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Vacuum energy: p ~ constant
Radiation: p~a
Matter: p~a3
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LACK HOLES EVAPORATE...

S. HAWKING, 1974
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duced reheating

Basabendu Barman, Suruj Jyoti Das, Md Riajul Haque, Yann Mambrini

We explore the possibility of %dynamically producing the observed matter-antimatter asymmetry of the Universe uniquely from the evaporation of primordial black holes (PBH) that are formed in an
inflaton-dominated background. Considering the inflaton (¢) to oscillate in a monomial potential V(¢) = ¢", we show, it is possible to obtain the desired baryon asymmetry via vanilla leptogenesis
from evaporating PBHSs of initial mass < 10 g. We find that the allowed parameter space is heavily dependent on the shape of the inflaton potential during reheating (determined by the exponent of
the potential n), the energy density of PBHs (determined by ), and the nature of the coupling between the inflaton and the Standard N (SM). To complete the minimal gravitational framework
also include in our analysis the gravitational leptogen 5 set-up through inflaton scattering via exchange of graviton, which oper an even larger window for PBH ma: nding on the
background equation of state. We finally illustrate that such gravitational leptogenesis scenarios can be tested with upcoming gravitational wave (GW) detectors, courtesy of the blue-tilted

primordial GW with inflationary origin, thus paving a way to probe a PBH-induced reheating together with leptogenesis
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Small Power Spectrum —> Small density of PBHs formed



PBH FORMATION

Key Ingredients : 1) Scalar curvature Power Spectrum P( (k)

2) Equation of State in the Universe w

P; (k) %
///////// (6_:0)
k

p

Small Power Spectrum —> Small density of PBHs formed



PBH FORMATION

Key Ingredients : 1) Scalar curvature Power Spectrum P( (k)

During inflation, small perturbations may be generated at
scales k ~ kcup

After inflation, larger perturbations may be sourced at
scales k > kcugp

* Bumpy potentials (Ultra-Slow-Roll period)
e (Colliding scalar-field bubbles

 Enhancement due to early matter domination



PBH FORMATION

Key Ingredients : 2) Equation of State in the Universe w

| °

Fluctuation of w : During phase transitions (QCD) may
fluctuate variations of (M)

Dynamics of w leaves an imprint in the PBH spectrum

Probing its shape Reading the spectrum pattern




PBH FORMATION

Key Ingredients : 2) Equation of State in the Universe w

Cosmological moduli may start to oscillate
Early Matter Domination (w = 0)

String Theory compactification
Transverse directions in SUGRA

Axion-like particle models



PBH FORMATION

Key Ingredients : 2) Equation of State in the Universe w

Compact

T\ 2
,‘ '
[ J

xtra Dimensions may place the Universe in Stasis
Mixed Matter/Radiation state (w € [0,1/3])

A tower of states with regular spectrum
Energy densities with similar pattern
The ensemble is attracted to a

mixed-state system...
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PBH FORMATION

Key Ingredients : 2) Equation of state in the Universe w

Runaway directions : Quintessential (non-oscillatory) inflation

Kination (w = 1)
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PBH FORMATION

Key Ingredients : 2) Equation of state in the Universe w
The post-inflationary Universe, quesaco 7

Runaway directions : Quintessential (non-oscillatory) inflation
Kination (w = 1)
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PBH FORMATION

Oh? > 0.12

Kination Domination Radiation Domination . _
Microlensing

Kination

Domination Radiation Domination

T T T T T
10 1021 102 107 1030
Mig]




PBH FORMATION

Collapse of Small-Scale Density Perturbations during Preheating in Single Field
Inflation

Karsten Jedamzik® Martin Lemoine’ and Jérome Martint

Primordial black holes from the |
preheating instability in single-field B | | en
inflation

I
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Inflation ' Matter—domination

3/2
) cos (Qz)} v =10,
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where we have defined z = mt + w/4. This equation is

) similar to a Mathieu equation
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dz2

f + [Ak — 2qcos(2z)] U =0 (13)
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WHAT ABOUT

LIGHT, EVAPORATING,

PRIMORDIAL BLACK HOLES
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PBH EVAPORATION
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PBH EVAPORATION

1 e (101 g
Ton = —=—— ~ 1.06 GeV ( )

STFGJ[BH _ JIBII

More and more particles contribute to the evaporation



DM FROM EVAPORATION

dQM o gi Os; (A’{Bﬂa ;U’i:p) p3
dpdt 272 exp[F;(p)/Tgu| — (—1)25 E;(p)

Very bad approximation at (not too)

low momentum...

o, (E, 1)
27TrG2 M2,

Reduced Absorption Cross Section

Vs, (B, p) =

Code Publicly available: FRISBHEE



DM FROM EVAPORATION

feeu(M) = 6(M — Mpgy)

mpy = 1072 GeV mpy = 10° GeV —— mpMm = 10" GeV
mpym = 107! GeV mpm = 10° GeV —— Full Calculation

mpum = 10! GeV — mpm = 10° GeV Approximate

[

pee mpm
[p

Schwarzschild BHs, a, = 0

1
log A\lliilil/lg)

Code Publicly available: FRISBHEE



DM FROM EVAPORATION

freu(M) = 6(M — Mpgy)

Limit

Code Publicly available: FRISBHEE



Kerr PBHs and Warm Dark Matter

Using CLASS: expected matter power spectrum

P(k) = Pcowm (k)T? (k)

Scalar
—— Fermion

Vector

Tensor

ML, [g]



THERMAL PRODUCTION OF DM

» DM may interact with SM particles and be produced
in the early universe through thermal processes...

= Freeze-In or Freeze-Out

PRIMORDIAL
BLACK HOLE




THERMAL PRODUCTION OF DM

DM Annihilation, X decay PBH evaporation

npMm + 3Hnpwm

nx +3Hnx

gDpM / C [./ D M]

gx / Clfx]

cﬁp dnpum

| At |gp
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(277)3 dt |py
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pu 27

PBHs evaporate non-trivial
distributions of DM and X

particles ‘

Non-trivial evolution of the full
distributions fy(p) and fyy(p)

Simplified approch...




MODIFIED COSMOLOGY

3

Ptot X a

FI/FO + entropy dilution Regular FI/FO

Matter-Dominated FI/FO FI/FO during entropy injection



ANALYTICAL RESULTS

Freeze-In contribution
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COMPARISON WITH NUMERICS
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RESULTS

Freeze-In

.

TN QA2 > 0.12

T,

e
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=
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log1o(Mppu/8g)

Fig. 11. Two-dimensional scan over the PBH fraction f and mass Mgy for a mediator mass myx = 1TeV, a dark matter mass
mpym = 1 MeV, and Br(X — SM) = 107'. The color map indicates the value of the non-relativistic cross-section of DM annihilation
leading to the correct relic abundance in the Freeze-In case. See the main text for a description of the different constraints.
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Kerr PBHs and Dark Radiation

Dark particles with small masses can contribute to ANeff

Schwarzschild PBH Negligible

Kerr PBH Argued to be

critical

Schwarzschild BH Domination a, =0 Kerr BH Domination {a,) = 0.7 Kerr BH Domination a, = 0.99
Current Limit {BBN)

Current Limit (CMB) Current Limit (CMB)

108 10° 10° I 107 108 10° 10° ns 107

M; [grams] M; [grams] M; |grams]



Kerr PBHs and Dark Radiation

2N, o™ (Mg, p, ax)
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Kerr PBHs and Dark Radiation

A N.g from Graviton Production

a, = 0.0

a, = 0.7

a, = 0.99
* Paper A

Blg == Paper B

. * Paper C
discrepancy 1 _
No Redshift

With Redshift

w0
M3 [g

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

N.g =~ 3.045 NES BN

The neutrino decoupling is NOT instantaneous

+ Temperature-dependent entropy transter from
electrons



Kerr PBHs and Dark Radiation

~ AT

Imax
*

— = f=a




Kerr PBHs and Dark Radiation

Schwarzschild Kerr, a, ,=0.99

B SM Radiation
M Gravitons
M PBHs

=107 M =10°g

I I - T I I 1( P I I | T I
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Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

A Neg from Graviton Production . a, = 0.99
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Evaporation of Extended Distributions

In reality, PBHs don’t all have the same mass...

feeu(M,a) = 6(M — Mpgy) X 6(a — a,)

freu(M,a) = F(M — Mpgy) X A(a — a,)



Evaporation of Extended Distributions

Log-Normal, 6=1 Power-Law, a=2.3,06=4.0 [ Critical Collapse

102
M [g]
Merger Spin Distribution, {a, }=0.71




Evaporation of Extended Distributions

0.075
(.46
().84
1.2
1.6
2.0

(.00

QppH

——— (Critical collapse

—— [P. Auclair, V. Vennin, 2021]

= (ritical collapse

—— [P. Auclair, V. Vennin, 2021]




Evaporation of Extended Distributions

dn | 2(1 +2w)
T p—— f\/[_u T.tl e
7 & with « T

‘Stasis’ regime reached for 0 <w <1



Evaporation of Extended Distributions

Graviton, {a ) =0.7

0.200 L= Log — Normal, mpy = 1 GeV
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0.100 =

0.008 -
0.075

0.050

- Mono 0.5 —_— g =92
0.025 o=10.1 — - WM

0.000




PRIMORDIAL BLACK HOLES
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COSMOLOGY
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IN REALITY

Hawking Radiation
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Universe
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IN REALITY
Hawking Radiation heats the ambient plasma locally

He et al. JCAP 01 (2023) 027
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IN REALITY

Hawking Radiation heats the ambient plasma locally

Hot Spot cooling is slow.

Implications Expected for :
leptogenesis, BBN, CMB, and possibly more...

Papers to come. Stay tuned.



IN REALITY

Hawking Radiation heats the ambient plasma locally




15ST-ORDER PHASE TRANSITIONS FOR DUMMIES




1ST-ORDER PHASE TRANSITIONS FOR DUMMIES

TRANSITION “—P» ENERGY LOSS

P+

S. R. Coleman, Phys. Rev. D 15, 2929 (1977)
—— The bubble expands (O(4) symmetric bubble) Energy = Kinetic
A. D. Linde, Phys. Lett. B 100, 37 (1981).
=P The bubble is static (O(3) symmetric bubble)
Energy from Thermostat



1ST-ORDER PHASE TRANSITIONS FOR DUMMIES

TRANSITION “—P» ENERGY LOSS

P+

Coleman & De Luccia, Phys. Rev. D 21, 3305 (1980).
——» The metric and bubble adjust to conserve energy

Energy = Metric Deformation

What happens around a radiating Black Hole?



1ST-ORDER PHASE TRANSITIONS FOR DUMMIES

What happens around a radiating Black Hole?

Only considered in very extreme situations...

BH radiating in the vacuum

BH in thermal equilibrium with the plasma

R 1 | + Bckgd terms
—— + —h"0,00,0 + V(9) + Conical deficit
lb'ﬂ’(? 2 .

: lf ﬁ 7 ﬁ H




IN REALITY
Hawking Radiation heats the ambient plasma locally

He et al. JCAP 01 (2023) 027
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IN REALITY

Hawking Radiation heats the ambient plasma locally

S3(¥)
2T

3/2
) exp [—S3(p)/T]

Rate to be compared to
the evaporation rate...




AN EXAMPLE: THE EW vACcuUUM

Our Universe may be metastable (at ~20)

Black Hole Mass [g]

Black Hole Mass [M,]



AN EXAMPLE: THE EW vACcuUUM

Our Universe may be metastable (at ~20)

c
o
=
Y
——
L=

102 10* 105 10® 10" 102 101 10

Black Hole Mass [g]




CONCLUSION

PBHs can leave several imprints in the early Universe
* Modify cosmology (EMD+ entropy inj.)

* Produce dark matter, leading to modified predictions for
particle searches

» Affect Cosmic expansion, reheat the universe

» PBHs can act as local radiators, leading to hot spots that
can survive for a long time in the early Universe...

= FRISBHEE is accessible online:

RISBHEE |

https://github.com/yfperezg/frisbhee



Thank you very much !



PBH FORMATION

PLANCK

Ultra
Slow-Roll







Kerr PBHs and Dark Radiation

In the Standard Model

+ N SM PDR (T ) (E?* {Tex }) ( gx5S (Tf-q })
oft PHM (T v } G (qu) gxs (__Te*i.- )

The quantity to evaluate



Kerr PBHs and Dark Radiation

Why ?

dNDM _ /T dt,a,('r) « dQNDM (p
0

dp a(t’)  dp/dt’

some redshift is good

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

Why ?

dNDM _ /T dt,a,('r) « dQNDM (p
0

dp a(t’)  dp/dt’

The correct one is better!

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

A N.g from Vector Production . a, = 0.99

=== No Redshift
— == Redshift

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

A N.g from Vector Production, a, = 0.7

No Redshift
- == Redshift

1010

Code Publicly available: FRISBHEE



III. Evaporation of Extended Distributions

dMp | - M#
= —€ (ﬂ[BH a., ) —‘I ?
dt M éH

= (Mo, 02) — 2e(Mip, 00))
= —Qx |Y(MBH,Cx) — 26(IMMBH, Cx )| 52—,
T VAN

da a o o
— = —2f(a) — g(a)| ,
o = 5 12/ (@) —gla)].

dM — f (a)

dt J[i’ :

g(a) —2f(a)

M) gla)—2f(a)’ (t—1;) =M .f e (T — Ti)
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III. Evaporation of Extended Distributions

Examples:

[_ (log M — log M) ]

207

Evaporation smeared around t(M,)

dn 2(14+2w)

P XM with o=
Wi " 1+ w

Regime of ‘Cosmological Stasis’



RESULTS

Freeze-Out

Thermalization

—
—
o=
=
=
—
—
—]

Two-dimensional scan over the PBH fraction 3 and mass Mpy for a mediator mass my = 10GeV and a dark matter mass
mpym = 1GeV, and Br(X — DM) = 0.5. The color map indicates the value of the non-relativistic cross-section of DM annihilation leading
to the correct relic abundance in the Freeze-Out case. See the main text for a description of the different constraints.




III. Evaporation of Extended Distributions

0. clse.
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III. Evaporation of Extended Distributions

[ dQp
dt t u{.‘.:

d(ﬂ]‘gﬂ) 1
= Qi (L2 .
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PBH FORMATION
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PRIMORDIAL PERTURBATION EVOLUTION

Inflation
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Perturbation Horizon Crossing

1

a

Figure 7.2. The linear evolution of the gravitiond@potential . Dashed line denotes that the
mode has entered the horizon. Evolution through thfhaded region is described by the transfer
function. The potential is unnormalized, but the relflive normalization of the three modes is
as it would be for scale-invariant perturbations. Heré@laryons have been neglected, 2, = 1,
and h = 0.5.

MODERN
COSMOLOGY

0.001 0.01
k (h Mpct!)

Figure 7.4. The power spectrum in two Cold Dark Watter models, with {ACDM) and without
(sCDM) a cosmological constant. The spectra havillbeen normalized to agree on large scales.
The spectrum in the cosmological constant mod@ turns over on larger scales because of a
later a.q. Scales to the left of the vertical fine argltill evolving linearly.

Daseon Modes entering the horizon BEFORE

matter-radiation equality DECAY ...

Causality erases small-scale structures



AN EXAMPLE: THE EW vACcuUUM

Our Universe may be metastable (at ~20)

Ppyp = 1 — ¢ TFVDAL

IJF' VI [ J'_"l,_{ ) — J_ — _-rll"' WD f JT].J].ELL{'ELII :' .,-"I ru

Prvp ~ 1 as long as At <107°xI' !

Constraint:




IN REALITY

Hawking Radiation heats the ambient plasma locally
Our best guess:

T

plateau

7—'U niverse

Physical realisation of

TH/ \ 1"
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