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Historical Overview of GUP

hG
* Nature defines a fundamental minimal length {p = 4/ =

* Uncertainty determined by QM, but also gravitation:

h
p

— Also emerges in scattering of strings

[ Veneziano, Europhys. Lett. 2, 199 (1986); Amati, Ciafaloni, Veneziano, Phys. Lett. B 197, 81
(1987); Amati, Ciafaloni, Veneziano, Phys. Lett. B 216, 41 (1989) ]

* Consequences at Planck scale:
— Critical point: smallest BH = largest particle (Planck mass)

— gravity is self-complete: singularities cannot be probed
[Dvali and Gomez, arXiv:1005.3497 ]




Gravitational Self-Completeness

[G. Dvali et al., PRD 84, 024039 (2011);
Dvali et. al. JHEP 1108 , 108 (2011) ]

 The large- and short-scale characteristics of a black hole are
defined by different theories
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Gravitational Self-Completeness

[G. Dvali et al., PRD 84, 024039 (2011);
Dvali et. al. JHEP 1108 , 108 (2011) ]

Black holes with r, = A, are critical points
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Compactified Extra Dimensions

e There are (3+d) spatial dimensions that extend spacetime
e Compactified (ADD)

e Gravitation is stronger at scales r <R,

e Solves the hierarchy problem; renormalizability



Consequences of Extra Dimensions

Modifications to Newtonian gravity
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Anomalous cooling of supernovae

. If nova energy exceeds M, gravitons are produced
and escape into extra dimensions; nova will cool
qguicker than expected

Missing energy in particle collisions

o Conservation of 4-momentum will be violated

Mini black holes in particle collisions!

—  If energy is compressed into volume 10 m in
diameter




Extra-Dimensional Self-Completeness

[JM and PN, EPJ+ 128:78 (2013) ]

* Adjust rytoits (d+1)-D equivalent:
1
rq+1 = (2GpMpy) 42

 Self-completeness condition:
1

-1
Ao =T44+1 = Mpu ~ (G—D)

 Dimensionful coupling:

1
Gp ~ M1 H Mpy ~ Mp

Gravity is self-complete in all (d+1)-D, d = 3




Dimensional Reduction

* Thereis evidence to suggest that the effective dimension of
spacetime reduces at high energy / short length scales

e Advantages:
— Gravitation
* Renormalizable
* No hierarchy problem!
 Exactly solvable quantum theory in (1+1)-D

— Quantum field theory
 Divergences in radiative corrections (e.g. Higgs) are tamed

w

d=4
’ d=3 = F3(A) ~ A
ddk 1
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Dimensional Reduction Techniques

Spectral (CDTs/EDTs, Horava-Lifshitz, non-commutative)

[ Ambjorn, Jurkiewicz, Loll, PRD72:064014 (2005);
Horava, PRL102, 161301 (2009);
Modesto and Nicolini, PRD81:104040 (2010) ]

Evolving (Vanishing) Dimensions

[ Anchordoqui et al., PRD83,114046 (2011);
JRM and Stojkovic, PRL 106, 101101 (2011);
Anchordoqui et al., MPLA27,1250021 (2012) ]

Brane-world

[ C. Callan, J. Maldacena, Nucl.Phys. B513, 198 (1998),
N. Constable, R. Myers, O. Tafjord, PRD61:106009 (2000) ]

Multifractal gravity

[ Calcagni, PRL 104, 251301(2010);
Calcagni PLB697, 251 (2011);
Arzano et al., PRD84:125002 (2011) ]



Spectral Dimensional Reduction

[ Modesto and PN, PRD81:104040 (2010) ]
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Vanishing Dimensions

[Anchordoqui et al., PRD83,114046 (2011);
JRM and Stojkovic, PRL 106, 101101 (2011);
Anchordoqui et al., MPLA27,1250021 (2012) ]

7 L3>> Ly >> 1L,

L; Dimension depends on
interaction / energy scale
of associated
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d < (3+1) at small scales / high energy
d = (3+1) at macroscopic scales / low energy
d > (3+1) at very large scales / very low energy



Vanishing Dimensions Model

[ Afshordi and Stojkovic, in prep.;
JRM and Stojkovic, in prep. ]

Lmass ZM mza X X —

i 1. Physical coords.
— T mo /T 2 X =
m2e~™/T XX +mie ™2/T X2 X+

mie ™/ TX3Xg + .. 4+ mie ™ /TX" X,

2. Fields on string worldsheet

m, = fundamental scale a)

As T cools ( <<m)), fields X; become
excited and effectively massless

String intersections = lattice spacing b)

Zeff _ M_1 C)




Lower-Dimensional Self-Completeness

[JM and PN, EPJ+ 128:78 (2013) |
 What happens in spacetimes with dim < (3+1)?

(2+1)-D: No local curvature and no black holes unless A <0

(1+1)-D: Gravity is dilatonic; G, is dimensionless
[R. B. Mann and S. Ross, CQG 10 (1993) 1405]

S1+1 = /d2$\/—_9{ (877101 YR — %(V¢)2> + Ef}fl)}
dz?
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(1+1)-Dimensional Self-InCompleteness

[JM and PN, EPJ+ 128:78 (2013) ]

Self-completeness
condition:

Ao =2, = C=2G14 =8n

No fundamental scale
Particles are particles
Black holes are black holes

Gravity is “naturally” QM?

(1+1)-D gravity is self-
INcomplete (?)




Hawking Temperature from HUP

The Hawking Temperature can be derived heuristically:
Consider a photon scattered from a BH:

h 2GM
Ap~— | Azxr=
b Ax c?
Momentum of
photon radiated A hCQ
f BH — ~
rom D 5 M
he?

T = A T —
pe = 2G M



Hawking Temperature from GUP

The localization of a particle is limited by two factors:

h 5 Ap ]
szA_p_FéPl? ) AZCZ Ap ! CS

. - . | hG
Necessitates minimum resolution as  (Ax)wyin ~ fp1 = \/ —5
C

Photon argument: >
hAz \/ /
= 1—4-—+X
Ap 202, (1 + Aw2>

GMhe \/ /2,
— 1+ _ P
g 2 ( A2 )

Adler and Chen, Nucl. Phys. Proc. Suppl. 124 (2003) 103




GUP Black Hole Remnants

The minima of the GUP relation are
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Problems

Temperature cannot be derived from any known metric or
surface gravity

Remnant is VERY hot (Planckian)
Remnant is unstable ( C < 0 before remnant )
Not viable candidate for anything (e.g dark matter)

BUT: all results are derived heuristically — self-completeness
is an a priori condition

Is self-completeness a result of some formalism?

Solution: find metric solution for GUP




Generalized Uncertainty Principle

[ Kempf, Mangano, Mann, PRD52, 1108 (1995) ]
Canonical commutation relations subject to a minimum length:
xi, x;] = 2ihB (Pix; — PjX;)
which results in a modified uncertainty relation:
Ax Ap > g (1 + 5(Ap)2)

Derived from deformation in momentum-space measure:

What is influence on metric?



A~L(D)
[]

[ Barvinski, PLB710, 12 (2012); Modesto,PRD86:044005 (2012) ]

Given a non-local action S ~ /d4$\/ —g G R

Can modify stress tensor via non-local modifications (entire function)

1
1
L > R,uu — §g,uuR — 87TG7;LI/

— A2
[ Modesto, Moffat, PN, PLB695, 397 (2011) ]

We choose the entire function to reflect the desired
momentum measure:

n L . 1/2
/1i§ﬁ2|p><p|=1 ) AO)=(01-0)




GUP Static Metric

Evaluate the deformation of the stress-energy components:

M M
T3 = ———6(% To = — 2 T
,20@) Wy T =S AT
[ Balasin, Nachbagauer, CQG 10, 2271 (1993) ]

This can be written as the Fourier integral (in local coordinates)

ATA(D)(&) = A72(V?)6(Z) = (2m) / e

whose solution yields




GUP Metric

[ PN, PRD52, 1202.2102 [hep-th];
M. Isi, JM, PN, JHEP 11:139 (2013) ]

The deformed mass distribution is thus
M(r) = —4 Td”27'0 M(r)=M (2;L)
(r) 7r/0 r'r 0 j> (r) Y 73

The metric is thus

2GM dr?
d52:—(1— G 7(2;L>>dt2+ : + 2402
) e )

Characteristics:

« Schwarzschild-like for 7> 8
 Still singularat r =0
* Remnants possible M = M




xtremal

Two horizons
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M =5 Mp > M,

M =5 Mp > M, (SBH)

Extremal — My ~ 1.66\/E02/G , TR 1.73\/E



GUPBH Thermodynamics

[ PN, 1202.2102 [hep-th];
M. Isi, JM, PN, JHEP 11:139 (2013) ]

T~ f'(ry) , flr)=g,

2 —rt/B
T (Tp) T 1 (1_” : )
0.020 - . Amry B v(2r/VB
I " —— New GUP
[ \
0.015 - AN ~ — - Hawking

0.010

0.005

0.000




C
T (Tp)
0.020
0.015
TmaX

0.010

0.005

0.000

Heat Capacity

[ PN, 1202.2102 [hep-th];

OM or \ ! M. Isi, JM, PN, JHEP 11:139 (2013) ]
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GUP and Self-Completeness

Since singular behavior persists, GUP gravity is not UV complete.

But is it self-complete?

No BHs can exist below the remnant scale; they are particles
Length (/p)
10

T




GUP and Self-Completeness

The GUP can now be written

h GM
Az ~ 27rm + 20_2 (2;Am/\/,§)

which defines three “phases”:
Length (fp)
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Quantum GUP BH




Extra Dimensional GUP BHs

[ M. Isi, M. Knipfer, JM, PN, in prep. |
We can extend the metric formalism to (n+1)-dimensions:

1 d™p e "*P
T =M /
’ 1+ Bp?




M(r) 27> —n/4.n/2 r
M T T T R (_>

D

* Recovers previous results forn =3
 Schwarzschild for: r — o0

lim M(r)

=1
B8—0 M

Metric function:

B 167G M 2172 _nj4 n) r
fr) =1 ==, (“nn/z)ﬁ Ky (ﬁ))




Conclusions

e GUP BH derived from first principles; corrects earlier heuristic
approach

* Momentum space deformation yields correction to self-
completeness paradigm by introducing curvature corrections
near the fundamental scale

 Extra-dimensional GUP-BH
— In preparation! (M. Isi, M. Knipfer, JM, PN)

e Additional effects (NCBH, unparticle) by modeling entire function



Thank you!

imureika@Imu.edu
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GUP Metric

[ PN, PRD52, 1202.2102 [hep-th];
M. Isi, JM, PN, JHEP 11:139 (2013) ]

Encode deformation via coordinate effects into the source term

1
.AQ(D) (R,Lw — §gu,,R) = 87TGT’LW

1
L % Ruy — §gWR = 87TG7;W

Tuw = A7 (O) T

We choose the entire function to reflect the desired
momentum measure:

[rosne =1 -y AQ)=(1-0)"?
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