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What s the impact of having
evaporating Primordial Black Holes
in the Early Universe?

N

* Introduction:

* PBHs — Formation/Evaporation

U PRIMORDIAL
BLACK HOLE
% First Act: Neutrinos and Leptogenesis

< Second Act: Dark Matter 7 7

P~
DM DM SM

< Third Act: High energy Neutrinos and evaporating PBHs
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Primordial Black Holes (PBH)

Astrophysical Black Holes M 2 3M,
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Formation

<+ Bubble collisions
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Taken from Villanueva-Domingo,
Mena, Palomares-Ruiz
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distribution
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All PBHs PBH form when the
with the density perturbation
same mass enters the Hubble
horizon
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Primordial Black Holes (PBH)

Astrophysical Black Holes M 2 3M,

l

Formation

Assume a

Lighter Black Holes } . monochromatic

mass distribution

rS—ZGM t f
M ~—~ 100 [ ——— M,

9

Black Holes

evaporate by
thermal emission

Quantum effects
are important

rg ~ Ac

All degreeg of freedom!

Hawking, 1975

0.015 M
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Evaporation — Schwarzschild BHs Desciibed by My
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Evaporation — Kerr BHs Described by My, @, = JM;/ Mgy, € [0.1)
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Evaporation

BHs lose mass
over time

dMygy M3

= —eMnpy,a,) —
dt (M *)M]%H

_

Evaporation
function

da
dt

Angular momentum

depleted faster than
mass

If there are some PBH still around
they might have a small angular
momentum

. M;
-, = a*[}’(MBHa a*) — 28(MBH’ a*)]M—3

MB(E) = Myy(E)IM,

a*,in — 1

B Only <50 % of
mass evaporated

£(£)

BH

Angular
momentum
almost depleted
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Evaporation

mo = 0.01 eV
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O <

| > (Part of) Dark Matter?
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Carretal. 2002.12778

Domenech et al. 2012.08151
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https://doi.org/10.5281/zenodo.3538999

PBHSs: Rise and Fall

PBHs behave

Formation

= Non-standard
cosmology?
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Why is interesting the particle production via evaporation?

(Thermal) Particle decoupling " Hawking Evaporation

Abundances depend on
masses and PBH parameters

Abundances depend M
Of MdA55ES and ~ < Modified Cosmology
interactions Interplay?? < Particle production

< Entropy dilution
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Why is interesting the particle production via evaporation?

3 ,in 3
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In a PBH dominated
Early Universe
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Why is interesting the particle production via evaporation?

Fujita et al, 1401.1909
Morrison et al,1812.10606
Baldes et al, 2004.14773

DM production “* Purely Gravitationally interacting DM " Choek, Heurter, YFPG, Turner
(Besides PBH-DM) < Modify Freeze-In/Freeze-out mechanisms O s

2212.03878

Baumann, Steinhadt, Turok, 0703250

< Modifying Baryogenesis scenarios Yamada and Iso, 1610.02586
Ly % Lept ' ' ) M(Elrjrjllst?)r? teflél114§112119(;)()906
Baryon Asymmetry ( ep Oge.neSIS >CENATIos . . Garcia-Bellido, Carr,lClessé, 1904.11482
< Producing a local asymmetry at PBH formation Hooper and Krnjaic, 2010.01134

< Connections with PBH-DM

 Hooper, Krnjaic, McDermott, 1905.01301

Sl Do an < Production of hot gravitons Lunardini, YFPG, 1910.07864
Dark RadlatIOﬂ Masina, 2004.04740, 2103.13825
% Testable from future measurements on AN ¢ Cheek, Heurtier, YFPG, Turner, 2207.09462
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https://arxiv.org/abs/2207.09462
https://arxiv.org/abs/2212.03878

First Act
Neutrinos and Leptogenesis

Based on:
YFPG and Turner: 2010.03565
Bernal, Fong, YFPG, Turner 2203.08823
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What about neutrino emission?

In the SM....
Primary
Vol Component
a={e, u, 7}
Event (VOKR)C
Horizon
ary
1ent

Constraints on the | J.MacGibbon, 1991

diffuse neutrino flux F. Halzen,9502268

B. Carr, 1976 Bugaev, 0005295
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What is the state of the emitted neutrino?

Neutrinos are
massive

Primary
Component
Secondary
Component
-
) 76
-
):

Weak Interaction
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What is the state of the emitted neutrino?

Weak interactions

n—pt+e +7,

Interaction mediated by
a gauge boson

Associated with a
charged lepton

Flavor eigenstate

Hawking Effect

1
(0_|bib,0_) =T, [exp (E,/ Ty + 1)]

Particle definition in a curved
spacetime is observer dependent

Particles with well-
defined kinematical
properties

Mass eigenstate
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Dirac vs Majorana

Primary
Component
Secondary
Component
-
° 7.
-
):

" Comeuencest
djOrana neutrinos consequences?
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Dirac neutrinos Majorana neutrinos
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JCAP08(2020)014
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Thermal Leptogenesis in a nutshell

Baryon asymmetry Sakharov Conditions
e = (6.23 £ 0.17) x 10710 + Baryon and Lepton number violation
P + CP violation
ngen = (6.08 £0.06) x 107" + Departure from thermal equilibrium

Type | seesaw:

1 — — TagT
_ - CN. £y N c. Y =—U, /m,R"M
Z > ZMM]\]I Nl+l’ﬂ(xH Yale+H ¢ v v PMNS v N
m, ~ ~ 0(0.1 eV)
N
iz”" N
dny

= _n4
7 = Dj(ny nNi)

Equations =
9 dn 4 - Fukugida, Yanagida, ‘86

B-L % _
dz = Z GiDi(nNi - ”;?) _[Wi nB—L} LH < LH
i

L 7
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Thermal Leptogenesis in

RH neutrinos are

Initial
abundance
taken as zero

created

LH—> N

IN]

1076}

0—10 i

N — LH

a nutshell

N — LH

10—14

- My =10" GeV
0.01}

Lepton ‘Baryon
asymmetr > !
)/ dy g asymmetry
IS Created Sphaleron processes

RH reaches
equilibrium
abundance

)M

Log a

Freeze out of
baryon
asymmetry

Fukugida, Yanagida, ‘86
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My > 102 GeV

High Scale Leptogenesis

My <My, < My,

CP violation from 1016
interference : Strong Washout
g from AL =2
14
/ ¢ / ¢ \/ = 2H ZH processes
>
N + N ) o i HigT L
\‘s\\ \‘s\\ '/ '/' \\\ 1014 - ";.,..0“ /\ ”” ,;”
- = : .

() P PR

(\2 . ’,”

= F -

‘ X M X /0 5 et
My V2 Ab=2 ol
N 1012 - P
1
AL =12 0.1 eV . :
interactions Mlz: Z 4{ — ]110"° GeV
would be in m,
oy . . 1010 T | — T | —
equilibrium if | |
0.05 0.1 0.5

my, [eV]

my, = Heaviest neutrino mass

Produce RHNs
after washout

How to save HSL?

Maximizing over
Yukawa parameters

PBHSs!

process have
frozen out?

Giudice et al., 2004
Buchmuller et al., 2005
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Interumnez;o.
Universal LeptogeneSiS Equation Solver (ULYSSES)

J ;:".' ,.. : } .l ’
R \\/ashout

£ b P
AAENs .

T

N Spectator effects Loop effects

B S

Standard cosmology

G
e ™ 1] N
= :

N

p——— e

L, = Gt
B Phases of Y, ]

% Leptogenesis via decays and resonant leptogenesis

A Granelli, K Moffat, YFPG, ' % ARS LEPtOgeneSiS

H Schulz and J T 1zati
Schulz and J Turner, < FEasy parallelization

arXiv: 2007.09150 _ _
arXiv:2301.05722 % Rapid evaluation

% Multidimensional scan of the parameter space
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PBH + Leptogenesis

At T ~ My N — LH Lepton
RH neutrinos are - asymmetry
created N — LH is created

LH—> N

Non-standard
cosmology?

Formation

Baryon
asymmetry

Sphaleron processes

Entropy dilution

Evaporation

e : Lepton
43 pin . 4 a3 prog RH neutrinos N — LH% P
inPrad | , tod e ASYMMetry
t e ais S N — LH SEEretes
a~psm
ai?’npngH — /"
A I | IV _ M
T BH =
X BH
Uin Qeq Ac Qey
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PBH + Leptogenesis

TBH
W Non-standard
2
S Entropy dilution
Formation Evaporation
_ ’ P
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Rescuing HSL
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Mass Distributions

Monochromatic 2
o n log“(M/M,) Log- |
approximation too Nppy = " dM f(M) fM) = B exp <— Y ) diosgtrinbcijrtri]:)an
approximated? \/ 2neM o

Dolgov, 93
Green, 2016
Kannike, 2017

Connection with
different formation 0.0030
mechanisms?

Log-Normal, =1

0.0025 - t=6.145e-037

) : 0.0020
Having PBHs with

different masses
could have a distinct
impact on the
previous results

0.0015 A

M)

0.0010 A

0.0005 -

0.0000 T —— —— T———rrrr
10° 10! 102 10° 10*

Mig]

Particle Astroparticle Seminar — MPIK - June 26th, 2023 Yuber F. Perez-G. - IPPP, Durham U 29



Mass Distributions

Dolgov, 93
Green, 2016
Kannike, 2017

Monochromatic

2
approximation too Nppy = [ de(M) FM) = NBH exp <_10g (M/MC)) Log-normal

: 2 distribution
approximated? 2noM 20
M. =1 g
Connection with
different formation 10-8 Same distribution
mechanisms? 1; produces and dilutes 7
-
_____ | ARt CEE LR R xN—
10—10
q
b
10_12 —— No-PBHs Rapid production
of RHNs

— Mono

e =0.5

— =1

Ha.VIngPBHSWlth 10—14 IIIIIII I Illllll [ IIIIIII [ lllllll | IIII]II I IIIIIII T T T
different masses 10! 100 10! 102 103 10% 105
could have a distinct
impact on the z=My, /T

previous results
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Why is interesting the particle production via evaporation?

Fujita et al, 1401.1909
Morrison et al,1812.10606
Baldes et al, 2004.14773

DM production (¢ Purely Gravitationally interacting DM) " Cheek, Hourtier YFPG, Tomer
(Besides PBH-DM) < Modify Freeze-In/Freeze-out mechanisms O e

2212.03878

Baumann, Steinhadt, Turok, 0703250

<+ Modifying Baryogenesis scenarios Yamada and Iso, 1610.02586
: : : .x. L . i ) MFUJ'Ita et etil, |114E(3)112.119(;)6906
] orrison et al, o
Baryon Asym metry €p Oge.neSIS >SCENATIOS . - Garcia-Bellido, Carr, Clesse, 1904.11482
< Producing a local asymmetry at PBH formation Hooper and Krnjaic, 2010.01134

< Connections with PBH-DM

 Hooper, Krnjaic, McDermott, 1905.01301

Sl Do an < Production of hot gravitons Lunardini, YFPG, 1910.07864
Dark RadlatIOﬂ Masina, 2004.04740, 2103.13825
% Testable from future measurements on AN ¢ Cheek, Heurtier, YFPG, Turner, 2207.09462
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Second Act
Dark Matter

Based on:
Cheek, Heurtier, YFPG, Turner 2107.0001 3,
2107.00016, 2212.03878
Cheek, Heurtier, YFPG, Turner, 2207.09462
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Only Gravitational Interacting DM

Plenty of evidence pointing to
the existence of Dark Matter

- halo

disk 7]

i ™

< | | | | |
0 10 20 30
Radius (kpc)

Particle DM models often rely
on BSM interactions to produce
the relic abundance

Could the DM only

Interact
gravitationally??

WIMP-nucleon cross section [cmz]

10—39

10—40 |
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10—42 L
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104 |
10745 |
1074 |
1047 |
10748 |
10 |

1672

How to produce it in

the Early Universe?

We're searching for it in
terrestrial experiments

1 " \ '
\ \\ ‘\'\\
2 v BN
o e NS
‘on + N\ 2
‘o o \\
\\% ; E k Ay P
r g E v \id » oo
S, : BN
|~ AR -
[y, - 20tagh, J2 \\N =
sy = ‘\.'. 4 o
Be A A==l
Neutrinos -LD pIC =
Neutnnos ﬁ -l
- wE
_______ der .
------ oa‘\: et
: Asymmetric DM “ -
DMagnehc DM ‘-'_,--""
[ Extra dimensions T \N\N __"\’
AR o :n0B
[ SUsY Mssm \\ XENON" D e R\ outrin
\ —— SNB
"ﬂ o and®
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2 .
WIMP Mass [GeV/c’] Baudis, 2014

PBHs!

Gondolo et al., 2020
Bernal et al., 2020
Baldes et al., 2020
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Only Gravitational Interacting DM

Consider equations for DM

Boltzmann number densities
Equations Evaporation

a. =0.000
4 ™ — — DM
. aﬁ pzdp N _ EBH DM-BH
npyv + 3Hnpy =18, o 2 10% 1
PBH Lo |
=|npgy [ gy (Mpp) T 1071
A 7 a
2 107 - Moy = 0.1 GeV
. g 1033 - p= 107
. a d log M A Mypy; = 10° ¢
Psm t 4Hpsy ={— i PPBH 102 1
SM Lo%5 - (QnZ=0.144)
: d log Mgy
PpeH T 3I—IpPBH — At PPBH 10-13 107! 1079 10-7 10-5 10-3 10-1 10!
\. >, mpm/T
Our code is publicly
Particle emission rate available in
: = |ap = + +
BH—i\\"BH dpdt . Psm T Pps T PPBH

RISBHE%g
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Only Gravitational Interacting DM

— MmpMm = 1072 GeV mpmM = 103 GeV — MmpmM = 101 GeV
—— mpy = 107! GeV mpum = 10° GeV — Full Calculation
mpym = 101 GeV —— mpym = 107 GeV e Approximate
| | : :
—5 PBH
domination
\\\\\\\\ ﬁQﬁ
—10
=
=
a0
< —15
_20 ________ | TBH < mDM
; Ted = mpM

Schwarzschild BHs, a, = 0

4 6 3 10
logo(Mpy/18)

Including
greybody factors

Dashed from Gondolo, Sandick,
Shams Es Haghi 2009.02424
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Mass distributions

Log-Normal, o=1
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Heavier PBHs
produce more
light DM
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Testing these scenarios?
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Gravitational Waves?

Gravitational Wave Spectrum

-8
How to prove that 0
the early Universe f ' \‘I
had a PBH- -9 /
dominated era? ] / \
10710 -
o 10713
< 5
=
< _
S o
Example: GW 10712 5
produced by the :
evaporation -
10—13 -
] === Mono
— LN,o=1
_14' —— LN, g =2
10775 —— PL,o=3,a=25
] — CC
: —— MP
10725 ——Arrerr— L
1013 1014 1016 1017 1018 1019

Arvanitaki, Geraci, 2013

f [Hz]

Ito et al, 2020

’ Chen et al, 2020

Huge
frequency!
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Gravitational Waves?

How to prove that
the early Universe

had a PBH-
dominated era?

GWs are induced after

the sudden transition
from a matter to
radiation dominated U

Inomata et al, 2003.10455

See also: 2205.06260

Poltergeist
Mechanism
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Third Act:

High energy Neutrinos and
Evaporating PBHSs

Based on:
YFPG, 230X XXXXX
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Evaporating PBHs (EPBH)

< Perhaps some PBHs are evaporating today no~ 100 ¢

< If this occurs close to Earth, we could see v, v’s, e™

Béker, Thamm 2105.10506,

. . . ‘Capénema etal, 2110.05637
< How to measure PBH properties during evaporation? . Calza, Rosa, 2210.06500

< Kerr EPBHs — Incorrect assumptions on Hawking spectrum

Anything to learn from
neutrinos?

Photons dominate the
measurement

How does
this manifest
in Hawking
evaporation?

Parity Violation!!
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Neutrino Emission Asymmetry

Particles with positive
helicity are preferentially
emitted in the northern

BH “wants” to shed
off its angular

momentum 5v;3 hemisphere
Yp P

1!
Sl

Particles with negative
helicity are preferentially
emitted in the southern
hemisphere

=Y
il
=Y
S ;

“l

]

Axis of rotation N\

“l

Ay

Leahy, Unruh
HRD IR0 979)3‘509‘ *in the ultrarrelativistic limit
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@ — polar angle

Neutrino Emission Asymmetry

d3of
BH “wants” to shed A =N —N-_ Z Z m

{
off its angular v v da)dtdﬂ 472’ =12 m eXp(W/T) + 1

momentum

/1 M 14 /" M M 14
+lSlm(‘9) — solutions Neutrinos Antineutrinos
-2

of angular equation

- NeutriBm#asibAntsyentratoyFluxes
)l

hep = 1000 s

_ 1019.

Axis of rotation

W 6=15°

—

" P=%599, M=19'g
W 6=120°

|

= ==

K I
= S &
oot el s

Could neutrinos tell
us the spin of a PBH? 10° 10° 109 1030°

E, [GeV] Primary emission
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Photons?

BH “wants” to shed

off its angular
momentum

Also dependent on

the polar angle

WV

Modes start
to contribute

for larger 6

- _ In the poles
Emission of higher only I =1
spin particles is contribute
enhanced ,
Primary Photon Spectra /
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. No
Secondaries? e
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Previous works

Determining the angular momentum anored the

dependence on 6

Neutrino - antineutrino
events will depend on 6

No(@) = — meaxr g N (@.00d
= — w, {)dw
@) dodt dsz\ er(@. £)

min 0 /
! _
lceCube/HAWK X = yﬂ’ D,u’ Y
effective area
a, =0.999, d; = 2x10™* pc
340 — m =15 , for = 1000 s
. m 6=90
320 = o] i _re
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LE 1. - | T ==
260 T e B :
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Pale blue dot
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Conclusions

< PBH evaporation offers a unique mechanism to produce particles in the Early Universe
<+ The effects are threefold:

e Universal particle emission
e Modifying the Cosmological Background

e Entropy dilution
% We explored the effects on leptogenesis assuming the existence of a PBH population
< Future directions:
e Relating to “more realistic” PBH formation mechanisms (connected to PBH-DM?)
e Low scale leptogenesis? Sphalerons around PBHs after EWPT?
e Kerr PBH — Additional interesting properties!

e Anything else to learn by measuring neutrinos — antineutrinos in 1C for and EPBH?
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Thank you!
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