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Key notions

• Just like ordinary BH, PBH can accrete matter & heat it up → radiation

• The associated photon emission can be detected, possibly indirectly 

• Generic, but quantitatively relevant only for ≳ stellar mass PBH



Key notions

• Just like ordinary BH, PBH can accrete matter & heat it up → radiation

• The associated photon emission can be detected, possibly indirectly 

• Generic, but quantitatively relevant only for ≳ stellar mass PBH

‣ “Late universe” phenomena (z≲20) similar to astrophysical BH ‘detection’ 
channel (notably: Galactic X and radio signals) modulo different abundance 
and mass function

‣ “Early universe” phenomena (z ≳ 20): peculiar environmental conditions 
(homogeneity, photon density…) and observables (notably: CMB 
anisotropies) suggest a dedicated look

Epoch of interest does matter!

I will focus on the early universe case, with a few comments on the former



How is CMB affected by accreting PBH



Impact on CMB anisotropies of energetic particles injected at high-z

Key point 
the energy of the injected non-thermal particles, even if negligible wrt 
ργ, is not negligible wrt the kinetic energy of the baryonic gas.  

These particles can eventually heat up (alter TM) and especially ionize 
the gas (alter xe) 

➙ CMB anisotropies are very sensitive to that! 
(Technically, via alterations to optical depth and its time dependence/visibility function)

associated to a number of putative processes, like 

• Annihilating relics (like WIMP DM)
• Decaying relics such as sterile ν’s, Super-WIMP progenitors
• Evaporating (hence “light”) primordial black holes
• Accreting (hence “stellar mass or heavier”) primordial black holes



The three epochs affected
Have a look at the standard ionization and gas temperature evolution

recombination 
(“CMB release”)

@ z~1100
reionization 
@ z~O(10)

(details unkwnown) Dark Ages 
residual ionization 

fraction

optical depth 

κ(z) = σTne,0 ∫
z

0
dz′ 

dt
dz′ 

(1 + z′ )3xe(z′ )
E-deposition module interfaced via 

Boltzmann CMB solver dealt with via 
ExoCLASS see 1801.01871



Effect on CMB anisotropies

Delayed recombination: shift peaks 
and damping tail enhanced

Early reionization: step-like suppression 
and reionization bump enhanced

Poulin, Lesgourgues, PS JCAP 1703 (2017), 043

V. Poulin et al. Phys. Rev. D 96, 083524 (2017) 

further details in



Accretion rate and luminosity



Accretion rate and luminosity: general notions

Particle m falling from infinity to a distance R  from 
point mass M has kinetic energy 

GNM m

R
=

m

2

RS

R

The total luminosity associated to accretion is

Upper limit to the ‘visible’ luminosity

The closest to the BH a stable orbit can be, the larger the efficiency
(A typical benchmark is ε= 0.1, for maximally rotating Kerr ε~0.4)

✏ =
1

2

RS

R

L = ϵ ·M



Accretion rate and luminosity: general notions

Particle m falling from infinity to a distance R  from 
point mass M has kinetic energy 

GNM m

R
=

m

2

RS

R

The total luminosity associated to accretion is

Upper limit to the ‘visible’ luminosity

The closest to the BH a stable orbit can be, the larger the efficiency
(A typical benchmark is ε= 0.1, for maximally rotating Kerr ε~0.4)

Assuming that a fraction (1-ε) of        does not shine, simply swallowed 
(although it could be partially launched as outflows/jets, themselves carrying energy…)

✏ =
1

2

RS

R

L = ϵ ·M

The luminosity is anyway bounded, does not grow indefinitely with       !
We thus expect ε to decrease for very high accretions

Ṁ

Ṁ



A benchmark upper limit: Eddington Luminosity

A too large luminosity will stop further accretion due to “radiation pressure”

Higher masses can sustain 
higher luminosities!LEdd =

4πG M mp

σT
≃ 1.3 × 1038 M

M⊙
erg/s



A benchmark upper limit: Eddington Luminosity

A too large luminosity will stop further accretion due to “radiation pressure”

Higher masses can sustain 
higher luminosities!

Largest accretion e.m. luminosity in spherical symmetry & stationary conditions

LEdd =
4πG M mp

σT
≃ 1.3 × 1038 M

M⊙
erg/s

(It can be exceeded in Nature, but typically not by orders of magnitude and/or for long times)

• Only limits the visible L, not the accretion mass
•  Typically, well below this limit unless the PBH mass is large (>>1000 M⦿)

Note:

Ṁ



Accretion, Ṁ

Problem of accretion onto a point mass M is old (but no general solution!)

Bondi & Hoyle ’44

Infinite & cold gas cloud, moving at vrel

Hoyle & Littleton ’39,’40

Up to a factor 2 smaller in presence of 
density inhomogeneities/wake account

·MHL = 4πρ∞
(G M)2

v3
rel

Under steady state hypothesis
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density inhomogeneities/wake account

·MHL = 4πρ∞
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λ~O(0.1-1) accretion eigenvalue comes 

from solving steady-state problem, 
depends on equation of state & cooling/

drag details
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Accretion, Ṁ

Problem of accretion onto a point mass M is old (but no general solution!)

Bondi & Hoyle ’44

Infinite & cold gas cloud, moving at vrel

Hoyle & Littleton ’39,’40

Up to a factor 2 smaller in presence of 
density inhomogeneities/wake account

·MHL = 4πρ∞
(G M)2

v3
rel

 accretion at rest, including pressure

Bondi ’52

·MB = 4πλρ∞
(G M)2

c3
s,∞

cs2=δP/δρ 
λ~O(0.1-1) accretion eigenvalue comes 

from solving steady-state problem, 
depends on equation of state & cooling/

drag details

·M = 4πλeffρ∞veffr2
B,eff rB,eff =

GM
v2

eff

Both can be parameterized as

key: to know what is veff

(some function of cs & vrel)
where

Under steady state hypothesis



Accretion in cosmological setting



Checking approximations for cosmological applications

For consistency, the system must settle down in the (~Bondi) 
steady-state fast compared to the cosmological expansion

rB

veff
H(z) < 1

We shall assume steady state. 
Is the steady state approximation verified?

➙ M≲104.5 M⦿

We shall ignore PBH discreteness effects on CMB. 
Is the homogeneous approx. ok?

A PBH can ionise all of the region 
separating it from the nearest PBH if fPBH > 10−15x3

e
M⊙

M
(always satisfied in our 
range of parameters)

NPBH ≃ 5 × 107ℓ−1 ( fPBHM⊙

M )
1/3

> 1
Up to the maximum multipole used 
(ℓ~2000), there is more than a PBH in 
each patch of the CMB

M. Ricotti, Astrophys. J. 662, 53 (2007), 0706.0864 

PDS, V. Poulin, D. Inman and K. Kohri, Phys.Rev.Res. 2 (2020), 023204



Where does λ come from? Accretion at rest

·MB = 4πλρ∞
(G M)2

c3
s,∞

λ~O(0.1-1) accretion eigenvalue comes 
from solving spherical steady-state problem

4πr2ρ |v | = ·M = const

v
dv
dr

= −
GM
r2

−
1
ρ

dP
dr

−βdragv

Ali-Haïmoud & Kamionkowski, 
PRD95 (2017), 043534

P =
⇢

mp
(1 + x̄e)T

⌫⇢2/3
d

dr

✓
T

⇢2/3

◆
= �cool(TCMB � T )

Mass continuity

Momentum equation

Equation of state

“Heat equation”

�drag =
4

3

x̄e�T ⇢CMB

mp c

�cool =
2mp

(1 + x̄e)me
�drag � �drag

In the cosmological context, 
the state-of-the-art is

xe becomes dynamically 
important in the inner regions…



Results

Ali-Haïmoud & Kamionkowski,
 PRD95 (2017), 043534

βcool 

(in dimensionless form)

ṁ = Ṁ/LEdd

(Also following slide)



Luminosity

(Comptonized) bremsstrahlung (free-free) radiation near the Schwarzschild radius.
At small r (relevant for luminosity) the solution yields

Bulk of the emission falls in X-rays/soft 𝛄’s: emission from matter heated to T~109-1011 K

ne =
Ṁ

4⇡mpR2
S c

✓
r

RS

◆�3/2

T (r) = T1⌧
rB
r

Exact radiative transfer, relevant for 𝝉 (bounded <3/10) not available but bracketed by two 
extremes, depending if  photoionisation is strong enough or matter is ionised via collisions

L/LEdd 

Shapiro 1973, 1974Neglecting Compton cooling, in agreement with



The role of gas-PBH velocity

In this case, problem essentially solved, previous solution applies.

Naive expectation for baryon-DM velocity (at small scales) vbc~cs

v̇d,b +Hvd,b
1

a
(vd,b ·r)vd,b = �1

a
r�� 1

a ⇢d,b
rpd,b

In Newtonian perturbation theory, velocities of DM (d) and baryons (b) evolve as 

(v ·r)v = r
✓
v2

2

◆
�v ⇥ !

@

@t
(aV bd) = �r

�
Kb �Kd + c2s�b

�

Absent for DM

V bd ⌘ vb � vd

If RHS negligible (true e.g. at 
rec. scales/early times)

At matter-radiation equality, DM starts moving relative to the coupled baryon-photon plasma.
Baryons only start catching up at recombination, eventually driving Vbd→0

But far from obvious in cosmological setting!

V bd ' �vrec
d

1000

1 + z
|vrec

d | ' 30km/s ' 5 crecs

0

Estimated for ΛCDM
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In this case, problem essentially solved, previous solution applies.

Naive expectation for baryon-DM velocity (at small scales) vbc~cs

v̇d,b +Hvd,b
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Absent for DM

V bd ⌘ vb � vd

If RHS negligible (true e.g. at 
rec. scales/early times)

At matter-radiation equality, DM starts moving relative to the coupled baryon-photon plasma.
Baryons only start catching up at recombination, eventually driving Vbd→0

But far from obvious in cosmological setting!

V bd ' �vrec
d

1000

1 + z
|vrec

d | ' 30km/s ' 5 crecs

0

Tseliakhovich & Hirata,  Phys. Rev. D 82, 083520 (2010)
Estimated for ΛCDM



A meaningful patch to the theory?

Ali-Haimoud & Kamionkowski 2017

The spherical accretion model is extended to veff>>cs 

In
·M = 4πλeffρ∞veffr2

B,eff

rB,eff =
GM
v2

eff
just reducing the Bondi accretion according to:

ve↵ =
p
vL cs

Looking at analytical and numerical studies where the hypotheses of the Bondi 
accretion are relaxed, this is not a too bad approximation, on average. e.g.:

Krumholz, McKee, Klein, ApJ 618, 757-768 (2005) [astro-ph/0409454] 
Krumholz, McKee, Klein, ApJ 638, 369-381 (2006) [arXiv:astro-ph/0510410] 
El Mellah, Casse, MNRAS 454, no.3, 2657-2667 (2015) [arXiv:1509.07700]

Vorticity:
Turbulence:
supersonic velocity medium:



A meaningful patch to the theory?

Ali-Haimoud & Kamionkowski 2017

The spherical accretion model is extended to veff>>cs 

In
·M = 4πλeffρ∞veffr2

B,eff

rB,eff =
GM
v2

eff
just reducing the Bondi accretion according to:

ve↵ =
p
vL cs

Looking at analytical and numerical studies where the hypotheses of the Bondi 
accretion are relaxed, this is not a too bad approximation, on average. e.g.:

M. Ricotti’ s lecture (2017)

Krumholz, McKee, Klein, ApJ 618, 757-768 (2005) [astro-ph/0409454] 
Krumholz, McKee, Klein, ApJ 638, 369-381 (2006) [arXiv:astro-ph/0510410] 
El Mellah, Casse, MNRAS 454, no.3, 2657-2667 (2015) [arXiv:1509.07700]

Vorticity:
Turbulence:
supersonic velocity medium:

More serious: With supersonic motion, spherical symmetry breaks down and a disk forms!

Mach 4 
simulation

The inner characteristics, hence the luminosity, are affected!

Park and Ricotti, 2013 



PBH cosmology ≠ CDM cosmology!
Recent argument

Back to square one? Should one use vbc~cs?

Not obviously so, let’s discuss disk formation conditions!

Due to the large power spectrum of PBH at small scales, the advective 
term is significant and quickly drives velocities to equalisation

Kashlinsky, 
PRL 126, no.1, 011101 (2021) 

[arXiv:2012.08047]



by Christopher Berry

disks

F. Yuan and R. Narayan, “Hot Accretion Flows Around Black Holes,” 
Ann. Rev. Astron. Astrophys. 52, 529-588 (2014)  [1401.0586]

M. A. Abramowicz & P. C. Fragile, “Foundations of Black Hole Accretion Disk Theory,’' 
Living Rev. Rel. 16, 1 (2013) [1104.5499]

Some useful reviews



On disk formation

If the accreted gas has specific angular momentum l, it 
cannot fall straight onto the BH, but sets in Keplerian 

motion at distance rD(l) given by

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

l ≃ rDvKep (rD) ≃ GMrD

l ≃ ( δρ
ρ

+
δv
veff ) veffrHB

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

δρ
ρ

k∼r−1
BH

≫ 10−4
δv ≫ 1.5 ( 1 + z

1000 )
3/2

m/s

easy to satisfy because of the enhanced 
power spectrum on small scales! Always true e.g. for typical binary PBH

 If rD >> 3 rSchw a disk will form (emission dominated by innermost stable orbits)

In our case rHB ≃
GM
v2

eff

These effects disappear however in the limit fPBH →0

V. Poulin et al. PRD 96, 083524 (2017) 



Disk zoology

No ‘complete’ or general theory of disks exists, too many variables! 
However, a general enough classifications of different regimes matching most 

states seen in Nature has been achieved

Two key parameters control most of the physics: accretion rate and optical depth

opt. thickopt. thin

th
er

m
all

y 
un

st
ab

le

From
Yuan and Narayan 

1401.0586

the
rm

ally
 sta

ble

Negative slope=

Viscous instability



High optical depth

• Geometrically thin (and non-gravitating) disk
• Steady state, axysimmetric, hydrostatic balance
• Local radiation balanced by (parametric) viscous heat dissipation 

Shakura & Sunyaev, Astron. Astrophys., 24, 337–355 (1973)SSD or thin disk

If the accreting gas becomes optically too thick to radiate all the 
dissipated energy locally, advection kicks in: Radiation is trapped & 
advected inward with the accretion flow.  The radiative efficiency 
becomes lower than ~10%, L does not get much larger than LEdd

Slim disk (→SSD at low accretion) 
or optically thick advection-dominated accretion flow 

Low accretion

High accretion

Katz 1977,  Begelman 1979,

Abramowicz et al >80…

Both are also known as ‘cold flows’



Low optical depth - hot flows

If optically thin, thermal equilibrium not achieved. State typically 
parameterised via a 2-T accreting plasma forming a thick torus, with 

Sizable fraction of accretion energy can go into heating the flow rather than being radiated away

Lower efficiency, but growing function of

Tions~Tvir >>Te

(one may have luminous hot accretion flows, LHAF)

Ṁ ✏(Ṁ) = 0.1 f(Ṁ/LEdd)

f(1) ' 1, f 0 > 0



Low optical depth - hot flows

If optically thin, thermal equilibrium not achieved. State typically 
parameterised via a 2-T accreting plasma forming a thick torus, with 

Sizable fraction of accretion energy can go into heating the flow rather than being radiated away

Lower efficiency, but growing function of

δ=fraction of energy shared by electrons. 
Theoretical lower limits indicate δ>>0.01

Xie & Yuan 2012

Yuan and Narayan 2014

Fits to data suggest 0.1<δ<0.5, 
We’ll use conservatively δ=0.1 

Tions~Tvir >>Te

Le  =𝛿 Lbol < Lions=(1-𝛿) Lbol

(one may have luminous hot accretion flows, LHAF)

Ṁ ✏(Ṁ) = 0.1 f(Ṁ/LEdd)

f(1) ' 1, f 0 > 0

What is “useful” (and visible) is radiation 
due to electrons, parameterised as



Cold vs. hot flows

The thin disks radiates with blackbody spectrum at temperature:

L ⇠ 4⇡R2T 4
b Tb '

✓
L

4⇡R2�

◆1/4

To be compared with 
the viral temperature 

' 3.8⇥ 107 K

✓
L

LEdd

M

M�

R2
S

R2

◆1/4

Tvir '
GM mp

3 k R
' mp

6

M

M�

RS

R
= 1.7⇥ 1012 K

M

M�

RS

R

soft component = optically thick accretion disk
hard-component = from thin-hot plasma torus

Spectra can coexist & depend on 
the activity state of the BH

Dotani et al. 97

Spectrum of Cyg X-1 
observed with ASCA GIS

Strong ADAF principle: 
 accretion flow will proceed via hot accretion 

branch whenever stability allows it 



Further complications (?)



Further complications …or not?

While these models explain many observed BH systems, they do not explain all! 
Two effects not included in these models:

Outflows

BH-associated,  Poynting-flux dominated

Ṁ(r) = ṀBH

✓
r

RS

◆s

0≤s<1

Form inner disk wind (non-rel.) or jet (rel.), matter dominated 
In extreme cases,  “MADs” (magnetically arrested disks)

Jets

BH spinMagnetic fields

associated to magnetic flux and 
geometry and BH spin, with power PBZ =



4⇡ c
�2

B⌦
2

BH
Blandford & Znajek 1977

Associated to important observable phenomena

ESA/AOES
Medialab

Blandford & Begelman  1999 



What’s the importance of outflows?

• For AGN (most often in ADAF) the inferred value is consistent with 𝝀~0.01 in Bondi

• Even more important for Sgr A* (well fitted in these extended ADAF models)

• Energy is not lost! In these systems, there is an outflow/jet luminosity as well…

(Hard to assess how ‘useful’ for CMB,  note however that they are detected in radio, i.e.
energetic electrons and positrons are present and undergoing synchrotron losses…)

S. Pellegrini,  

Astrophys. J. 624, 155-161 (2005)
Sometimes, the observational neutron star bound 𝝀≲0.001 by Perna et al. 
(2003) is invoked. Its pertinence is unclear, due to the strong B-fields! 



What’s the importance of outflows?

Ruth A. Daly, 

“Black Hole Mass Accretion Rates and Efficiency 
Factors for over 750 AGN and Multiple GBH,”

MNRAS 500, no.1, 215-231 (2020)

When significant disk luminosity suppressions 
found, often the jet luminosity is sizable



What’s the importance of outflows?

S. Pellegrini,  

Astrophys. J. 624, 155-161 (2005)

• For AGN (most often in ADAF) the inferred value is consistent with 𝝀~0.01 in Bondi

• Even more important for Sgr A* (well fitted in these extended ADAF models)

• Energy is not lost! In these systems, there is an outflow/jet luminosity as well…

(Hard to assess how ‘useful’ for CMB,  note however that they are detected in radio, i.e.
energetic electrons and positrons are present and undergoing synchrotron losses…)

It is unclear, in my opinion, how much of this is relevant for PBH, which 
live in a unmagnetised medium and are expected to be ~ non-spinning.

Yet, we conservatively account for the benchmark estimate for this 
effect, 𝝀~0.01, without including any other ionisation source from the jet.

Sometimes, the observational bound from NS 𝝀≳0.001 by Perna et al 
(2003) is invoked. Its pertinence is unclear, due to the strong B-fields of NS! 



Two benchmarks in the following

1. Collisional ionization for spherical case ad v~cs (relatively high     , low L)

2. ADAF model with suppressed accretion (𝝀~0.01) & ε = ε(δ=0.1)

Lω ∝ Θ(ω − ωmin)ω−a exp(−ω/Ts)

a~0-0.5 Ts~O(me)

ωmin accounts for ‘useful fraction of 
the spectrum’, ωmin~O(10) eV 

Disk spectrum parameterized as spectrum vs. accretion rate

Yuan and Narayan 2014

Effects on the CMB almost ‘bolometric’, do not 
depend much on the exact E-distribution (factor ~2)

Ṁ



Role of dark matter accretion



What if PBH do not make all DM?

• Problem reduced to compute the DM halo potential vs. time

·M = 4πλeffρ∞veffr2
B,eff

GNMPBH

rB,eff
− Φh (MPBH, rB,eff, t) = v2

eff(t)

But rB,eff now comes from the solution of

• A halo of gravitationally bound, collisionless DM will form around PBH 
• Even if only a small fraction of the DM halo gets swallowed by the PBH, a baryon 

at infinity sees a stronger potential, "effectively attracted by a heavier BH”
• Hence we use the same master equation for accretion 

Note 
The PBH mass remains essentially constant in time over the cosmological epochs 

of interest (100≲z≲1000), with the most relevant epoch being 300≲z≲600

K. Park, M. Ricotti, P. Natarajan, T. Bogdanovic, andJ. H. Wise, ApJ 818, 184 (2016)



Analytical expectations

PHB as point-attractor of cold DM moving radially with Hubble flow.  A shell at distance r obeys

d2r
dt2

= −
4GN

π
3r [ 3 MPBH

4π r3
+ ∑

i
(ρi + 3pi)]

drt.a.(t)
dt

= 0At any time, the mass of the halo is defined by 
the ‘turn-around radius’ satisfying

Mhalo ≃ ( 3000
1 + z ) MPBHThis leads to the prediction

which overshoots more accurate calculations by only a factor 1.6, but leads to a 
too steep halo profile r-3 due to neglecting the angular momentum of DM



Numerical simulations

Our dedicated numerical simulations, with PBH and lighter 
DM particles, confirm expectations: power-law profile 

rp-3, with p~0.75

Self-similar solutions avoiding the free-fall boundary condition at the 
center and more appropriate for the case at hand suggest a profile r-2.25

E. Bertschinger, 
Astrophys. J. Suppl.58, 39 (1985)



Semi-analytical model

rB,h ≡
GNMh

v2
eff

rB,eff ≃ rt.a. [(1 − p)
rt.a.

rB,h
+ p]

1
p − 1

≤ rB,h

In terms of the (maximal) halo Bondi radius

we can find the analytical solution (if Mh>>MPBH, as true in the range of interest) 

rB,eff ≃ rB,h

If rt.a.(z) ≥ rB,h(z)

All the halo matters, for 
the baryon accretion

Only a fraction of the halo mass 
matters, the more the closer p is to 0

If rt.a.(z) < rB,h(z)

 (i.e. “calibrated” to numerical results)



Results: CMB bounds



• PBH excluded as totality of DM if M>15 M⦿ even for 

spherical accretion under most conservative case of 
collisional ionization

• Compared to our results in 2017, factor ~4 
improvement due to new & better cosmo data 
(notably Planck 2018 release with low-ℓ polarization) 
& better account of t-dependence of E-release/
absorption (via ExoCLASS)

• The DM halos tighten the bound up to ~3 oom.

• Caveat for 0.01≲fPBH≲0.1 (unaccounted modifications 
of halo profile due to neighboring PBH)

• Spherical and disk case not so different especially at 
high-M, due to the lower velocity required for 
spherical case consistency

• Bounds flatten at M≳104 M⦿ since approaching 

Eddington limit (at which we cap luminosity) for most 
of the cosmo relevant time 

fPBH < 2.9 × 10−9 (Lacc = LE)

Results (monochromatic mass function)



Comparison with best other bounds

• Compared to the best bounds available, CMB is competitive already at M≳10 M⦿ and provides 

the best bounds for 50 M⦿ ≲M≲2x104 M⦿ 

• At least for spherical accretion, compatible with hypothesis that the bulk of LIGO-Virgo events 
are due to PBH



Implications for supermassive black holes (SMBH)



Implications for SMBH

• Supermassive BH with  M≲109 M⦿ have been observed at z≳6.

• Can they form from stellar BH (M≲102 M⦿) seeded at z~15 (PopIII star collapse?)

M(t) ≲ Mi × exp ( 1 − ϵ
ϵ

t − ti
τE ) τE =

c2M
LE

= 0.4 Gyr

Barely so if accreting at Eddington luminosity for a benchmark ϵ=0.1

‣ Super-Eddington accretion? 
‣ (close to) Eddington luminosity with a very small ϵ? 
‣ Important role of mergers?
‣ Direct collapse of very massive clouds (rather than seeded via stellar BH)?
‣ Primordial origin? 
‣ …

For a review, see e.g. M. Volonteri, 1003.4404

PBH mass (growing via accretion) obeys the bound

Several hypotheses around:



Some not-so-well-known facts about SMBH

• SMBH currently account for ~10-5 of the DM density.

• Based on observations, SMBH have undergone 
significant evolution between z~6 and z~0, 
cumulatively growing in mass by a factor ~103.5  

(much more than stars!)

fPBH < 2.9 × 10−9 (Lacc = LE)
• In case of PBH origin, unlikely that SMBH seen at 

z~6-7 already in place as such at much earlier epochs: 
i) Hard to see why they would grow in mass by o.o.m. 
at z<6, but not at z>6.
ii) Competing and strong bounds exist from CMB 
spectral distortions.
iii) Such massive PBH would require formation after 
BBN epoch, which is harder for model-building

Conclusions:  
despite strong bounds, CMB is compatible with the hypothesis 

that SMBH @ z>6 are seeded e.g. by M~O(103) M⦿

• Even if SMBH underwent no mass growth before 
z~6, in cosmological epochs they would fulfill the 
CMB bound, which is less stringent that 

Willott et al. 1006.1342



Late time universe: some considerations

Definitely not complete, I apologise for the many papers I had to leave out!



Moving to late time universe: some caveats

• PBH seed proto-halos much earlier than in ΛCDM, with low virial velocities. Even if 
small fraction of gas bound, could dominate late-time phenomenology

Massive supersonic PBH in the cosmological 
baryonic gas slows down in a timescale

τloss(z)H(z) ≃ 1.8 × 104 M⊙

M ( 1 + z
100 )

3/2 10
ln Λ

Ok for CMB to neglect at M≲104.5 M⦿, but important for the physics of PBH in dark ages

• Relevant redshifts for CMB: 100-1000: OK!  But at z<<100, considerations based on 
perturbation theory become shakier and shakier. 

•Dynamical friction becomes important:

•We expect Galactic magneto-genesis, possibly dynamically acquired PBH spins…

We expect accretion theory to complexify, with more and more effects to become relevant



PBH accretion in the Milky Way (Central Molecular Zone)

A first study in D. Gaggero et al. 1612.00457 suggested strong limits on PBH from 
non-observations of PBH in X-rays or radio at Galactic Center

Criticised as not robust in A. Hektor, G  Hutsi and M. Raidal, 1805.06513 notably due to too large 
luminosity (low-v) assumption associated to unaccounted turbulence, DM profile uncertainty, etc. 

Perspectives of  detection of isolated accreting BH in SKA (few tens?) reassessed within 
generalised ADAF with outflows in D.  Tsuna and N. Kawanaka, arXiv:1907.00792

New promising study in F. Scarcella et al. arXiv:2012.10421, based on the numerical results of 
Park and Ricotti, 2013 for accretion rate, fundamental plane for X-radio link, and  L / Ṁ2

My take:  
Certainly a promising signal to look for (especially in the SKA era).

However, also expected to some level in a non-PBH scenario. Given current 
uncertainties,  hard to see it as a smoking gun/high constraining power.



Signatures from Dark ages?

in A. Hektor et al. 1803.09697: By imposing that the 
temperature of the gas at z ∼ 17 does not exceed the 
indications of EDGES, constrain the abundance of PBH

Some caveats: 

• cosmo baryon density used, but halos should have 
formed by z~17, especially in PBH cosmology!

• Unclear if the velocity used is representative of the 
actual situation

21 cm



Signatures from Dark ages?

in A. Hektor et al. 1803.09697: By imposing that the 
temperature of the gas at z ∼ 17 does not exceed the 
indications of EDGES, constrain the abundance of PBH

Some caveats: 

• cosmo baryon density used, but halos should have 
formed by z~17, especially in PBH cosmology!

• Unclear if the velocity used is representative of the 
actual situation

Spatial fluctuations of the cosmic infrared background exhibit a clustering excess at angular 
scales ∼1°, as reviewed in A. Kashlinsky et al. 1802.07774

However, if produced by high-z BHs, one requires vigorous accretion in the early universe, which 
must stop by z~6 K. Helgason et al. 1505.07226

Interpretation as possible accretion onto PBH DM (having enhanced small-scale PS) in A. 
Kashlinsky et al. “Electromagnetic probes of PBH as dark matter”1903.04424

My take: 
If PBH as DM, hard to believe that this can be consistent with CMB bounds. More interesting for 
SMBH progenitors, well below the DM level?  
Also, we lack a prediction of the non-linear PS, baryon density and velocities in halos at z~10-20

Other interesting idea:

21 cm



Accretion during dark ages?

If PBH, via accretion, change M compared to primordial values, then there is e.g.  a ‘shift’ in 
the bounds coming from CMB (referring to the primordial M) wrt z=0 constraints.

Caveats: 

While the point is qualitatively 
correct,  current estimates based on 
extrapolation of spherical, steady-
state, cosmologically relevant 
solutions to z~10 of Ali-Haïmoud & 
Kamionkowski, are unreliable

If truly sizeable, this automatically 
excludes PBH as DM, since it implies 
major alterations of ΩDM/Ωb vs time 
(e.g. incompatible cosmo inference 
from clusters and CMB)

V. De Luca et al. Phys. Rev. D 102, no.4, 043505 (2020) [arXiv:2003.12589]

Density, velocities, and accretion properties dominated by the conditions in the (proto)halos.
Unfortunately we need to characterise structure formation in the non-linear regime,

before a reliable quantitative assessment of this effect can be attempted.



Summary and Conclusions

• If PBH of stellar masses or heavier exist, they should have both cosmological (e.g. CMB) 
and astrophysical effects (e.g. radio, IR, X-ray sources) via their accretion. In particular,  the 
CMB anisotropy pattern is sensitive to the ionization of the universe due to extra 
radiation injected by the hot emitting plasma formed during accretion onto PBH

• There are two key ingredients to put the calculations of these effect on solid grounds: 
accretion physics & ‘PBH cosmology’.

• In the spherical accretion and FLRW limit, the problem is essentially solved (some 
technical improvements are possible, like radiative transfer, inclusion of He…)

• Unfortunately, that does not appear to be physically realistic (unless perhaps if fPBH is 
very small). Disks are expected to form and likely responsible for luminosity.

• General enough theory exist if B-fields and PBH spins neglected, albeit some details 
remain fixed from phenomenology (share of energy in electrons, details of spectrum…).  
Would be great to run dedicated simulations in cosmological analogue settings (z~100-1000)



Conclusions, continued

• Even if a factor ~100 luminosity suppression due to ouflows is included as suggested by 
phenomenological fits, the luminosity is higher than in the spherical case. Even for spherical 
accretion, CMB anisotropies exclude PBH as totality DM if M≲15 M⦿ . Not the strongest 
bound, but not weakened by speculations on late time clustering, for instance.

• CMB is not currently capable of completely exclude that the bulk of LIGO-Virgo 
events are due to PBH.

• CMB provides best bounds on PBH (down to  fPBH≲10-8!!!) for 50 M⦿ ≲M≲2x104 M⦿ 
Accounting for the enhanced baryonic accretion due to the DM halos forming around PBH 
significantly strengthens the bound. 

• Similar to ‘ordinary’ isolated BH searches, electromagnetic observables of PBH accretion at 
z~0 suffer from extra complexities (B-fields, spins, density…). Unclear if they can become 
competitive smoking gun for PBH searches, given current uncertainties.

• Signatures in the ‘dark ages’ require to understand non-linear structure formation in a 
PBH cosmology, and run dedicated simulations. Most results of the early exploratory 
studies in the literature should be taken with a grain of salt

Thank you!

• CMB is perfectly consistent with a PBH origin of (the seeds of) the SMBH populating 
the high-z sky.


