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Primordial Black Holes.: What? How? Why?

Hawking & Carr
(1974)

* Primordial black holes (PBHSs) 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
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* Primordial black holes (PBHSs) are black holes that formed in the early Universe
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e PBHs are viable dark matter candidate
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e PBHs are viable dark matter candidate

e LIGO-Virgo-Kagra (LVK) have observed GWs
from mergers of supermassive black holes
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* Primordial black holes (PBHSs) 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

e PBHs are viable dark matter candidate

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

¢« Some may be mergers of PBH binaries
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Primordial Black Holes.: What? How? Why?

Hawking & Carr
(1974)

* Primordial black holes (PBHSs) 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

Adymmelny
. .
e If PBHSs exist, what would their impact on

cosmological observables be?

Darek & Visible Radiation
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Primordial Black Hole Evaporation

M
e Schwarzschild radius of a black hole: r¢ ~ 0.015 fm ( 101§H )
g

1013
 BH evaporate & lose mass via Hawking radiation: Tygy ~ 1 GeV( v g)
BH
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Primordial Black Hole Evaporation

M
e Schwarzschild radius of a black hole: r¢ ~ 0.015 fm ( 101§H )
g

1013
 BH evaporate & lose mass via Hawking radiation: Tygy ~ 1 GeV( v g)
BH

* Observable particle from Hawking evaporation have approximately blackbody spectra
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Primo'dial Black Hole Evapoation

M
e Schwarzschild radius of a black hole: r¢ ~ 0.015 fm ( 101§H )
g

1013
 BH evaporate & lose mass via Hawking radiation: Tygy ~ 1 GeV( v g)
BH

 Observable particle from Hawking evaporation have approximately blackbody spectra

Greybody
/ factor
dzNi - g,- Gs,-(Mapa /’tl) p3

dpdi  2x2 explE,(p)/T] - (—1)* E,(p)
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Primo'dial Black Hole Evapoation

M
e Schwarzschild radius of a black hole: r¢ ~ 0.015 fm ( 101§H )
g

1013
 BH evaporate & lose mass via Hawking radiation: Tygy ~ 1 GeV( v g)
BH

 Observable particle from Hawking evaporation have approximately blackbody spectra

Greybody
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Primo'dial Black Hole Evapoation

M
e Schwarzschild radius of a black hole: r¢ ~ 0.015 fm ( 1012H )
g

1015 g
Mgy

 BH evaporate & lose mass via Hawking radiation: Ty~ 1 GeV

 Observable particle from Hawking evaporation have approximately blackbody spectra
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Primordial Black Hole Evaporation

« PBHs unique & democratic particle production. All d.o.f produced if Iz > m
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Primoedial Black Hole Evaporalion

« PBHs unique & democratic particle production. All d.o.f produced if Iz > m

e |f PBHS’ dominated the Universe’s energy density =— induce early matter domination

PBH
domination

= Rad
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Primo'dial Black Hole Evapoation

« PBHs unique & democratic particle production. All d.o.f produced if Iz > m

e |f PBHS’ dominated the Universe’s energy density =— induce early matter domination

*Assuming monochromatic
mass spectrum

 PBHs evaporation is rapid = reheat the Universe via large entropy dumps

PBH |
domination Rapid 1014-
evaporation .
=
@
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Mgy 10

log(a)
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é/zm/cz‘a&'om@ //zwmdm% Daree Matter

» Consider feebly interacting DM/purely gravitationally interacting DM & population of

PBHs (monochromatic mass spectrum)

Jessica Turner - IPPP, University of Durham
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1B ~ MDM
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» Consider feebly interacting DM/purely gravitationally interacting DM & population of
PBHs (monochromatic mass spectrum)

npyv + 3Hnpy = nppy 1 B DM

DM produced from
DM PBH Hawking radiation

Jessica Turner - IPPP, University of Durham TeVPA 2024
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» Consider feebly interacting DM/purely gravitationally interacting DM & population of
PBHs (monochromatic mass spectrum)

npyv + 3Hnpy = nppy 1 B DM

. |
Psm T dHpgy = — Mgy M PPBH

SM d.o.f from
PBH Hawking radiation

Jessica Turner - IPPP, University of Durham TeVPA 2024
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» Consider feebly interacting DM/purely gravitationally interacting DM & population of
PBHs (monochromatic mass spectrum)

npyv + 3Hnpy = nppy 1 B DM

. |
psm + 4Hpgy = — Mgu|  PpeH
DM Mgy SM
T °
- DM preu T 3Hpppy = v; MguppreH
% /' BH

Mass loss rate l/MéH
Contains greybody factor

Jessica Turner - IPPP, University of Durham TeVPA 2024
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» Consider feebly interacting DM/purely gravitationally interacting DM & population of
PBHs (monochromatic mass spectrum)

npyv + 3Hnpy = nppy 1 B DM

S\ TR~ ows Psm + 4Hpgy = — M Mgy PPBH
1049 4 radl'atjo BH SM
N PBH
104 1 .
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Cheek, Heurtier, Perez-Gonzalez & JT
(2107.00013)
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“Light” DM can be boosted

when 1giy > mpy; & warm
DM constraints apply

See also
Baldes, Decant, Hooper & Lopez-
Honorez (2004.14773)
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Erimodial Black Holes & Davk Radiation

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

J M3,
Ay — 5
ME
1 \/1 — Clj%
lgy =

Jessica Turner - IPPP, University of Durham TeVPA 2024
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Erimodial Black Holes & Davk Radiation

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

o Kerr BHs preferentially produce higher spin particles to lose their angular momentum

J M3,
Ay — 5
ME
1 \/1 — Cli
lgy =

TeVPA 2024
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Erimodial Black Holes & Davk Radiation

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

o Kerr BHs preferentially produce higher spin particles to lose their angular momentum

£(£)

TeVPA 2024
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Erimodial Black Holes & Davk Radiation

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

o Kerr BHs preferentially produce higher spin particles to lose their angular momentum

/4 , /
/v , 4 ‘ !
/ , + | i \
\\

1\ :
\ NN\ Kerr BH lose o
fv\/v\/ spin more rapidly —— |

’ /
“§“ i % than mass
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Erimodial Black Holes & Davk Radiation

Hooper, Krnjaic & McDermott (1905.01301)
Hooper, Krnjaic, March-Russell, McDermott & Byrne (2004.00618
Masina (2004.04740) Masina (2103.13825)
Arbey, Auffinget, Sandrick, Es Haghi, Sinha (2104.04051)

» Production of “hot gravitons” from PBHs can contribute to AN

o4 Schwarzschild Kerr, a, = 0.99
10 1054
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= 10 Q
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B Gravitons
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» Production of “hot gravitons” from PBHs can contribute to AN
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Erimodial Black Holes & Davk Radiation
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Erimodial Black Holes & Davk Radiation

a, =0.7
Without redshift

A N.g from Graviton Production
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Erimodial Black Holes & Davk Radiation

a, =0.7
Without redshift

A N.g from Graviton Production
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With redshift
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Primordial Black Holes & Visible Kadiation

« Consider currently evaporating Kerr PBH. Photon emission enhanced for higher a,
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Primodial Black Holes & Visible Radiation

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

Image Credit: Yuber Perez-Gonzalez

BH “wants” to shed Particles with positive
off its angular helicity are preferentially
momentum emitted in the northern
hemisphere

Antineutrinos*

Particles with negative
helicity are preferentially
emitted in the southern
hemisphere

Neutrinos*

Axis of rotation

Vilenkin, PRL 41 (1978) 1575
Leahy, Unruh, PRD 19 (1979) 3509
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Primodial Black Holes & Visible Radiation

o Kerr PBHs emit neutrinos and antineutrinos asymmetrically

Image Credit: Yuber Perez-Gonzalez
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Primordial Black Holes & Visible Kadiation

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

Image Credit: Yuber Perez-Gonzalez
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Primordial Black Holes & Visible Kadiation

o Kerr PBHs emit neutrinos and antineutrinos asymmetrically

Image Credit: Yuber Perez-Gonzalez
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off its angular helicity are preferentially
momentum emitted in the northern
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Primo'dial Black Holes & Visible Kadiation

Animation credits: Yuber Perez-Gonzalez

* Consider currently evaporating, spinning PBH
IN our solar system

d, = 107 pc ~

Uranus - Sun

Perez-Gonzalez (2207.09462)

Jessica Turner TeVPA 2024
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Primodial Black Holes & Visible Radiation

 Consider currently evaporating, spinning PBH Perez-Gonzalez (2207.09462)
IN our solar system

» TeV scale gamma rays emitted by PBH can be Assume: @, = 0.5, 0=45

detected by HAWC, degeneracy between 6 and T =
Ay : o
<. | / \
- ™~
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cos 6
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Primordial Black Holes & Visible Kadiation

 Consider currently evaporating, spinning PBH Perez-Gonzalez (2207.09462)
IN our solar system

» TeV scale gamma rays emitted by PBH can be Assume: - a, = 0.5, 0= 4
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Primordial Black Holes & Visible Kadiation

 Consider currently evaporating, spinning PBH Perez-Gonzalez (2207.09462)
IN our solar system

» TeV scale gamma rays emitted by PBH can be Assume: - a, = 0.5, 0= 4

7=100s
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Primo'dial Black Holes & Visible Kadiation

* Consider currently evaporating, spinning PBH
IN our solar system

Perez-Gonzalez (2207.09462)

* [eV scale gamma rays emitted by PBH can be

7=100s

detected by HAWC, degeneracy between @ and T

a, _ o
e [eV-scale v, & v_ﬂ produced by 0,6_: |

PBH can be detected by lceCube s S~
 Measurements of both photon & neutrinos- 0,2_:
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Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: unigque particle source, early matter domination, entropy injections. How does
this interplay with baryogenesis?

Jessica Turner - IPPP, University of Durham TeVPA 2024
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Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: unigque 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

Jessica Turner - IPPP, University of Durham TeVPA 2024

58



Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: unigque particle source, early matter domination, entropy injections. How does
this interplay with baryogenesis?

 Leptogenesis: well motivated class of theories which connects neutrino mass & BAU

_ 1 Y 0?
LOY,LHN — —MnyN¢N = m, = ~ 0.1eV
2 2M nr

Jessica Turner - IPPP, University of Durham TeVPA 2024
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Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: 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

_ 1 Y 0?
LOY,LHN — —MnyN¢N = m, = ~ 0.1eV
2 2M nr

7

Lepton number violation

'C & CP-violation

A Departure from thermal equilibrium
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Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: 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

_ 1 Y 0?
LOY,LHN — —MnyN¢N = m, = ~ 0.1eV
2 2M nr

M Lepton number violation
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Initial
abundance

e tak 101
[\ Departure from thermal equilibrium oo | C

Jessica Turner - IPPP, University of Durham TeVPA 2024



Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: 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

_ 1 Y 0?
LOY,LHN — —MnyN¢N = m, = ~ 0.1eV
2 2M N
M Lepton number violation | 5 I A
| | equilibrium
abundance

] C & CP-violation

Initial
abundance
taken as

A" Departure from thermal equilibrium o

10—14 .................................
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Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: 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

_ 1 Y 0?
LOY,LHN — —MnyN¢N = m, = ~ 0.1eV
2 2M N
M Lepton number violation | 5 I A
* | equilibrium
abundance
] C & CP-violation
Initial
abundance
e tak
A" Departure from thermal equilibrium oo
Freezeout
BAU
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Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: 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

Psm T dHpgy = — Mgy o PPBH

. | B
PpeH T 3Hpppy = [v; Mgy rBH
BH

H _ ___eq\1°TH BHBH| _ W/
Haa T HND W T W

Lepton asymmetry
from plasma

Jessica Turner - IPPP, University of Durham TeVPA 2024
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Primo'diad Black & Matter, Antimatten Asymmetny

 PBHSs: 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

Psm T dHpgy = — Mgy o PPBH

. | B
PpeH T 3Hpppy = [v; Mgy rBH
BH

__eq\TTH BH~BH

Lepton asymmetry Lepton asymmetry
from plasma From PBHSs

Jessica Turner - IPPP, University of Durham TeVPA 2024
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Primodial Black & Matter, Antimatter Asymmety

 PBHSs: 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

° 1 ’
psm T AHpgy = — v; Mgy |  PpeH
BH SM
PpeH T 3Hp PBH — M MBHP PBH Washout processes
BH

Lepton asymmetry Lepton asymmetry
from plasma From PBHSs
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Primo'diad Black & Matter, Antimatten Asymmetny

* Assume monochromatic population of PBHs erez Gonzalez & JT (2010.05569
ME =17g B;=10"° My =10"GeV

RH neutrino abundance Final baryon asymmetry

0.001F
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| Np
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Primodial Black & Matter, Antimatter Asymmety

 Assume monochromatic population of PBHs

Perez-Gonzalez & JT (2010.03565)

ME =17g B;=10"° My =10"GeV

RH neutrino abundance

Final baryon asymmetry
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Primo'diad Black & Matter, Antimatten Asymmetny

* Assume monochromatic population of PBHs erez Gonzalez & JT (2010.05569
ME =17g B;=10"° My =10"GeV

RH neutrino abundance Final baryon asymmetry
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Primo'diad Black & Matter, Antimatten Asymmetny

Perez-Gonzalez & JT (2010.03565)

* Assume slightly heavier monochromatic population of PBHs
ME =10"g B;=10"° My =10"GeV

RH neutrino abundance Final baryon asymmetry
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Primodial Black & Matter, Antimatter Asymmety

* Assume slightly heavier monochromatic population of PBHs

RH neutrino abundance

Mg =10"g B =10""

Final baryon asymmetry
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Primodial Black & Matter, Antimatter Asymmety

* Assume slightly heavier monochromatic population of PBHs

| Np|

Jessica Turner - IPPP, University of Durham
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RH neutrino abundance

PBH RHNSs
suppressed

10

TeVPA 2024

7Bl
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Final baryon asymmetry
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Primordial Black Hole Leplogenedid

Perez-Gonzalez & JT (2010.03565)

 Assume a population of monochromatic
PBHs & 10° < M, (GeV) < 1017

10g10(|773|)

« Heavier PBHs ( 2 1 kg ) produce fewer
heavy RHNs but more photons.

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

* Heavy PBHSs in the early Universe likely
conflict with leptogenesis and most
high-scale, early-time baryogenesis
models.
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Erimodial Black Holes & Gravitalional Waved

Image credit Guillem Domenech: 2402.17388
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0.5} Early radiation! Late radiation
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Erimodial Blactk Holes & Gravitalional Waved

* Density fluctuation that create PBH give induced GWs see Domenech (2109.01398)

o Effect Is largest for PBHs with monochromatic mass spectrum
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Domenech, Lin, Sasaki (2012.08151)

Jessica Turner - IPPP, University of Durham
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» PBHs can be a democratic non-thermal source of particle production in the early
Universe. PBHSs 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 2 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
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