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Sven Koéppel: GUP-inspired Black Holes and Extra Dimensions

Outline
Why do we need models for Quantum Black Holes?
Modifying Heisenberg's uncertainty principle
Features of a certain class of nonlocal gravity spacetimes
Extension to Large extra dimensions
Further extensions / comments about ...

... Analytic continuation to negative radii



Sven Koéppel: GUP-inspired Black Holes and Extra Dimensions

Motivation: Why minimal length physics?

UV-Complete Gravity,
Minimal length
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Motivation: Why minimal length physics?

UV-Complete Gravity, i Constrain physically
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Schwarzschild BHs exhibit problems

The Schwarzschild black hole is not suitable to describe ,smallest distances":

2GM 1
ds? = — (1 — G ) dt? + el dr? + r2d6? + r? sin? 0d¢?
r —

r

r

M
ill defined thermodynamics

Curvature singularity
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Quantum black holes in nature?

Carr 2014
Bleicher, Nicolini 2010, 2014
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Quantum black holes in nature?

Primordial black holes

Evaporate ~ ,now"

Carr 2014
Bleicher, Nicolini 2010, 2014
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Quantum black holes in nature?

Primordial black holes Particle accelerators

Evaporate ~ ,now* Immediately evaporates

10 TeV: Requires extra dimensions!

Carr 2014
Bleicher, Nicolini 2010, 2014
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(a) Production (b) Balding

N
ravitons
g ;

gravitons
(d) Planck phase

?}f\
e

stable remnant
or final evaporation ?

Remnants: Candidates for cold dark matter
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Effective quantum gravity equations

Influenced by one of:

String theory

Loop quantum gravity
Asymptotically safe gravity
Noncommutative geometry

12 /53

Nonlocal operator

Quantum matter

G, = —81G A *(0/A°)T,,

A*(O/AHG = —87G T,

Nonlocal spacetime
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A quantum theory of gravity must be nonlocal

M.(,
Heaviside = ,Smeared”
Step function Mass
Cumulated L Cumulated
mass mass
0.4
0.2
— r
= =1 1 2
. L0 dM « dp
Dirac ' o ,Smeared i
Delta function Mass
0.8
Occuring in
T {00} 06

0.4
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The Generalized Uncertainty Principle
as a guiding principle for the quantum corrections to GR

A A ﬁ 9 Veneziano 1986
> ( ( )) ( ) — Amati, Veneziano, Ciafaloni 1995
L p — 2 1+f p f p /Bp Michele Maggiore 1995
Kempf, Mangano, Mann 1996
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The Generalized Uncertainty Principle
as a guiding principle for the quantum corrections to GR

A A ﬁ 9 Veneziano 1986
> ( ( )) ( ) — Amati, Veneziano, Ciafaloni 1995
L p — 2 1+f p f p 6]9 Michele Maggiore 1995
Kempf, Mangano, Mann 1996

Physically allowed region
by GUP prediction

1.0

0.5 M

0.0
0.0 0.5 1.0 1:5 2.0
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GUP: Approximation to Temperature: Hot remnants

-~ 2 Adler, Santiago 1999
ACEAP 1+ (LPIAP) Adler, Chen, Santiago 2001
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GUP: Approximation to Temperature: Hot remnants

Adler, Santiago 1999

Adler, Chen, Santiago 2001
2
Apl,g ~ Af 1+ \/ — —LP12
2L%, Az

Hawking temperature

T
1
1
1
1
\
0.6 \
\
\
\

Hot evaporation endpoint
0.4

0.2

T /Tp

0.0
0

*rg/Lp °
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GUP: Exploiting a Hilbert space representation

Hilbert space d3p Kempf, Mangano,
representation / |p> <p‘ — 1] Mann 1996
1+ f(p)
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GUP: Exploiting a Hilbert space representation

Hilbert space d3p
representation T () p)(p| =1
p
Approximation G — 87TG T .
in nonlocal Lagrangian A( ) g Qv Krasnikov 1987,
gives nonlocal EFE 1 Modesto 2012, 2013

Moffat 2012

Choose A([]) = 15 50
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GUP: Exploiting a Hilbert space representation

Hilbert space d3p
representation T () p)(p| =1
p
Approximation — T
in nonlocal Lagrangian A( )G'L“/ 8t e
gives nonlocal EFE A(D) 1
Choose —=

1+ B0
What is the effect 0 __ 3 Isi, Mureika, Nicolini 2013
a scahv:,zrzsecﬁ”gCBHO?n TO — _Mé( )(T) Balazin, Nachbagauer 1994
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GUP: Exploiting a Hilbert space representation

Hilbert space d3p
representation T p)(p| =1
p
Approximation — T
in nonlocal Lagrangian 'A( >G'L“/ 8t e
gives nonlocal EFE A(D) 1
Choose —=

1+ 0
What is the effect 0o 3 Isi, Mureika, Nicolini 2013
a scahv:,zrzsecﬁ”gCBHO?n TO — _Mé( )(T) Balazin, Nachbagauer 1994

—1

Modified Newton's 2 2GM(r) 2 2GM(r) 2 2 102

potential ds® = — <1 - . dt” + (1 — . dr® + r=dQ
d3p

1+ Bp*

TP

M(r) = —47TM/0 dr’ 7% A(0)63 (r") N/O dr’ 7“’2/
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GUP: Exploiting a Hilbert space representation

Hilbert space
representation

Approximation
in nonlocal Lagrangian
gives nonlocal EFE

What is the effect on
a Schwarzschild BH?

Modified Newton's
potential

Analytical result:

/ dp p){p| =1

1+ f(p)
ADG,, =8rG T,
1
Choose A([J) = 1T 30
Isi, M ika, Nicolini 2013
T(g) — —M5(3)(7~) I??;Iazil?wr,elllaachblggalgcler 1994

1
ds® = — (1 - 2GM(T)> dt* + (1 - 2GM(T)) dr? + r2dQ?

T T
d3p
1+ 5p~

iTp

€

M(r) = —47TM/0 dr’ v? A(O)& (") N/o dr’ 7"2/

M) =M (1 _ e /IVB (r/ﬁ)e—r/ﬂ)



GUP inspired Black holes: Self completeness

2G M 2GM Isi, Mureika
2 _ e 2 i ecieitel 2 2 2 ) ,
ds* = (1 . 7(2,7“/\/5)) dt” + (1 . 7(2,7“/\/3)) dr® 4+ r=dQ2 Nicolini 2013
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GUP inspired Black holes: Self completeness

2G M 2GM Isi, Mureika
> 2 2 2 2 ) ’
ds? = — (1 — Tv@w/ﬁ)) dt” + (1 — 77(2,7“/\/5)) dr®+r7dR%  Nitolini 2013

M=2.52Mp,

800

1'_.-"’1.})]
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GUP inspired Black holes: Self completeness

2G M 2GM Isi, Mureika
> 2 2 2 2 ) ’
ds? = — (1 — Tv@w/ﬁ)) dt” + (1 — 77(2,7“/\/3)) dr®+r7dR%  Nitolini 2013

M=1.68Mp,

1.0

0.8
0.6
0.4
s 0.2

0.0

—-0.2

—0.4
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GUP Ins

pired Black holes: Self completeness

2G M 2GM Isi, Mureika
> 2 2 2 2 ) ’
ds? = — (1 — Tv@w/ﬁ)) dt” + (1 — 77(2,7“/\/3)) dr®+r7dR%  Nitolini 2013

1.0

0.8

0.6

0.4

e 0.2
0.0
—0.2

—0.4

M=0.84Mp,
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GUP inspired Black holes: Self completeness
ds”® = — (1 - 2GTM7(27T/\/E)> di* + (1 - QGTM%W/ @) ar 20?0

M=0.84, 1.68, 2.52Mp,
1.0

0.8
0.6
0.4
0.2
0.0
-0.2
-0.4

6

800

- - 5 — e

] y T,
Ve -—.""‘—'-—__

0.0 0.5 1.0 LS 2.0 20 3.0 . Jis)
r/Lp M/Mp;

Self complete: Can relate free parameter to fundamental length

B = 1.534Lp;
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Temperature:

0.15

= 0.10

e T

T

0.05

0.00"

Fyg

Fc

Linaccessible
. regime

=
b

cooldown [~-_ semiclassical regime
phase B

rg = Lp
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The black hole
remnant:
thermodynamics
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Extension of such models

Alternative theories of gravity:

Large extra dimensions
+ Terascale physics
+ Hawking emission on brane/bulk

or adding more complexity

+ Angular momentum
+ Electrical charge
+ AdS background
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Adressing the weak hierarchy problem of the Standard Model

FERMIONS BOSONS
‘ First Second Third
10° Generation Generation Generation
Top iuark i

10t Bottomn quark

Charm iuark 3
10° Tau
’tra nge quark
107

VS.

10¢

»
:
c Muon
E Down quark
= 3p*
n
1% p quark
et 1ﬂ"’]
@ J
3]
= Electron
1
e T Nt e MASILESS
10710 BOSONS
Muon- )
neutrino Tau- ) Photon
10~ ~ Electron - ) neutring

AEUtring

2

.|
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Large Extra Dimensions

ADD scenario

MP2’1 — VnM£+2

Integrated huge Volume of
extra dimensions

Vi, = (2rR)"

Large = pm up to mm
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Large Extra Dimensions

ADD scenario

MP2’1 — VnM£+2

Integrated huge Volume of
extra dimensions

Vi, = (2rR)"

Large = pm up to mm

@
7,

unser dreidimensionales
Universum

Schwerkraft

[ PR "

Extra-Dimension
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The Kempf-Mangano-Mann model in N+1 dimensions

Apply the momentum space regularization in N spatial dimensions (ADD model)

N

/ d p |p> <p‘ —1 Kempf, Mangano, Mann 1996

— — Scardigli, Casadio 2003
1+ (p?
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The Kempf-Mangano-Mann model in N+1 dimensions

Apply the momentum space regularization in N spatial dimensions (ADD model)

N
/ d p |p> <p| L 1 Kempf, Mangano, Mann 1996
— — Scardigli, Casadio 2003

1+ Bp?

We can solve the nonlocal operator analytically in any number of extradimensions

7O — a / dVp eP 5
2m)N ) 1+ Bp? T /M

4

()
2

l

0
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GUP-inspired BH in higher dimensions

goo
1.0

0.8
0.6
0.4
0.2
0.0
—{).2
—-0.4

One extra dimension

I M=7.40Mpy

1 2 C A 5

T/Lpl
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GUP-inspired BH in higher dimensions

goo One extra dimension Joo  More than one extra dimension

1.0

0.8 1.0

0.6 .

0.6

0.4 04

0.2 0.2

0.0 0.0 ,
_02 -0.2 "

X 04 l' M=4.10Mp

—04 'I M=5.40Mp) /Lo, 0 1 ) 3 IR - /L

0 | 2 3 - o
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GUP-inspired BH in higher dimensions

Joo One extra dimension Joo  More than one extra dimension
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0
-0.2 -0.2
—04 ,I M=5.40Mp) /Lo —04 M=1.10Mp; /Lo
0 | 2 3 ! 9 0 | 2 3 ! -

No more remnants in higher (N > 4) dimensions.

de 615.13} T —
B [
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Retracing a popular Gedankenexperiment

The Heisenberg microscope in n LXDs:

N Adler 2010
Az ~ AT + Aili'g Car$r2014
Az, ~ A~ 1/Ap

Meff 7“2 A

A:Ug ~ G(n)

D 24n 1+n

T2—|—n C2



Sven Koéppel: GUP-inspired Black Holes and Extra Dimensions

Retracing a popular Gedankenexperiment

The Heisenberg microscope in n LXDs:

Az ~ Az, + Az,
Az, ~ A~ 1/Ap

Mg r° Ap 5
+n 1+n
Azg ~ Gy o 3 ~ Gy ~ L) AP
This Gedankenexperiment motivates a modified GUP:
AzAp > = (1+ (v/Bp)*™™) M/ d7rp e M/de oI T
1+ (VBp)*t"

Constant integrand: Sounds reasonable

We can solve this spacetime analytically in any dimension.



Sven Koéppel: GUP-inspired Black Holes and Extra Dimensions

Modified GUP inspired Black Holes

Axap > 2 (1+(,/Gp)* ")
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Modified GUP inspired Black Holes

Axap > 2 (1+(,/Gp)* ")

Gravitational potential with 4 extra dimensions:

2

goo

M=1.97427 x 10’ M,
r0=22.7175V

10

20 30 40
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Modified GUP inspired Black Holes

Axap > 2 (1+(,/Gp)* ")

Gravitational potential with 4 extra dimensions:

2

goo

(RW]

M=1.97427 x 10’ M,
r0=22.7175V

10

20 30 0 7T

Gravitational potential with 1 extra dimension:

6

goo

M=1000M.

Pathologies!

7 50
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GUP in extra dimensions: Ways out
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GUP in extra dimensions: Ways out

e Improve GUP. Example:

h n n
AzAp > 5(1+(\/5p)(2+ )/(1+n))
Maziashvili 2013
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GUP in extra dimensions: Ways out

e Improve GUP. Example:

h n n
AzAp > 5(1+(\/5p)(2+ )/(1+n))
Maziashvili 2013

®* Improve NLG.
Include higher derivative terms in nonlocal operator
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GUP in extra dimensions: Ways out

e Improve GUP. Example:

h n n
AzAp > 5(1+(\/5p)(2+ )/(1+n))
Maziashvili 2013

®* Improve NLG.
Include higher derivative terms in nonlocal operator

® Propose nonsingular model.

Model engineering
Hayward 2006
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Analytical continuation
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Analytical continuation

Softening the Ricci curvature scalar divergence

— — - Schwarzschild BH
—— GUP-inspired BH d

—— Finite curvature BH

—_— — — e

r L
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Analytical continuation

Softening the Ricci curvature scalar divergence

— — - Schwarzschild BH
—— GUP-inspired BH d

—— Finite curvature BH

0.0 0.5 1.0 1.5 2.0 2:5
r L

Analytical continuation:

O=0|zl=r = gopo=1-
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Thank you for your attention!

Ongoing

Képpel, Isi, Knipfer, Mureika, Nicolini
Rejerences Self-Completeness and the GUP
in extradimensions
Koppel, Knipfer, Dirkes, Frassino, Nicolini, Bleicher
GUP and BHs — a pedagogical review

Isi,"Mureika, Nicolini
Self-Completeness and the:GUP
[JHEP 2013]
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