Prinordtal Black Holos.
(Vs ctivt pyf ective,
Correlation C@Mm&%@

Florian Kuhnel

Max Planck Institute for Physics,
Garching (near Munich), Germany

— Focus Week on Primordial Black Holes '24 —
IPMU, Thursday, the 14th of November 2024



6— —G

Coonstruaints




6— —G

/n 2076. . .







At ffmy% CMM AJ%/WM Mars WW

wa, "/
0.100 mLQ
LSS
0.001
f DF

[Carr, FK, Sandstad 2016]



PBH Consluints back in the Dass (2077

0.100

0.001 WMAP

HSC-M31 constraint (95% C.L.) o

[Niikura ft# 2017 - v1]

107°

Carr, FK, Sandstad 2016
Mig | ]



PBH Consluints back in the Dass (2077

| WR |
E
0.100 mLQ
LSS
f DF

HSC-M31 constraint (95% C.L.)

[Niikura ft# 2017 - v1]

107°

Carr, FK, Sandstad 2016
Mig | !



PBH Consluints back in the Dass (2077

T W 7 T T T
LW,
0.100 mLQ
LSS
0.001 - WMAP
f , DF
HSC-M31 constraint (95% C.L.)
[Niikura ft# 2017 - v1]
107°
10—7 I S T S R | o
1016 1026 1036

Carr, FK, Sandstad 2016
Mig | ]



PBH Consluints back in the Dass (2077

T W . T T T
LW,
0.100 mLQ
LSS
0.001 - WMAP
f , DF
HSC-M31 constraint (95% C.L.)
[Niikura ft# 2017 - v1]
107°
10—7 I S T S R | o
1016 1026 1036

Carr, FK, Sandstad 2016
Mig | ]



PBH Consluints back in the Dass (2077

T W : T T T
- W]
0.100 - ' mLQ
LSS
0.001 + WMAP
f , DF
HSC-M31 constraint (95% C.L.)
[Niikura fth 2017 - v1]
107°
10—7 T R RN L L
1016 1026 1036

Carr, FK, Sandstad 2016
Mg [ ]



Ey%éﬂéyguﬁfg/%w..



Eﬂ%%ﬂf;ﬂﬁ&%..

% PBHs first proposed by Novikov and Zel'dovi¢ in 1967, but
their conclusion was negative for the existence of PBHSs!
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% Conclusion heroically disproved by Carr & Hawking (1974),
reinvigorated PBH research (around 2000 papers to date).
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Current PBH Constraints
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% Black Holes can be understood as saturons, ie. configurations

of maximum entropy compatible with unitarity.
[Dvali 2021]

% Saturons, universally exhibit:
[Dvali 2021++]

black holes

% exhibit an entropy area-law <+—» DBekenstein area-law
[Bekenstein 1973]

% deplete thermally at a rate <4—>» Hawking radiation
proportional to their inverse [Hawking 1975]
size

% show an information-retrieval <4— Page time
timescale [Page 1976]



% Black hole evaporation /eaves the semi-classical regime

at latest at half-mass, possibly much earlier.
[Dvali 2021]

w Evaporation rate I' becomes entropy suppressed

[Dvali et al. 2020]
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* Entropy S is huge: S ~ 10° [ ——
10g

% This opens up a large mass range for ultra-light PBHs as

(quasi-)remnants! see talk b)’
K. Kohri
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% This was for:

k= 1’ tburden = M/2

% There are arguments for the memory-burden effect
setting in already at

tburden = M/ \/E or tburden = M/S

w What happens in this case?
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w We showed that (near-)extremally spinning saturons,
and hence likely black holes, admit vortex structure.
[Dvali, FK, Zantedeschi 2022]

% Emergence of relation
between spin and
angular momentum

S~J

w Besides, vorticity
provides a topological
meaning to the stability
of extremal black holes.

(winding n=1;
simulation by M. Zantedeschi)



% Merger simulation of black hole analog configurations
(non-topological solitons, i.e. Q-balls)

[Dvali, FK, Kaikov, Valbuena-
Bermudez, Zantedeschi 2024]

W Three cases:

% no vortex forms: the solitons simply merge; ‘

<l

% a vortex forms temporary: the final soliton
IS near the threshold for vortex formation b
but is eventually ejected;

T}

W a vortex forms stably: the final solution ‘

attains a vortex.




* No vortex case (two-dimensional perspective):
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(simulation by M. Zantedeschi)
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% Temporal vortex formation (two-dimensional perspective):
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% Proper vortex formation (two-dimensional perspective):
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% Proper vortex formation (three-dimensional perspective):
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% PBHs from confinement could provide '~ \ —v————
ideal prerequisites for vortex formation |
due to highly-spinning light PBHs. SR
[Dvali, FK, Zantedeschi 2021] 096{— Ejected Vortex
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% Besides, vorticity providkesa
topological meaning to the stability
of extremal black holes. s |
% |f these PBHs provide the dark matter: | =" —
Could their vorticity might explain T 0w
primordial magnetic fields? Dvali, Kaikov, FK, Valbuena-

Bermudez, Zantedeschi 2024]
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% Power spectra at PBH scales essentially unknown.

* Quantum diffusion seems to lead to exponential tails

% Performed large(st) (one in 10'°) simulation of spatially-
correlated exponential random fields with power
spectra of the form P(k) ~ k“
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% As often as GauB3 distributions occur, as little they are questioned.

% Going back to the Central Limit Theorem:

% Take random variables {A;}Y_, jid, with mean 1 and variance o

. 1
* Define the sample average Sy = — Z A,

1=1

: X 2
- Then 1 Prob <0 / dt exp(—t
Nooo <\/(7 ) Vor xp(—t)

% Questions: What happens for extrema, like maxima?
Is this still GauBBian?



Evtreme - Vilve Distritutions

% Define the sample maxima My = max(A,)
i=1,...,N

% Then if there exists sequences {axy € R}¥_; and {cy > 0}3_, with

lim Prob(MN —ON 5) = H(Y)

N — o0 CN

where H(d) is a non-degenerate CDF, then this function
necessarily belongs to one of the following (GEV) classes

—1/s [Fischer, Tippett 1928]
s 20

()] 6=

s,a and ~ are the shape-, location- and scale parameters.

H;, () = exp

The choicess =0,s < 0and s > 0, correspond to the Gumbel,
Fréchet, and Weibull distributions, respectively.



Cﬂfméfe% KW ﬁ'e%

% Block-maxima PDF obtained by sampling 10'° blocks

Probability density
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w PDF within each block
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w PBH mass distribution (preliminary)

100-5 —_— 0=
]  a=1
g .
>
= 102 -
O
©
O
O .n-3
a 1072 -
10~4 T T T
109 101 102 103

Mass (My)



Black Holos as a Link between Micre m//%mw %M
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