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①

Feature1 .

① Dark Matter (DM) - main motivation for PBH

·> DM is needed to explain many observational

facts of different nature :

- rotation curves

" gas temperature in clusters of galaxie
* CMB anisotropy data

· structure formation
↳ Bullet cluster

=> all this can be explained by DM

#

UT : only indirect evidence

+ only of gravitational origin

[ no direct detection so far]

=> no clue what is the DM mass.

# PBH are an attractive candidate for DM

-> basically invisible

- only interacting gravitationally (

including with ordinary matter

-no new stable particle is required
if constitute all of the DM



②

① BH-reminder [c = h = 1]

- formed in collapse of marive ⑫berastars

P1 . 1. only characterized byEstimate[max mass m and momentum I

- horizon size Ug vs
.

mass mi

=26m = Im ↳Vote:linaa
For m = Mo = 1057 Gev = 103g

rg = 3km

- temperature

tin
- Hawking radiation (black body with temp .T)

Im
= -arg , that idt

TungEvaporation I
Note : negative

time heat capacity !



③

① BH formation in the early Universe

↑ flat FRWL metric ds = dt-altdx ?

a = scale factor ;
a= 1 today

* Standard cosmology :

matter

inflation?)
radiation domination domination time t
-

matter-rad
. today

3 ↑ equality
G = 1

T = 2,7k

This is our range

of interest

asO
* key quantity - expansion rate

H

HE a (Hubble parameter)

From Friedmann equation

It
↑- energy density

Newton's constant

6 = miMpe =
10Ge

At radiation

get tebe



④

*
There is a characteristic length

scale - horizon
-

at the radiation

[ stage Ru = T 3
Ri ~ -M RH <act

A At the radiation stage the horizon size is

the maximum size of a causally-connected

region Eaximummar of a BH !

* Total mass inside horizon :

My-gR-Th(
=> maximum mas of a BH formed at

temperature T is

My= 0
.
02 Me

-m #2 . 18g-

100 GeV 3x10 Mo = 6 .
1027
g

33

100 Mey 3 Mo = 6 . 10 g
37

1 Mey 3 . 18 Mo = 6 . 10 g



⑤

* Is it easy
to produce enough PBH to

constitute all of the DM ? -yes !

Indeed,

SPBH 2 s

a
Grad al

= As a increases
,
the relative abundance

of PBH grows

Ti I 2a

= GPBH
must be subdominant at

the moment when they are created

① How to make a BH in the early Universe ?

1 ToformB onemustcompotifya maaa
[Hoop conjecture ,

Thorn 1972]



⑥
* Many mechanisms at various cosmological

epochs have been proposed :

- from primordial density perturbations

- - bubble collisions at phase transitions

⑫popular - from collapse of cosmic string
now

-
at reheating

- at preheating
---

BHfrom primordial density perturbations

R
-3

Assume we have of -Ey
7

at scale R.

=> man of the bump is

m~ g
. R3

=
Fir (its grav. radius)
Ma

E to form a BH require Us & R (Hoot conjecture)

·te



⑦

=> smaller of correspond to larger R

But the largest R is R = RH.

Then we have

I
1R
=> the smallest by still sufficient

to form

a BH satisfies :

J-1 at horizon scale

& Collapse of primordial perturbations

wavelength
= 1

-H

X2 a

-
BH formation· moment of



⑧

* inflation
-> perturbations exit horizon and

Ht
a2e after that Stayfrozen

A RD stage -> perturbations re-enter the

horizon . If they overshoot
the threshold igly - 1

they form a BH after

re-entry. Otherwise - oscillate.

super-horizon
perturbation

BH formation
---------------------

threshold timeru
.......

one

# - m

H- H-

① Because we want to convert into BH

only a small fraction of Hubble volumes

at the time of production ,
we d not

ned 89/g -I on average. Then only rare

-

fluctuations will reach 8g/y -1 and form BH.

In fact ,
one should have

:

9/g
102



⑨

① The exact threshold of BH formation

depends on the equation of state,

p = wy

Pressure opposes collapse ->> the smaller w,

the lower the threshold.

Softening at the QCD phase transition

at T ~ 100 MeU => enhanced production

of -Mo. PBHs
.

d

0
.

2 -·0 . 1-

· T

der 100 Mel 10 Mer

carr et al 2024

Carr et al 2024



⑱

CONCLUSION:

No real constraints from theory on

the mass spectrum of PBH and theirI abundanc



- CONSTRAINTS
⑪

Lecture 2

- Hanking radiation

- busing

- LIGO/VIRGO

-
CMB

Carr 2021/



⑫
Hawkingevaporation

I 2dm = ItI - 15360m - m

Am
I I

Mat

M
3

= T < lifetime
-- Em 5120 It

MpY

I take M = 10 g = 5
.
3 x10

+
Ge

I T = 5120(
Evaporation time

scale :

=
1

.3 . 1059 ev =

= 3x1027 yr
3

#. er g
15

= A PBH lighter than e 10
g completely

evaporate by now and cannot be

a DM

* Moreover
,
the lifetime must be larger

20

than ~
1027s ~10 yo ,

otherwise

the produced radiation
overshoots the

tal limite

inDm experimen -

lifetime



Lensing
⑬

-

leus
observer -------- source : stars in LMC,

- SMC
, galactic

de dis
- bulge

s

LOGLE ,
MACHO

,
EROS)

Is

* Einstein ring angular radius

take dsdides - kpe

·: dis I Rg = 3 km (Sun)

didn Je -108

~ 3 .
183 arese

Ideal Earth-based observations -
0,4 arcse

* Time duration

R

te= ed

= 44 days (dedens
-Amplification factor A

define u =
At minimum
- approach

P2
.

2
.

DE

JAmplification
=



1160/VIRGO [M-few to 10s of Mo]
⑭

-

* PBH formation is a random process : at

the time of formation collapse happens in only
a few Hubble volumes

-#11/ Important : PBH have zero

velocities.

* As the Universe expands ,
the Hubble volume

grows and some of the PBH find themselves

P2
.3 close enough to form a bound pair. They3Binaryformation start to orbit each other and finally

coalesC,

* Once the formation time (equivalently ,
the

PBH mass) is fixed
,

the only free parameter

in this process is the fraction of PBH

in the DM :

coalescence rate
& PBH
-( today ( = function of fo
RDM

⑦ this is measured

by LIGO/
VIRGO

⑪

Straintona



CMB distortions [ 10 Mo]
⑮

-

* PBH are formed at in the radiation era

at temperatures eV

=> they must have been present at and after

recombination
,

at the time of CMB

formation.

* Accretion of gas on these PBH after recombina-

tion produces radiation that leac to

ionisation before the star formation ,
which

is excluded/constrained from CMB
↑

observations.

Note : accretion is a complicated

I process - potentially large
uncertainties.

P2
.4 CollisionsEithEarth - new



⑯
SUMMARIZE :

* With larger or smaller confidence in

all mass ranges except from
17

~ 10 g
to -103g PBH are

excluded as theonly component

of DM

This mass range goes under
the

name of "asteroid-man window"

HOW CAN PBH OF THESE MASSES⑳Constrained


