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Statement

Give me an early universe and inject any fraction of PBHs of mass mSQH =103 kg.

ml(DllgH =10 kg
TPBH ™~ 10710 s
Ty ~ 10* TeV
rs ~ 10724 m

Signatures of LQG in PBH cosmologies



Statement

Give me an early universe and inject any fraction of PBHs of mass m,(:gH =10° kg.

\Hawkmg radiation

mI(DIgH =10 kg

TpgH ~ 10710 5 Planckian remnants

Ty ~ 10* TeV
0724 m

re ~ 1

Signatures of LQG in PBH cosmologies



Statement

Give me an early universe and inject any fraction of PBHs of mass m,(:gH =102 kg. The

result will systematically yield a universe where the dark matter is entirely made of

Planckian remnants, and the entire radiation content originates from Hawking
evaporation.

A
/ “‘3}@4‘“ > CMB
\Hawkmg radiation )
\

(0 10° kg > Dark Matter

Mpgy =
TpgH ~ 10710 s Planckian remnants )
Ty ~ 10* TeV
rs ~ 10724 m
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Cosmological framework

¢ Standard FLRW background with an early inflationary phase.
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Cosmological framework

¢ Standard FLRW background with an early inflationary phase.

¢ c-fold time N = In(a/ayp).
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Cosmological framework

e Standard FLRW background with an early inflationary phase.
¢ c-fold time N = In(a/ayp).

* Density parameters 24 = pa/perit With peir = 3H? /87 and
A € {rad, mat, DM, PBH, A,...}.
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Cosmological framework

Standard FLRW background with an early inflationary phase.

e-fold time N = In(a/ayg).

Density parameters Q4 = pa/perit With peie = 3H? /87 and
A € {rad, mat, DM, PBH, A,...}.

® Dynamics :

H? ~ H? (Q e N L0 e 3N 10 A) .
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Primordial Black Holes (PBHs)

&

Primordial black holes (PBHs) :
form from the collapse of large over-
densities upon horizon re-entry.

® Form after the end of inflation.
® |nitial mass m,(;EZH ~ Hubble
mass at tformation .
. . 1
D~ L

H

v

B : PBH-forming
fluctuations




Quantum Black Holes
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Semi-classical black holes \%@
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Semi-classical black holes

mo TeH " m%
Ty ~ 1/m
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Semi-classical black holes

— @

mo Ty "~ m% m ~ MpPlanck
Ty ~ 1/m
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Semi-classical black holes
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mo Ty "~ m% m ~ MpPlanck
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(loop) Quantum black holes

e Quantization of the
area operator in
LQG leads to
discrete spectra :

A=8mliy\/7(j+1).
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(loop) Quantum black holes

Q

® Quantization of the
area operator in

LQG leads to
discrete spectra :

A=8ml3~\/i(G+1).

® The Friedmann
equation is
quantum-corrected :

o, o)
3 Pmax

S
v



(loop) Quantum black holes %

RS

a

® Quantization of the

: ® Cartoon picture of the quantum-corrected geometry :
area operator in

[Rovelli, Vidotto, .. .]

LQG leads to Vo = aVA = aNVA: = AVA — aWA = AVA: = AVA = 2N

discrete spectra : v i ¥
A=8nly\/iG+1). 1« E <0
® The Friedmann adl §7¢ ~f-
equation is =
quantum-corrected : l E T
81G S
w01 ),
3 Pmax >




Phenomenology of PBHs




Phenomenology of PBHs

B= pren/prr at formation
i
mg’B?H
N
Phase PO Phase P1

Y

pre-formation era with PBHs



Phenomenology of PBHs

_ , N
B= pPBH/Pcot(jt formation Toan ~ m'()lB)H
1
Mpgn
N;
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Y

pre-formation era with PBHs



Phenomenology of PBHs

_ . 53
p= PPBH/Pcot(jt formation Toan ~ m'()lB)H Mgem ~ MP
1
MpgH
N, Ny
Phase PO ! Phase P1 ! Phase P2
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pre-formation era with PBHs era with remnants



Phenomenology of PBHs

AT
‘J“?é’;:"/\
_ . NE: ~ i) 3+k
B= pPBH/ptot(jt formation Toan ~ mng)H Mgem ~ Mp Tegn ~ mng)H
1
Mpgy
]Vi Nb Nr
Phase PO Phase P1 ! Phase P2 ' Phase P3

>

pre-formation era with PBHs era with remnants era without remnants



Phenomenology of PBHs

IPRPRRY.

S W
N"?%""\
B= peen/ Prot gt formation Toan ~ mgils)Hg Mgem ~ Mp Tegn ~ mgiB)Hngk
mng?H
N Mo Nesy  og”
Phase PO ! Phase P1 ! Phase P2 ! 'ﬁ?

. . . ' \
pre-formation era with PBHs era with remnants era Without remnants






Implementation : analytical part

(i)

® Initial mass mpgy € [1073,10'2] kg evaporated by today.

* Initial abundance $ € [0, 1].

¢ The remnant stability parameter k € [1, c0).
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Implementation : analytical part

e |nitial mass mgB)H € [1073,10'?] kg evaporated by today.

* Initial abundance $ € [0, 1].
¢ The remnant stability parameter k € [1, c0).

Initial conditions parameterized by a4 :

pA(N;_) =y ,0?4'35 e—3(1+wA)N; 7

so that :

model

PA

today

=% =  aa=aalBN,...

v
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Implementation : numerical part

>

g
mlg’il;H
N

k
MREM

—

EpsilonFinder
[BlackHawk]

>

AlphaFinder
DensityFinder {pa }\
{ea} -
_______ Evo #(V)
{aa}? >




Implementation : numerical part

AN

B N AlphaFinder

md DensityFinder {pa}
PBH _{ 5! EpsilonFinder [———> {ea} >

\ [BlackHawk] A Evo ‘
——————— < ’ t(N
E I A7l oueeig.  beemeooooobs > {oa}Fi ! ( )>
PhaseFinder ()
MREM
Inputs :

® A3 :initial abundance of PBHs
° m'(,iéH : initial mass of PBHs
® [ : parametrization of the lifetime of remnants

® m : mass of the remnant
REM



Implementation : numerical part

B

>

()

Mpgy
TN
k

MREM

—

Inputs :

EpsilonFinder
[BlackHawk]

>

AlphaFinder

DensityFinder {PA}\
{ea} -

P Evo. #H(N)
------ 5 {aa}t | >

® A3 :initial abundance of PBHs

(i)
¢ Mpgy !

: initial mass of PBHs

® [ : parametrization of the lifetime of remnants

® mpgeMm : mMass of the remnant

Outputs :

® {pa} : density of each species

° t(N)
factor

: cosmic time as a function of the scale

AN



Implementation : numerical part

BetaFinder

-

Y

Y

ﬁnew

Model
LIS

~N

{PAi

ﬁmax
>
>

|{a}| < tolerance?




Cosmologies obtained




Cosmologies obtained : m{) = 10? kg

B~~6-10"1* and k > 4 gives 100% DM = remnant.
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Cosmologies obtained : m{) = 10? kg

B~~6-10"1* and k > 4 gives 100% DM = remnant.
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Cosmologies obtained : m{) = 10? kg

B~~6-10"1* and k > 4 gives 100% DM = remnant. .
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Cosmologies obtained : m{) = 10? kg

B~~6-10"1* and k > 4 gives 100% DM = remnant. .
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Cosmologies obtained : m{) = 10? kg

B~~6-10"1* and k > 4 gives 100% DM = remnant. .

10°C T T y y T T T y T T T T y T T T y T T T T

107 V

DM as

¢ i Standard radiation (7, v) remnant
[} -2 . -
g 10 dominated era E
S v S
< 1073 o -
oo E e E
z :
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Cosmologies obtained : m{) = 10* kg

Ba~4-10"2 and k > 3 gives 100% rad = Hawking.

Density Parameter Q;
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Cosmologies obtained : m{) = 10* kg

2]
N

. - >
Ba~4-10"2 and k > 3 gives 100% rad = Hawking. .
10°F E
a : E
g 102L 4
v E 3
£ F 3
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G 10731 -
& E
z F Early matter ]
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e i R ]
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Cosmologies obtained : m{) = 10* kg

Z
9
— - - >
Ba~4-10"2 and k > 3 gives 100% rad = Hawking. .
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Cosmologies obtained : m{) = 10* kg

Ba~4-10"2 and k > 3 gives 100% rad = Hawking.

Density Parameter Q;
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Cosmologies obtained : m{) = 10* kg

Ba~4-10"2 and k > 3 gives 100% rad = Hawking.

Density Parameter Q;

100
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105
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Cosmologies obtained

Depending on the initial mass m

(i)

PBH

of the PBHs, two regimes of cosmologies emerge.

&
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Cosmologies obtained %
<

Depending on the initial mass ngH of the PBHs, two regimes of cosmologies emerge.

DM Saturation

e Regime | : ml), € [1073,10%] kg
Dark matter made entirely of remnants. PREM
() 4A2 Jom = ; Oom =1~ fom -
Example : mpgy = 10 kg. PDOM, ot




Cosmologies obtained %

Depending on the initial mass m,(;igH of the PBHs, two regimes of cosmologies emerge.

DM Saturation

e Regime | : ml), € [1073,10%] kg

Dark matter made entirely of remnants. PREM

i = , Opw=1-— .
Example : mé,B)H =102 kg. e PDM,tot o e

Radiation Saturation

o Regime II : m{), € [10%,10'2] kg
Radiation consisting entirely of Hawking H
radiation (— EMD era) fy= L ==

Example : m, =101 kg. P tot
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Cosmological constraints : regime I

initial mass fraction B

k=9

k

8

k=17 k=6

1077

10-10

10-13

10-16

10-19

1073

107!

10° 10!
initial mass of the PBHs mig,, in kg

Signatures of LQG in PBH cosmologies

107t

1073

107

1077

107°

1071

10-13

10-15

Gpm=1—fom



Cosmological constraints

regime I

10° ﬂ ﬁ ﬂ
1072 4
10*4 4
[N —
_ 1074
©
]
-
I 10-8 4
2
Ls)
0 Mpgy = 1073 kg
107%4 Megy = 1072 kg
—— mpen=10"1kg
10712 { = mpgy =100 kg
= Mmpgr =10 kg
10-14 ] Mpg = 10° kg
—— mpgy =103 kg
— m=1142 kg
1071 u u u u u
107% 1072 1071 10716 1071 10710 1077

Initial mass fraction B

AN



Cosmological constraints : regime 11

initial mass fraction B

k=4 k=3 k=2
-1
10-1 4 10
-3
10744 10
-5
1077 4 10
W
10-10 1077
-
[
3
10713 10-9
10716 10-11
1071 10-13
1072 10-15

T - T T T - T
104 10° 108 1010 1012
initial mass of the PBHs mypgy, in kg

Signatures of LQG in PBH cosmologies



Cosmological constraints : regime 11

AN

10° mpgy =107 kg
mpgy =107 kg
10724 mpgn = 10° kg
meer =10 kg
m=1142 kg
10*4 4
1076
-
]
-
I 10784
>
3
10104
10712 4
10714 4
-16 T T T T T T T T
1072 10722 1071 10716 10713 1071 1077 1074 107t

Initial mass fraction B



What about the interface between the two
regimes,
around m\) ~ 103 kg ?

PB



Cosmologies constraints : the sweet spot

B~2-10"% and k > 3 gives 0, ~ 107 and dpy ~ 1077, .
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Cosmologies constraints : the sweet spot

B~2-10"% and k > 3 gives 0, ~ 107 and dpy ~ 1077, .

L e g e .
10_]§—

]0_25—

Early matter
dominated era

Density Parameter Q;
3
L

]0_45

- .

]O_SE—

]0—6’ L I L L L L L L L L L o L L L L L N L
-40 -30 -20 -10 0

Number of e-folds N




Cosmologies constraints : the sweet spot

%
N
. _ _ 4
B~2-10"% and k > 3 gives 0, ~ 107 and dpy ~ 1077, .
] e e e e S
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g 102 Hawking 4
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Cosmologies constraints : the sweet spot

7
g
. — _ >
B~2-10"% and k > 3 gives 0, ~ 107 and dpy ~ 1077, .
100 e e Tieiaimns P — T " " " " T " " " i T y y T T ™
10k \ ]
d E
2 q02L Hawkin -
o 3 . & DM as remnants E
£ reheating
< 107 <
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g Early matter A
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]O—SE_ et RO
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Cosmologies constraints : the sweet spot

Z
N
. _ _ >
B~2-10"% and k > 3 gives 0, ~ 107 and dpy ~ 1077, .
100C e Toe s P — T " " " " T " " " " T " " i i ™
<) : . R
E 1072 Hawkin : ’q\ : =
@ 3 . . DM as remnants N E
£ F reheating
s 1073 i
S £
z : Early matter
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o E
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Cosmologies constraints : the sweet spot

AN

10°
10-2 4
104 4
=
[
z
3 -6
S 107
w
©
s
2 -8
B 107% 4
>
o
°
<
S 10104
g
2
©
]
10712 § =—— Mpen=1072kg (6om) == mper =107 kg (5,)
—— Mpg=10"1KQ (Bom) = = mpgy =10° kg (5,) <
—— mpay=10" kg (bom) == mpgy =10 kg (5,)
10714 4 =—— megy =10 kg (6om) —— Crossover m = 1142 kg (6om)
mpen = 10° kg (5,) === Crossover m= 1142 kg (6,)
— — mpg=10° kg (6,) \
-6 - - - - . - .
1072 10722 1071 1071 10713 1071 1077 1074

Initial mass fraction g



Observational signatures




Observational signatures : Overview %

&
A
a

Scalar-Induced Gravitational Waves : large primordial scalar perturbations.

Poisson fluctuations : if EMD.

The Poltergeist mechanism : if monochromatic mass spectrum.

Dark radiation : from (i) non-thermalized neutrinos (ii) Hawking gravitons.



Observational signatures : scalar-induced GWs %
<

Large primordial scalar perturbations = tensor fluctuations O(52).
(LISA not sensitive for small PBHs)
SIGW background = dark radiation, bounded by AN :

v

AN ~ 8.3 -10% Qaw o -

Using the Press-Schechter formalism to get 5 = [3(0), the limits on AN constrain the
initial PBH abundance :

e Current bounds (ANesr < 0.15 [Planck, BBN, BAQ]) :
B3<0.14 .
¢ Future sensitivity (ANeg < 0.03 [CMB-S4, LiteBird, .. ]) :

<2-107%.



Observational signatures : Poisson fluctuations

If PBHs dominate the energy density (EMD era),
their discrete distribution generates Poisson
fluctuations.

These source a distinct GW background
[Papanikolaou, Vennin, Langlois; 21].

Imposing that

AN < 0.15 = Qewo <1.8-1078
constrains (8 :

g <1073,

f(Hz)

1077

-1

10°% 1072 107° 1076 1073
Oppr

sureld ur Hddw



Observational signatures : Poisson fluctuations

10-18

10-16

10714

10712

._.
Q

5
1-f

b6y =

103

initial mass of the PBHs mjgy, in kg

= = pB(computed) === B theory = = B max GW



Observational signatures : the Poltergeist mechanism %

Monochromatic mass distribution — almost instantaneous transition from the EMD era
to a RD era.

This sudden transition heavily amplifies the SIGW spectrum (Poltergeist mechanism).

This amplifies the characteristic double-peak structure :
1. Primordial fluctuations.

2. Poisson fluctuations.

Constraints have been derived in [Bhaumik, Ghoshal, Jain, Lewicki; 22], and are reproduced
hereafter.



Observational signatures : the Poltergeist mechanism

-14
1073 10
10—12
1075 =
10710 o>
]
@ 1077+ -
10-% :7

1079 -

10-11 -

10713 4

1071

103

initial mass of the PBHs mjg, in kg

= = B(computed) == B == BEL = BLO
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Temperature and reheating




Temperature : basics %
<

Temperature of a relativistic thermal bath follows :

v

7.‘_2

ra :7*TT47
Prad 309()

where g, (T") is the temperature-dependent effective number of relativistic degrees of
freedom.

Given praq, the background temperature Th, is obtained by inverting the above relation.



Temperature : PBH in a thermal bath %

I\

v

BHs have a negative heat capacity :

_om 2
C—aT m° <0

BHs cannot be in stable thermal equilibrium with a heat bath at temperature Tpath.
1. If Ty > Tpath, emission dominates. Semi-classical 7 ~ —m ™2 rate.

2. If Ty < Thath, absorption dominates. Classical 7 ~ mQTt‘fath rate.
Enhanced evaporation rate [Kalita,Maity,Chatterjee ;25]



Temperature : PBH in a thermal bath

1018 4

1015 4

% 12

2 1024 I

= —— Toan(M)

2 —— Toatn(No)

g 109 4 —=-min
= max

£

5

K
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103 4
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Temperature : Hawking reheating %

» 4
4
A

In Regime Il, evaporation reheats the universe by injecting a radiation density
pgd = pg + pH at Np,. Assuming instantaneous thermalization,

H .
T(ﬂrad?Q*) Z rncjlllneat .

Requiring TMin . > 4 MeV [Hannestad,04] excludes a region of the (m,(;iB)H,B) parameter
space.

Thermal equilibrium requires the weak interaction rate to exceed the Hubble expansion :

'y

21
H ~J

Once I'yy /H < 1, v decouple = source ANg.



Temperature : Hawking reheating

Initial mass fraction B

101

10-7 4

10-10

10712 4

10-16

10719 4
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= [w/H =1 (v decoupling)
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Temperature : ANgg

104

10°

Initial mass of the PBHs mjgy, [kg]

10t

<
v >
a
ANerr=0.2
101 — = ANeg=0.5
10

10—4 4
S
= 1074 L1
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©
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©
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Summary and outlook




Summary %

Main results

Light PBHs evaporating into stable Planckian remnants offer an alternative DM
candidate and reheating mechanism.

1. Regime | (m,(,lgH < 10° kg) : remnants can account for 100% of DM (fou ~ 1),
requiring k > 4.
2. Regime Il (10° kg < mSgH) : PBHs induce an EMD era (f, ~ 1).
— At m,(,iB)H ~ 103 kg, PBHs simultaneously generate the entire DM abundance and the
background radiation content, without requiring strict fine-tuning for the initial fraction

B.



Outlook %

» 4
4
A

Extended mass functions : model dependent signatures.

Finer thermal history : treatment of non-thermalized species, baryogenesis, ...

Explore bouncing cosmologies.

* Formation mechanisms for 10® kg PBHs.
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Unruh effect vs Hawking radiation

Unruh effect

‘ Hawking radiation

Framework

Vacua

Temperatures

Diagrams

QFT in flat spacetime; uniformly ac-
celerated observer with proper acce-
leration a.

QFT in curved spacetime; observer
near the event horizon with surface
gravity s.

Plane waves related by b, = [ dk(apray — 6pk&2)

Minkowski vacuum ay [0),, = 0 vs
0 avec

Rindler vacuum b, |0)p,

27
|O‘pk|2 = eTp |ﬂpk|2'

a
Ty = — (comoving observer).
2T

Kruskal vacuum a;|0), = 0 vs
Boulware vacuum b,(0); = 0 avec
27p
|O‘pk|2 =er |f3pk|2'
K 1 .
Ty = — = (static observer at
2T

infinity).




(loop) Quantum black holes : “old” diagrams

i+

il
future singularity r = 0

past singularity 7 = 0

0

collapsing star




(loop) Quantum black holes : “new” diagrams %

+

Ve
.
ST Y
=
A
Ao ks - i
! p !
&N 7 I g
H L o 3
N7 N 2
e 3 P ~ e~ (m/mp)
g ra H

— Prediction of a Planckian remnant when the black hole evaporates to Planckian mass.



Implementation - Analytical Part

AN

Initial conditions parameterized by a4 : pa(N = N; ) = aapPse 3(1FwalNi,

So that p?Odel = poAbS, as=aa(B,N;,...).
Phase P1
R e R s
G B AR Cn)e ™
¢ 1-8 I3
Phase P2
1
ap? = 1-3"
af? — ; + Be i (pgbs + Pglr)ws) +(1+ Cw) /’:bs
C1=8 0 (B e (1= Bl—d) +eMeB(1+Coy)(1— ey
N AL d) M= e (58 + )
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Implementation - maximizing [ %

wr (0 mi) =0 — p=pa(mid)

For oft, oﬁf and of?, one gets :

v

b:
Bt — pg‘lﬁ 8Pz — P
c obs 4 pobs (1 + Cyfy) eN;p%bs ’ Y (1 _ 6) (ere [pbbs + pobs] 4 pobs) 5
P2 _ PO
Be

oS+ GPObs — (14 Cpy) eMo=Ni (1 —¢) EWPOD?/T +e N (1+Cyy) EP'oybs .

If one let vy = 64 with 54 < 1, one can get S4(0) :

(1 Co)e™(1 = ey — N ML — eley [ + g+ [1— 20]05 — [1 — 8lepS™)

4eM(1 = 8)5(1 — ) (M — [1 4 CyneMe, ) p2°

2
(M= (1= e (2 - o — NN e [ 4 g55] — [1+ CinJe a1 — e

20(1 —€)(eMN = [1+ va}erev)pgfbs




Model description - EpsilonFinder

EpsilonFinder
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Model description - PhaseFinder

PhaseFinder
(
TPBH - Tuniverse —----—=----===-=--
m(i)
Mpgy 5
TPBH < Tuniverse (TTTIED
_____________ N 21
k < Tuniverse < TPBH Tt Tremnant '\{_O_[’é}_ 1
isLQG
______ 1
L TPBH T Tremnant < Tunjverse ---------~- - - > {OzA}P3 :




Model description - DensityFinder

DensityFinder
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Model description - AlphaFinder

AlphaFinder
{N}od — {N}new| < toleranceg\
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Genericity of § in the regime II

initial mass fraction B
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Genericity of § in the regime II

DVA
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Genericity of § in the regime II

Signatures of L (.2](}1' in PF}L]I Cosr_nzglgp;\'eg
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Genericity of  in the regime II

® Ratio of PBH to initial radiation at formation epoch (1V;) :

peen(Ni) B N peen(No) B No—N;

PN 18 PNy T 1-5°

® Hawking injection defines the radiation deficit parameter ¢, :

pI’\_/I(Nb) — 1- 67
AN o,

® Equating pE(Nb) ~ ppen(NVp) in the saturation limit isolates 3 :

5 -1
~ 1 Y Np—N;
’ ( - 1 _576 )

Consequence : At the background level, the initial fraction /3 is highly degenerate with the EMD

duration AN = N, — N;.

v
Q
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Goal : relate S and AN from scalar-induced GWs.
Press-Schechter formalism for the probability density function :

Oc V2o 82
B=erfc|—| = e 202
\/EU ﬁée
with &, &~ 0.45 and o2 ~ (2/3)?P, (for 3 < 1) is the variance of primordial density
fluctuations. Inverting the above relation gives P, (/) the power spectrum of the
curvature perturbations, which can be related to the one of the tensor fluctuations A by :
2 012(1-2 2Y27.2 2
&9]{: (k% — 4kg)*| k= — 25|
16m k‘g(3k2 + k‘g)2|k2 — k‘g|

)

Pr(k,tr) = ©(2k, — k) ,

where kj, is the position of the peak. Today's GW spectrum is related to Py (k,tx) by :

a0k2

Qaw,0 = T2 (k, to)Ph(k, tr) = %?Ph(k,tk) ~3.1-1074P2 .

GeqReq
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The relation between Neg and gy o is extracted from :

v

2 2
m T
Py + Pv + Pow = T5T’;l + mTjNefF )

where Neg = 3.046 + A Ngsr.
This gives ANgs ~ 8.3 - 10% Qcw 0. For ANegr < 0.15 [Planck, BBN, BAO], we get 3 < 0.14.

Future measurements [CMBs4, LiteBird, .. ] could bring ANgs < 0.03 = 3 <2-1074



EMD era : GW plateau constrain %

g4

In case of an PBH-dominated era, the Poisson fluctuations of the PBH distribution
source a GW background. For a monochromatic distribution, the following relation holds

[Papanikolaou, Vennon, Langlois; 21] :

QGW,O = Qrad,OM (k — ln(ﬁcw)) cl;\?v/3 )

where

1 (45 g )4/3(geff)2/3 4 3
_ L[4 _ S n(2) .
p 16(2mPBH 100 o 3\/57r+2n()

Solving for Bgw while imposing Qw0 < 1.8 - 10~® gives the following constraint on 3 :

—-3/16
ﬁ < _i Qrad,OMW _E QGW,O 6_16H/3 /
- 16 QGW,O (_) 3 /J/ Qrad,O




Evaporation density : Independence from (3

Objective : Show pppr(Ny) (and thus final p,) is independent of initial fraction j.
1. Initial setup (PBH scaling as matter from N;) :

ppea(Ny) ~ B3MEH? e~ 3(No=N0)
N——

prot (N1)

2. Two-phase expansion : V; RD, Ndom EMD, Ny,
® RD (IN; = Ngom) : PBH domination condition (82N = 1)

e 3(Naom—Ni) — 63 — Hgom ~ H1264
® EMD (Nyom — Np) @ Matter-like scaling (H? oc a™?)

o8N~ Naom) o, _HE HD
2~

dom

3. Recombination :

2
ppeu(Nb) ~ B(3MpHY) {53 (ng,z;)} = 3MpH},

— Exact cancellation of §. Final density strictly fixed by Hj, (PBH mass).

AN



Baryogenesis mechanisms : Schematic overview %
<

» 4
4
A

e GUT baryogenesis [Hooper, Krnjaic; '20]

CPV decay
_—

THawking /* = Mgyt emission AB #0

® Hot spot leptogenesis [Gunn et al.; '24]

Local Ty heats plasma = EW restored locally = RHN emission
¢ Exploding PBH shocks [Klipfel ; '26]

Terminal M — co = Ultrarelativistic shocks = Chiral charge

¢ Asymmetric evaporation [Juan et al.; '25]
Horizon curvature = Chemical potential 4 = Biased emission

* Spontaneous (USR) [Balaji; ‘2]
Inflaton velocity ¢ — Effective 4 = Plasma bias

® Wash-in leptogenesis [Schmitz, Xu; '26]
Thermal equilibrium = Pre-existing charge transfer



Viability at m{) ~ 103kg

Target regime : foy =1 and f, = 1.

1. Mass-excluded
® Wash-in
® Asymmetric

® Spontaneous

(migy < 1kg)
(mpos < 103 kg)
(mi > 1012 kg)

2. Mass-compatible
® GUT : Post-EWPT decay.
® Hot Spot : Local sphalerons.
® Shocks : Mass fits

v
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