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What s the impact of having
evaporating Primordial Black Holes
for Leptogenesis models?

< Introduction:
* PBHs — Formation/Evaporation

e Thermal Leptogenesis

< Interplay between PBHs < Leptogenesis

% Testing these scenarios?

< In progress
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Primordial Black Holes (PBH)

Astrophysical Black Holes M 2 3M,

l

Formation
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Formation

<+ Bubble collisions

<+ Pressure reduction

m‘

A 1

Monix 547

+ Collapse of density fluctuations

Op

2
Threshold ¢ ~ Cs}

Taken from Villanueva-Domingo,

A — Wavelength of t —>

Mena, Palomares-Ruiz

2103.12087

Fraction of the

total energy in
PBH

the perturbation 1

p=

Assume a
PPBH monochromatic Al! FIEIRE
with the
Prot Mass

Same mass

Carretal. 2002.12778

distribution

~—

Mass
contained in
the horizon

T (Q‘»
-

- PBH form when the
density perturbation
enters the Hubble
horizon

PBHs don’t grow as
fast as the Horizon

Hawking, Carr & Hawking, ‘74
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Primordial Black Holes (PBH)

Astrophysical Black Holes

Formation

Lighter Black Holes

Quantum effects
are important

rg ~ Ac

M

M > 3M®
| Assume a
} monochromatic mass
distribution
Mi’“i"’lols L g Mgy ;, P
G 10-23 s 5L

Black Holes

evaporate by
thermal emission

All degreeg of freedom!
Hawking, 1975
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Evaporation Schwarzschild BH
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Evaporation

BHs lose mass
over time

mo = 0.01 eV
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Gravitational collapse factor 10_30

We focus on the

region Mgy ; < 10° g

(Part of) Dark Matter?

10 1 10°
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B. Kavanagh

Carretal. 2002.12778

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

=¥ Non-standard

PBHs: Rise and Fall amoloa?

PBHs behave
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PBHSs: Rise and Fall

In a PBH dominated
Early Universe
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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

DM pr-oduction “* Purely Gravitationally interacting DM
(Besides PBH-DM) <+ Modify Freeze-In/Freeze-out mechanisms

R < Modifying Baryogenesis scenarios
Baryon Asymmetry (% Leptogenesis scenarios )

< Connections with PBH-DM

N < Production of hot gravitons
Dark Radiation
% Testable from future measurements on AN ¢

via evaporation?

Fujita et al, 1401.1909
Morrison et al,1812.10606
Baldes et al, 2004.14773
Masina, 2004.04740, 2103.13825
Cheek, Heurtier, YFPG, Turner
2107.00013, 2107.00016

Baumann, Steinhadt, Turok, 0703250
Yamada and Iso, 1610.02586
Fujita et al, 1401.1909
Morrison et al,1812.10606
Garcia-Bellido, Carr, Clesse,

< Producing a local asymmetry at PBH formation | 1904.11482

Hooper and Krnjaic, 2010.01134

 Hooper, Krnjaic, McDermott, 1905.01301
Lunardini, YFPG, 1910.07864
Masina, 2004.04740, 2103.13825
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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 a nutshell

At T ~ MN N = LH | Lepton . , Baryon
RH neutrinos are ~ asymmetry g osymmetry
Creat VoI

LH—> N
- M, = 10" GeVv
1
0.01¢ RH reaches
equilibrium
abundance
_— 1076
Initial Z
Freeze out of
abundance
taken as zero l > baryon
)__,,._,,--—»—"""'" asymmetry
0—10,
- z< 1
10—14|||||||||
0 1

Fukugida, Yanagida, ‘86
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High Scale Leptogenesis

CP violation from

interference
14 ¢/ 14
\\ H \\ H'O' ‘\‘\ H
€ m,
X X A JOAT—
AL =2 0.1 eV .
interactions Mlz: Z 4{ — ]110"° GeV
would be in m,

equilibrium if

MNl [GCV]

My > 102 GeV
My <My <M,

1016 5
: Strong Washout
E from AL =2
1° = processes
fH' & ¢H
70 — HHT .
1014 - 3 /\ ””’,/’
1012 ot
1/
1
B | . | 3MN1mI/
— 8mv?
1010 [ [ | I ] I | [ | | |
0.05 0.1 0.5
my [CV]

my, = Heaviest neutrino mass

Produce RHNs

after washout

o How to save HSL? PBHSs!
Maximizing over process have
Yukawa parameters frozen out? Giudice et al., 2004
Buchmuller et al., 2005
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Interumnez;o.
Universal LeptogeneSiS Equation Solver (ULYSSES)

Boltzmann S SGg :
Equations s ;
.~:-,‘;">/ - :v. -

¢ Leptogenesis via decays and resonant leptogenesis

A Granelli, K Moffat, YEPG, < Easy para”elization
H Schulz and ) Turner,

arXiv: 2007.09150 < Rapid evaluation
S % Multidimensional scan of the parameter space
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https://arxiv.org/abs/2007.09150

Interplay between PBH Evaporation and
Leptogenesis

Based on:
YFPG and Turner: 2010.03565
Bernal, Fong, YFPG, Turner 2203.08823
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Baryogenesis from PBHs only

Assume and

T o0 2
- additional X particle | No = [ dl‘J JE d NX Z?t;lpn;?ji
. producinga B—L X 0 " dt dE roduced

asymmetry

36 Ty Ny/S(Too)

Yield of B — L Yy = ~
4Mppo \s(T) N
Entropy
dilution
[ 2
_3 Mgy
- <
135£(3) 5 N oy T, y ( M, ) My < 1 Tgpo »
=~ — <
g, Mgy I, 156(5) [ Mp\? Vo> T
6472£(3) \ My X = "f+BHO"
CP violation | |
'ﬁ ’ Toussiant et al, '75
Barrow et al, Phys. Rev. D 43, 984
max 30 Baumann, Steinhardt, Turok 0703250
Yot = —@ % Fujita et al, 1401.1909
o7 Morrison et al, 1812.10606

e = \/15 $(5)/E@3)

IFT Seminar/NuTs - May 23rd, 2022 Yuber F. Perez-G. - IPPP, Durham U 18



Baryogenesis from PBHs only =y,

Davidson/Ibarra B
bound
My = 105 GeV My = 101 GeV N
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Q Q Q, CP violation
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|€]
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1071 10° 10" 10% 10° 10* 10° 1071 10° 10! 10% 10° 10* 10° 1071 10° 10! 102 10° 10* 10°
Mgy [g] Mgy [g] Mgy [g] ‘ ‘
Thermal
m? = Am2,, | Tuning required for M < 1012 GeV processes?
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PBH + Leptogenesis

N —-> LH
RH neutrinos are —
created N—-LH

LH—> N

W Non-standard
cosmology?

Lepton
asymmetry
is created

> Baryon
asymmetry
Sphaleron processes

Entropy dilution

Evaporation

Formation

e : Lepton
| RH neutrinos 5 mpmetr ,
aj,praa are emitted o Y y
is created
a3, PPBH N ///\
// S . MN1
I I I |1V Zpy = —
- Igy
Qin Qeq Q¢ Qev
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PBH + Leptogenesis

TBH
W Non-standard
l
S Entropy dilution
Formation Evaporation
R ' P
. epton
RH neutrinos N — LH% P
are emitted TaaRg Symmelry
N — LH is created
Mgy =7g, 8 =107 My, =10'° GeV
0 1023_
10 = ]
: . —— PBH-domination
] 10° 4 --- Standard
10_1 = |
] 10_2—51
é 1 ]
< -2 | 10_43_
] 1076 5
10_3 E 1
E - Radiation 10_8 —§|
| — PBHSs i
10_4 T T T T T T T T T T T T T T T T T TiT 10_10 T IfIIII| T T TTTT T T TTTTT T T TTTTT EEmER
105 10* 10 102 107" 10° 10' 102 10 102 107! 10° 10! 102
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Three scenarios

RH neutrino abundance

A. PBH evaporate before RHs are thermally produced (1V)
B. Evaporation happens during thermal leptogenesis (II-111)
C. PBH create a RH density after the thermal case (lI-11)

Final baryon asymmetry

0.001} E
0.17 I
Total RH
neutrino 10-°F Total baryon :
10-41 abundance asymmetry !
- . 10—7 ;
=
= =
10—7 i
107
-10 |
10 WV o1l J
Np produced ng produced
by the BH just by the BH
10—13 L | | Ll | | 10—13 . L |_
0 1 2 3 4 D 6 0 1 2 3 4 5} 6 7
Log a Log a
BH evaporation
M, =17g¢ " can diminish
B =103 My, =107 GeV the asymmetry!
I
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C. PBH create a RH density @

\

the thermal

M. =10"g
pi=107

Final baryon asymmetry

ng produced
just by the BH

C T T ITFTACTEFTITE " rA - T T CTIT T TETITE ="

case
How after is “after”?
RH neutrino abundance
Zoyy ~ 1 1 0.100}
0.1 :L
| 0.001r
4| !
10 :_ 10—5
Ny produced i
gn: by the BH E 7
1077} :; 10
] 1077}
1019 :F
E 10—11 B
10_13 ! . L 10—13
0 § 8 0
z> 1

Washout effects
freeze out

6
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C. PBH create a RH density after the thermal
case

RH neutrino abundance

M. =10%g
pi=107

Final baryon asymmetry

) 0.100}
zgp ~ 10
0.001¢
\/
_57
RH emission is 10
= suppressed! =
= = 107} /
1079} BHs reheat of
10-10] the Universe
10—11,
10—13...|...|...|...|...| 10—13|||I|||I|||I|||I|||I
0 2 4 6 8 10 0 2 4 6 8 10
Log a Log a
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1
Y, = ;UPMNS\/muRTMzz;

Logylngl

—-10

Before

—12

LogolMi/g| Consider fine-
_1nll 10 onsider fine
MNl =107 GeV tuned Yukawas

L
-
—
(N)
w2
S
&)
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Dependence on f’

T, =z 150 GeV*

€v v

\”

1072 1072
I8l
104 104
Q. 10_6 Q. 10—6
1078 1078
10_10 10—10
107! 107!

Entropy dilution is a generic and

important feature to be taken
Into account

How the depletion

depends on the
initial fraction?

MN] = 108 GeV

*Sphalerons in
the SM plasma

- Sphalerons active around PBHs

Garcia-Bellido et al, 1904.11482
De Luca et.al., 2102.07408
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Rescuing HSL

Colored Regions

| Y3

10—12—;

10—14 _
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no’ |§ \J IrH/J
Ao No PBHs e Lo 3
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——- Myo=1g : allowed* E’/ 4
== Mguo=10g : o
| | A
| I//
r
1010 ‘ T T
0.05 0.1 0.5 1.
my, [eV]

Maximizing over
Yukawa parameters

my, = Heaviest neutrino mass

10_8@

10710 -

| Y3

10-12—;

y W My, = 10" Gev
10_ LBLELILLLLL I B L LLL IR, LLLLLLLL L L L LIL LR RLLLLL IR ALLL
10721071 10° 10! 10% 10° 10* 10°

Z

*Up to perturbativity

IFT Seminar/NuTs - May 23rd, 2022

Yuber F. Perez-G. - IPPP, Durham U

27



Rescuing HSL

Washout process still
active during
evaporation

Efficient
Production

0(10%)
enhancement ¢ Y

My, =10 GeV, m;, = 0.27 eV , PBH-+Lepto, my, = 0.27 eV
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Testing these scenarios?
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Gravitational Waves?

How to prove that
the early Universe

had a PBH-
dominated era?

Example: GW

produced by the
evaporation

Arvanitaki, Geraci, 2013

| Ito et al, 2020

Chen et al, 2020

— Mppu=1g
—— Mppy =4y
10_8' — MPBH = 10g '
—— Mppy = 10*g
Mppy = 10° g
10-9] Mppy = 10" g
t& 10—10
5 |
S
10—11_
10712_
10—13 /\ ‘. . |
1011 1012 1015 1016

Huge
frequency!

1017
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Gravitational Waves?

How to prove that
the early Universe

had a PBH-
dominated era?

f [Hz|

Poltergeist
Mechanism

L0-7 10712 10°1© 10% 10% 10* 102 100 102 104
T T T T r T T T T T - I: IGO: ,I:::y III’ l-
EPTA (design) ‘.;,: S
' /
1010+ ‘l‘ III," / .
" /
l' o LISA \\ [I'" ‘// ET
) D N Je /
10-13 SKA \“‘c 4\5;/ -
- " .\‘V , —
A\ Jd
: (R v DECIGO
A . '0"‘ \’\;~ pJ "'l
=2 Induced GWs S Yoo 3-;// A
% 10716 F(7eq,2/Meq,1 = 225) o 5 ol }I\-:/k BBO / E T
I (8] S, l'
Q # i st oo
. S0 g e
1071 ISEVERE AR E P2 B
o’ .’ R 4 ’ (IR J/ C
e |,. s | 0‘ 7 [
"¢ ' H // J’ l /; ' I
4 - 1
- _99 / LA A l i
Sudden transition from a 10 s s L 7
matter to radiation et O TS TR LA i !
: : 1 | 1
dominated U enhances 10-25 L. | | | i | . B
the GWs 103 105 107 109 1011 1013 1015 1017 1019
—1
' Inomata et al, 2003.10455 k [MPC ]
; » See.also: 2205.06260
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Gravitational Waves?

Poltergeist
Mechanism

How to prove that
the early Universe

had a PBH- T
dominated era? 0.1001 : :: |
all
i
Al
0.001¢ o -
il
il
= Al
10_5_ | N
i
Al
L
].0_7— ” .
/
Tons = 10 years
Sudden transition from a
matter to radiation 1072 | — 1 ' el '4"" - - — .
dominated U enhances 1000 5000 1x10 0x10*1x10 5x 10
the GWs MPBH,i [g]

Inomata et al, 2003.10455 R ) . _
Falsifying Intermediate scale Leptogenesis? DECILIGO = Full

e LISA = Dashed
; See also: 2205.06260 >
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In progress

Based on:
Cheek, Heurtier, YFPG, Turner. To appear
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Mass Distributions

2
- - _ M F(M _mH log“(M/M,.) Log-normal
Monochromatic NppH = [ d f( ) JM) = ProM CXp <_ 752 distribution

approximation too Dolgov, 93

approximated? Green, 2016
Kannike, 2017

Connection with le—5 time = 6.679e-23 s
different formation 1.2
mechanisms? M. =10°g
1.0 - c=1.25
0.8 A

Having PBHs with =
different masses E’-‘- 0.6 -

could have a distinct -

. Y
impact on the
previous results 0.4 1

0.0 — T . . .
1 2 3 4 5 6 7

log[Mpgh/1 g]

We aim to make our code public!
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Mass Distributions

2
"BH log"(M/M,.) Log-normal
nPBH="de(M) fM)=———exp| - Og-nor
Connection with \/2reM 202 distribution

different formation
Dolgov, 93

mechanisms? Universe Green, 2016
Kannike, 2017

mpy = 10 GeV, Mggy = 10%g, a. = 0.1, 0, = 0.015

100 -57 — - E— T R R
101 3
9
1072
= o ;
07y — U. — oy = 0.1
C% 103 — on =014 — on =0.14
—_—oy=0191 | NS/ /N w=—4a — o =0.19
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] on =10 0.8 - o =1.0
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&
SM rad _
p=wp Equation of gfate
p x q-301+®) changeg gignificantly
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Mass Distributions

2
- - _ _BH log“(M/M,) Log-normal
Monochromatic lppH = " dM f(M) JM) = 27oM “AP <_ 152 distribution

approximation too Dolgov, 93
approximated? Green, 2016
Mc =1 g Kannike, 2017
C_ic?nnec?on Wl,th 10—8 N Same distribution
di erer: O.rmat?lon = produces and dilutes np
mechanisms! R =
.
_____ | ik SRR L SN—
10—10 —
Q =
< i
12 \/ No—PBHs Rapid production
10 of RHNs
—— Mono
— 0=0.5
— =1
14
HaV|ngPBHSWlth 10 |||||I| 1I ||||||||O | ||I||II|1 | 1||IIII|2 | I|I|I|||3 1 I|I|I|||4 1T T T 5
different masses 10~ 10 10 10 10 10 10
could have a distinct
impact on the z=My,/T
previous results

We aim to make our code public!
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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
 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!
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Thank you for your attention!
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Backup
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PBH + Leptogenesis o
Non-standard Entropy dilution

> cosmology? w

- i

\/

RH neutrinos  EAiimat 02N e
are emitted e ASymmetry
N —- LH is created
Boltzmann
Equations Thermal

SR, Thermally
/"""’;? contribution averaged RH

TH e\ T neutrino decay
at - (an B nN1 )FNl

da

. dnolcgﬁ_L
"@ BH = 6(%) [(an
QA== = F + ngpl BN, “

da

From the - | .
evaporation et Flavor indexes
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Evaporation function

€N(M)=2f1+4f11/2< Z exp | — M +3Zexp — M <
£=e,u,t i ’Bl/sz_ q ] ﬁl/ZMq_
o
+21, f} exp |-
v azlz,z,?, ] p1oM, ]
+ 16f M
exp | —
1 i ﬂlMg_
+3f; § 2 _ M_+ [M]_|_f M
CXp | — exXp |— > exp | —
1 - SiMy Mz ’ - PoMy |
(2.66 fors=0 ( _
p=14453 f 1 f gégg ior * T (1) . 0.147 for g = 0 (neutral)
— . ors =— — < — —
S i i | for ’ 12°10.142 for g = 1 (charged)
1 6.04 fors=1 | 0.007 fors =2

IFT Seminar/NuTs - May 23rd, 2022 Yuber F. Perez-G. - IPPP, Durham U 41



Dirac vs Majorana

Dirac neutrinos

o (+1/2) = o (~1/2)

abs

. suppression

Production of
light RH

neutrinos!

Cecilia Lunardini, YFPG

JCAP08(2020)014

Majorana neutrinos

Heavy RH
neutrinos

-/
- PBH-induced
Leptogenesis

Yamada and Iso, 1610.02586
Morrison et al,1812.10606
Baldes et al, 2004.14773

' Hooper and Krnjaic, 2010.01134

YFPG and Jessica Turner,
PRD 104(2021) 103021
Bernal, Fong, YFPG, Turner
2203.08823
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Dirac Neutrinos

| | S
LN, '
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Boltzmann
Equations

Thermal
t contribution

BH
L'y, + ngul BHoN,

RH neutrinos emitted
from the evaporation

dp

© >Ny

o dpdt

3272

2

FBH B 1\4N1 FO N ‘%1(ZBH) FO

N, ~ N
b FHo(zgp)
BH

Thermally
averaged RH
neutrino decay

(—zgyLiy(—e 1) — Lis(—e™%m))

Flavor indexes
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Boltzmann

Equations
1053
100,
1074
1050
MN = 1011 GeV
1047 1076
1071
o o4
Z 10
oz o) IS
= 10"
1071
1072 10%
10712
10%
—— Radiation
—— PBH
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Gravitational Waves?

Poltergeist
Mechanism

How to prove that
the early Universe

had a PBH- My, = 10% GeV
dominated era? “

= O0.007
O0.005
o

o =
- —_L

Sudden transition from a
matter to radiation
dominated U enhances

the GWs

100 10 10! 10? 103 10 10°

e

LISA = Dashed

See also: 2205.06260

IFT Seminar/NuTs - May 23rd, 2022 Yuber F. Perez-G. - IPPP, Durham U 46



Only Gravitational Interacting DM

— MmpMm = 1072 GeV mpmM = 103 GeV — MmpmM = 1013 GeV
—— mpy = 107! GeV mpum = 10° GeV — Full Calculation
mpym = 101 GeV —— mpym = 107 GeV e Approximate
| | .
—5 PBH
domination
oSl
—10
=
=
a0
S —15
—20 | Tan < mpy,
; 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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Freeze-Out b
a®ppBH
a®psm
a}, PPem a X
What would be the
interplay with other DM A
production e
: I I IV
mechanisms?

Assume a dark U(1)y

w — DM

log(ov/[GeV™?)) = —8.5
logo(ov/[GeV ™) = —9.0
logo(ov/[GeV™?)) = —9.5

X — Mediator

f—> SM fermions
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Oh?
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-
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-
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-
-
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DM scattering still
active after FO

:
/
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78 7.9
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We don't trust our
code in this region...
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Freeze-In
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Overproduction - W
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