that the Dark Matter 
is indeed comprised of primordial black holes.


