
Primordial Black Holes and the Early Universe
TeVPA 2024, 29th of August 2024
Jessica Turner, IPPP, Durham University



Jessica Turner - IPPP, University of Durham TeVPA 2024 2

N

Primordial Black Holes: What? How? Why?

• Primordial black holes (PBHs) are black holes that formed in the early Universe

   due to large density perturbations [inflation, phase transitions, QCD phase transition…]

• PBHs can take a huge range in masses from (10−5 − 1037) g

t →

Image credit:  Villanueva-Domingo, Mena, 
Palomares-Ruiz. 2103.12087
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https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C?bbbRedirect=1
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Primordial Black Holes: What? How? Why?

• PBHs are viable dark matter candidate
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Green & Kavanagh, 
(2007.10722)

• PBHs can take a huge range in masses from (10−5 − 1037) g

• Primordial black holes (PBHs) are black holes that formed in the early Universe

   due to large density perturbations [inflation, phase transitions, QCD phase transition…]

Hawking & Carr 
(1974)

https://arxiv.org/pdf/2007.10722
https://arxiv.org/pdf/2007.10722
https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C?bbbRedirect=1
https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C?bbbRedirect=1
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Primordial Black Holes: What? How? Why?

• PBHs can take a huge range in masses from (10−5 − 1037) g

• Primordial black holes (PBHs) are black holes that formed in the early Universe

   due to large density perturbations [inflation, phase transitions, QCD phase transition…]

• LIGO-Virgo-Kagra (LVK) have observed GWs 
from mergers of supermassive black holes

Hawking & Carr 
(1974)

• PBHs are viable dark matter candidate
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Primordial Black Holes: What? How? Why?

• Some may be mergers of PBH binaries

• PBHs can take a huge range in masses from (10−5 − 1037) g

• LIGO-Virgo-Kagra (LVK) have observed GWs 
from mergers of supermassive black holes

• Primordial black holes (PBHs) are black holes that formed in the early Universe

   due to large density perturbations [inflation, phase transitions, QCD phase transition…]

Hawking & Carr 
(1974)

• PBHs are viable dark matter candidate

https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C?bbbRedirect=1
https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C?bbbRedirect=1
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Primordial Black Holes: What? How? Why?

Matter-antimatter 
Asymmetry

Dark Matter

Dark & Visible Radiation

Gravitational Waves

• PBHs can take a huge range in masses from (10−5 − 1037) g

• If PBHs exist, what would their impact on

    cosmological observables be?

• Primordial black holes (PBHs) are black holes that formed in the early Universe

   due to large density perturbations [inflation, phase transitions, QCD phase transition…]

Hawking & Carr 
(1974)

https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C?bbbRedirect=1
https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C?bbbRedirect=1
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Primordial Black Hole Evaporation

• Schwarzschild radius of a black hole: rS ∼ 0.015 fm ( MBH

1013 g )
• BH evaporate & lose mass via Hawking radiation:  TBH ∼ 1 GeV ( 1013 g

MBH )
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Primordial Black Hole Evaporation

• Schwarzschild radius of a black hole: rS ∼ 0.015 fm ( MBH

1013 g )
• BH evaporate & lose mass via Hawking radiation:  

• Observable particle from Hawking evaporation have approximately blackbody spectra

d2Ni

dp dt
=

gi

2π2

σsi
(M, p, μi)

exp[Ea(p)/T] − (−1)2si

p3

Ea(p)

TBH ∼ 1 GeV ( 1013 g
MBH )
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Primordial Black Hole Evaporation

• Schwarzschild radius of a black hole: rS ∼ 0.015 fm ( MBH

1013 g )
• BH evaporate & lose mass via Hawking radiation:  

• Observable particle from Hawking evaporation have approximately blackbody spectra

d2Ni

dp dt
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gi

2π2

σsi
(M, p, μi)

exp[Ea(p)/T] − (−1)2si

p3

Ea(p)

Greybody 
factor

TBH ∼ 1 GeV ( 1013 g
MBH )
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Primordial Black Hole Evaporation

• Schwarzschild radius of a black hole: rS ∼ 0.015 fm ( MBH

1013 g )
• BH evaporate & lose mass via Hawking radiation:  

• Observable particle from Hawking evaporation have approximately blackbody spectra

d2Ni

dp dt
=

gi

2π2
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p3
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BH
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TBH ∼ 1 GeV ( 1013 g
MBH )



Jessica Turner - IPPP, University of Durham TeVPA 2024 11

Primordial Black Hole Evaporation

• Schwarzschild radius of a black hole: rS ∼ 0.015 fm ( MBH

1013 g )
• BH evaporate & lose mass via Hawking radiation:  

• Observable particle from Hawking evaporation have approximately blackbody spectra

d2Ni

dp dt
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gi
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Primordial Black Hole Evaporation
• PBHs unique & democratic particle production. All d.o.f produced if  TBH > m
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Primordial Black Hole Evaporation

•  If PBHs’ dominated the Universe’s energy density  induce early matter domination ⟹

• PBHs unique & democratic particle production. All d.o.f produced if  TBH > m
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Primordial Black Hole Evaporation
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• PBHs evaporation is rapid  reheat the Universe via large entropy dumps⟹

•  If PBHs’ dominated the Universe’s energy density  induce early matter domination ⟹

• PBHs unique & democratic particle production. All d.o.f produced if  TBH > m
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Matter-Antimatter 
Asymmetry

Gravitationally Interacting Dark Matter
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Matter-Antimatter 
Asymmetry

Gravitationally Interacting Dark Matter
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Matter-Antimatter 
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
• Consider feebly interacting DM/purely gravitationally interacting DM & population of 

PBHs (monochromatic mass spectrum)
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Gravitationally Interacting Dark Matter
• Consider feebly interacting DM/purely gravitationally interacting DM & population of 

PBHs (monochromatic mass spectrum)
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Gravitationally Interacting Dark Matter
• Consider feebly interacting DM/purely gravitationally interacting DM & population of 

PBHs (monochromatic mass spectrum)
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Gravitationally Interacting Dark Matter
• Consider feebly interacting DM/purely gravitationally interacting DM & population of 

PBHs (monochromatic mass spectrum)
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Gravitationally Interacting Dark Matter
• Consider feebly interacting DM/purely gravitationally interacting DM & population of 

PBHs (monochromatic mass spectrum)
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
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Gravitationally Interacting Dark Matter
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Primordial Black Holes & Dark Radiation

• Kerr BHs (PBHs with spin) could have formed in the early Universe due to mergers 
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Primordial Black Holes & Dark Radiation

• Kerr BHs (PBHs with spin) could have formed in the early Universe due to mergers 

• Kerr BHs preferentially produce higher spin particles to lose their angular momentum
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Primordial Black Holes & Dark Radiation

• Kerr BHs (PBHs with spin) could have formed in the early Universe due to mergers 

• Kerr BHs preferentially produce higher spin particles to lose their angular momentum
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Primordial Black Holes & Dark Radiation

• Kerr BHs (PBHs with spin) could have formed in the early Universe due to mergers 

• Kerr BHs preferentially produce higher spin particles to lose their angular momentum
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Primordial Black Holes & Dark Radiation

• Production of “hot gravitons” from PBHs can contribute to ΔNeff
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Primordial Black Holes & Dark Radiation

• Production of “hot gravitons” from PBHs can contribute to ΔNeff
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Primordial Black Holes & Dark Radiation

• Production of “hot gravitons” from PBHs can contribute to ΔNeff
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Primordial Black Holes & Dark Radiation
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Primordial Black Holes & Dark Radiation
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Primordial Black Holes & Dark Radiation
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Primordial Black Holes & Visible Radiation

• Consider currently evaporating Kerr PBH. Photon emission enhanced for higher   a⋆
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Primordial Black Holes & Visible Radiation

BH “wants” to shed 
off its angular 
momentum

Particles with positive 
helicity are preferentially 
emitted in the northern 

hemisphere

Particles with negative 
helicity are preferentially 
emitted in the southern 

hemisphere

Antineutrinos*

Neutrinos*

θ = 0

⃗p
⃗s

⃗s
⃗p

⃗s
⃗p ⃗s

⃗p

⃗s ⃗p
⃗s

⃗p⃗s
⃗p⃗s

⃗p
⃗s
⃗p⃗s

⃗p

⃗s
⃗p

Axis of rotation 

θ

Vilenkin, PRL 41 (1978) 1575

Leahy, Unruh, PRD 19 (1979) 3509

• Kerr PBHs emit neutrinos and antineutrinos asymmetrically Perez-Gonzalez (2207.09462)

Image Credit: Yuber Perez-Gonzalez

https://arxiv.org/pdf/2307.14408


Jessica Turner - IPPP, University of Durham TeVPA 2024 47

Primordial Black Holes & Visible Radiation
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Primordial Black Holes & Visible Radiation
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• Kerr PBHs emit neutrinos and antineutrinos asymmetrically 
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Perez-Gonzalez (2207.09462)

a⋆ = 0.999

MBH = 109 g

Image Credit: Yuber Perez-Gonzalez
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Assume: a⋆ = 0.5, θ = 45∘
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Perez-Gonzalez (2207.09462)
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?

• Leptogenesis: well motivated class of theories which explain light neutrino mass & BAU
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?
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• Leptogenesis: well motivated class of theories which connects neutrino mass & BAU
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?

• Leptogenesis: well motivated class of theories which connects neutrino mass & BAU
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?

• Leptogenesis: well motivated class of theories which connects neutrino mass & BAU
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?

• Leptogenesis: well motivated class of theories which connects neutrino mass & BAU
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?
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Primordial Black & Matter Antimatter Asymmetry
• PBHs: unique particle source, early matter domination, entropy injections. How does 

    this interplay with baryogenesis?
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Primordial Black & Matter Antimatter Asymmetry
• Assume monochromatic population of PBHs 
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Primordial Black & Matter Antimatter Asymmetry
• Assume monochromatic population of PBHs 
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Primordial Black & Matter Antimatter Asymmetry
• Assume monochromatic population of PBHs 
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Primordial Black & Matter Antimatter Asymmetry
• Assume slightly heavier monochromatic population of PBHs 
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Primordial Black & Matter Antimatter Asymmetry
• Assume slightly heavier monochromatic population of PBHs 
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Primordial Black & Matter Antimatter Asymmetry
• Assume slightly heavier monochromatic population of PBHs 
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Primordial Black Hole Leptogenesis
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• Heavier PBHs (  kg ) produce fewer 
heavy RHNs but more photons.

≳ 1

• Entropy dump dilutes baryon asymmetry 
(thermal & PBH-induced)

• Heavy PBHs in the early Universe likely 
conflict with leptogenesis and most 
high-scale, early-time baryogenesis 
models.

• Assume a population of monochromatic 
PBHs & 106 ≲ MN (GeV) ≲ 1012
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Primordial Black Holes & Gravitational Waves
Image credit Guillem Domenech: 2402.17388
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FIG. 7. Illustration of the universe’s evolution in the PBH reheating scenario. We show ⌦PBH = ⇢PBH/⇢tot

(with a blue line) and ⌦rad = ⇢rad/⇢tot (with a red line) in terms of efolds N from PBH formation Nf .
PBHs start to dominate the universe at Neeq and evaporate completely at Neva. During the early radiation
domination, PBHs form, but the induced GW signal associated with the formation and PBH isocurvature are
respectively of too high frequency or too low amplitude. After Neeq, PBH isocurvature has been converted
into curvature fluctuations and induced GW are more e�ciently produced (derived in Ref. [98]). Because
the complete evaporation of PBHs is very fast, there is an enhanced production of induced GWs right after
PBH evaporation [96] (estimated in Ref. [99]).
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/H / (k/keva)2. Taking into account that the transition is not instantaneous leads to a

suppression factor ⇠ (k/keva)�1/3 [96] (that comes from the fact that PBHs lose energy according
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Note that Eq. (5.12) is larger than Eq. (5.10) by a factor M
22/9
PBH,f . We show on the left of Fig. (8)

the shape of the induced GW spectrum after PBH evaporation for di↵erent values of the PBH

mass. On the right of Fig. (8), we show the bounds on � as a function of PBH mass and the

corresponding amplitude of the induced GW spectrum peak (5.12).

It is important to note, though, that while the amplitude of Eq. (5.12) is very sensitive to

the monochromatic mass function assumption (as a broad mass function leads to a more gradual
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FIG. 7. Illustration of the universe’s evolution in the PBH reheating scenario. We show ⌦PBH = ⇢PBH/⇢tot

(with a blue line) and ⌦rad = ⇢rad/⇢tot (with a red line) in terms of efolds N from PBH formation Nf .
PBHs start to dominate the universe at Neeq and evaporate completely at Neva. During the early radiation
domination, PBHs form, but the induced GW signal associated with the formation and PBH isocurvature are
respectively of too high frequency or too low amplitude. After Neeq, PBH isocurvature has been converted
into curvature fluctuations and induced GW are more e�ciently produced (derived in Ref. [98]). Because
the complete evaporation of PBHs is very fast, there is an enhanced production of induced GWs right after
PBH evaporation [96] (estimated in Ref. [99]).
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/H / (k/keva)2. Taking into account that the transition is not instantaneous leads to a

suppression factor ⇠ (k/keva)�1/3 [96] (that comes from the fact that PBHs lose energy according
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is given by [99, 100]

⌦GW,eva(k) ⇡ ⌦peak
GW,eva

✓
k

kUV

◆
⇥(kUV � k) , (5.11)

where

⌦GW,eva ⇡ 1030�16/3
⇣

�

0.2

⌘8/3
✓

gH(TPBH)

108

◆�17/9✓
MPBH,f

104g

◆34/9

. (5.12)

Note that Eq. (5.12) is larger than Eq. (5.10) by a factor M
22/9
PBH,f . We show on the left of Fig. (8)

the shape of the induced GW spectrum after PBH evaporation for di↵erent values of the PBH

mass. On the right of Fig. (8), we show the bounds on � as a function of PBH mass and the

corresponding amplitude of the induced GW spectrum peak (5.12).

It is important to note, though, that while the amplitude of Eq. (5.12) is very sensitive to

the monochromatic mass function assumption (as a broad mass function leads to a more gradual
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FIG. 7. Illustration of the universe’s evolution in the PBH reheating scenario. We show ⌦PBH = ⇢PBH/⇢tot

(with a blue line) and ⌦rad = ⇢rad/⇢tot (with a red line) in terms of efolds N from PBH formation Nf .
PBHs start to dominate the universe at Neeq and evaporate completely at Neva. During the early radiation
domination, PBHs form, but the induced GW signal associated with the formation and PBH isocurvature are
respectively of too high frequency or too low amplitude. After Neeq, PBH isocurvature has been converted
into curvature fluctuations and induced GW are more e�ciently produced (derived in Ref. [98]). Because
the complete evaporation of PBHs is very fast, there is an enhanced production of induced GWs right after
PBH evaporation [96] (estimated in Ref. [99]).
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Note that Eq. (5.12) is larger than Eq. (5.10) by a factor M
22/9
PBH,f . We show on the left of Fig. (8)

the shape of the induced GW spectrum after PBH evaporation for di↵erent values of the PBH

mass. On the right of Fig. (8), we show the bounds on � as a function of PBH mass and the

corresponding amplitude of the induced GW spectrum peak (5.12).

It is important to note, though, that while the amplitude of Eq. (5.12) is very sensitive to

the monochromatic mass function assumption (as a broad mass function leads to a more gradual
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FIG. 7. Illustration of the universe’s evolution in the PBH reheating scenario. We show ⌦PBH = ⇢PBH/⇢tot

(with a blue line) and ⌦rad = ⇢rad/⇢tot (with a red line) in terms of efolds N from PBH formation Nf .
PBHs start to dominate the universe at Neeq and evaporate completely at Neva. During the early radiation
domination, PBHs form, but the induced GW signal associated with the formation and PBH isocurvature are
respectively of too high frequency or too low amplitude. After Neeq, PBH isocurvature has been converted
into curvature fluctuations and induced GW are more e�ciently produced (derived in Ref. [98]). Because
the complete evaporation of PBHs is very fast, there is an enhanced production of induced GWs right after
PBH evaporation [96] (estimated in Ref. [99]).
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to MPBH / (1�t/teva)1/3). An approximation to the induced GW spectrum after PBH evaporation

is given by [99, 100]

⌦GW,eva(k) ⇡ ⌦peak
GW,eva

✓
k

kUV

◆
⇥(kUV � k) , (5.11)

where

⌦GW,eva ⇡ 1030�16/3
⇣

�

0.2

⌘8/3
✓

gH(TPBH)

108

◆�17/9✓
MPBH,f

104g

◆34/9

. (5.12)

Note that Eq. (5.12) is larger than Eq. (5.10) by a factor M
22/9
PBH,f . We show on the left of Fig. (8)

the shape of the induced GW spectrum after PBH evaporation for di↵erent values of the PBH

mass. On the right of Fig. (8), we show the bounds on � as a function of PBH mass and the

corresponding amplitude of the induced GW spectrum peak (5.12).

It is important to note, though, that while the amplitude of Eq. (5.12) is very sensitive to

the monochromatic mass function assumption (as a broad mass function leads to a more gradual
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Sudden evaporation of all PBHs, creates large velocity fluctuations in radiation fluid

    large GW signal⟹

<latexit sha1_base64="2LjaNT40QMonWFYFTvEg34xwTvk="></latexit>

(@2
t + 3H@t �r)hij ⇠ dTT

ab

ij @aV @bV

https://arxiv.org/pdf/2402.17388
https://arxiv.org/pdf/2003.10455.pdf
https://arxiv.org/pdf/2003.10455.pdf
https://arxiv.org/pdf/2003.10455.pdf
https://arxiv.org/abs/2010.11573
https://arxiv.org/abs/2010.11573
https://arxiv.org/abs/2012.08151
https://arxiv.org/abs/2012.08151


Jessica Turner - IPPP, University of Durham TeVPA 2024

0 2 4 6 8
Log10(MPBH,f [g])

°14

°12

°10

°8

°6

°4

L
o
g

1
0
Ø

Ømax

Ømin

GWs from PBH density fluctuations [T.Papanikolaou+ 2010.11573]
[GD+2012.08151]

[K.Inomata+2003.10455]

Sudden evaporation of all PBHs, creates huge velocity fluctuations in the radiation fluid

and a loud GW signal!
We can use it to test the PBH dominated universe:

In
iti

al
 P

BH
 fr

ac
tio

n

(If PBH spin, we can combine info on Neff [GD+2105.06816])

[GD+2012.08151]

ΩGW ≈ 1049β16/3 ( MPBH
109g )

34/9
fuv ≈ 4.4 × 106 Hz (

MPBH,f
1 g )

−5/6

°4 °2 0 2
Log10(f [Hz])

°18

°16

°14

°12

°10

°8

°6

°4

L
o
g

1
0
(≠

G
W

h
2
) A.LIGO

ET

LISA

DECIGO

M = 106g , Ø = 2 £ 10°9

M = 5 £ 108g , Ø = 2 £ 10°11

BBN

80

Primordial Black Holes & Gravitational Waves
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• Density fluctuation that create PBH give induced GWs see Domenech (2109.01398)  

• Effect is largest for PBHs with monochromatic mass spectrum 
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Summary
• PBHs can be a  democratic non-thermal source of particle production in the early 

    Universe. PBHs also provide large entropy dumps and early matter domination


• These features mean that PBHs can affect many early Universe phenomena including 

     the production of dark matter, dark radiation and gravitational waves

• Heavy PBHs  kg place significant tension on high-scale baryogenesis.≳

• Detection of induced GWs would be an exciting avenue to reassess our theories of 
baryogenesis, dark matter and radiation



Thank you for listening  


