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PBHs & Cosmo
Model of Inflation / Phase Transition such that: 
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⌧fall ⇠ 1/
p

4⇡GN�⇢ < ⌧press ⇠ 1/(csH)

i.e., overdense region locally revert expansion & collapse 

COBE/FIRAS bound on CMB distortions —> MPBH/M⊙ ≲ 105

 non-gaussian, PBHs induce DM isocurvature —> P(ζ) | fNL | ≲ 10−3

— APJ 758 (2012) 76  / PRD 90 (2014) 083514  —

— PRD 91 123534 (2015) / JCAP 1504 (2015) 034 —

Non-standard power spectrum @ small scales !
— Ann. Rev. Nucl. Part. Sci. 70 (2020) 355-394 —



PBHs & Cosmo
Model of Inflation / Phase Transition such that: 

PBHs expected to evaporate due to Hawking radiation

BBN & CMB constrain injection of high-energy particles in the plasma

If  ,  13.8 billion yrs —>MPBH ≳ 10−18M⊙ τPBH ≳

— PRD 81 (2010) 104019 / PRD 102 (2020) 103512  —
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Focus of this Talk
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Accretion bounds

Constraints from Accretion of baryonic matter
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FIG. 2. Constraints on the fraction of DM in the form of PBHs fPBH, with mass MPBH, or in the form of compact objects, fCO,
with mass MCO for each of the di↵erent types of constraint. In each case the excluded regions are shaded. Top left: Evaporation
constraints on PBHs (Sec. III A): extragalactic gamma-ray background [55], CMB [153, 154], dwarf galaxy heating [155],
EDGES 21cm [156], Voyager e± [157], 511 keV gamma-ray line [158, 159] and the MeV Galactic di↵use flux [160]. Top
middle: Gravitational lensing constraints on compact objects (Sec. III C): stellar microlensing (MACHO [161], EROS [12],
OGLE [162], HSC [163]), Icarus lensing event [164], and supernovae magnification distribution [165]. Top right: Constraints
on PBHs from gravitational waves (Sec. III D) produced by individual mergers [166, 167] and the stochastic background of
mergers [168]. Note that there are substantial uncertainties on GW constraints, arising from the possible disruption of PBH
binaries. Bottom left: Dynamical constraints on compact objects (Sec. III E): from dwarf galaxies [169] and wide binaries [170].
Bottom right: Accretion constraints on PBHs (Sec. III F): CMB [171], EDGES 21cm [172], X-ray [173], radio [173], and dwarf
galaxy heating [174]. Digitised bounds and plotting codes are available online at PBHbounds.

B. Interactions with stars

Asteroid mass PBHs can potentially be constrained by the consequences of their capture by, and transit through,
stars [179–182]. See Ref. [182] for detailed recent calculations and discussion.

As a PBH passes through a star it loses energy by dynamical friction, and may be captured. A captured PBH will
sink to the centre of the star and also accrete matter, potentially destroying the star. A large capture probability
requires a large DM density and low velocity dispersions. Stellar survival constraints have been applied to globular
clusters [179]. However, as emphasised by Ref. [180], (most) globular clusters are not thought to have a high DM
density. Moreover, Ref. [182] argues that the survival of stars does not in fact constrain the PBH abundance, but
that the disruption of stars may lead to constraints, if the observational signatures are worked out (see Ref. [183] for
work in this direction).

The transit of a PBH through a carbon/oxygen white dwarf will lead to localized heating by dynamical friction,
which could ignite the carbon and potentially cause a runaway explosion [181, 182]. Reference [182] again finds that
the survival of white dwarfs does not constrain fPBH, but if white dwarf ignition by a PBH leads to a visible explosion
there could be constraints.

• Very strong especially for high 
masses 

• Astronomical environments: X-
ray/radio bounds (focus on 
Galactic center) 

• Cosmological bound from CMB 
and 21 cm  

• They rely on complicated 
accretion physics 

• Comprehensive assessment of the 
uncertainties is very much 
needed! 
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Q: CARVED IN STONE ?

PBHs of stellar masses can accrete matter —> energetic photon emission ! 
— ApJ. 680 (2008) 829 —



Physics of the Bound
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Effective 3-level atom modelEnergy injection from exotica (PBHs)

Line-of-sight sol. of Boltzmann hierarchy affected mainly via alteration of :  
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CMB vs PBHs
PBHs messing up Xe = ne/nH from “rec” to “rein” (effects also on TM) 
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Revisiting the Cosmological constraint
The physics behind the bound

• Accretion disks emits ionizing radiation during the Dark 
Ages (between Recombination and Reionization):  

• IGM is heated up (alteration of TM) 
• IGM is also partially ionized (alteration of the free 

electron fraction Xe) 
7

FIG. 1. Free electron fraction, xe, as a function of redshift, including the contribution of a monochromatic PBH population
with mass MPBH = 100M�, for di↵erent PBH dark matter fractions fPBH =

�
10�2, 10�3, 10�4,. 10�4

�
. The standard

scenario with fPBH = 0 is denoted by the solid black line. We use fiducial astrophysical parameters: (⇣UV, ⇣X, Tmin, N↵) =�
50, 2⇥ 1056 M�1

� , 5⇥ 104 K, 4000
�
; see Section IV.1.

The aforementioned modifications to the free electron fraction, temperature of the gas, and Lyman-↵ flux are
incorporated by modifying the publicly available codes cosmorec/Recfast++ [159–161], relevant at high redshifts
when astrophysical mechanisms can be neglected, and 21cmFAST [162], relevant at low redshifts when astrophysical
mechansims, such as ionization and heating from stars and X-ray binaries, are relevant. Figures 1 and 2 show the
redshift evolution of the free electron fraction and the kinetic gas temperature for a population of PBHs with mass
MPBH = 100M� and di↵erent relative abundances fPBH.2 Notice that the e↵ect of PBHs accretion on the free electron
fraction in Fig. 1 is clearly visible: the presence of the extra heating and ionization terms from PBHs accretion changes
the redshift evolution of xe, increasing this quantity from the early recombination era, below z ⇠ 1000, until the late
reionization era. The kinetic gas temperature would also be increased by the presence of the energy injection in the
IGM (see Fig. 2). Similar to the case in which there is energy injection from dark matter annihilations [99, 101], PBH
accretion leads to an earlier and more uniform heating of the IGM, which is larger for an increasing fraction of dark
matter in the form of PBHs, until stellar sources turn on and start to ionize the medium (around z ⇠ 15 in Fig. 1).3

These results illustrate that even small abundances of PBHs could have dramatic e↵ects on the properties of the IGM.
Before continuing, we would like to emphasize that the treatment of accretion adopted in this work is rather

conservative. For the redshifts relevant for 21cm cosmology, the conditions necessary for the formation of accretion
disks around PBHs seem likely. Within the context of disk accreting models, ADAF accretion is among the lowest
in the radiative e�ciency of X-rays. Adopting a larger radiative luminosity or accretion rate would correspondingly
enhance the observable signatures associated with global heating and ionization of the IGM.

2
This range of values is simply intended to illustrate the dependence of these observables on fPBH. Note that the cases with the largest

abundances are in tension with CMB constraints [85].
3
Note that although the spatial and redshift PBH distribution follows that of matter, it is di↵erent from the distribution of X-ray sources,

i.e., star-forming halos beyond a threshold for atomic cooling.

Mena+ 1906.07735

RecombinationReionization

particles will decay producing a primary spectrum of stable particles whose interaction with
the cosmological plasma need to be accurately followed. Like in most of the literature, we
restrict the analysis to the impact of injected positrons, electrons and photons. Indeed, neu-
trinos are basically invisible to the medium and simply carry away part of the energy. On the
other hand, protons and antiprotons have been checked to loosen the bounds by about 10%,
[36]. Thus neglecting them only leads to slightly too conservative bounds, while permitting
a significant reduction of the computing time.

Typically, the injected primary particles initiate an e.m. cascade by interacting with
thermal photons, producing an increase in the number of non-thermal particles at the expense
of a decrease in their average energy. When these extra particles cool down to energies of the
order of a keV, they start interacting strongly with atoms of hydrogen (and sub-dominantly
of helium [17]). To account for the ionization, excitation and heating of these atoms, we have
to modify the equations governing the evolution of the fraction of free electrons, xe © ne/nH ,
taking into account both direct ionization and collisional excitation followed by photoioniza-
tion by a CMB photon. At the same time, we must add to the equation for the evolution of
the intergalactic medium (IGM) TM a term accounting for the associated heating, which has
a feedback on the evolution of xe. Finally, at some point, the energy of the extra particles
drops below the Lyman-– transition energy (10.2 eV). Then these particles are no longer able
to interact with atoms and can be considered as “lost”. The three-level atom approximation
gives a good overall description of the processes at play, and can be fudged to achieve sub-
percent accuracy [37]. In this approximation, the evolution equations of the free electron
fraction xe and IGM temperature TM is governed by:

dxe(z)
dz

= 1
(1 + z)H(z)(R(z) ≠ I(z) ≠ IX(z)) ,

dTM

dz
= 1

1 + z

5
2TM + “(TM ≠ TCMB)

6
+ Kh . (2.1)

where the R and I terms are the standard recombination and ionization rates given by

R(z) = C

5
–Hx

2

enH

6
, I(z) = C

5
—H(1 ≠ xe)e≠ h‹–

kbT
M

6
. (2.2)

The e�ective ionization rate IX can be decomposed as IX(z) = IXi(z) + IX–(z), where IXi

is the rate of direct ionization and IX– that of excitation+ionization:

IXi = ≠ 1
nH(z)Ei

dE

dV dt

----
dep,i

, IX– = ≠ (1 ≠ C)
nH(z)E–

dE

dV dt

----
dep,–

, (2.3)

while Ei and E– are respectively the average ionization energy per baryon, and the Lyman-–
energy. Finally, the rate Kh at which the plasma is heated by DM decay or annihilation is
defined as:

Kh = ≠ 2
H(z)(1 + z)3kbnH(z)(1 + fHe + xe)

dE

dV dt

----
dep,h

. (2.4)

We refer e.g. to the appendix of Ref. [28] for further definitions and more details on each of
these coe�cients. In CLASS, it is possible to use a fudged version of Recfast [37, 38] or HyRec
code [34] to solve these recombination equations. The ExoCLASS branch proposes as a third
possibility the use of CosmoRec [35].

– 4 –

Stocker+ 1801.01871

ON CMB :   late “rec” (peaks  shift in  ) + early “rein” (extra bump in  )CTT
ℓ CEE

ℓ
  —  JCAP 1703 (2017) 043  —

  —  Phys.Rev.D 100 (2019) 043540  —



Accretion 101
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⇣HL

Hoyle & Lyttleton: accretion by a point-like mass M 
moving at a steady speed through infinite gas cloud.

Material will be accreted if following satisfied: 

  —  JCAP 1703 (2017) 043  —

ACCRETION RATE: 
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v31

Bondi generalization of HL result (BHL) :
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which matches up to a fudge factor     the original HL  
rate as sound speed  of medium becomes negligible.cs
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� tuned to observations (neutron stars, SMBH, AGNs)
OBS.



Disc or Not Disc 

VS
  —  PRD 95 (2017) 043534  —

  —  PRD 96 (2017) 8 083524  —

NOT ALL POTENTIAL ENERGY  
GOES INTO RADIATION !  

IN 4π APPROX.,  SOME ANALYTIC RESULTS :
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L . Ṁ

MORE REALISTICAL CASE, DISC ACCRETION … 

ADVECTION DOMINATED ACCRETION FLOW (ADAF)
BOLOMETRIC EFFICIENCY MAINLY SET BY  

 = % OF IONS INTERACTING W/ LEPTONSδ
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Role of the disc impacts accretion  —> one order of magnitude on  !fPBH



Beyond BHL

  —  APJ 767 163 (2013)  —

Park & Ricotti (PR13): hydro sim.s show ionizing 
effect of radiation emitted during accretion process.

Non-negligible radiative feedback makes 
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F. Scarcella — Ph.D. thesis 

— BHL holds within ionized bubble
— Euler’s eq.s link the two regions

arXiv:2311.11975



Focus # 2
The inner speed of sound in PR13 accretion model is a key parameter !
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Do not forget about DM
<latexit sha1_base64="PmCkDCGFljfjjdZqwVTN29bO4l4=">AAACDnicbZBNTgJBEIV78A/xD3TppiMxcWHIjBp1SXDDEhP5SYCQmqbADj09k+4aDZlwBy/gVm/gzrj1Cl7AczggC0Xf6uW9qlTq8yMlLbnuh5NZWl5ZXcuu5zY2t7Z38oXdhg1jI7AuQhWalg8WldRYJ0kKW5FBCHyFTX90Ne2bd2isDPUNjSPsBjDUciAFUBr18oVBL+mYgNcq1QnvKMW9Xr7oltyZ+F/jzU2RzVXr5T87/VDEAWoSCqxtK9B9KyDC49OIugkYkkLhJNeJLUYgRjDEdmo1BGi7yeyHCT+MLVDIIzRcKj4L8edGAoG148BPJwOgW7vYTcP/unZMg8tuInUUE2oxPURS4eyQFUamcJD3pUEimL6AXGouwAARGslBiDSMU1q5FIy3iOGvaZyUvPOSe31WLFfmiLJsnx2wI+axC1ZmVVZjdSbYPXtkT+zZeXBenFfn7Xs048x39tgvOe9fThebVQ==</latexit>

fPBH ⌧ 1  DM ≠ PBH around !
A GRAVITATIONALLY BOUND DM HALO IS


EXPECTED TO FORM AROUND PBHS

FREE-FALLING BARYONIC MATTER INTO 
PBH FEELS A DEEPER POTENTIAL WELL

EDUCATED GUESS

— APJL 943 (2023) L11 —
EFFECT APPRECIABLE PHENOMENOLOGICALLY 

FOR BHL MODEL, NOT FOR PR13 ACCRETION
D.Agius, G.Suczewski, et al. — TO APPEAR SOON

<latexit sha1_base64="J9TmUmbvyNVeJJN36HlB4z1F4JE="></latexit>

Ṁ ⇠ ⇣2e↵ ve↵ ⇢
<latexit sha1_base64="T7NrGinjBnusvjcZ+tMHutADmDQ="></latexit>

GNMPBH

⇣e↵
� �DM = v2

e↵



Focus # 3
The impact of DM halo is intimately related to the underlying accretion model !
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**

A “standardized” recipe
Modify your favorite Boltzmann solver to include extra energy injection

CAMB / CLASS

1 —  Implement a “realistic” accretion model for PBHs (i.e., also emitted spectrum)

2 —  Model baryon - PBH relative vel. from “rec” to “rein” & average over it 

3 — Translate energy injection rate into energy deposition rate via:

Adopt << best dataset >> & your favorite sampler for Bayesian inference
Cobaya / Monte Python 

BAO consensus likelihood
ACT + SPT latest release

 Planck ‘18 TTTEEE + lens

Linear theory usually assumed: ⟨vrel⟩ = min[1,(1 + z)/103] × 30 km/s

Semi-analytic approach Tabulated transfer functions
PRD 87 (2013) 123513PRD 95 (2017) 043534

Ann.Rev.Astron.Astrophys. 52 (2014) 529 

https://github.com/ 
CobayaSampler/cobaya

https://github.com/lesgourg/class_public

https://github.com/CobayaSampler/cobaya
https://github.com/CobayaSampler/cobaya
https://github.com/lesgourg/class_public
https://github.com/lesgourg/class_public
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CMB (PR13) IN AGREEMENT WITH WHAT RECENTLY DERIVED IN  PRD 107 (2023) 043537



CMB <—> sensitive probe of PBHs as ( a fraction of ) DM, fPBH

Take Home

— ACCRETION OF MATTER DOES MATTER —

* Baryon - PBH velocity beyond linear theory 

* Role of PBH mass function & merger history

WHAT’S NEXT

CMB ruling out fPBH > 1% for MPBH/M  > 102 still very true⊙

—   from  CMB + BAO  for  MPBH/M  = 103    —⊙

fPBH  10-7  ≲ @ 95 %
  (PR13+DM halo)fPBH  10-4  ≲

(BHL+DM halo)
@ 95 %

ESPECIALLY W/ DARK MATTER


