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In 2016...



Not only a "fferent Pr#ident...



[Carr, FK, Sandstad 2016]
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[Carr, FK, Sandstad 2016]

PBH Con&raints back in ) Days (2017)
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Even ) very fir& paper...



PBHs first proposed by Novikov and Zel'dovič in 1967, but 
their conclusion was negative for the existence of PBHs!

Conclusion heroically disproved by Carr & Hawking (1974),                  
reinvigorated PBH research (around 2000 papers to date).

Even ) very fir& paper...



Focus on what $ 

actua*y observed !



[Smirnov et al. 2023]

Exemplary:Supernova Evidence
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[Smirnov et al. 2023]

Exemplary:Supernova Evidence
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Connecting a* Positive Evidenc#!

[CCGHK 2023]



ConclusionSha* Ye Become Positiv$ts!
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 Current PBH Con&raints
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 Current PBH Con&raints

Substantially 
weakened or 
might even 
entirely 
disappear  
due to the 
memory-
burden effect



Quantum Quid"ty



Quantum A%ects —Memory-Burden Effect

Black Holes can be understood as saturons, ie. configurations 
of maximum entropy compatible with unitarity.

Saturons, universally exhibit:
[Dvali 2021++]

[Dvali 2021]

deplete thermally at a rate 
proportional to their inverse 
size

exhibit an entropy area-law

show an information-retrieval 
timescale

black holes

Bekenstein area-law
[Bekenstein 1973]

Hawking radiation
[Hawking 1975]

Page time
[Page 1976]



Quantum A%ects —Memory-Burden Effect

This opens up a large mass range for ultra-light PBHs as 
(quasi-)remnants!

Evaporation rate  becomes entropy suppressedΓ

Γ ⟶ 1
Sk Γ , k ≥ 1, k ∈ ℕ

[Dvali et al. 2020]

Black hole evaporation leaves the semi-classical regime 
at latest at half-mass, possibly much earlier.

[Dvali 2021]

Entropy  is huge:  S S ∼ 1030 ( M
10 g )

2

see talk by 
K. Kohri



[Dvali, Valbuena-Bermúdez, 
[Zantedeschi 2024]

new mass 
window

107 1011 1015 1019 1023 1027
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100

k = 1, tburden = M/2

Quantum A%ects —Memory-Burden Effect

(see also                                             
([Alexandre, Dvali, Koutsangelas 2024] 
(and [Thoss, Burkert, Kohri 2024])



Quantum A%ects —Memory-Burden Effect

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

or

k = 1, tburden = M/2

This was for:

tburden = M/ S tburden = M/S

What happens in this case?



Quantum A%ects —Memory-Burden Effect
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fully open  
mass window

k = 1, tburden ∼ M/ S



We showed that (near-)extremally spinning saturons, 
and hence likely black holes, admit vortex structure.

[Dvali, FK, Zantedeschi 2022]

Quantum A%ects —Vo+ic#

Emergence of relation 
between spin and 
angular momentum 

S ∼ J

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-
[Bermúdez, Zantedeschi 2024]

Quantum A%ects —Vo+ic#

b

⃗v

⃗v

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

no vortex forms: the solitons simply merge;

a vortex forms stably: the final solution 
attains a vortex.

Three cases:



Quantum A%ects —Vo+ic#

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

No vortex case (two-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#

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

No vortex case (two-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#

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

Temporal vortex formation (two-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#

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

Temporal vortex formation (two-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#

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

Proper vortex formation (two-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#

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

Proper vortex formation (two-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#

[Dvali, FK, Kaikov, Valbuena-
[Bermúdez, Zantedeschi 2023]

Proper vortex formation (three-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#

[Dvali, FK, Kaikov, Valbuena-
[Bermúdez, Zantedeschi 2023]

Proper vortex formation (three-dimensional perspective):

(simulation by M. Zantedeschi)



Quantum A%ects —Vo+ic#
Radiation signatures potentially 
observable in black hole mergers!

PBHs from confinement could provide 
ideal prerequisites for vortex formation 
due to highly-spinning light PBHs.

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

If these PBHs provide the dark matter: 
Could their vorticity might explain 
primordial magnetic fields?

[Dvali, FK, Zantedeschi 2021]

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



Correlated Random Fields



Correlated Random Fields

Power spectra at PBH scales essentially unknown.

Quantum diffusion seems to lead to exponential tailsQuantum diffusion seems to lead to exponential tails

Performed large(st) (one in ) simulation of spatially-
correlated exponential random fields with power 
spectra of the form 

1013

P(k) ∼ kα

Gauß

exponential

α = 0 α = 1 α = 2 α = 3



Correlated Random Fields

α = 0 α = 1 α = 2 α = 3

e

G



Central Limit ,eorem —A Recapitulation

As often as Gauß distributions occur, as little they are questioned.

Going back to the Central Limit Theorem:

Take random variables              iid, with mean    and variance

Define the sample average
<latexit sha1_base64="q8qminAA9fFehrysYJMU9BwubBA="></latexit>

SN ⌘ 1

N

NX

i=1

�i
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Questions: What happens for extrema, like maxima?
                   Is this still Gaußian?
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  ,    and    are the shape-, location- and scale parameters.

Extreme-Value D$t!butions
Define the sample maxima
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where         is a non-degenerate CDF, then this function 
necessarily belongs to one of the following (GEV) classes
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H(�)

<latexit sha1_base64="VU8NWWL+6wunkv7Lt9RgeY2jQQ8="></latexit>

H
s
↵,�(�) = exp

8
>><

>>:

�
h
1 + s

⇣
��↵
�

⌘i�1/s
(s 6= 0)

� exp
h
�
⇣

��↵
�

⌘i
(s = 0)

The choices         ,         and         , correspond to the Gumbel, 
Fréchet, and Weibull distributions, respectively.

<latexit sha1_base64="Is1/L3YFYLqFKRsbAJBX3SSfPpw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1INCwYvHCsYW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53Syura+kZ5s7K1vbO7V90/eNRJphj6LBGJaodUo+ASfcONwHaqkMahwFY4up36rSdUmifywYxTDGI6kDzijBor+ZrcELdXrbl1dwayTLyC1KBAs1f96vYTlsUoDRNU647npibIqTKcCZxUupnGlLIRHWDHUklj1EE+O3ZCTqzSJ1GibElDZurviZzGWo/j0HbG1Az1ojcV//M6mYmugpzLNDMo2XxRlAliEjL9nPS5QmbE2BLKFLe3EjakijJj86nYELzFl5fJ41ndu6i79+e1xnURRxmO4BhOwYNLaMAdNMEHBhye4RXeHOm8OO/Ox7y15BQzh/AHzucPezGNyw==</latexit>

s = 0
<latexit sha1_base64="pTWz53qR4eC22p0lw3th2m0sCUU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1EMPBS8eK5i20Iay2U7apZtN2N0IJfQ3ePGgiFd/kDf/jds2B60+GHi8N8PMvDAVXBvX/XJKa+sbm1vl7crO7t7+QfXwqK2TTDH0WSIS1Q2pRsEl+oYbgd1UIY1DgZ1wcjv3O4+oNE/kg5mmGMR0JHnEGTVW8jVpEHdQrbl1dwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8ceyMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhPdBDmXaWZQsuWiKBPEJGT+ORlyhcyIqSWUKW5vJWxMFWXG5lOxIXirL/8l7Yu6d1V37y9rzUYRRxlO4BTOwYNraMIdtMAHBhye4AVeHek8O2/O+7K15BQzx/ALzsc3eauNyg==</latexit>

s < 0
<latexit sha1_base64="wPbzwKJq0KherKuCXZ9V54uALsk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1INIwYvHCsYW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53Syura+kZ5s7K1vbO7V90/eNRJphj6LBGJaodUo+ASfcONwHaqkMahwFY4up36rSdUmifywYxTDGI6kDzijBor+ZrcELdXrbl1dwayTLyC1KBAs1f96vYTlsUoDRNU647npibIqTKcCZxUupnGlLIRHWDHUklj1EE+O3ZCTqzSJ1GibElDZurviZzGWo/j0HbG1Az1ojcV//M6mYmugpzLNDMo2XxRlAliEjL9nPS5QmbE2BLKFLe3EjakijJj86nYELzFl5fJ41ndu6i79+e1xnURRxmO4BhOwYNLaMAdNMEHBhye4RXeHOm8OO/Ox7y15BQzh/AHzucPfLeNzA==</latexit>

s > 0

<latexit sha1_base64="k+M0Qfz9836P3BovCiS/7sW+ZX0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYGOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqaH75Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6q3lXVbVxWard5HEU4gVM4Bw+uoQb3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad59jPY=</latexit>s <latexit sha1_base64="+G6xGtvW4R/cqn6dAigxZdRwTGk=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp2IWlgEbCwjmA9IjjC32UvW7O0eu3tCCPkPNhaK2Pp/7Pw3bpIrNPHBwOO9GWbmRangxvr+t7eyura+sVnYKm7v7O7tlw4OG0ZlmrI6VULpVoSGCS5Z3XIrWCvVDJNIsGY0vJ36zSemDVfywY5SFibYlzzmFK2TGh0U6QC7pbJf8WcgyyTISRly1Lqlr05P0Sxh0lKBxrQDP7XhGLXlVLBJsZMZliIdYp+1HZWYMBOOZ9dOyKlTeiRW2pW0ZKb+nhhjYswoiVxngnZgFr2p+J/Xzmx8HY65TDPLJJ0vijNBrCLT10mPa0atGDmCVHN3K6ED1EitC6joQggWX14mjfNKcFnx7y/K1Zs8jgIcwwmcQQBXUIU7qEEdKDzCM7zCm6e8F+/d+5i3rnj5zBH8gff5A4tZjxc=</latexit>↵ <latexit sha1_base64="79TBneBgVqc1seOxjxtUmkrp1vs=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp2IWlgEbCwjmA9IjjC32UvW7O4du3tCCPkPNhaK2Pp/7Pw3bpIrNPHBwOO9GWbmRangxvr+t7eyura+sVnYKm7v7O7tlw4OGybJNGV1mohEtyI0THDF6pZbwVqpZigjwZrR8HbqN5+YNjxRD3aUslBiX/GYU7ROanT6KCV2S2W/4s9AlkmQkzLkqHVLX51eQjPJlKUCjWkHfmrDMWrLqWCTYiczLEU6xD5rO6pQMhOOZ9dOyKlTeiROtCtlyUz9PTFGacxIRq5Toh2YRW8q/ue1Mxtfh2Ou0swyReeL4kwQm5Dp66THNaNWjBxBqrm7ldABaqTWBVR0IQSLLy+TxnkluKz49xfl6k0eRwGO4QTOIIArqMId1KAOFB7hGV7hzUu8F+/d+5i3rnj5zBH8gff5A4bDjxQ=</latexit>�

<latexit sha1_base64="5hwrLIun/VMG+5CsD4CtGBq3Lx4=">AAACH3icbVDLSgMxFM34rPU16tJNsAiuykyR6kKl4MaVVLAP6Iwlk2ba0CQzJBlhGOZP3PgrblwoIu76N6aPRW09EDj3nHu5uSeIGVXacUbWyura+sZmYau4vbO7t28fHDZVlEhMGjhikWwHSBFGBWloqhlpx5IgHjDSCoa3Y7/1TKSikXjUaUx8jvqChhQjbaSuXfUyiLvZfQ5voAO93FCPqxhhklV4kl/PF27+lHlUhDrNu3bJKTsTwGXizkgJzFDv2j9eL8IJJ0JjhpTquE6s/QxJTTEjedFLFDGLhqhPOoYKxInys8l9OTw1Sg+GkTRPaDhR5ycyxJVKeWA6OdIDteiNxf+8TqLDSz+jIk40EXi6KEwY1BEchwV7VBKsWWoIwpKav0I8QBJhbSItmhDcxZOXSbNSdqtl5+G8VLuaxVEAx+AEnAEXXIAauAN10AAYvIA38AE+rVfr3fqyvqetK9Zs5gj8gTX6BS3tox0=</latexit>

{cN > 0}1N=1

<latexit sha1_base64="ARJByjEUXvxKg1Z2wxKjS9TheEo=">AAACKnicbVDLSgMxFM34rPU16tJNsAiuykwRdaFQceNKqtgHdGrJpJk2NMkMSUYoYb7Hjb/ipguluPVDTB+L2nogcO4593JzT5gwqrTnjZyV1bX1jc3cVn57Z3dv3z04rKk4lZhUccxi2QiRIowKUtVUM9JIJEE8ZKQe9u/Gfv2VSEVj8awHCWlx1BU0ohhpK7Xd28BA1DYPGQyogAFHuheG5smWmVUDrhKEiSnxNLuZL/zsxdiBSA+ytlvwit4EcJn4M1IAM1Ta7jDoxDjlRGjMkFJN30t0yyCpKWYkywepInZRH3VJ01KBOFEtMzk1g6dW6cAolvYJDSfq/IRBXKkBD23n+Ba16I3F/7xmqqOrlqEiSTUReLooShnUMRznBjtUEqzZwBKEJbV/hbiHJMLappu3IfiLJy+TWqnoXxS9x/NC+XoWRw4cgxNwBnxwCcrgHlRAFWDwBj7AJ/hy3p2hM3K+p60rzmzmCPyB8/MLLuioYg==</latexit>

{aN 2 R}1N=1

[Fischer, Tippett 1928]



Correlated Random Fields
Block-maxima PDF obtained by sampling  blocks1010
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Correlated Random Fields
PDF within each block

α
α
α
α



Correlated Random Fields —Non-S-e!citi#

Σ32 ≡ Σ3/Σ2 ∈ [0, 1]

Σ31 ≡ Σ3/Σ1 ∈ [0, 1]
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Correlated Random Fields
PBH mass distribution (preliminary)
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Conclusion
BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS

10-5 gPlanck
23 Universal10 M

1210 M SLAB

109 M QSO

1021 glunar

1 M stellar

1010 gexploding*
(BBN)

1015 gevaporating*

106 M MW

102 M IMBH

1025gterrestrial

Relics

*Image of snake from Abrams & Primack 2012

[Bernard Carr]

Black Hol# as a Link between Micro and Macro Physics


