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Formation & constraints

Many models in the literature, e.g.: 
From extended inflation models (Hybrid, curvaton, multi-field …) 

Garcia-Bellido et al.,  PRD54, pp. 6040–6058, 1996; Bugaev et al., PRD85,p. 103504, 2012;  
Kohri et al., PRD87, no. 10, p. 103527, 2013; Kawaski et al.,  PRD94, no. 8, p. 083523, 2016; and many more…

1st and 2nd order phase transitions can lower the threshold 
Jedamzik& Nemeyer, PRD59, p. 124014, 1999; Rubin et al., JETP, vol. 91, pp. 921–929, 2001     

Credit: Sebastien Clesse
PBH are created by large density  
contrast in the early universe 
when they re-enter the Horizon.

Carr&Hawking, MNRAS, 1974  
Carr, ApJ., 1975

PBH formation
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Formation & constraints

Many models in the literature, e.g.: 
From extended inflation models (Hybrid, curvaton, multi-field …) 

Garcia-Bellido et al.,  PRD54, pp. 6040–6058, 1996; Bugaev et al., PRD85,p. 103504, 2012;  
Kohri et al., PRD87, no. 10, p. 103527, 2013; Kawaski et al.,  PRD94, no. 8, p. 083523, 2016; and many more…

1st and 2nd order phase transitions can lower the threshold 
Jedamzik& Nemeyer, PRD59, p. 124014, 1999; Rubin et al., JETP, vol. 91, pp. 921–929, 2001     

Credit: Sebastien Clesse

𝜻c = threshold for formation ≈ 1. 
Harada et al., 1309.4201

PBH are created by large density  
contrast in the early universe 
when they re-enter the Horizon.

Carr&Hawking, MNRAS, 1974  
Carr, ApJ., 1975

PBH formation

Masse ≈ matter in the Horizon.

Small scales (i.e. small masses) 
enter first.
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Do not emit light; 

Non-relativistic; 

Nearly collisionless; 

Formed before BBN; 

They can be probed in many ways!  

They are subjects to many observational constraints …

PBHs are great DM candidates

MACHOs or WIMPs ??

Formation & constraints
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LIGO/Caltech/MIT/Sonoma State (Aurore Simonnet)

Surprisingly high masses: 
Stellar population peaks below 15 M☉ 
« A new population of black holes »  

Merging rate:14-158 Gpc-3 yr-1 

Compatible with a population  
of PBH making the Dark Matter!  

           S. Bird et al., 1603.00464  
          S. Clesse&J. Garcia-Bellido, 1603.05234      
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X Ray studies

Could Ligo have detected Dark Matter?

Formation & constraints

http://ligo.caltech.edu
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This claim is model dependent.  
 It could be too low...  
                                    M. Sasaki et al., 1603.08338  

http://ligo.caltech.edu
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Merging rate:14-158 Gpc-3 yr-1 

Compatible with a population  
of PBH making the Dark Matter!  
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PBH & the CMB

Impact of the peculiar power spectrum: 
Enhanced adiabatic primordial power spectrum  
=> CMB spectral distortions. 

Chluba et al., ApJ. 758 (2012) 76
Kohri et al., PRD90 (2014) no.8, 083514   

Iso-curvature modes further enhanced by non-gaussianity  
=> CMB anisotropies / Large Scale Structures.  

Afshordi et al., ApJ. 594 (2003) L71-L74 
Chisholm, PRD73 (2006) 083504

Young&Byrnes, JCAP 1504 (2015) no.04, 034 

Formation & constraints
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Kohri et al., PRD90 (2014) no.8, 083514   

Iso-curvature modes further enhanced by non-gaussianity  
=> CMB anisotropies / Large Scale Structures.  

Afshordi et al., ApJ. 594 (2003) L71-L74 
Chisholm, PRD73 (2006) 083504

Young&Byrnes, JCAP 1504 (2015) no.04, 034 

Impact of the PBHs: 
PBH of small masses can evaporate into SM particles. 

Hawking, Nature 248 (1974) 30-31
Carr et al., PRD81 (2010) 104019   

PBH of high masses can accrete matter, leading to photon emission. 
Ricotti et al., ApJ. 680 (2008) 829

Ali-Haimoud&Kamionkowski,  PRD95 (2017) no.4, 043534    

Formation & constraints
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Impact of the peculiar power spectrum: 
Enhanced adiabatic primordial power spectrum  
=> CMB spectral distortions. 

Chluba et al., ApJ. 758 (2012) 76
Kohri et al., PRD90 (2014) no.8, 083514   

Iso-curvature modes further enhanced by non-gaussianity  
=> CMB anisotropies / Large Scale Structures.  

Afshordi et al., ApJ. 594 (2003) L71-L74 
Chisholm, PRD73 (2006) 083504

Young&Byrnes, JCAP 1504 (2015) no.04, 034 

Impact of the PBHs: 
PBH of small masses can evaporate into SM particles. 

Hawking, Nature 248 (1974) 30-31
Carr et al., PRD81 (2010) 104019   

PBH of high masses can accrete matter, leading to photon emission. 
Ricotti et al., ApJ. 680 (2008) 829

Ali-Haimoud&Kamionkowski,  PRD95 (2017) no.4, 043534    

We revisit evaporation and accretion with an improved treatment 
==> leads to stronger & more realistic constraints

Formation & constraints
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Slatyer 2015, arXiv:1506.03812 

http://arxiv.org/abs/arXiv:1506.03812
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  is the key quantity, it encodes: 

What fraction of the injected energy is left to interact with the IGM 
How this is energy is distributed among each channel: ’heat’, ‘ionization’, ‘excitation’

fc(z, xe)

CMB constraints

Slatyer 2015, arXiv:1506.03812 

http://arxiv.org/abs/arXiv:1506.03812
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Essential on PBH accretion

Problematic of accretion onto a point mass M is old: seminal papers focused on  
accretion by star in an infinite gas cloud. 

Hoyle & Lyttleton, 1939, 1940; Bondy & Hoyle 1944;  Bondi 1952

Famous result by Bondi derived in the context of spherical accretion

CMB constraints
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Essential on PBH accretion

 λ ≈ 1: accretion eigenvalue. Take into account gas pressure, interaction with CMB…

Problematic of accretion onto a point mass M is old: seminal papers focused on  
accretion by star in an infinite gas cloud. 

Hoyle & Lyttleton, 1939, 1940; Bondy & Hoyle 1944;  Bondi 1952

Famous result by Bondi derived in the context of spherical accretion

This is a « geometrical » result ! Area of an accreting sphere of radius rHB = GM/veff2 

what is veff ? No exact calculation exists… Proxy:

Sound speed in the gas Relative velocity between gas & BH

The accreted matter gets heated TS ≈ 109-1011K: bremsstrahlung emission.
L = ✏ṀHBc

2 L⌫ / ⌫�0.5
exp(�⌫/Ts) Shapiro 1973, 1974

This formalism is applied to disk accretion with appropriate values: 
 

✏ ' 10�3 � 10�5Ṁ/Ṁedd

✏ ' 10�1 � 10�3Ṁ/Ṁedd� ' 10�1 � 10�2 Review: Narayan&Yuan 2014 

CMB constraints
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Current constraints on accreting PBH

Until now: CMB constraints obtained with this formalism, assuming spherical  
accretion holds.  

Exercice is thus to compute the right vrel, λ and ϵ. 

Ricotti et al, 2007: PBH as 100% of the DM with masses M > 0.1M☉ are excluded! 

But wrong vrel and ϵ… Ali-Haimoud & Kamionkowski: M > 100M☉ (conservative case).
Ali-Haimoud&Kamionkowski, PRD95, no. 4, p. 043534, 2017. 

Ricotti et al., ApJ., vol. 680, p. 829, 2008. 

CMB constraints
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Current constraints on accreting PBH

Until now: CMB constraints obtained with this formalism, assuming spherical  
accretion holds.  

Exercice is thus to compute the right vrel, λ and ϵ. 

Ricotti et al, 2007: PBH as 100% of the DM with masses M > 0.1M☉ are excluded! 

But wrong vrel and ϵ… Ali-Haimoud & Kamionkowski: M > 100M☉ (conservative case).

Is spherical accretion a good approximation ??

If the accreted gas has a high angular momentum, it cannot fall straight onto the BH.  

Energy is dissipated but angular momentum is conserved ==> Accretion disk forms. 

How high should be the angular momentum?   
=> Keplerian angular momentum for a rotation around the BH at a distance rD.

Ali-Haimoud&Kamionkowski, PRD95, no. 4, p. 043534, 2017. 

Ricotti et al., ApJ., vol. 680, p. 829, 2008. 

Shapiro&Lightman 1976; Ipser&Price 1977; Ruffert 1999; Agol&Kamionkowski 2002

CMB constraints
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Now the (specific) angular momentum is simply

Density gradients perp. to the BH motion Typical velocity dispersion on small scales

Squeezing spherical cows Moo

CMB constraints
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Squeezing spherical cows

We find that the radius of the disk rD >> rS if:

�⇢

⇢

����
k⇠r�1

BH

� 10�4

This is easily satisfied because of the enhanced power spectrum on small scales!  
At z=1000, kNL ≈ 103Mpc-1 << kBH ≈ 105Mpc-1

Moo

CMB constraints

Afshordi et al., ApJ. 594 (2003) L71-L74 
Gong&Kitajima,  1704.04132 
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This is easily satisfied because of the enhanced power spectrum on small scales!  
At z=1000, kNL ≈ 103Mpc-1 << kBH ≈ 105Mpc-1

No exact computation possible because of non-linearity, but this is always true for 
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Now the (specific) angular momentum is simply

Density gradients perp. to the BH motion Typical velocity dispersion on small scales

Squeezing spherical cows

We find that the radius of the disk rD >> rS if:

�⇢

⇢

����
k⇠r�1

BH

� 10�4

This is easily satisfied because of the enhanced power spectrum on small scales!  
At z=1000, kNL ≈ 103Mpc-1 << kBH ≈ 105Mpc-1

No exact computation possible because of non-linearity, but this is always true for 
binary BH.

Although spherical accretion leads to conservative constraints, in the early 
universe, it seems unrealistic!

Moo

CMB constraints

Afshordi et al., ApJ. 594 (2003) L71-L74 
Gong&Kitajima,  1704.04132 
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Optimistic: Thin Disk, high radiative efficiency, leads to the strongest constraints. 
Caveat: never observed, probably not realise in nature.                  Shakura & Sunyaev 1973

What disk forms?
Review: Narayan&Yuan 2014 

CMB constraints
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Caveat: never observed, probably not realise in nature.                  Shakura & Sunyaev 1973

What disk forms?

More realistic and conservative: Thick disk with inefficient cooling — ADAF  
    (Advection Dominated Accretion Flow). 

Results of numerical simulations confirmed by observations! 
Relatively low radiative efficiency and accretion rate. 

Review: Narayan&Yuan 2014 

Ichimaru 1977,  Narayan&Yi 1994

Xie&Yuan 2012
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Ṁ
c2 /

(1
0
⇥

L E
dd

)

Spherical accretion
lADAF = 10�2 (benchmark)

30 M�
1000 M�

Spherical accretion
lADAF = 10�2 (benchmark)

102 103

redshift z

10�11

10�10

10�9

10�8

10�7

10�6

10�5

10�4

l=
L/

L E
dd

Maximum sensitivity

MPBH = 30 M� lADAF = 10�2

Spherical accretion
ADAF benchmark
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More realistic and conservative: Thick disk with inefficient cooling — ADAF  
    (Advection Dominated Accretion Flow). 

Results of numerical simulations confirmed by observations! 
Relatively low radiative efficiency and accretion rate. 

Review: Narayan&Yuan 2014 

Ichimaru 1977,  Narayan&Yi 1994

Xie&Yuan 2012

CMB constraints
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Energy deposition function

Power law shape up to 100 keV energies from synchrotron and bremsstrahlung. 
Depend on PBH mass and accretion rate. Review: Narayan&Yuan 2014 

Delayed recombination, higher freeze-out plateau, early reionization

CMB constraints
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Impact on the CMB power spectra

Delayed recombination: shift peaks and damping tail enhanced. 
Early reionization: step-like suppression and reionization bump enhanced.

V.P, J. Lesgourgues and P. Serpico
JCAP 1703 (2017) no.03, 043

Accreting PBHCMB constraints
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Accretion constraints

Spherical accretion [57]

Disk accretion with ve↵ = cs,1

Disk accretion with ve↵ =
p

cs,1hv2
Li1/2

Other constraints

Micro-lensing [38]

Radio [47]

Dynamical heating of star cluster [40]

Other constraints

Micro-lensing [38]

Radio [47]

Dynamical heating of star cluster [40]

13

Constraints on disk-accreting PBH

We find constraints from two to three orders of magnitude stronger. 
Main uncertainty: relative velocities between PBH and baryons. 
Could be improved thanks to better understanding of PBH/baryons structures.

VP, P. Serpico, F. Calore, S. Clesse & K. Kohri, arXiv:1707.04206 

CMB constraints

http://arxiv.org/abs/arXiv:1707.04206
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Take-Home message
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PBH is a great DM candidate:  
All good properties, can get good relic abundance and many ways to test the 
scenario. 
Unfortunately there are already many strong constraints.

I presented CMB constraints on: 
The very high masses — accreting — PBHs: until now alls studies have assumed 
spherical accretion. 
This approximation is unrealistic: a disk should form typically after 
recombination. 
Conservatives contraints are two orders of magnitude stronger: M > 2M☉.

Next step: 
Improve understanding of non-linear PBH structures and the capture of baryons. 
Revisit constraints on the power spectrum itself.

Conclusions

CMB can also constrain evaporating  PBH: 
They are as good as or better than EGB constraints.

Poulin et al. 
JCAP 1703 (2017) no.03, 043

CMB can also constrain merging rate of PBH! (see my poster)
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PBH are created by large density contrast in the early universe;

PBH formation

Carr&Hawking, MNRAS, vol. 168, pp. 399–415, 1974  
Carr, ApJ., vol. 201, pp. 1–19, 1975

Inflation

Quantum 
fluctuations

Radiation era

Time evolution 

Credit: Sebastien Clesse

Formation & constraints
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𝜻c ≈ 1 ==> 𝜎(k) = P(k)1/2 of ≈ 1

PBH are created by large density contrast in the early universe;

PBH formation
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Inflation
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Large density fluctuations  
collapse later and form  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Time evolution 

𝜻c = threshold for formation ≈ 1 
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Formation & constraints

If fluctuations are gaussian 
fraction of PBH at formation is:
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Radiation spectrum

Narayan&Yuan 2014 

Rough power law shape from synchroton and bremsstrahlung; 
Depend on PBH mass (right panel) and accretion rate (left panel)



Vivian Poulin - LAPTh/RWTH PBH as Dark Matter in the CMB

Quy Nhon, 26.07.2017

18

Energy deposition function
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Constraints for WIMP DM

Bringmann, Scott & Akrami 1110.2484 
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CMB dominates at low masses and is very competitive until 3*1016g !

Constraints on evaporating PBH

Accurate  
constraints

Approximate  
constraints: 

to be improved

V.P, J. Lesgourgues and P. Serpico
JCAP 1703 (2017) no.03, 043

Evaporating PBH
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FIG. 1. Upper left panel: Constraints from di↵erent observations on the fraction of PBH DM, fPBH ⌘ ⌦PBH/⌦DM, as a function
of the PBH mass Mc, assuming a monochromatic mass function. The purple region on the left is excluded by evaporations [8],
the red region by femtolensing of gamma-ray bursts (FL) [37], the brown region by neutron star capture (NS) for di↵erent values
of the dark matter density in the cores of globular clusters [38], the green region by white dwarf explosions (WD) [39], the blue,
violet, yellow and purple regions by the microlensing results from Subaru (HSC) [40], Kepler (K) [41], EROS [42] and MACHO
(M) [43], respectively. The dark blue, orange, red and green regions on the right are excluded by Planck data [34], survival of
stars in Segue I (Seg I) [44] and Eridanus II (Eri II) [45], and the distribution of wide binaries (WB) [46], respectively. Other
panels: Same as the upper left panel but for a lognormal PBH mass function (upper right) with � = 2, and for a power law
PBH mass function with � = �1 (lower left) and � = 1 (lower right).

for the two extreme cases, ✏ = 0.4 (solid purple line) [48]
and ✏ = 0.1 (dotted purple line) [49].

The Cosmic Microwave Background (CMB) anisotropy
constraints on PBH accretion are subject to uncertain-
ties in the accretion process and its e↵ect on the thermal
history of the universe at early times. To account for
this, we show the bounds for both collisional ionisation
(solid dark blue line) and photoionisation (dotted dark
blue line) [34]. Recently, another sort of accretion limit
has been obtained in the mass range from a few to 107M

�

on the grounds that PBH accretion from the interstellar
medium should result in a significant population of X-ray
sources [50]. Indeed, several earlier papers have consid-
ered such a limit [51, 52]. However, all these limits are

very dependent on the accretion scenario and are there-
fore not shown.

Lensing is the only phenomenon which has been
claimed to provide positive evidence for PBHs. For ex-
ample, the results of the MACHO project originally sug-
gested halo DM in the form of 0.5M

�

objects [53] and
these could plausibly be PBHs formed at the quark-
hadron phase transition at 10�5s. However, the DM frac-
tion was later reduced to 20% [54]. The interpretation
of the MACHO and EROS results is very sensitive to
the properties of the Milky Way halo. In particular, it
has been argued that the recent low-mass Galactic halo
models would relax the constraints and allow the halo to
consist entirely of solar mass PBHs [55]. Where only a

B. Carr et al., 1705.05567 

Extrapolation to broad mass spectrum can be non-trivial…

Constraints on « monochromatic » population

Formation & constraints

M31 Lensing
CMB/γ-rays

GRB lensing 
Dynamical

CMB/X-rays/radio

L&S-MC Lensing


