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Abstract: <p>The characteristics of black holes smaller than the Planck scale are addressed.&nbsp; These result from a modified met
reproduces desirable aspects of a variety of disparate models in the sub-Planckian limit, while remaining Schwarzschild in the large mass lir
self-dual nature of this solution has two interesting features: first, it naturally implies the Generalized Uncertainty Principle. Secondly, this r
exhibits an effective dimensional reduction feature, indicating that the gravitational physics of the sub-Planckian regime is effectively (1+1)-D.
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The large- and short-scale characteristics of Nature are defined by
different and (apparently) disconnected theories and length scales
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The large- and short-scale characteristics of Nature are defined by
different and (apparently) disconnected theories and length scales
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Characteristic Scales of Nature

The large- and short-scale characteristics of Nature are defined by
different and (apparently) disconnected theories and length scales

Large: General Relativity
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Planck Scale Criticality

The point A.=r, is a critical point

= Mop

/\C —Tg =— A[min —

|
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‘ | Defines the smallest black
hole, or alternatively the
Lo N largest particle
Inaccessible
e X > 3 4
M
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| he Generalized Uncertainty Principle
| i

A momentum-dependent modification of the HUP
h S e
AxAp > 5 (1 + ﬁA‘pz)

[Veneziano, Europhys. Lett. 2, 199 (1986); Amati, Ciafaloni, Veneziano, PLB 197, 81
(1987); Amati, Ciafaloni, Veneziano, PLB 216, 41 (1989) ]
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A momentum-dependent modification of the HUP

AxAp > g (1 + BAp? )

[Veneziano, Europhys. Lett. 2, 199 (1986); Amati, Ciafaloni, Veneziano, PLB 197, 81
(1987); Amat, Ciafaloni, Veneziano, PLB 216, 41 (1989) |

Can be thought of as adding a gravitational correction to the

standard quantum uncertainty that “connects” scale diagram:

Page 11/66



The Generalized Uncertainty Principl

A momentum-dependent modification of the HUP
h .
AxrAp > 5 (1 + ﬁApz)

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

Can be thought of as adding a gravitational correction to the
standard quantum uncertainty that “connects” scale diagram:

h
2Ap

Axg ~ Axa ~ 2GAp

1
Ar = Azg+Azg — Az ~Ap+ —
Ap

Characterized by a momentum / mass duality
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QG effects become important for BHs at scales where GUP is relevant

1. Hot unstable remnants

— Minimum sized BH with maximum temperature

— Not derived from any known surface gravity; problematic!
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QG effects become important for BHs at scales where GUP is relevant

1. Hot unstable remnants

— Minimum sized BH with maximum temperature

— Not derived from any known surface gravity; problematic!

2. Black Hole Uncertainty Principle

— Moadification of both Compton and horizon lengths
— Thermodynamically-stable
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Black Holes and the GUP

QG effects become important for BHs at scales where GUP is relevant

1. Hot unstable remnants

— Minimum sized BH with maximum temperature

— Not derived from any known surface gravity; problematic!

2. Black Hole Uncertainty Principle

— Modification of both Compton and horizon lengths
— Thermodynamically-stable

3. Cold stable remnants

—  Exact solution to deformed stress-energy tensor

—  Minimum sized BH; thermodynamically-stable remnants

) " 2GM (. T 5 Ir? 2 12
ds® = —(1— ¥\ 2; ,—) dt= + - + r=df)”
r VB, [ _ 2GM (3 r )
P / ? \,"J-"':_
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GUP and Sub-P
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Can black holes exist below the Planck scale? Mpu < Mp)

An approach to including the GUP in general relativity is to
emphasize the duality in the black hole mass

Ax Ap>g(1—l—p’Ap)
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Can black holes exist below the Planck scale? Mpu < Mp)

An approach to including the GUP in general relativity is to
emphasize the duality in the black hole mass

AxAp > g (14 sAp?)
1

Ar ~ — + A
I Ap b

Ara ~ + My,

Af[l:)h
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Quantum: M ~ VS GR: M LU‘-\I_).\I

M in classical Schwarzschild is ADM (Komar):

| R - »
M = / d°z\/ (2 n,o, V' K"
ax

T ArnG ,

M < M,, determined from approximate stress-energy interior to R,

) R
T NGRS LT R
(

by J0

L
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GUP and Sub-Planckian Black Hole:

i WSl CGlil\4A I—a’l L& = . I\

&P _ Unspecified quantum
Proposal: N = —4dr drr gravity stress-energy
J 0

fg JE:
Gives new M (duality): AN/ — A |1+ —) J;\j;))]

Jﬁ

| -
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GUP and Sub-Planckian Black Holes

P Unspecified quantum

Proposal: M = —dx drr | gravity stress-energy

f} .
Gives new M (duality): A/ — A/ (1 + —) j;\?l‘)

Metric is:

9

ds* = F(r)dt* — Flr)~'dr* — rdQ*

2 M B M2,
Fori=1-3m7 (' 5 M'~’>
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| P _ Unspecified quantum
Proposal: N = —dx drr gravity stress-energy
J0

fg -
Gives new M (duality): A/ — A/ (1 + —) ?\IFI)

Metric is:

ds* = F(r)dt® = Flr)" ‘dr* —r<d0*

Firy=1-——|[1+=—
(r) M= ( i 2 [\[3)

Planck mass is now critical point for which...

_ | _ M
M > Mp = F(r)~1

M < Mp) = _/‘1(‘!') ~]——
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lack Hole Characteristics: Horizon
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Black Hole Characteristics: Tembperature
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somewhere...
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The (D+1)-dimensional Schwarzschild metric is. ..

, -1
9 | Rp 2 Rp >
ds” = (1 — f'”"‘j) dt” — (l ~ D3 dr

where the horizon radius is. . ..

2Gp M\ P
Rp = (m> if D> 2
D=3

and Gravitational constant is defined as
) —2
{_D

mp

Gp =

— A2y
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The (D+1)-dimensional Schwarzschild metric is...

9 ’_ /f'[_) 2 HD ! 2 D=1
ds® = |1 D2 i — {1~ D2 dre —r dflp—

where the horizon radius is. . ..

o - 1
Rp = (“)(““> it D>2 — it D=1
D-2 2G M

and Gravitational constant is defined as

yD—2
th

nmp

Gp =

Matches an exact solution!

Can derive BH thermodynamics!
[Mann, Shiekh, Tarasov, NPB 341, 134 (1990)]
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+1)-D vs (1+1)-D Spacetime
(1+1)-D
M
’j. gt — ] — G] A[’I’
I _ —1
Grex — Yt
I
Sub-Planckian regime TH ~ Vi
* T M
Dimensional reduction? S ~ log(M)
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(3+1)-D vs (1+1)-D Spacetime

(3+1)-D (1+1)-D
2G v M
gre = 1 — j,V g =1 — G M|z|
Grr = — Qi7" Gzz = -(Jh‘l
ST Jdtt - =
ryg ~ M _ |
| Sub-Planckian regime TH ~ Vi
T e s * > |\ T~ M
B Dimensional reduction? » o
S ~ M? S ~ log(M)

The gravitational physics of the sub-Planckian
regime is governed by an effective (1+1)-D
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Spectral (CDTs/EDTs, Horava-Lifshitz, non-commutative)
Evolving (Vanishing) Dimensions
Brane-world

Multifractal gravity
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les are not Particles

Black Ho

* (Can ensure that the physical length scale of particles does not
fall within their gravitational radius (e.g. neutrinos)

* Define two ways of approaching Planck scale

MO\
— Generalized Compton: Re=— |14+«
. M Mp,
: . 3 Mp .
— Generalized event horizon: R¢ = 2M |1 + ; ‘[

* Coincide at the mass scale

Pirsa: 17030055 Page 40/66



Pirsa: 17030055 Page 41/66



Compton smaller than
gravitational for M > M,, P

a=058=0T
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* How can we understand production of (sub-Planckian) black
holes in collisions?
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Production of Sub-Planckian BHs

 How can we understand production of (sub-Planckian) black
holes in collisions?

* Horizon Wavefunction Formalism

Given a particle created in e.g. a collision, what is the
probability that...
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Production of Sub-Planckian BHs

* How can we understand production of (sub-Planckian) black
holes in collisions?

e Horizon Wavefunction Formalism

Given a particle created in e.g. a collision, what is the
probability that...

1. ... the distribution is within a spherical region R <r,
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ction of Sub-Planckian BHs

* How can we understand production of (sub-Planckian) black
holes in collisions?

T H

e Horizon Wavefunction Formalism

Given a particle created in e.g. a collision, what is the
probability that. ..

1. ... the distribution is within a spherical region R <r,
2. ... the particle’s gravitational (horizon) radius is r,,
3. ... the particle lies completely within r,
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Given an eigenstate

H|yg)

= ElvE)

C
Sy, [
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E
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b-Plan
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Mp Ry
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Production of Sub-Planckian BHs

* Given an eigenstate

H‘d’g) = EW-’E> EFE=—— Hoop

20p) conjecture

* Define the horizon wavefunction:

V) = ZC(E)W’E) Vu(ru) = C(Mpiry/20p)
F
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Production of Sub-Planckian BHs

* Given an eigenstate

2 Mp R
H|yg) = E|YE) E = CPIE Hoop

20p) conjecture

* Define the horizon wavefunction:

) = Z C(E)YE) Yu(ru) = C(Mpiry/20p)
>

* Define the spatial distribution of the particle:

s (r) = Some (gaussian) distribution width £ > ¢
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Production of Sub-Planckian BHs

* Given an eigenstate

: Mp R
H|yg) = E|YE) E = u Hoop

20p) conjecture

* Define the horizon wavefunction:

=Y C(E)
E

* Define the spatial distribution of the particle:

VE) VH (IH) = C(Mpry /.2 fp|)

g (r) = Some (gaussian) distribution width ¢ > A\¢

* Probability of being a black hole

— The particle lies completely within r, and r, is its horizon
radius!
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Production of Sub-Planckian BHs

Given an eigenstate

A ﬂ[mR“
HW’E) — EW—--’E> E = Y Hoop
<« Pl conjecture
Define the horizon wavefunction:
[¥s) Z C(E b (re) = C(Mpy 7y /2 0p))

Define the spatial distribution of the particle:

tg(r) = Some (gaussian) distribution width ¢ > A¢

Probability of being a black hole

— The particle lies completely within r, and r, is its horizon
radius!
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Production of Sub-Planckian BHs

* Probability that particle is inside a D-ball of radius :

‘T'H

Ps(r <rp)=Sp_y / s (r)|?rP 1y

J0
* Probablity that radius of the horizon is r,:

Pu(ru) = Qp_1r" Houlry))?

* Probability that particle lies within its horizon radius:

P<(r<ry) = Ps(r<r+ H)Pu(ry)

* Probability that particle is a black hole:
OO0
Ppy = Po(r <ry)dry
</ ()
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The (D+1)-dimensional Schwarzschild metric is...

' R Bp \ "
2 : D 2 D 2 D—
ds” = (1 — I_[),_)) dt= — (l — !_”3> dr® —rP 1 dQp_,

where the horizon radius is. . ..

" 1 f)l') l
Ry = (W) it D>2 — it D=1
D—z 2(;[ J[

and Gravitational constant is defined as
0l —2
{D

mp

Matches an exact solution!
[Mann, Shiekh, Tarasov, NPB 341, 134 (1990)]
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[ |
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Piu
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3 a
‘‘‘‘‘ m==mgy 0.0025 b ————= m=2my
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1
© m==mg oo fF \ m=1mg
2 2
0.004 0.0015
0.0010 F
0.002 F
0.0005 |
™ >
) ‘ . ) . A .
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In (D+1)-dlmen5l0ns 2 f;JJ ( 24 ) |( £ u!_j) |‘{",l

! 2D AT 3 )
i D e (D-=2mpl* [r o=l
Pgy / } ( : ”) exp = ( l” ) ’;r] Ldry
JRp .'3 5 2 A i I'I{J 3
o4l 014 ¢
— memy m=ms
3 012 F
""" m==ms m=2me
03 0.10 )
m=-m
0.08 b 2
0.2}
0.06 [
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0.02
1.0 3.0 30 'r_
“"l‘]
b | . . D d
Pou Probability of sub-Planckian BH formation decreases
o significantly for increasing D!
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In (1+1)-dimensions. .. '—/’) _/“ erf (") exp
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HWF anda GUP

The Horizon Wavefunction formalism naturally implies the GUP

Horizon and position expectations and uncertainties:

Je'e
i ~ B
<,’f"{> = SZD—l / '(,"":"H (‘f ) T ” ( [{( ) D—1 /,f
70
OO o o R
<7._u..> — Q_D—I / ‘(.r"";-’b' (I) P L’H(’) ,],.D—I dr
J ()

Total spatial uncertainty: Ay, = Ar + aAry
Define momentum uncertainty similarly using ¢ g (p)

Find A7, interms of A/)
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Ar.

(p

2.0

D

50

Usual GUP;

Defines minimum
length scale (classical/
quantum “boundary”)

Ap

nn
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Ar
= 2.0 Usual GUP;
/ ) T e F - - .
[ D=4 Defines minimum
5 length scale (classical/
quantum “boundary”)
1.0
0 10 20 30 40 50 Mp
Ar
— 0.10
(p
0.08 D . 1
0.06
0.04
0.02 ;‘lp
T R 20 30 40 50 mip
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