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Observed black holes (BHs)

Three types of black holes have been discovered

Stellar black holes
BHs originated in the explosion of massive stars/supernovae, ∼ 3− 100M�

Intermediate mass black holes (IMBHs)
New class of recently discovered BHs, ∼ 103 − 106M�

supermassive black holes (SMBHs)
BHs at the center of galaxies, ∼ 106 − 109M�
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Origin of primordial black holes (PBHs)

Multiple in�ationary origins

collapse of large primordial overdensities

phase transitions

collapse of cosmic strings, domain walls

Mass predictions

Assuming that one PBH is formed in a Hubble volume in the early Universe, one gets

MPBH ∼ MPlanck ×
t0

tPlanck
∼ 1038 g × t0(s)

where t0 is the creation time.

One obtains:

M ∼ 10−5 g for t0 ∼ 10−43 s → Planck black holes

M ∼ 1015 g for t0 ∼ 10−23 s → lightest black holes still (possibly) existing

M ∼ 105 M� for t0 ∼ 1 s → IMHBs? seeds for SMBHs?
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Angular momentum of primordial Black Holes

Angular momentum given by dimensionless parameter a∗ ≡ J/M2

a∗ ∈ [0, 1]

a∗ = 0 for Schwarzschild BHs, a∗ = 1 for extremal Kerr BHs

Spin predictions

Standard in�ationary model
=⇒ low spin

Transient matter domination
=⇒ high spin
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Primordial Black Holes as dark matter candidates

Plausible dark matter candidates

no Standard Model / General Relativity extension

dynamically cold

BH existence (somehow) proven

mass ranges still available for BHs to represent all of dark matter

Constraints on PBH � from Carr & Kuhnel, 2006.02838

���� ���� ���� ���� ���� ���� ���� ����
��-�

��-�

��-�

���
��-�� ��-�� ��-� ��� ��� ���� ����

red: evaporation

blue: lensing

gray: gravitational waves

light blue: accretion

orange CMB distortions

green: dynamical e�ects

purple: large scale structure

A-D: possible open windows

Alexandre Arbey ICHEP 2020 � Prague � July 30th, 2020 4 / 19



Introduction Kerr PBH evaporation γ-ray constraints Graviton emission Planet 9 BlackHawk Conclusions

BH Hawking radiation

Black hole horizons are interacting with the (quantum) vacuum.

Fundamental equation for Kerr BHs

Rate of emission of Standard Model particles i at energy E by a BH of mass M and spin
parameter a∗:

Qi =
d2Ni

dtdE
=

1

2π

∑
dof.

Γi (M,E , a∗)

eE/T (M,a∗) ± 1

Γi is the greybody factor (∼ absorption coe�cient in Planck's blackbody radiation law)
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Reduced temperature

Hawking temperature for Kerr BHs

T (M, a∗) =
1

4πM

( √
1− (a∗)2

1 +
√
1− (a∗)2

)
Schwarzschild−→

a∗=0

1

8πM

Comparison with the e± rest mass and QCD scale ΛQCD
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Enhanced emission

BH-particle spin coupling ⇒ superradiance e�ects (see e.g. Chandrasekhar & Detweiler
papers in the 1970s)
→ Hawking radiation enhanced for particles of spin 1 or 2

Example of spin 1 massless emissivity (photon)
Dotted lines = Hawking temperature
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Reduced lifetime

Evolution equations

dM

dt
= − f (M, a∗)

M2

da∗

dt
=

a∗(2f (M, a∗)− g(M, a∗))

M3

f ∼
∫
E

ener .× emiss.

g ∼
∫
E

ang . mom.× emiss.

BH lifetime BH mass (solid) and spin (dotted) evolution
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Extremal spin today?

Could high spin BHs exist today? Can we get over Thorne's limit on the spin of rotating
BHs from disk accretion?
→ Yes, with su�ciently massive and extremal PBHs

PBH spin today as a function of its initial mass
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Isotropic gamma ray background (IGRB) constraints

Origin

Di�use background +

Active galactic nuclei

Gamma ray bursts

DM annihilation/decay?

Hawking radiation?

Flux estimation for BHs Arbey et al. [PRD 101 (2020) 023010]

I ≈ 1

4π
E

∫ ttoday

tCMB

(1 + z(t))

×
∫
M

[
dn

dM

d2N

dtdE
(M, (1 + z(t))E)dM

]
dt
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IGRB and Kerr PBHs: monochromatic mass distributions

Main spin e�ects

enhanced luminosity ⇒ stronger constraints

reduced temperature ⇒ reduced emission energy ⇒ weaker constraints

Monochromatic constraints from the IGRB
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IGRB and Kerr PBHs: Extension to broad mass functions

Main width e�ects log-normal distribution M dn/dM ∝ exp(− ln(M/M∗)
2/2σ2)

broadening of the emission spectrum ⇒ stronger constraint

broadening of the mass distribution ⇒ larger DM total density ⇒ weaker constraint
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Hawking radiation of spin-2 gravitons

All particles can be emitted by a black hole!

Including gravitons / gravitational waves...
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Hawking gravitational waves and detection

Emission of gravitational waves by BHs

Preliminary
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Supermassive BHs emit at frequencies of LIGO-VIRGO/LISA/BBO

Unfortunately the �uxes of such heavy BHs are too small!
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Gravitational waves from very primordial BHs

Gravitational waves emitted by very light PBH which vanished before or after in�ation

→ cosmological background of gravitational waves

Preliminary

Discovering gravitational waves emitted via Hawking radiation would validate
the existence of the graviton!
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A black hole in the Solar System?

Anomalous orbits of Trans-Neptunian Objects (TNOs) and excess in microlensing events

→ undiscovered Planet 9 at distance 450− 700 AU and with mass 5− 10 M⊕?

Maybe a primordial black hole (see Scholtz & Unwin 1909.11090)!
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Hawking radiation emitted at the GHz frequency
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Towards Planet 9...

Hawking radiation too weak to be seen from Earth
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→ need to send a probe in orbit to study the emitted radio waves (and why not
gravitational waves)

(→ Breakthrough Starshot project, proof-of-concept for a �eet of light sail spacecrafts)
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BlackHawk

Public C code computing Hawking radiation:

Schwarzschild & Kerr PBHs

primary spectra of all Standard Model fundamental particles

secondary spectra of stable particles (hadronization with PYTHIA or HERWIG)

extended mass and spin functions

time evolution of the PBHs

Download: http://blackhawk.hepforge.org

Manual: arXiv:1905.04268, Eur.Phys.J. C79, 693

Alexandre Arbey ICHEP 2020 � Prague � July 30th, 2020 18 / 19

http://blackhawk.hepforge.org


Introduction Kerr PBH evaporation γ-ray constraints Graviton emission Planet 9 BlackHawk Conclusions

Conclusions

Main results

Study of the evolution of Kerr PBHs and constraints from IGRB

Extension to more realistic broad PBH mass functions

Still open window from planet-mass BHs as dark matter

Does Planet 9 exist and is it a PBH?

Public code BlackHawk to compute Hawking radiation

Perspectives

Closing the remaining PBH mass windows for all dark matter into PBHs?

Primordial BH / Astrophysical BH discrimination using GW events?

Constraints from extrasolar planet searches?

Other constraints...
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Backup

Backup
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Black hole metrics

(in the natural unit system with c = ~ = kB = 1)

Schwarzschild metric for a static compact object of mass M

dτ2 =

(
1− 2GM

r

)
dt2 − dr2

1− 2GM

r

− r2(dθ2 + sin2 θ dφ2)

One de�nes the Schwarzschild radius: Rs = 2GM.
If the mass M is completely within r < Rs , the radius r = Rs constitutes a horizon.

−→ Black Hole!

Kerr metric for a static compact object of mass M and angular momentum J

dτ2 =
(
dt − a sin2 θdφ

)
2 ∆

Σ
−
(
dr2

∆
+ dθ2

)
Σ

−
(
(r2 + a2)dφ− adt

)
2 sin2 θ

Σ

a = J/M, Σ = r2 + a2 cos2 θ, ∆ = r2 − Rs r + a2, Rs = 2GM

The horizon exists but is deformed and �attened−→ Kerr (Rotating) Black Hole!
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Solving the cusp-core problem with PBHs

In presence of heavy PBHs, possible transition from
cusp to core

On the right: N-body simulation of dwarf galaxy
with 107 M� halo made of 50% of dark matter in
the form of 100 M� PBHs and 50% of 1 M� DM
particles.
From Boldrini et al. [1909.07395, MNRAS 492
(2020) 5218].

Gravitational heating by heavy PBHs:

Dynamical friction of DM particles on PBHs

Two body relaxation between PBHs

Alexandre Arbey ICHEP 2020 � Prague � July 30th, 2020 22 / 19



Kerr Hawking radiation equations

Kerr metric

ds2 =

(
1− 2Mr

Σ2

)
dt2 +

4a∗M2r sin(θ)2

Σ2
dtdφ− Σ2

∆
dr2

− Σ2
dθ2 −

(
r2 + (a∗)2M2 +

2(a∗)2M3r sin(θ)2

Σ2

)
sin(θ)2dφ2

Σ ≡ r2 + (a∗)2M2 cos(θ)2 and ∆ ≡ r2 − 2Mr + (a∗)2M2

Equations of motion in free space

Dirac : (i /∂ − µ)ψ = 0 (fermions)

Proca : (� + µ2)φ = 0 (bosons)

µ = rest mass

Alexandre Arbey ICHEP 2020 � Prague � July 30th, 2020 22 / 19



Kerr Hawking radiation equations

Teukolsky radial equation

1

∆s

d

dr

(
∆s+1 dR

dr

)
+

(
K2 + 2i s(r − M)K

∆
− 4i sEr − λslm − µ

2r2
)
R = 0

R radial component of ψ/φ
K ≡ (r2 + a2)E + am, s = spin, l = angular momentum and m = projection

Transformation into a Schödinger equation

Change ψ/φ −→ Z and r −→ r∗ (generalized Eddington - Finkelstein coordinate)
(Chandrasekhar & Detweiler 1970s)

d2Z

dr∗2
+ (E 2 − V (r∗))Z = 0 (1)

Solved with purely outgoing solution Z −→
r∗→−∞

e−i Er∗

Transmission coe�cient Γ ≡ |Z+∞
out /Z

horizon
out |2
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Kerr Hawking radiation equations

Chandrasekhar potentials

V0(r) =
∆

ρ4

(
λ0 lm +

∆ + 2r(r − M)

ρ2
−

3r2∆

ρ4

)

V1/2,±(r) = (λ1/2 lm + 1)
∆

ρ4
∓

√
(λ1/2,l,m + 1)∆

ρ4

(
(r − M) −

2r∆

ρ2

)
V1,±(r) =

∆

ρ4

(
(λ1 lm + 2) − α

2 ∆

ρ4
∓ iαρ2

d

dr

(
∆

ρ4

))

V2(r) =
∆

ρ8

(
q −

ρ2

(q − β∆)2

(
(q − β∆)

(
ρ
2∆q′′ − 2ρ

2q − 2r(q′∆ − q∆′)
)

+ρ2(κρ2 − q′ + β∆′)(q′∆ − q∆′)
))

ρ2 ≡ r2 + α2 and α2 ≡ a2 + am/E

q(r) = νρ
4 + 3ρ

2(r2 − a2) − 3r2∆

q′(r) = r
(

(4ν + 6)ρ2 − 6(r2 − 3Mr + 2a2)
)

q′′(r) = (4ν + 6)ρ2 + 8νr2 − 6r2 + 36Mr − 12a2

β± = ±3α
2

κ± = ±
√

36M2 − 2ν(α2(5ν + 6) − 12a2) + 2βν(ν + 2)
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Evolution parameters

Page parameters (Page 1976)

f (M, a∗) ≡ −M2 dM

dt
= M2

∫ +∞

0

∑
dof.

E

2π

Γ(E ,M, a∗)

eE ′/T ± 1
dE

g(M, a∗) ≡ −M

a∗
dJ

dt
=

M

a∗

∫ +∞

0

∑
dof.

m

2π

Γ(E ,M, a∗)

eE ′/T ± 1
dE

Evolution equations (Page 1976)

dM

dt
= − f (M, a∗)

M2

da∗

dt
=

a∗(2f (M, a∗)− g(M, a∗))

M3
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Reduced lifetime

Decrease of BH lifetime τ for increasing initial spin a∗i , compared to the Schwarzschild

case (τ0)
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Log-normal distributions

De�nition

dn

dM
=

A√
2πσM

exp

(
− (log(M/M∗))2

2σ2

)
M∗ = central mass, σ = width (dimensionless)

Log-normal distributions (normalized to unity, M∗ = 3× 1015 g)
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