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The oldest
optical picture ever...




Allegory of the Cave...




ACDM

Allegory of the Cave...

Nature
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THE ACDM IDEOLOGY

Inp Vacuum energy: p ~ constant
Radiation: p~a?
Matter: p~a’
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THE Horizon PROBLEM

Recombination

Comoving particle horizon




Cosmic Inflation

Primordial
Universe




PRIMORDIAL PERTURBATION EVOLUTION
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PRIMORDIAL PERTURBATION EVOLUTION

Horizon Size
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PRIMORDIAL PERTURBATION EVOLUTION

Inflation
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Perturbation Horizon Crossing

10-10-610°8-410-310-20.1 1
a

Figure 7.2. The linear evolution of the gravitiond@ootential &. Dashed line denotes that the
mode has entered the horizon. Evolution through th¥shaded region is described by the transfer
function. The potential is unnormalized, but the rel$ive normalization of the three modes is

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

MODERN
COSMOLOGY
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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.

Daieon Modes entering the horizon BEFORE

matter-radiation equality DECAY ...

Causality erases small-scale structures



PRIMORDIAL PERTURBATION EVOLUTION

Horizon Size
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Why Mini Primordial Black Holes?
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How MANY SHOULD WE EXPECT ?

ACDM model
« Pure » « Pure » « Pure »
INFLATION I RADIATON I MATTER > .o

Very few PBHs expected

Very little information about the primordial
Universe

(To infinity and) beyond the SM

In explicit UV theories, deviations from ACDM
can affect the formation of PBHs and their
Hawking evaporation...



PBH FORMATION
Collapse of

Overdensities NA\N\/J
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Key Ingredients : 1) Scalar curvature Power Spectrum Pg (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
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Small Power Spectrum -> Small density of PBHs formed



PBH FORMATION

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

2) Equation of State in the Universe w

BSM PHaysics
CAN AFFECT

BOTH



PBH FORMATION

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

L’inflaton parti, les perturbations dansent...

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

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

« 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

The post-inflationary Universe, quesaco 7



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])

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

mixed-state system...

my = Mmoo —+ (Am)/ﬁ

290 —4(1 + )
290 — (1 4+ af)




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
The post-inflationary Universe, quesaco 7

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)

p =0t =V(¢)
P 502+ V()

4

INFLATION |




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)

5 $? — VD)
WEB % : ~ 1
p 7(]524‘]/:05)

INFLATION | KINATION




PBH FORMATION

An example : Sgoldstino-less Inflation

Spontaneously broken SUSY Goldstino superfield S

How to get read of massless scalar 7
Use a version of SUGRA where S2 =0 ..

Introduced to match linearly vs. non linearly realized

SUSY
[Rocek '78],[Lindstréom, Rocek '79]

Realized in certain models of String theory exhibiting non

linear SUSY [Kallosh, Wrase '14],[Bergshoell Dasgupta,
Kallosh, Van Proeyen, Wrase '15],[Kallosh, Quevedo, Uranga '15]

Or use effective theories where the sgoldstino decouples
[Komargodski, Seiberg '09],[Kallosh, Karlsson, Murli '15]



PBH FORMATION

An example : Sgoldstino-less Inflation

_1c2 S 4
K_|S —ﬁ|5|
W-=1fS.

S=s+ \/59“2;55 + 62 F.

Limit ¢ - oo : Integrate out the scalar s

ri s*

Many consequences for inflation



PBH FORMATION

PLANCK
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PBH FORMATION
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PBH FORMATION

0Oh? ~ 0.12

Kination Domination Radiation Domination S
Microlensing

Kination

Domination Radiation Domination
s
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PBH FORMATION

N\

== [nflation
Kination

=== Reheaton

=== Radiation
DarkMatter

Planck-19|
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PBH FORMATION

Planck-19|

N\

L Standard
U
= [nflation [ r‘gil()_“ GeV
Kination [ A -
Fs=1071 GeV
=== Reheaton .

= Radiation [ Fg:l()’” GeV
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LACK HOLES EVAPORATE...

S. HAWKING, 1974




PRIMORDIAL BLACK
HoOLE DISTRIBUTION

feeu(Mppy)

Some may be stable and participate to
the DM relic abundance (Mpgy = 10" g)

Some may be unstable and evaporate
(109g S MPBH S 1015 g)

Some may be unstable and evaporate
before BBN (Mpgy < 109 g)
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PBH EVAPORATION

M

dMpu dMpp 0o Q2N o
= - b Ip = —e(M
dt Z dt |, Z | /O - dp (MBH)

dpdt M. ]§H

Wt = 207 e B o]~ (177 Ei)

BSM -
Contributions? '; 0 1.06 GeV 1013 o
8’ﬂ‘—Ch\jBH Mpy

Ipy =




PBH EVAPORATION

1 (10 ¢
TBII = ——— ~ 1.006 Cr@\ ( - )

SFG.\[BH A\[BII

More and more particles contribute to the evaporation



DM FROM EVAPORATION

feeu(M) = 6(M — Mpgy)

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

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

e mpM
['pu

Schwarzschild BHs, a, = 0
4

l()gl"( ‘\[]i;il/ lg)

Code Publicly available: FRISBHEE



DM FROM EVAPORATION

Limit

PRIMORDIAL
Brack HOLE

Thermal X

S w g 1““%1[1(-\/|i'[i;||/‘ﬂ.‘-’s]
Mg, [9]

Code Publicly available: FRISBHEE



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,

CMB-54 | projection)

107 08 10° 10° 08 107 0® 10° 10° 107

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



Kerr PBHs and Dark Radiation

~ TN

Imax
*

— = f=a




Kerr PBHs and Dark Radiation

Schwarzschild ) Kerr, a, i,=0.99
10 54

10

10%

10*’“1 _

M SM Radiation
M Gravitons
M PBHs 1046 -

10[1
107!
1072
107? B'=10"%, Min  =10%g

)—-1

™ l - 1 I - 1 I | " I 1 I
102 10* 108 108 1010 102 10° 10° 104 10° 108 100 10'°

ajldagy, aja,

Code Publicly available: FRISBHEE




Kerr PBHs and Dark Radiation

Why 7

The correct one is better!

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

A N.g from Graviton Production . a, = 0.99
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0.00
=== No Redshift
— == Redshift

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

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

0.00

=== No Redshift
— == Redshift

Code Publicly available: FRISBHEE



Evaporation of Extended Distributions

0, clse.

o eMe for My, < M < M.
feu(M) =

3Wiorm. 1 ]

[\ Wiorm. 1 }

> . dM
[ fona,0 S am

/ feu(M,t)MdM
JA)

FHQpr(l — Qpn)




V() ~ tanh (_(,-")/'\f['i(rim-)g

Gravitational Waves?

Fipr =

( 3'“;1'(11'[[1. J—)
(I”’JII{'JI'III. } 1)

Y = ¥
“mf' =

Dinf = () 79

BK18/Planck
Stage 3

B cvB - 54

T T
0.955 0.960 0.965

T
=
<

--—Phkht4+++44-—--
10% o 0.1g

dQcw/d(log f)

/ pBH | PBH ) o
Inflation : Formation @ Dom. :  RD,MD, ... simdard .
: : : jlrmin = 100 2, jirum_\ = 10" g

N, : N, : Nepn : \ My = 100 g, My = 107 g
N - My = 100 g, Moy = 10° g
: ' j-[min =1 2, Al“rmax = ”)T g

Muin = 10% g, My = 107 g

100 109




Evaporation of Extended Distributions

Log-Normal, 6=1 Power-Law, a=235,0=4.0 Critical Collapse

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




ITII. Evaporation of Extended Distributions

Graviton, (a4 ) =0.7

0.200 . Log — Normal, mpy = 1 GeV
0.175

0.150

0.125

0.100 =

0.008

0.075

0.050
Mono oa=0.5 — o =2

0.000

https://github.com/yfperezg/frisbhee



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

» Particles produced from evaporation can be extremely
boosted, which can lead to additionnal constraints from
structure formation

» Kerr PBHs can lead to a large production of gravitons —
existing results were refined

= (Qur code is accessible online:

https://github.com/yfperezg/frisbhee



FUTURE DIRECTIONS

Cosmic History is still to be unveiled!




Back up



PBHS LIKELY TO BE PRODUCED AFTER INFLATION

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

Karsten Jedamzik® Martin Lemoine! and Jérome Martin®

Primordial black holes from the _ |
preheating instability in single-field | Gend
inflation

3/2
) sin (mt)

Jéréme Martin,” Theodoros Papanikolaou,” Vincent Vennin®®

i . k?
Inflation Matter—domination . —_— +
: : d m2

a2

Tn 3;’"2
— V6Kdana ( Zld) 005(23)} U

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

10
d2 oy,

]

az=

10° + [Ar — 2gcos(2z)]dp = 0 (13)

58 59 60 61 62 63 64

E—fold number N




PRIMORDIAL
PERTURBATIONS

PRIMORDIAL BLACK
HoLE DISTRIBUTION

feeu(Mpgy)

!

Observable Imprints 7




LACK HOLES EVAPORATE...

S. HAWKING, 1974




PRIMORDIAL BLACK
HoOLE DISTRIBUTION

feeu(Mppy)

Some may be stable and participate to
the DM relic abundance (Mpgy = 10" g)

Some may be unstable and evaporate
(109g S MPBH S 1015 g)

Some may be unstable and evaporate
before BBN (Mpgy < 109 g)



PRIMORDIAL BLACK
HoOLE DISTRIBUTION

feeu(Mppy)

= Some may be stable and participate to
the DM relic abundance (Mpgy = 10'° g)

" Some may be unstable and evaporate
(109g S MPBH S 1015 g)

" Some may be unstable and evaporate
before BBN (Mpgy < 109 g)

The topic of this talk ..



THE PARAMETER SPACE

Abundance at
Formation

p

‘.
5
IS
5
Iy
.
s
s
IS
I
5
IS
I
Iy
.
.
‘.
IS

PBH mass M



IF PEQPLE SAT OUTSIDE
AND LOOKED AT THE STARS
EACH NIGHT, TLL BET THEYD
LINE A LOT DIFFERENTLY.

DAY LOOKING
UNDER ROCKS
IN THE CREEX.

Is the SM still alone at

the Planck scale”

; ARE MORE. IMPORTANT
v 1) THINGS THAN WHAT
_ SR PEOPLE DO ALL DAY

WELL, WHEN YOu LOOK

INTO INFINITY, YOU

REALIZE THAT THERE
ﬂ

Any BSM particle
can be produced

through PBH
evaporation...




OUTLINE

I. Effect of PBH evaporation on Dark-Matter
Phenomenology

II. Kerr PBHs and Dark Radiation
ITI. Evaporation of Extended Distributions

IV. Gravitational Waves ?



I. Etfect of PBH evaporation on Dark-Matter
Phenomenology

If the DM relic density is made, at least partially,
of particles, PBHs would contribute to its

production.



PBH EVAPORATION

M

dMpu dMpp 0o Q2N o
= - b Ip = —e(M
dt Z dt |, Z | /O - dp (MBH)

dpdt M. ]§H

Wt = 207 e B o]~ (177 Ei)

BSM -
Contributions? '; 0 1.06 GeV 1013 o
8’ﬂ‘—Ch\jBH Mpy

Ipy =




PBH EVAPORATION

1 (10 ¢
TBII = ——— ~ 1.006 Cr@\ ( - )

SFG.\[BH A\[BII

More and more particles contribute to the evaporation



DM FROM |

d° N,

4

dpdt ~ 2n2 exp [Ex(p)/Ton) — (—1)2

U‘.“r

HVAPORATION

p.'.i

E; (_;U)

Va.
&84

Very much used in the literature: the geometrical-optics limit

GM BHP > 1

O-Si. (E* )U) |GO

BBN
y

Y

Tm] <m ¥

102 1012 1015

[GeV]

I 10° 106

m

= 27TrG* My

mayhbe capture

Ty > my

10 10° 1012

m, [GeV]

I 10°



DM FROM EVAPORATION

dzM _ Y Ts; (A"IBHa .u"i:p) 2)3
dpdt — 2n% exp [E;i(p)/Tpu] — (~1)> Ei(p)

Very bad approximation at (not

x dx

too) low momentum... ci(2:) 27 > (@) (a® = 27)

)= —
8192 5 ] — (=1 2s;
Os; (EYq H) ™ Jz exp(x) ( )

27TrG2M3E

Reduced Absorption Cross Section

Vs, (B, 1) =

EEEDN
5 °

N =

Code Publicly available: FRISBHEE



DM FROM EVAPORATION

feeu(M) = 6(M — Mpgy)

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

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

e mpM
['pu

Schwarzschild BHs, a, = 0
4

l()gl"( ‘\[]i;il/ lg)

Code Publicly available: FRISBHEE



DM FROM EVAPORATION

feeu(M) = 6(M — Mpgy)

Code Publicly available: FRISBHEE



Kerr PBHs and Warm Dark Matter

Using CLASS: expected matter power spectrum

P(k) = Pceom (k)T (k) BB T (k) = (1 + (ak)?#)=5/#

SEnae el o = 1.3 x 1072 Mpch™!

Scalar
—— Fermion

Vector

Tensor




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

npMm + 3Hnpwu

dn,;
it

nx + 3Hnx

psm + 4H psy =

— NpHYq /
BH .

DM Annihilation, X decay

PBH evaporation

(‘13];!
(2

gDM / C'| fpm]

7

):a'

dnpu

dt gy

=|9x / Clfx]

dn x

d°p
P+
dt

(27)3

BH

dM
dt

PBHs evaporate non-trivial

M distributions of DM and X

Jfi
Ol

particles ‘

Non-trivial evolution of the full

2 distributions fy(p) and fy\(p)
pap
o Simplified approch...

2
g 27




THERMAL PRODUCTION OF DM

» [f PBHs evaporate before FO:
Assume INSTANTANEOUS thermalization

= [f PBHs evaporate after FO:

Assume NO thermalization

= F'T case: assume NO thermalization

Check those assumptions by evaluating at all time

/ 7 '?""1I11(::>11./ ev / th ”“pl (PJ_’*’_"

(Cr ‘ "'f--’>t11+e-a.:f = — .



MODIFIED COSMOLOGY

3

FI/FO + entropy dilution Regular FI/FO

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



RESULTS

Freeze-Out

Thermalization

2 B! 6

logyo( Mphy/8)

Two-dimensional scan over the PBH fraction 8 and mass Mpy for a mediator mass my = 10GeV and a dark matter mass
— 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.




RESULTS

.

TNLQR2 > 0.12

Thermal X

1
. (Agin
logo(Mpgr/8)

Fig. 11. Two-dimensional scan over the PBH fraction f 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.




II. Kerr PBHs and Dark Radiation



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,

CMB-54 | projection)

107 08 10° 10° 08 107 0® 10° 10° 107

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



Kerr PBHs and Dark Radiation

Ny, ol™( Mg, p, a*)

1

dpdt exp [(E; — mQ)/Tgu| — (—

Mgy o M)
dt ""E(JIBH?G*)EEE;;?

da,

dt

= —a,[v(Mgg, a,) — 2¢(Mpp, a,)]~—2




Kerr PBHs and Dark Radiation

Major effects:

Spin loss faster than mass loss

Shorter lifetime

Different ratio Dark
Radiation / Radiation

How to calculate ANeff ?



Kerr PBHs and Dark Radiation

In the Standard Model

i ?\’TSM ﬂDR{ Tey ) [ 9« '{.__Tc-v ) (Q* s( Tt:-.q )\°
St £ ‘;{M { T ev } G+ {Trq }' gxs { T-:-W.-' }

The quantity to evaluate



Kerr PBHs and Dark Radiation

AN from Graviton Production

Big
discrepancy

107
M3 (g

a, = 0.0
a, = 0.7
a, = 0.99

- Paper A

Paper B

* Paper C

No Redshift
With Redshift




Kerr PBHs and Dark Radiation

Why 7



Kerr PBHs and Dark Radiation

Why 7

N = 3.045 FCE RN

The neutrino decoupling is NOT instantaneous

+ Temperature-dependent entropy transter from
electrons



Kerr PBHs and Dark Radiation

~ TN

Imax
*

— = f=a




Kerr PBHs and Dark Radiation

Schwarzschild ) Kerr, a, i,=0.99
10 54

10

10%

10*’“1 _

M SM Radiation
M Gravitons
M PBHs 1046 -

10[1
107!
1072
107? B'=10"%, Min  =10%g

)—-1

™ l - 1 I - 1 I | " I 1 I
102 10* 108 108 1010 102 10° 10° 104 10° 108 100 10'°

ajldagy, aja,

Code Publicly available: FRISBHEE




Kerr PBHs and Dark Radiation

Why 7

some redshift is good

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

Why 7

The correct one is better!

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

AN from Graviton Production

a, = 0.0

a, = 0.7

a, = 0.99
- Paper A

Blg = Paper B

. * Paper C
discrepancy , _
No Redshift

With Redshift

107
M3 (g

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

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

i
I
|
i
I
i
|
I
i
‘Ai
—
=
|
~1
M.
=
\r
!
I
I
|
\
\
\

0.00
=== No Redshift
— == Redshift

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

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

0.00

=== No Redshift
— == Redshift

Code Publicly available: FRISBHEE



Kerr PBHs and Dark Radiation

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

0.00

=== No Redshift
— == Redshift

Code Publicly available: FRISBHEE




IT1I. Evaporation of Extended Distributions



I1I. Evaporation of Extended Distributions

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

feeu(M,a) = 6(M — Mppy) X 6(a —a.)

feeu(M,a) = (M — Mpgy) X A(a — a.)



ITII. Evaporation of Extended Distributions

[D. N. Page, Phys. Rev. D 14, 3260 (1976)]

dMgu _ M
dt —€e(MpH, a.) E )

e ol (Mo, a.) — 26, 0.)| 2
[ — (.* ~( 1V , Q . — 2¢( M : a " . .I
di Ly |7 BH U, BH; %, M é o ;

da a

- 12f(a) — g(a)] [ V=1

d:\[ B | f ( a )

dt J[ 5 -




ITII. Evaporation of Extended Distributions

{:1".”'!.-]_.}1_1 = }EL)H J[ a, ){17\[{1{1
= feu(M;, a;, t;)dM;da;

(U[

) (M) feu(M;. a;.t;)dM;da;

Dynamics of the evaporation + Friedmann equations

Included in FRISBHEE



ITII. Evaporation of Extended Distributions

Examples:

[_ (log M — log M,.)* ]

207

Evaporation smeared around t(M,)

dn 2(1+2w)

T M with a=
a > with -« 1+ w

Regime of ‘Cosmological Stasis’



I1I. Evaporation of Extended Distributions

Log-Normal, 6=1 Power-Law, a=235,0=4.0 Critical Collapse

102 10°
M [g]
Merger Spin Distribution, {a. }=0.71




ITII. Evaporation of Extended Distributions

(.00

Wesg = 1 '§

—— (ritical collapse & Critical collapse
—— [P. Auclair, V. Vennin, 2021] = [P. Auclair, V. Vennin, 2021]

QpBH

(.00




ITII. Evaporation of Extended Distributions

dn | , 2(1+2w)
P M with q= "%
M R

‘Stasis’ regime reached for 0 <w <1



ITII. Evaporation of Extended Distributions

o eMe for My, < M < M.
feu(M) =

0, clse.

3Wiorm. 1 ]

[\ Wiorm. 1 }

> . dM
[ fona,0 S am

/ feu(M,t)MdM
JA)

FHQpr(l — Qpn)




ITII. Evaporation of Extended Distributions

(A
di
d(Qpm)
o dif

— (O, (Osm))

- 9(Qpw, (OBH)) .

1+« | 2(1 — Qpm)
3 4 (Qpm)
9(2pm. (2pm)) Qpn — (Opn) .

F(Qpm, (2Bm)) Opn [

)

L AP
) L;

Qpn = () = P Opn .

1 I';351]”11»1’ E}{Sl]au}j’ J_
o Iy, 7 J — 1o +(¥ 1¢ (2 1¢ 5}
J L —1; (dﬂ]ﬂug (‘}{521511}9 13 ( da \/ 19 — 420 +19) — 5 })




ITII. 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
(L0735

0.050
Mono — o=05 —_— g =2

a=10.1 — o=1 —- WDM

0.000




Gravitational Waves?

PBHs are known to source GWs in many different
ways

Any GW spectrum gets affected by post-inflationary
cosmology

Measuring GWs can tell us a lot...



Gravitational Waves?

o eMet for My, < M < My
feu(M) = { '

0. clse.

U 'form. 1 ]

[\ Wiorm. } 1 }




V() ~ tanh (_(,-")/'\f['i(rim-)g

Gravitational Waves?

Fipr =

( 3'“;1'(11'[[1. J—)
(I”’JII{'JI'III. } 1)

Y = ¥
“mf' =

Dinf = () 79

BK18/Planck
Stage 3

B cvB - 54

T T
0.955 0.960 0.965

T
=
<

--—Phkht4+++44-—--
10% o 0.1g

dQcw/d(log f)

—
—_
—
—
I

/ pBH | PBH ) o
Inflation : Formation @ Dom. :  RD,MD, ... simdard .
: : : jlrmin = 100 2, jirum_\ = 10" g

N, : N, : Nepn : \ My = 100 g, My = 107 g
N - Mo = 100 g, Myyas = 107
1 - : - e j-[min =1 £, Al“rmax = “)T g

Muin = 10% g, My = 107 g

o
o

100 109




Gravitational Waves?

GWs from cosmic strings?

Local cosmic strings Global cosmic strings

Gu = 1071, Tyoe = 1 GeV 7 = 10"° GeV, Ty, = 10? GeV

10 10 1 10® 108 106 10-3 1 103 100

frequency of GW fgw [Hz] frequency of GW few [Hz]




Gravitational Waves?

GWs from cosmic strings?

10° 107 07 107

PBH mass: Mpgn [g] BH mass: Mpgy [g]




MODIFIED COSMOLOGY

mpum = 1072 GeV mpum = 10° GeV — mpum = 1013 GeV
mpum = 107! GeV mpum = 10° GeV —— Full Calculation

mpum = 10" GeV mpm = 107 GeV Approximate

mopm

Ten
Schwarzschild BHs, a, = 0
4

0g10 [???1}_\[.,.-‘"( log (A /li;'“/ lg)




MODIFIED COSMOLOGY

1 max min
Mg T

2 | [
li._il,{_', 10 [??'? DM Ge \]

Region of interest Region of interest
for Freeze-In for Freeze-Out



MODIFIED COSMOLOGY

1 7max min
Mg T

2 ! 6
0g10 [mpm/GeV]

Region of interest Regien_of interest
for Freeze-In for-Ireeze=Qut

TBH large +




BOLTZMANN |

Freeze—In case:

- th or7..th . "

L EV ) eV _

fix + 3Hny

HQUATIONS

2 _th 2\
NpM eq DM )

2mx ' x somn x

”y




NON-CcOLD DARK MATTER

SDSS + XQ + HR

0.6 0.8
keV /m,




DM FROM .

HVAPORATION

* Peculiar spectrum of evaporated DM particles

* Non-negligible difference between
geometrical-optics limit and full distributions




mpy = 107° GeV mpy = 10'° GeV
— mpy = 10 GeV — g =)
mpy = 107 GeV e g =1/

Schwarzschild BHs. a,

4 O 3

logo( My /18)




1 vV 1—a?

-'1‘5"1'(_;ﬂjull 1+ vl — (!_E .

Tsy =

mpy = 10 2GeV
—— mpum = 10" GeV

mpy = 107 GeV

Kerr BHs, a, = 0.99

4
Ii ].LI'J”[ -‘i llllllll I .-"II. l .[_"; J

Im

m o (Mgu, p,ay)

dpdt W—m
where Q2 = (a, /2GMgy)(1/(14 /1 — a?))




logy [Uﬁlquh/g]

MODIFIED COSMOLOGY

—— mpm = 1072 GeV mpum = 10° GeV mpy = 1013 GeV
Vi ﬁrﬁx —— mpum = 107! GeV mpum = 10° GeV —— Full Calculation
mpum = 10! GeV mpum = 10° GeV oo Approximate

T T

-5
S
—10l £
| =
_ =
E
4_ {=T0]
&2 _15
e W
B R
.............. — mpM

Tpu

IS(‘lm"(u'zsghil(l BHb". =0

6 8 10 12 —2 0 Z 4 6 8 10
log 1 [le-'I/GeV] log“,(x\[ﬂh/lg)

—4 -2 0 2 4



logy [Wﬁlquh/?a]

MODIFIED COSMOLOGY

1.7 max min
:IVIBH TCV
10.01

logy, [T/ GeV]

2 1 6
log g [mpa/GeV]

8 4 6

log o [mpm/GeV]

Region of interest Region of interest
for Freeze-In for Freeze-Out



logy [Wﬁlquh/?a]

MODIFIED COSMOLOGY

1.7 max min
:IVIBH TCV
10.0
8 -
7.5
6 3 e
el 5.04 -._\‘-"‘-\':‘
4 [y
g0
21 <
04

2 4

6 8 : - : 1 6
log g [mpa/GeV]

log o [mpm/GeV]

Region of interest Thermalization
for Freeze-In Of PBHs products...
] X

TBH large +



IV. Evaporation of Extended Distributions

dn 1 (log M — log M.)*

D1 CXP[‘ P }

time = 6.679e-23 s

3 4 5
log[Mpgn/1 g]




IV. Evaporation of Extended Distributions

dn 1 (log M — log M.)*

D1 CXP[‘ P }

time = 2.261e-17 s

3 4
log[Mpgu/1




IV. Evaporation of Extended Distributions

dn 1 (log M — log M.)*

D1 CXP[‘ P }

time = 1.949e-15 s

3 4
log[Mpgu/1




IV. Evaporation of Extended Distributions

dn 1 (log M — log M.)*

D1 CXP[‘ P }

time = 2.487e-14 s

3 4
log[Mpgn/1




IV. Evaporation of Extended Distributions

_ 2
dn 1 eXp[_(logM 10gMc)}

_d_
20?

dM — M?

time = 3.174e-13 s

3 4 5
log[Mpgn/1 gl




IV. Evaporation of Extended Distributions

_ 2
dn 1 eXp[_(logM 10gMc)}

_d_
20?

dM — M?

time = 1.447e-11 s

3 4 5
log[Mpgn/1 0]




IV. Evaporation of Extended Distributions

p = @p

-3
,0 o< 3(14w)

mpy = 10GeV, Mgy =10%g, o, =0.1, 0, =0.015

izl’li’lh SBr'eui

log(a/aproa) log(a/aproa)

Equation of state
changes gignificantly




IV. Evaporation of Extended Distributions

(oMY, for My, < M < My,
fu(M) =9 . 2
0. clse.
Ju 'form. 1 ]

r\ Wiorm. -1 }

OQpn),

o dM
fen(M, 1) -dM
] (1l

/  fen(M,t YMdM
J0O

FHOpn(1 — OQpn) .




IV. Evaporation of Extended Distributions

(A
di
d(Qpm)
o dif

— (O, (Osm))

- 9(Qpw, (OBH)) .

l+a  2(1— Qpn)

F(Qp, (2p1)) SEBII[ 3 | 1~ (Qpn)

9(2pm. (2pm)) Qpn — (Opn) .

8

1 It ! /
{ﬂ]‘ﬂ]) = 7 !’ / dt QB][(:‘!- ) .
: L

T = 1 l?ﬂ]ﬂuf ‘?{ﬂnu}f
L —1,; dﬂ]ﬂug d{ﬂml}g

Qpn = () =

4ev + 10
o+ 7

= Opir.

1
= E( da £/ 19 — 4a(2a + 19) 59)




IV. Evaporation of Extended Distributions

dov + 10 —
Qpn = (Opu) = P Qi

'k;:lj:.l'. 10 ]aﬂ;‘ -hll:l:l.\ l[]]f—Js

T 0154

0.10 4

0.05 1

0.00 4

0

‘Stasis’ regime reached for 0 < w < 1




