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Black Holes evaporate




Black Hole Dark Matter
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Some PBHs may be dark matter




Black Hole Dark Matter
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Black Hole Dark Matter
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Ultra-Slow-Roll Inflation

Problem: Large fine tuning...



Primordial Black Hole Landscape
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Most PBHs may not be good dark matter candidates



Primordial Black Hole Landscape

EVAPORATING
PBHS

Inflation 108 GeV QCD BBN Today

Most PBHs may not be good dark matter candidates



Comoving Hubble horizon
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Primordial Black Hole Landscape

* First-Order Phase transitions at high energy

* Resonant enhancement of perturbations (?)

» Gravothermalising

= (Collapse during stiff era
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Comoving Hubble horizon
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Comoving Hubble horizon
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PBH EVAPORATION
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Imprints of Primordial Black Holes

= PBHs can perturb BBN

BBN (‘He) —— EGXB

BBN (D) GC
— CN i ) Neutrinos
—— Electrons (Voyager 1)

= PBHs can perturb the CMB c




Imprints of Primordial Black Holes

» PBH formation and evaporation can produce GWs
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Imprints of Primordial Black Holes

» PBH evaporation can contribute to Dark Radiation

{ Hooper et al, JHEP 08 (2019) 001 ‘
{ heek et al, Phys.Rev.D 106 (2022) 1

A Neg from Graviton Production , a, = 0.99
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Code Publicly available: FRISBHEE
https://github.com/yfperezg/frisbhee



Imprints of Primordial Black Holes

» PBH evaporation can contribute to DM production

Code Publicly available: FRISBHEE

— mpym = 1072 GeV mpym = 10° GeV —— mpm = 10" GeV

mpy = 107! GeV mpy = 10° GeV —— Full Calculation https//g|thubcom/yfpe rezg/frisbhee

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

QR > 0.12

Thermal X

Schwarzschild BHs, a, = 0
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Imprints of Primordial Black Holes

= PBHs can affect the Universe’s expansion
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Brooks Thomas’ talk on Tuesday
Keith Dienes’ talk on Wednesday




Imprints of Primordial Black Holes

» PBHs can trigger first-order phase transitions

» PBH evaporation can generate lepton/baryon asymmetry

= PBHs and affect their thermal environment!



Light PBHs can be constrained...

.. if what they emit is able to free stream!

PBHs live in a homogeneous universe



Light PBHs can be constrained...

.. if what they emit is able to free stream!

Hawking Radiation E~ Ty

dPBH

Universe Temperature I'<Ty



Light PBHs can be constrained...

.. if what they emit is able to free stream!

If A> dpgy : emission can be assumed homogeneous

If A< dpgy : localisation effects may matter

A often estimated in a homogeneous plasma...



IN REALITY
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IN REALITY
Hawking Radiation heats the ambient plasma locally

He et al. JCAP 01 (2023) 027
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Example 1: PBHs and

1st order phase transitions




1ST-ORDER PHASE TRANSITIONS AND PBHs

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
— + =" 0,00,0 + V(0) + Conical deficit
lb"?'TCT .2 .

' lf ﬁ * ﬁ H




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)
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ExXAMPLE 2: HOoT SroT & BSM

Interaction rates vary across the hot spot... and so does the
mean free path of Hawking radiation!

PRIMORDIAL
BLACK HOLE




ExXAMPLE 2: HOoT SroT & BSM

Interaction rates vary across the hot spot... and so does the
mean free path of Hawking radiation!

Jlf_:.__f.-l,."'lfH[_';:.‘] =10

- mpm = 102 GeV
mpy = 10° GeV
mpp = 10* GeV




ExXAMPLE 3: HOoT SPOT & BBN

The case of Photodissociation

Hawking
Radiation

Showering

E~ TPlasma

Primary Secondary Universal
Spectrum Spectrum Spectrum



BlackHawk

[Arbey and Auffinger]

X E() Pl

esc

(_ E() ) d E 0
secondary
" dN
dEdt

[._ E[] ) X E() dE 0

secondary

[C.Altomonte, M. Fairbairn, LH, ‘25]

ExXAMPLE 3: HOoT SPOT & BBN

= Hawking Radiation

Hot Spot Emission
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HXAMPLE 3: HoT SpoT & BBN

=== Acharya & Khatri — with hot spot

== == Acharya & Khatri — homogeneous
w—=  Carr et al — with hot spot

= == (Carr et al — homogeneous

[C.Altomonte, M. Fairbairn, LH, ‘25]



CONCLUSION

= Light PBHs, like GWs, are crucial relics that can be used
to probe the early universe evolution.

» Light PBHs can leave multiple imprints in cosmology, and
atfect predictions for particle physics experiments

» PBHs also act as local radiators, forming hot spots that
can affect particle physics around PBHs. Not just a little...

* PBHs may leave more traces in cosmological data than
expected.

RISBHEE

https://github.com/yfperezg/frisbhee



HotT SpoT & BBN

1 & Khatri — with hot spot(a = 0.05)

with hot spot{a = 0.1)

with hot "-'.['J{'_':l.l::r_'t = n.r”

ya & Khatri — homogeneous

[C.Altomonte, M. Fairbairn, LH, ‘25]



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?
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Now : 1o bands for
Mt =171.77 = 0.37 GeV (red)
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{Tartle-Hawkins Hartle-Hawking

Bubble Action
Bubble Action
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CMB: A small sample of

Cosmic Inflation
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THE PARAMETER SPACE

EVAPORATING PBHS PBH DARK MATTER
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[Auffinger 2022]



The oldest
optical picture ever...




Cosmic Inflation

Primordial
Universe




CMB: A small sample of

Cosmic Inflation
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HISTORY OF THE UNIVERSE

Comoving Hubble horizon
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Why Primordial Black Holes?
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HISTORY OF THE UNIVERSE

Comoving Hubble horizon
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Light PBHs are relics of
early universe cosmology!

BrLAcK HOLES

EVAPORATE
S. HAWKING, 1974




HISTORY OF THE UNIVERSE

Comoving Hubble horizon
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THE PARAMETER SPACE

PBH Abundance at
Formation

p

Too Many PBHs

PBH mass M



THE PARAMETER SPACE
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THE PARAMETER SPACE

EVAPORATING PBHS PBH DARK MATTER
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EVAPORATING PBHS

“*...  PBH domination

1071g
PBH mass M



IMPRINTS OF PBH EVAPORATION

1. PBHs produce SM and BSM particles

2. PBHs produce boosted particles

3. PBHs heat the plasma

4. PBHs modify cosmic history



PBH EVAPORATION
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PBH EVAPORATION

d°N; g s, (Mgu, i, D) p’

(lpdt 272 exp [E,ﬂ p)/Tu| — (—1)%% E;(p)

RISBHEE |

https://github.com/yfperezg/frisbhee

Open-source code, able to:

* (Calculate the emission rate for an arbitrary SM+BSM

spectrum
* Solve Friedman equations while tracking PBH
evaporation

* Solve Boltzmann equations in a homogeneous universe



DM FROM EVAPORATION
feBa(M) = 6(M — Mpgp)

mpm = 1072 GeV mpym = 10° GeV —— mpum = 103 GeV
mpn = 1()1 GeV mpn = 1()_) GeV —— Full Calculation

mpm = 10" GeV —— mpm = 10° GeV Approximate

[

pes mpm
[p

Schwarzschild BHs, a, = 0

4
]“z‘-’;lu(A\[{;il/l“%)

Code Publicly available: FRISBHEE



Kerr PBHs and Warm Dark Matter

Using CLASS: expected matter power spectrum

P(k) = Pcpm (k)T(k)

Scalar
—— Fermion

Vector

Tensor

/

M, )

<

10° 10°

ML, [g]

Code Publicly available: FRISBHEE



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
BrLACK HOLE




THERMAL PRODUCTION OF DM

DM Annihilation, X decay PBH evaporation

npM + 3HNDM
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PBHs evaporate non-trivial
distributions of DM and X

particles *

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




MODIFIED COSMOLOGY

FI/FO + entropy dilution Regular FI/FO

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



RESULTS

Freeze-In

.

TN QA2 > 0.12
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Fig. 11. Two-dimensional scan over the PBH fraction # and mass Mgy for a mediator mass myx = 1TeV, a dark matter mass
mpwm = 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

ANy from Graviton Production

a, = 0.0

a, = 0.7

a, = 0.99
- Paper A

Blg = Paper B

. * Paper C
discrepancy , _
No Redshift

With Redshift

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

~ TN

Imax
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Kerr PBHs and Dark Radiation

Schwarzschild Kerr, a, i,=0.99

M SM Radiation
M Gravitons
W PBHs

=107 Mt =10°g

I I - T I I 1( P I P | T I
102 10* 108 108 1010 102 10° 102 104 10° 108 100 10'°

alagy, ajaj,

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

A Neg from Graviton Production . a, = 0.99
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=== No Redshift
— == Redshift

Code Publicly available: FRISBHEE



Evaporation of Extended Distributions

Log-Normal, s=1 Power-Law, a=2.35,06=4.0 ru, Critical Collapse

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




Evaporation of Extended Distributions

Graviton, (a4 )=0.7

0.200 ) Log — Normal, mpy = 1 GeV

0.012
0.150

0.100 =

0.008 0.075
0.075

0.050

- Mono 0.5 — o =2
0.025 o=101 - WM

0.000




Evaporation of Extended Distributions

(L_:I x M™ with o=

‘Stasis’ regime reached for 0 <w <1



PBH EVAPORATION

BEYyoND HOMOGENEITY



PRIMORDIAL BLACK HOLES
ARE

IN
COSMOLOGY

Hawking Radiation E~ Ty

Universe Temperature I'<Ty




IN REALITY
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IN REALITY
Hawking Radiation heats the ambient plasma locally

He et al. JCAP 01 (2023) 027
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HotT SrpoT & BSM

Hot SpOtS rise while the universe cools dowr

!

Hot spot formation




HotT SpoT & BBN

The case of Photodissociation

Hawking
Radiation

Showering

E~ TPlasma

Primary Secondary Universal
Spectrum Spectrum Spectrum



HotT SpoT & BBN

BlackHawk

[Arbey and Auffinger]

= Hawking Radiation

Hot Spot Emission
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[C.Altomonte, M. Fairbairn, LH, ‘25]



HotT SpoT & BBN

=== Acharya & Khatri — with hot spot

== == Acharya & Khatri — homogeneous
w—=  Carr et al — with hot spot

= == (Carr et al — homogeneous

[C.Altomonte, M. Fairbairn, LH, ‘25]



HotT SpoT & BBN

1 & Khatri — with hot spot(a = 0.05)

with hot spot{a = 0.1)

with hot "-'.['J{'_':l.l::r_'t = n.r”

ya & Khatri — homogeneous

[C.Altomonte, M. Fairbairn, LH, ‘25]



An old idea: PBHs may trigger

1st order phase transitions




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).
—— 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

+ Bckgd terms
+ Conical deficit

E)

6nC + B h*" 0,00,¢ + V(0 ).
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THE Hicags CASE

Now : 1o bands for
Mt =171.77 = 0.37 GeV (red)
a3(Mz) =0.1179 = 0.0009 (blue)
Mp =125.10 + 0.17 GeV (green) |
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1ST-ORDER PHASE TRANSITIONS FOR DUMMIES

d I‘>(1V > hep-ph > arXiv:2209.05504

High Energy Physics - Phenomenology

[Submitted on 12 Sep 2022 (v1), last revised 24 Feb 2023 (this version, v2)]

Black holes don't source fast Higgs vacuum decay

Alessandro Strumia




IN REALITY

Hawking Radiation heats the ambient plasma locally

S3(9)

3/2
SON exp syt

Rate to be compared to
the evaporation rate...




{Tartle-Hawkins Hartle-Hawking

Bubble Action
Bubble Action

10* 10°
Black Hole Mass [M,]

100 10*
Black Hole Mass [M,]




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)
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CONCLUSION

PBHs can leave several imprints in the early Universe

" They modify cosmology

* Produce out of equilibrium particles, leading to modified
predictions for particle searches

» PBHs can act as local radiators, forming hot spots

= Hot spots affect particle physics around PBHs. Not just a
little...

» PBHs may leave more traces in cosmological data than
expected. Stay tuned!

RISBHEE

https://github.com/yfperezg/frisbhee



Thank you very much !



PBH FORMATION
Collapse of

Overdensities NA\W
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Key Ingredients : 1) Scalar curvature Power Spectrum P (k)
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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 PZ (k)

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

Later, larger perturbations may be sourced at
scales k > kcugp

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

Aborting phase transitions jw.v

Enhancement due to early matter domination



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 | | | Qen
inflation

o

ay /2 .
) sin (mt)

Jérome Martin,” Theodoros Papanikcilal:)u,b Vincent Vennin®?®

: : 3/
Inflation ' Matter—domination —+|1 —5 e ) Ccos (23):| v =0 1
: o z2 mea a

where we have defined z = mt + 7 /4. This equation is
similar to a Mathieu equation

'Ia

= [Ap — 2qcos(2z) ] = 0 (13)

E—fold number N




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




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)

1, )
D 7¢2—]/\f[))
w = — = =

P L ‘ :
7(]5 + V(o)

INFLATION | KINATION




PBH FORMATION

Oh2 > 0.12

Kination Domination Radiation Domination . _
Microlensing

Kination

Domination Radiation Domination
at

T T T
1018 107! 102
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PBH EVAPORATION
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More and more particles contribute to the evaporation
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ANALYTICAL RESULTS

Freeze-In contribution
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Perturbation Horizon Crossing
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Figure 7.4. The power spectrum in two Cold Dark [atter 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 line argltill evolving linearly.
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Figure 7.2. The linear evolution of the gravitiond@ootential &. Dashed line denotes that the
mode has entered the horizon. Evolution through thiishaded region is described by the transfer
function. The potential is unnormalized, but the relfive normalization of the three modes is

as it would be for scale-invariant perturbations. Herlaryons have been neglected, 2, = 1,
and h = 0.5.
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Causality erases small-scale structures
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Kerr PBHs and Dark Radiation

In the Standard Model
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The quantity to evaluate



Kerr PBHs and Dark Radiation

Why ?

some redshift is good

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

Why ?

The correct one is better!

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

AN.g from Vector Production, a, = 0.99
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Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation
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III. Evaporation of Extended Distributions
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III. Evaporation of Extended Distributions

Examples:
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RESULTS
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Two-dimensional scan over the PBH fraction 8 and mass Mpy for a mediator mass my = 10GeV and a dark matter mass
mpm = 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
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III. Evaporation of Extended Distributions
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PRIMORDIAL PERTURBATION EVOLUTION
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Perturbation Horizon Crossing
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Figure 7.4. The power spectrum in two Cold Dark [atter 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 line argltill evolving linearly.
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Figure 7.2. The linear evolution of the gravitiond@ootential &. Dashed line denotes that the
mode has entered the horizon. Evolution through thiishaded region is described by the transfer
function. The potential is unnormalized, but the relfive normalization of the three modes is

as it would be for scale-invariant perturbations. Herlaryons have been neglected, 2, = 1,
and h = 0.5.
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Daiton 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)
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IN REALITY

Hawking Radiation heats the ambient plasma locally
Our best guess:
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