
Black holes from the Big Bang 

Inflation and PBHs
Christian Byrnes 
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https://arxiv.org/pdf/1807.06211.pdf 
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What is the Universe made of?  

By eye, we see stars 
and a few planets



12



13



14



15

Fritz Zwicky used galaxy clusters to postulate 
“dunkle materie” in 1933

Coma galaxy cluster By NASA / JPL-Caltech

Vera Rubin measured galaxy rotation 
curves from the 1960s

By Mario De Leo - Own work, CC BY-SA 4.0,  
https://commons.wikimedia.org/w/index.php?curid=74398525 



Cold dark matter
• The evidence includes galaxy rotation curves, galaxy 

cluster velocities and the bullet cluster


• Black holes are cold and dark


• However, the growth of structure from the CMB till today 
proves DM must have formed before the CMB. Does this 
rule out black holes as dark matter? 


• Not if they are primordial!
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By the 1980s nearly all cosmologists accepted the need for dark matter
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Edited from the European Space Observatory 2008



19

https://www.nobelprize.org/prizes/physics/2020/summary/ 
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https://www.space.com/event-horizon-telescope-black-hole-photos-future.html 

The event horizon telescope 

A supermassive black hole in a nearby galaxy



Dark matter might not be a new particle

• The unique alternative in GR are primordial black holes 
(PBHs) 

• The existence of black holes which formed in the early 
universe requires special initial conditions but not new 
physics


• If detected, PBHs would teach us a lot about the early 
universe and inflation


• PBH reviews include: Sasaki et al ’18; Carr & Kuhnel ’20; 
Green & Kavanagh ‘20
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Zel’dovich and Novikov 1967; Hawking 1974; Carr and Hawking 1974 



Black holes
• Three populations have been observed 

1. “Light” BHs with 5-20 M⊙ which formed via stellar collapse 
2. Supermassive BHs 106-1010 M⊙ in galactic centres - formation process 
uncertain 
3. Intermediate mass BHs up to 40 M⊙ detected by LIGO


• BHs can form in the “late” Universe via stellar or gas cloud collapse within 
certain mass ranges. 


• Primordial Black Holes (PBHs) could have also formed in the early Universe 
(during the first second) and may have any mass whatsoever


• PBHs below the Tolman-Oppenheimer-Volkoff neutron star mass limit are of 
special interest (about 2 times the Chandrasekhar mass), since they would be a 
smoking gun for a primordial origin. Those below the Chandrasekhar mass 
would be an even clearer signature.
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Bambi review 2017
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The LIGO events
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• It appears unlikely that more than 1% of the dark matter 
can be made out of LIGO mass PBHs


• But all of the LIGO BHs could be primordial 

• Black holes have no hair, so how can we know?  
Total mass 
Mass ratio 
(Spin, redshift distribution and location)
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LIGO/Virgo - gravitational wave hunters

https://www.ligo.org/public.php 



Gravitational waves - 2017 Nobel prize
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E = mc2
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A new way to “see” the universe 
Black holes and neutron stars have been seen merging



The three merger phases

29



Black hole spin - in isolation favours PBHs 

 
PBHs do not undergo much collapse before formation, small spin expected  
Belczynski et al. `17; Mirbabyi et al `19; De Luca et al `19, Harada et al ’20 + many more

χeff = c
G(m1 + m2)

S1
m1

+ S2
m2

⋅ L a* = c | S |
Gm2 ≤ 1

Model comparison based on spins 
Fernandez & Profumo `19, Garcia-Bellido et al ’20, 
Wong et al 2020 (uses 03a data) 
However, we find that by far the strongest 
constraining power comes from the masses



Has LIGO detected DM PBHs?
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Hall, Gow, CB, 2020: Bayesian comparison



Key ingredients
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• We perform a Bayesian model comparison, where the two models are 
either all black holes are astrophysical or all are primordial


• We marginalise over the PBH merger rate, by assuming a functional form 
of the PBH mass function and then fit the free parameters to the data


• This typically means fitting a peak mass, a width, and an amplitude (fPBH)


• We take broad priors on all parameters 


• For the astrophysical model we take the empirical models A and B from 
LIGO-Virgo 02 results, which captures some key physics such as the 
lower and upper mass cut offs and power law dependence on the upper 
mass and the mass ratio



Varying the PBH mass function width (sigma)
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The “astro” distribution covers a broader range of total masses than sigma=0.3, 
but it still prefers the mass ratio q~1.  A monochromatic mass function is ruled out.

fPBH = 10−2 fPBH = 10−2

total mass mass ratio 

Gow, CB, Hall, Peacock 2019

Wide enough to fit the masses, yet not so wide to stop q~1
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PBHs are better are explaining events with a small mass ratio, but don’t 
naturally explain the upper and lower mass gaps predicted by stellar models

PBHs are more flexible at explaining individual events

Hall, Gow, CB, 2020: Bayesian comparison

Total mass Mass ratio Redshift



Fitting a lognormal mass function
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Many other groups have made similar fits

However, a best fit analysis does not give any 
handle on whether the best fit is also a good fit

Hall, Gow, CB, 2020



Bayesian results
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• Our models are: All mergers are due to PBHs vs all due to stellar BHs


• We use 01/02 data only and carefully use the LIGO sensitivity curve. 


• The Bayesian evidence can be approximated as the likelihood of the 
best fit model * the Occam factor


• Both are important but the Occam factor is prior dependent and more 
controversial


• PBHs are disfavoured by both terms - assuming the “normal” 
lognormal mass function 



37 Hall, Gow, CB, 2020: Bayesian comparison



Is the lognormal mass function correct?

38

For a Dirac-delta function power spectrum Gow, CB, Hall 2020
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These alternatives are a better fit, but still not a good fit compared to the stellar models

The late time PBH capture and merger is also a bad fit

Accretion broadens the mass function at large masses (de Luca et al ’20): => worse fit

Hall, Gow, CB, 2020

Trying hard to fit the data - cutoff or bimodal mass function



LIGO-Virgo conclusion
• Now a consensus that LIGO-Virgo is exclusively or primarily 

seeing astrophysical black holes: Mixed astrophysical + PBH 
models also studied - Bhagwat et al 2020, Hütsi et al 2020


• The BH properties are somewhat unexpected but modelling 
stellar collapse is hard


• Mixed astrophysical + PBH models remain possible


• A sub Chandrasekhar mass compact object would be the 
best evidence and could be seen with the current 
experiments

40
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LIGO & Virgo collaboration



GW searches have been made, with no detections so far.  
The right hand figure shows the distance to which an equal mass merger could 
be detected.

42
Magee et al 2018LIGO & Virgo collaboration 2019

Sub-solar mass GW searches



LIGO-Virgo PBH connection?
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https://www.quantamagazine.org/black-holes-from-the-big-
bang-could-be-the-dark-matter-20200923/?

fbclid=IwAR2GgvelVyYAEkvZTfitIVjAEgwnvTwpgp6TNHfNrtS1
SHin6hX6Gy7L5BY 



PBH formation and 
QCD transition

44



PBH formation
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1. They could form from large 
amplitude density 
perturbations shortly after 
horizon entry


2. Causality prevents collapse 
before horizon entry


3. Approximate 1-to-1 relation 
between horizon entry time, 
horizon length and PBH 
mass

Musco and Miller 2013
equation of state

Collapse threshold



The density profiles are related to the power spectrum shape
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Germani & Musco 2018

The 2-point correlation function of the density “predicts” the density near peaks 
and shows that spherical symmetry is a good approximation  
(BBKS 1986 classic paper, non-spherical effects Kühnel & Sandstad 2016) 
The density profile does not change strongly assuming a smooth peak in the 
primordial power spectrum, independently of the width



A cosmological 
coincidence

• PBHs form quickly due to 
gravitational collapse as soon as 
the relevant scale enters the 
horizon (becomes causal)


• For every given mass, there is a 
corresponding scale and 
temperature during the early 
Universe. QCD transition: t~10-6s, 
T~200MeV, M~1 M , k~107 Mpc-1 


• The horizon mass has grown by 
about 50 orders of magnitude since 
the end of inflation. The QCD phase 
transition occurs during the time 
when LIGO mass PBHs formed.

47



The QCD transition
Strong interactions confine quarks into hadrons and the equation-of-state 
parameter w decreases. Crawford & Schramm `82, Jedamzik `98 

QCD transition: t~10-6 s, T~200 MeV, M~1 M , k~107 Mpc-1 
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Plot by Antony Lewis

Thermal history

e+ e- annihilation

QCD

EW

In terms of PBH production, the QCD transition is the most 
important in standard model physics



The resultant PBH-QCD mass function

The QCD phase transition took place during the time when LIGO mass PBHs would 
have formed. It boosts the formation rate of solar mass PBHs by 2 orders of magnitude  
These are below the Chandrasekhar mass - potential proof of PBHs  
No detection: LIGO & Virgo collaboration 2019, Magee et al 2019

�2
� = 0.003

0.001 0.010 0.100 1 10 100 1000

10-8

10-7

10-6

10-5

10-4

M/M⊙

f

f(M) / M�1/2e
� �2c

2�2
�

50

dashed - w=1/3

CB, Hindmarsh, Young & Hawkins 2018



Varying the primordial perturbations

If the primordial power spectrum is not scale invariant on the relevant 
scales then the mass function changes, but a peak remains

ns � 1 = �0.05 ns � 1 = �0.2
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Observational constraints 

To be discussed on Friday

52



Observational constraints

53
Green and Kavanagh https://arxiv.org/pdf/2007.10722.pdf 

PBHs=All DM

PBHs=1% DM

All DM window Mixed DM window



The uncontroversial PBH=DM window 
“Asteroid” or “LISA” mass range
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Green and Kavanagh https://arxiv.org/pdf/2007.10722.pdf 

PBHs=All DM

PBHs=1% DM

All DM window Mixed DM window

<latexit sha1_base64="3xEyILFe/3xehVmGX92KvqU1cCc="></latexit>

10�16 <
MPBH

M�
< 10�12



Redshift dependent constraints
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Carr & Kuhnel 2020
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Katz et al 2018 “Femtolensing revisited”; see also Sasaki et al 2017 Review
The constraints have shifted and some have disappeared over time Niikura et al `18 
Potential NS destruction constraints via PBH capture was discussed already

“Time dependent” constraints
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This bound was eliminated in 6 days



Constraints on the initial PBH mass fraction
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https://arxiv.org/pdf/2002.12778.pdf 



The initial conditions 
of the universe

59



From very large to very small scales

60



Why can’t we observe small scales?

• We do accurately observe small scales, such as 
our solar system


• However, radiation pressure/chaotic solutions of 
gravitational collapse mean that the memory of 
initial conditions on small scales is erased


• We can measure the primordial perturbations only 
on scales which remain linear today (> 1 Mpc)

61



Current power spectrum constraints

• Featureless power law over 1 decade in scales (or log(2300/30)=4.3 efolds)

Planck 2015  
constraints on inflation 
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A boosted power spectrum
In order for such compact objects to form, the primordial power spectrum 
needs to be boosted by 5 - 7 orders of magnitude above the value observed on 
large scales. Exactly how much depends on the equation of state and whether 
the perturbations are Gaussian

N = log

✓
k

kCMB

◆

10�2

10�9

Young and CB 2015
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Ultra-slow-roll inflation (inflection point)

Canonical single-field slow-roll inflation cannot produce any PBHs

Lots of activity on calculating PBH production from ultra-slow-roll inflation


All such models require two fine tunings: The duration of the inflection point and the 
exponential dependence of fPBH on the resulting amplitude

<latexit sha1_base64="EuqBZARYd7WHLiLmKOsiyy2bhHA=">AAACDXicbVC7SgNBFJ2Nrxhf66OzGYyCjWE3gloGtLARIpgHZGOYndwkQ2Z2l5lZISz5ARt/RZAUitja2/kL9vZOHoUmHrhwOOde7r3HjzhT2nE+rdTc/MLiUno5s7K6tr5hb26VVRhLCiUa8lBWfaKAswBKmmkO1UgCET6Hit89H/qVO5CKhcGN7kVQF6QdsBajRBupYe97F8A18aIO8zgopZjArnObHB33rxqJJwWOeL9hZ52cMwKeJe6EZAs73wP19dQpNuwPrxnSWECgKSdK1Vwn0vWESM0oh37GixVEhHZJG2qGBkSAqiejb/r4wChN3AqlqUDjkfp7IiFCqZ7wTacguqOmvaH4n1eLdeusnrAgijUEdLyoFXOsQzyMBjeZBKp5zxBCJTO3YtohklBtAsyYENzpl2dJOZ9zT3LOtUkjj8ZIo120hw6Ri05RAV2iIiohiu7RI3pGL9aDNbBerbdxa8qazGyjP7DefwDQsJ/L</latexit>
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CB, Cole & Patil 2018



Hybrid inflation

• Hybrid inflation: popular model in which a second stage generates much 
larger small scale perturbations (also highly non-Gaussian) 

65

2nd stage from waterfall field - tachyonic 
instability, non-Gaussian perturbations

1st stage from inflaton field,  
Gaussian perturbations



Growth of perturbations
• Sensitive to steepness of waterfall phase 

• The steeper it is, the quicker inflation ends 

• PBHs constrain the waterfall phase to last less than ~5 efolds of the 50 required

66End of inflation and the smallest scales Observable scales

Steeper waterfall Kawasaki and Tada 2015



Particle production during inflation

This can produce a spike instead, and be tuned to occur at any mass/scale range
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Erfani 2016

Power spectrum without particle production



Generic model building thoughts

• To produce any PBHs, we need to power spectrum to grow 
by ~ 7 orders of magnitude 

• If that happens, we should not use the usual spectral index (+ 
running etc) parametrisations of power spectrum 

• If the spectrum turns blue, we expect the smallest scales to 
form the most PBHs 

• To have a DM candidate other than relics, we instead need a 
localised peak, e.g. transition between two phases of 
inflation, an inflection point, particle production or a phase 
transition 

68



Gravitational wave constraints
• GWs are a potential relic


• At linear order in perturbation theory; scalar, vector and tensor modes decouple


• Second-order tensor perturbations are sourced by scalar perturbations squared


• A large scalar power spectrum will induce GWs

69

f =
csk

2⇡
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Review: Caprini and Figueroa 2018
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<latexit sha1_base64="DOVbwTIx+kz At5gmNJ2nUw0zXfs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICca ORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfBPkXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZVEUcZTuAUzsGHa2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA6E49y</latexit><latexit sha1_base64="DOVbwTIx+kz At5gmNJ2nUw0zXfs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICca ORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfBPkXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZVEUcZTuAUzsGHa2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA6E49y</latexit><latexit sha1_base64="DOVbwTIx+kz At5gmNJ2nUw0zXfs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICca ORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfBPkXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZVEUcZTuAUzsGHa2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA6E49y</latexit><latexit sha1_base64="DOVbwTIx+kz At5gmNJ2nUw0zXfs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICca ORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfBPkXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZVEUcZTuAUzsGHa2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA6E49y</latexit>

10�10M�
<latexit sha1_base64="GmHWXF6Lf36 +0hDxSSiTIU6mmRg=">AAAB+HicbVDLSgMxFM3UV62Pjrp0M1gEN5ZERF0W3LgRKtgHtOOQyWTa0EwyJBmhDv0SNy4UceunuPNvTNtZaOuBC4dz7uXee8KUM20g/HZKK6tr6xvlzcrW9s5u1d3bb2uZKUJbRHKpuiHWlDNBW4YZTrupojgJOe2Eo+up33mkSjMp7s04pX6CB4LFjGBjpcCtIviQnyI4uQ36MpImcGuwDmfwlgkqSA0UaAbuVz+SJEuoMIRj rXsIpsbPsTKMcDqp9DNNU0xGeEB7lgqcUO3ns8Mn3rFVIi+WypYw3kz9PZHjROtxEtrOBJuhXvSm4n9eLzPxlZ8zkWaGCjJfFGfcM9KbpuBFTFFi+NgSTBSzt3pkiBUmxmZVsSGgxZeXSfusjmAd3Z3XGhdFHGVwCI7ACUDgEjTADWiCFiAgA8/gFbw5T86L8+58zFtLTjFzAP7A+fwBYZSSOA==</latexit><latexit sha1_base64="GmHWXF6Lf36 +0hDxSSiTIU6mmRg=">AAAB+HicbVDLSgMxFM3UV62Pjrp0M1gEN5ZERF0W3LgRKtgHtOOQyWTa0EwyJBmhDv0SNy4UceunuPNvTNtZaOuBC4dz7uXee8KUM20g/HZKK6tr6xvlzcrW9s5u1d3bb2uZKUJbRHKpuiHWlDNBW4YZTrupojgJOe2Eo+up33mkSjMp7s04pX6CB4LFjGBjpcCtIviQnyI4uQ36MpImcGuwDmfwlgkqSA0UaAbuVz+SJEuoMIRj rXsIpsbPsTKMcDqp9DNNU0xGeEB7lgqcUO3ns8Mn3rFVIi+WypYw3kz9PZHjROtxEtrOBJuhXvSm4n9eLzPxlZ8zkWaGCjJfFGfcM9KbpuBFTFFi+NgSTBSzt3pkiBUmxmZVsSGgxZeXSfusjmAd3Z3XGhdFHGVwCI7ACUDgEjTADWiCFiAgA8/gFbw5T86L8+58zFtLTjFzAP7A+fwBYZSSOA==</latexit><latexit sha1_base64="GmHWXF6Lf36 +0hDxSSiTIU6mmRg=">AAAB+HicbVDLSgMxFM3UV62Pjrp0M1gEN5ZERF0W3LgRKtgHtOOQyWTa0EwyJBmhDv0SNy4UceunuPNvTNtZaOuBC4dz7uXee8KUM20g/HZKK6tr6xvlzcrW9s5u1d3bb2uZKUJbRHKpuiHWlDNBW4YZTrupojgJOe2Eo+up33mkSjMp7s04pX6CB4LFjGBjpcCtIviQnyI4uQ36MpImcGuwDmfwlgkqSA0UaAbuVz+SJEuoMIRj rXsIpsbPsTKMcDqp9DNNU0xGeEB7lgqcUO3ns8Mn3rFVIi+WypYw3kz9PZHjROtxEtrOBJuhXvSm4n9eLzPxlZ8zkWaGCjJfFGfcM9KbpuBFTFFi+NgSTBSzt3pkiBUmxmZVsSGgxZeXSfusjmAd3Z3XGhdFHGVwCI7ACUDgEjTADWiCFiAgA8/gFbw5T86L8+58zFtLTjFzAP7A+fwBYZSSOA==</latexit><latexit sha1_base64="GmHWXF6Lf36 +0hDxSSiTIU6mmRg=">AAAB+HicbVDLSgMxFM3UV62Pjrp0M1gEN5ZERF0W3LgRKtgHtOOQyWTa0EwyJBmhDv0SNy4UceunuPNvTNtZaOuBC4dz7uXee8KUM20g/HZKK6tr6xvlzcrW9s5u1d3bb2uZKUJbRHKpuiHWlDNBW4YZTrupojgJOe2Eo+up33mkSjMp7s04pX6CB4LFjGBjpcCtIviQnyI4uQ36MpImcGuwDmfwlgkqSA0UaAbuVz+SJEuoMIRj rXsIpsbPsTKMcDqp9DNNU0xGeEB7lgqcUO3ns8Mn3rFVIi+WypYw3kz9PZHjROtxEtrOBJuhXvSm4n9eLzPxlZ8zkWaGCjJfFGfcM9KbpuBFTFFi+NgSTBSzt3pkiBUmxmZVsSGgxZeXSfusjmAd3Z3XGhdFHGVwCI7ACUDgEjTADWiCFiAgA8/gFbw5T86L8+58zFtLTjFzAP7A+fwBYZSSOA==</latexit>

10�18M�
<latexit sha1_base64="OgY38tUVnyG 0RSEyo6UUgAcoqLI=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwY5mIaJcFN26ECvYB7ThkMpk2NJMMSUaoQ7/EjQtF3Pop7vwb03YW2nrgwuGce7n3njDlTBvP+3ZWVtfWNzZLW+Xtnd29irt/0NYyU4S2iORSdUOsKWeCtgwznHZTRXESctoJR9dTv/NIlWZS3JtxSv0EDwSLGcHGSoFbQd5Dfobqk9ugLyNpArfq1bwZ4DJBBamCAs3A/epHkmQJFYZw rHUPeanxc6wMI5xOyv1M0xSTER7QnqUCJ1T7+ezwCTyxSgRjqWwJA2fq74kcJ1qPk9B2JtgM9aI3Ff/zepmJ637ORJoZKsh8UZxxaCScpgAjpigxfGwJJorZWyEZYoWJsVmVbQho8eVl0j6vIa+G7i6qjcsijhI4AsfgFCBwBRrgBjRBCxCQgWfwCt6cJ+fFeXc+5q0rTjFzCP7A+fwBbfSSQA==</latexit><latexit sha1_base64="OgY38tUVnyG 0RSEyo6UUgAcoqLI=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwY5mIaJcFN26ECvYB7ThkMpk2NJMMSUaoQ7/EjQtF3Pop7vwb03YW2nrgwuGce7n3njDlTBvP+3ZWVtfWNzZLW+Xtnd29irt/0NYyU4S2iORSdUOsKWeCtgwznHZTRXESctoJR9dTv/NIlWZS3JtxSv0EDwSLGcHGSoFbQd5Dfobqk9ugLyNpArfq1bwZ4DJBBamCAs3A/epHkmQJFYZw rHUPeanxc6wMI5xOyv1M0xSTER7QnqUCJ1T7+ezwCTyxSgRjqWwJA2fq74kcJ1qPk9B2JtgM9aI3Ff/zepmJ637ORJoZKsh8UZxxaCScpgAjpigxfGwJJorZWyEZYoWJsVmVbQho8eVl0j6vIa+G7i6qjcsijhI4AsfgFCBwBRrgBjRBCxCQgWfwCt6cJ+fFeXc+5q0rTjFzCP7A+fwBbfSSQA==</latexit><latexit sha1_base64="OgY38tUVnyG 0RSEyo6UUgAcoqLI=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwY5mIaJcFN26ECvYB7ThkMpk2NJMMSUaoQ7/EjQtF3Pop7vwb03YW2nrgwuGce7n3njDlTBvP+3ZWVtfWNzZLW+Xtnd29irt/0NYyU4S2iORSdUOsKWeCtgwznHZTRXESctoJR9dTv/NIlWZS3JtxSv0EDwSLGcHGSoFbQd5Dfobqk9ugLyNpArfq1bwZ4DJBBamCAs3A/epHkmQJFYZw rHUPeanxc6wMI5xOyv1M0xSTER7QnqUCJ1T7+ezwCTyxSgRjqWwJA2fq74kcJ1qPk9B2JtgM9aI3Ff/zepmJ637ORJoZKsh8UZxxaCScpgAjpigxfGwJJorZWyEZYoWJsVmVbQho8eVl0j6vIa+G7i6qjcsijhI4AsfgFCBwBRrgBjRBCxCQgWfwCt6cJ+fFeXc+5q0rTjFzCP7A+fwBbfSSQA==</latexit><latexit sha1_base64="OgY38tUVnyG 0RSEyo6UUgAcoqLI=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwY5mIaJcFN26ECvYB7ThkMpk2NJMMSUaoQ7/EjQtF3Pop7vwb03YW2nrgwuGce7n3njDlTBvP+3ZWVtfWNzZLW+Xtnd29irt/0NYyU4S2iORSdUOsKWeCtgwznHZTRXESctoJR9dTv/NIlWZS3JtxSv0EDwSLGcHGSoFbQd5Dfobqk9ugLyNpArfq1bwZ4DJBBamCAs3A/epHkmQJFYZw rHUPeanxc6wMI5xOyv1M0xSTER7QnqUCJ1T7+ezwCTyxSgRjqWwJA2fq74kcJ1qPk9B2JtgM9aI3Ff/zepmJ637ORJoZKsh8UZxxaCScpgAjpigxfGwJJorZWyEZYoWJsVmVbQho8eVl0j6vIa+G7i6qjcsijhI4AsfgFCBwBRrgBjRBCxCQgWfwCt6cJ+fFeXc+5q0rTjFzCP7A+fwBbfSSQA==</latexit>



CMB spectral distortions

• COBE (FIRAS) showed that the CMB is extremely close to 
being a black body with no chemical potential 

• But it can’t be exactly so, must be some deviations on 
smaller scales, eg from energy release into plasma (matter-
photon interactions) 

• Latter is silk damping, effective at small scales 

• Pixie (NASA) or Prism (L class, ESA) are proposed 
missions to measure these distortions 

• Could open up another 7 efolds of inflation to be visible, 
though with nothing like the current CMB precision



The initial conditions of the universe
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QCD scale, LIGO mass range, PBH 
amplitude and NANOGrav  

detection of “something” all meet here

Gow, CB, Cole, Young 2020

LIGO

Red lines - narrow peak 
Blue lines - broader peak

For PBHs



Even things which might 
not exist can matter!
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CMB amplitude

The dashed lines shows the current constraints, the solid lines show 
the “ideal” constraint of zero PBHs inside the observable universe


 

Cole & CB 2017

P⇣ = 2⇥ 10�9
<latexit sha1_base64="2x0jzcneG6ATAHYjsPKraGwoHIo=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgY7gLgloIQRvLCOYDcvHY22ySJXt7x+6cEI+rbfwrNhaK2PoL7Pw3bpIrNPHBwOO9GWbm+ZHgGmz728otLC4tr+RXC2vrG5tbxe2dhg5jRVmdhiJULZ9oJrhkdeAgWCtSjAS+YE1/eDX2m/dMaR7KWxhFrBOQvuQ9TgkYySvuJ25AYECJwLXUcx8YkIuKCzxg2rHvkuPz1CuW7LI9AZ4nTkZKKEPNK3653ZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZUErOrk0xeSfGhUbq4FypTEvBE/T2RkEDrUeCbzvHdetYbi/957Rh6Z52EyygGJul0US8WGEI8zgV3uWIUxMgQQhU3t2I6IIpQMOkVTAjO7MvzpFEpO3bZuTkpVS+zOPJoDx2gI+SgU1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fZ+maDA==</latexit><latexit sha1_base64="2x0jzcneG6ATAHYjsPKraGwoHIo=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgY7gLgloIQRvLCOYDcvHY22ySJXt7x+6cEI+rbfwrNhaK2PoL7Pw3bpIrNPHBwOO9GWbm+ZHgGmz728otLC4tr+RXC2vrG5tbxe2dhg5jRVmdhiJULZ9oJrhkdeAgWCtSjAS+YE1/eDX2m/dMaR7KWxhFrBOQvuQ9TgkYySvuJ25AYECJwLXUcx8YkIuKCzxg2rHvkuPz1CuW7LI9AZ4nTkZKKEPNK3653ZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZUErOrk0xeSfGhUbq4FypTEvBE/T2RkEDrUeCbzvHdetYbi/957Rh6Z52EyygGJul0US8WGEI8zgV3uWIUxMgQQhU3t2I6IIpQMOkVTAjO7MvzpFEpO3bZuTkpVS+zOPJoDx2gI+SgU1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fZ+maDA==</latexit><latexit sha1_base64="2x0jzcneG6ATAHYjsPKraGwoHIo=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgY7gLgloIQRvLCOYDcvHY22ySJXt7x+6cEI+rbfwrNhaK2PoL7Pw3bpIrNPHBwOO9GWbm+ZHgGmz728otLC4tr+RXC2vrG5tbxe2dhg5jRVmdhiJULZ9oJrhkdeAgWCtSjAS+YE1/eDX2m/dMaR7KWxhFrBOQvuQ9TgkYySvuJ25AYECJwLXUcx8YkIuKCzxg2rHvkuPz1CuW7LI9AZ4nTkZKKEPNK3653ZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZUErOrk0xeSfGhUbq4FypTEvBE/T2RkEDrUeCbzvHdetYbi/957Rh6Z52EyygGJul0US8WGEI8zgV3uWIUxMgQQhU3t2I6IIpQMOkVTAjO7MvzpFEpO3bZuTkpVS+zOPJoDx2gI+SgU1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fZ+maDA==</latexit><latexit sha1_base64="2x0jzcneG6ATAHYjsPKraGwoHIo=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgY7gLgloIQRvLCOYDcvHY22ySJXt7x+6cEI+rbfwrNhaK2PoL7Pw3bpIrNPHBwOO9GWbm+ZHgGmz728otLC4tr+RXC2vrG5tbxe2dhg5jRVmdhiJULZ9oJrhkdeAgWCtSjAS+YE1/eDX2m/dMaR7KWxhFrBOQvuQ9TgkYySvuJ25AYECJwLXUcx8YkIuKCzxg2rHvkuPz1CuW7LI9AZ4nTkZKKEPNK3653ZDGAZNABdG67dgRdBKigFPB0oIbaxYROiR91jZUErOrk0xeSfGhUbq4FypTEvBE/T2RkEDrUeCbzvHdetYbi/957Rh6Z52EyygGJul0US8WGEI8zgV3uWIUxMgQQhU3t2I6IIpQMOkVTAjO7MvzpFEpO3bZuTkpVS+zOPJoDx2gI+SgU1RF16iG6oiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8fZ+maDA==</latexit>

P⇣ = 10�2
<latexit sha1_base64="Bd2Rsb+7hD/2zgV8iMOHtOKuPX0=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwY0mKoBuh6MZlBfuAJobJdNIOnTyYmQg1FNz4K25cKOLWn3Dn3zhps9DWAxcO59zLvff4CWdSWda3sbC4tLyyWlorr29sbm2bO7stGaeC0CaJeSw6PpaUs4g2FVOcdhJBcehz2vaHV7nfvqdCsji6VaOEuiHuRyxgBCsteeZ+5oRYDQjmqDH2nAeq8IVt3WUntbFnVqyqNQGaJ3ZBKlCg4ZlfTi8maUgjRTiWsmtbiXIzLBQjnI7LTippgskQ92lX0wiHVLrZ5IcxOtJKDwWx0BUpNFF/T2Q4lHIU+rozP1jOern4n9dNVXDuZixKUkUjMl0UpBypGOWBoB4TlCg+0gQTwfStiAywwETp2Mo6BHv25XnSqlVtq2rfnFbql0UcJTiAQzgGG86gDtfQgCYQeIRneIU348l4Md6Nj2nrglHM7MEfGJ8/+HeXDw==</latexit><latexit sha1_base64="Bd2Rsb+7hD/2zgV8iMOHtOKuPX0=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwY0mKoBuh6MZlBfuAJobJdNIOnTyYmQg1FNz4K25cKOLWn3Dn3zhps9DWAxcO59zLvff4CWdSWda3sbC4tLyyWlorr29sbm2bO7stGaeC0CaJeSw6PpaUs4g2FVOcdhJBcehz2vaHV7nfvqdCsji6VaOEuiHuRyxgBCsteeZ+5oRYDQjmqDH2nAeq8IVt3WUntbFnVqyqNQGaJ3ZBKlCg4ZlfTi8maUgjRTiWsmtbiXIzLBQjnI7LTippgskQ92lX0wiHVLrZ5IcxOtJKDwWx0BUpNFF/T2Q4lHIU+rozP1jOern4n9dNVXDuZixKUkUjMl0UpBypGOWBoB4TlCg+0gQTwfStiAywwETp2Mo6BHv25XnSqlVtq2rfnFbql0UcJTiAQzgGG86gDtfQgCYQeIRneIU348l4Md6Nj2nrglHM7MEfGJ8/+HeXDw==</latexit><latexit sha1_base64="Bd2Rsb+7hD/2zgV8iMOHtOKuPX0=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwY0mKoBuh6MZlBfuAJobJdNIOnTyYmQg1FNz4K25cKOLWn3Dn3zhps9DWAxcO59zLvff4CWdSWda3sbC4tLyyWlorr29sbm2bO7stGaeC0CaJeSw6PpaUs4g2FVOcdhJBcehz2vaHV7nfvqdCsji6VaOEuiHuRyxgBCsteeZ+5oRYDQjmqDH2nAeq8IVt3WUntbFnVqyqNQGaJ3ZBKlCg4ZlfTi8maUgjRTiWsmtbiXIzLBQjnI7LTippgskQ92lX0wiHVLrZ5IcxOtJKDwWx0BUpNFF/T2Q4lHIU+rozP1jOern4n9dNVXDuZixKUkUjMl0UpBypGOWBoB4TlCg+0gQTwfStiAywwETp2Mo6BHv25XnSqlVtq2rfnFbql0UcJTiAQzgGG86gDtfQgCYQeIRneIU348l4Md6Nj2nrglHM7MEfGJ8/+HeXDw==</latexit><latexit sha1_base64="Bd2Rsb+7hD/2zgV8iMOHtOKuPX0=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwY0mKoBuh6MZlBfuAJobJdNIOnTyYmQg1FNz4K25cKOLWn3Dn3zhps9DWAxcO59zLvff4CWdSWda3sbC4tLyyWlorr29sbm2bO7stGaeC0CaJeSw6PpaUs4g2FVOcdhJBcehz2vaHV7nfvqdCsji6VaOEuiHuRyxgBCsteeZ+5oRYDQjmqDH2nAeq8IVt3WUntbFnVqyqNQGaJ3ZBKlCg4ZlfTi8maUgjRTiWsmtbiXIzLBQjnI7LTippgskQ92lX0wiHVLrZ5IcxOtJKDwWx0BUpNFF/T2Q4lHIU+rozP1jOern4n9dNVXDuZixKUkUjMl0UpBypGOWBoB4TlCg+0gQTwfStiAywwETp2Mo6BHv25XnSqlVtq2rfnFbql0UcJTiAQzgGG86gDtfQgCYQeIRneIU348l4Md6Nj2nrglHM7MEfGJ8/+HeXDw==</latexit>

105Mpc�1
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Relics: a nightmare scenario?
• PBHs decaying today would emit Hawking radiation, those 

decaying before BBN are invisible


• Without a theory of quantum gravity we don’t know if they 
evaporate to nothing or leave a Planck mass relic (solves 
information paradox?)


• Arguably this is the most likely PBH DM scenario, since it’s 
“easier” to make the smallest scales amplitude larger and these 
form the lightest PBHs - MacGibbon 1987 

• May be detectable if charged - Lehmann et al 2019
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https://physics.aps.org/articles/v11/48 
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https://www.groundai.com/project/dark-matter-studies-entrain-nuclear-physics/1 

We search under the spotlight  
- no reason to ever expect a DM detection?

Rogers & Peiris 2020

PBHs are a unique candidate in several ways, so worth detecting/excluding

We can at least improve the DM upper mass bound
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https://arxiv.org/pdf/1909.11090.pdf



What if one PBH was detected?

• We would know what some of the DM was (and what it is not 
- next slide)


• It would be the oldest relic detected, predating the primordial 
element abundance generated by BBN


• Other potential relics include: gravitational waves, topological 
defects such as cosmic strings, CMB spectral distortions, 
ultracompact minihalos


• Requires non-trivial inflationary dynamics, perhaps with an 
early-matter-dominated phase and/or topological defects. 
PBH review article: Green 2015
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WIMPs and PBHs are incompatible

• Assuming WIMPs have the 
standard, velocity independent 
cross section which gets the right 
abundance, and MPBH>10-6 Msun.


• If fPBH<1, then another DM 
component is inevitable


• Steep and high density profiles 
form around PBHs (density~ r-9/4). 
WIMPs would rapidly annihilate to 
gamma rays. 


• In contrast to ultracompact 
minihalos without a PBH seed. 
Gosenca et al ’17, Delos et al ‘17 


• A detection of WIMPs or PBHs 
may effectively rule out the 
existence of the other
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Adamek, CB, Gosenca & Hotchkiss 2019;  

Lacki & Beacom 2010; Eroshenko 2016; 
Boucenna, Kühnel, Ohlsson & Visinelli 2017 
The 3 papers above all find different profiles. 
We made the first simulations of this scenario

Steep r-9/4 density profile



Looking forwards
• LIGO/Virgo have many more events to come


• The pulsar timing array (PTA) collaborations will firm up the 
“detection” or reach a sensitivity which rules out PBH generation 
from large amplitude scalar perturbations on LIGO related mass 
scales


• LISA and future ground based detectors will be sensitive to very high 
redshift mergers + better probe of the spins, mass ratio, etc


• Theoretical and numerical work, especially on the merger rate and 
accretion, is required


• The detection of a sub Chandrasekhar mass object is what I hope for
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Future constraints
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Gow, CB, Cole, Young 2020

The PBH lines 
correspond to 

zero PBHs

Cole & CB ‘17



Summary
• PBHs could still form all of the DM, at least in the asteroid mass range


• Mixed DM models are also interesting. Some combinations are ruled 
out.


• It remains possible that some - but not all - of the LIGO Virgo black 
holes were primordial


• Whether or not PBHs exist, the search has taught us about the early 
universe and inflation
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Quanta magazine



Backup slides
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PBHs without boosting the power spectrum
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Unboosted amplitude

Radiation domination constraints

Early matter era ends at t=10-19s

Cole & CB 2017

Without boosting the power spectrum amplitude (or other new physics) the formation of a 
detectable fraction of PBHs decaying during CMB formation may be possible if there was 
an extended early matter dominated era, but typically not more massive PBHs 
See also Harada et al 2016,  Georg & Watson 2017, Carr, Tenkanen & Vaskonen 2017 ++
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108/Mpc
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https://arxiv.org/pdf/2008.13704.pdf 
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The merger rate
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The merger time of a binary

The differential merger rate 

S is a suppression factor

Raidal et al https://arxiv.org/pdf/1812.01930.pdf 



PBH formation comments
• The formation rate is exponentially sensitive to the amplitude of the power spectrum, 

and the collapse threshold


• Inflationary models posit an inflection point (ultra-slow-roll inflation) or other feature 


• The power spectrum can’t grow faster than about k4 (in canonical single-field 
inflation), impacts the constraints. Byrnes, Cole & Patil ’18; Carrilho, Malik & Mulryne 
’19 

• PBHs are very rare - very sensitive to non-Gaussianity


• The formation criteria depends on the density profile. Many spherically symmetric 
simulations exist, e.g. Niemeyer & Jedamjik, Musco & Miller, Harada ++, Nakama ++…


• Extensive recent analytic work has been done to relate the power spectrum to PBH 
formation rate at, but (at least) an order unity uncertainty remains (= tens of orders of 
magnitude in terms of the formation rate). Germani & Musco '17, Yoo et al ‘17, 
Kawasaki & Nakatsuka ‘19, de Luca et al ‘19, Young et al ‘19, Young ‘19, Kalaja et al 
‘19
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PBH abundance is exponentially 
sensitive to non-Gaussianity

Young & CB 2013

P⇣ = 10�2

Local non-Gaussianity
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Following Raidal et al 2019 we consider 
a log-normal mass function with “central 

mass” mc=20  and sigma=0.6


We match the expected astrophysical 
merger rate when about 1% of DM is in 

PBHs


The intrinsic BH merger rate estimated 
by LIGO assumes a mass function. We 
calculate the observed merger rate in 

order to avoid this assumption


Despite knowing the number density of 
binary stars, the “astro” prediction is 

very uncertain 


The astrophysical line in the plots is 
always based on Gerosa et al 2019

M⊙

Gow, CB, Hall, Peacock 2019
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The PBH merger rate places the tightest constraint

Haimoud et al 2017

• Caveats:


1. Assumes a monochromatic mass 
spectrum. Extended by Chen & 
Huang ’18, Raidal et al ’18 ++


2. Assumes PBHs are randomly placed 
initially, true if Gaussian initial 
conditions. Clustering does not help 
Bringmann et al ’18, Young & CB ‘19 


3. Assumes BH binaries are not 
disrupted. Recently tested to 
z~1000 by simulations (Raidal et al 
’18) and even disrupted PBHs can 
merge Vaskonen & Veermäe ‘19


4. Neglects DM halo formation around 
the BHs. Not a big effect overall 
Kavanagh, Gaggero & Bertone ‘18


