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•  Gravita&on	
  
–  General	
  relaSvisSc	
  formulaSon	
  
–  Black	
  holes,	
  horizons,	
  and	
  singularity	
  problems	
  

•  Quantum	
  Mechanics	
  
–  Uncertainty	
  and	
  limits	
  of	
  classical	
  /	
  quantum	
  boundary	
  
	
  

•  Duali&es	
  
–  Common	
  behavior	
  between	
  seemingly	
  disparate	
  systems	
  

•  Physics	
  of	
  (n+1)-­‐D	
  space&me	
  
–  How	
  is	
  the	
  world	
  different	
  with	
  more/less	
  dimensions?	
  

The	
  Basics	
  



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

Large:	
  General	
  Rela&vity	
  

	
  

Short:	
  Quantum	
  Mechanics	
  

Characteris&c	
  Scales	
  of	
  Nature	
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The	
  point	
  where	
  rg	
  ≈	
  λC	
  is	
  a	
  cri&cal	
  point	
  

	
  

Cri&cal	
  Points	
  in	
  Gravita&on	
  

Defines	
  the	
  smallest	
  black	
  
hole,	
  or	
  alterna&vely	
  the	
  
largest	
  par&cle	
  

Inaccessible	
  

ParScle	
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Common	
  scale	
  
for	
  rela&vity	
  and	
  
quantum	
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Quantum	
  mechanics	
  defines	
  its	
  own	
  characterisSc	
  length	
  via	
  the	
  
Heisenberg	
  Uncertainty	
  Principle	
  (HUP)	
  
	
  

GravitaSon	
  also	
  defines	
  a	
  characterisSc	
  length	
  

Again,	
  the	
  dependence	
  on	
  mass	
  (momentum)	
  is	
  different!	
  

But	
  curiously,	
  the	
  HUP	
  discloses	
  a	
  direct	
  link	
  to	
  gravita&on	
  

	
  
	
  
	
  
	
  
	
  

The	
  Uncertainty	
  Principle	
  and	
  Gravity	
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Hawking	
  Temperature	
  from	
  HUP	
  

The	
  temperature	
  of	
  a	
  black	
  hole	
  can	
  be	
  derived	
  from	
  the	
  HUP!	
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Photon	
  of	
  momentum	
  
Δp	
  radiated	
  from	
  BH	
  

PosiSon	
  uncertainty	
  
must	
  be	
  horizon	
  size	
  

Photon	
  energy	
  defines	
  
black	
  hole	
  temperature	
  



Classical	
  black	
  holes	
  (Schwarzschild)	
  don’t	
  behave	
  well	
  in	
  the	
  
quantum	
  regime	
  (predicted	
  from	
  both	
  QM	
  and	
  GR)	
  
	
  
	
  
	
  
	
  

	
  
	
  

	
  
	
   	
  	
  

	
  
	
  
	
  
	
  
	
  

Black	
  Holes	
  and	
  Quantum	
  Mechanics	
  

T ! 1 when M ! 0

T ⇠ 1

M



Heisenberg	
  Uncertainty	
  Principle	
  defines	
  quantum	
  uncertainty:	
  
	
  

	
  
Schwarzschild	
  radius	
  defines	
  gravita+onal	
  uncertainty:	
  

Total	
  uncertainty	
  is	
  determined	
  by	
  QM,	
  but	
  also	
  gravita&on:	
  
	
  
	
  
	
  
	
  
	
  

The	
  Generalized	
  Uncertainty	
  Principle	
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Duality!	
  	
  Large	
  and	
  small	
  equally	
  treated!	
  



A	
  duality	
  defines	
  common	
  physical	
  descrip&on	
  or	
  behavior	
  
between	
  two	
  otherwise	
  disparate	
  systems	
  
	
  
•  Length	
  scales	
  (T-­‐duality)	
  
–  Behavior	
  of	
  a	
  system	
  on	
  a	
  scale	
  R	
  is	
  equivalent	
  to	
  the	
  
behavior	
  of	
  a	
  system	
  on	
  a	
  scale	
  1/R	
  

	
  
	
  
•  Coupling	
  Strength	
  (S-­‐duality)	
  
–  The	
  physics	
  of	
  a	
  strongly-­‐coupled	
  system	
  in	
  one	
  theory	
  is	
  
equivalent	
  to	
  the	
  physics	
  of	
  a	
  weakly	
  coupled	
  system	
  in	
  
another	
  theory	
  

	
  
	
  
	
  
	
  

	
   	
   	
   	
   	
  	
  

	
  
	
  

	
  
	
  
	
  
	
  

	
  
	
  

	
  
	
   	
  	
  

	
  
	
  
	
  
	
  
	
  

Duali&es	
  in	
  Physics	
  



What	
  About	
  Mass	
  Duality?	
  

Use	
  the	
  GUP	
  to	
  emphasize	
  the	
  duality	
  in	
  the	
  black	
  hole	
  mass	
  	
  

Can	
  we	
  encode	
  this	
  in	
  the	
  metric?	
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Can	
  black	
  holes	
  exist	
  below	
  the	
  Planck	
  scale?	
  	
  	
  MBH < MPl

[	
  Carr,	
  JRM,	
  Nicolini,	
  arXiv:1504.07637	
  ]	
  



GUP	
  and	
  Sub-­‐Planckian	
  Black	
  Holes	
  

Assume	
  a	
  duality	
  in	
  the	
  mass:	
  

Planck	
  mass	
  is	
  now	
  criScal	
  point	
  for	
  which…	
  

ds2 = F (r)dt2 � F (r)�1dr2 � r2d⌦2
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Metric	
  is:	
  

[	
  Carr,	
  JRM,	
  Nicolini,	
  arXiv:1504.07637	
  ]	
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Black	
  Hole	
  Characteris&cs:	
  Horizon	
  

rH =
2

M2
Pl

 
M2 + �

2M
2
Pl

M

!

M � MPl =) rH ⇡ 2M

M2
Pl

M ⇠ MPl =) rH ⇠ 2 + �

MPl

M ⌧ MPl =) rH ⇡ �

M

F (rH) = 0



Black	
  Hole	
  Characteris&cs:	
  Temperature	
  

From	
  surface	
  gravity:	
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Black	
  Hole	
  Characteris&cs:	
  Entropy	
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General	
  Rela&vity	
  in	
  (n+1)-­‐Dimensions	
  

(3+1)-­‐D	
  	
  

ds2 = f(r) dt2 � dr2
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n-­‐dimensional	
  Newton’s	
  
constant	
  



Why	
  Do	
  We	
  Care	
  About	
  Lower	
  Dimensions?	
  
	
  

•  Extra	
  dimensions	
  are	
  the	
  rage!	
  

•  A	
  surprising	
  feature	
  of	
  many	
  different	
  quantum	
  gravity	
  
theories	
  is	
  dimensional	
  reduc0on	
  

•  The	
  effecSve	
  dimension	
  of	
  spaceSme	
  seems	
  to	
  reduce	
  
as	
  one	
  goes	
  to	
  higher	
  energy	
  (lower	
  length	
  scales)	
  

•  Could	
  this	
  be	
  related	
  to	
  some	
  kind	
  of	
  duality?...	
  

	
  
	
  

	
   	
  	
  



Thermodynamics	
  of	
  (3+1)-­‐D	
  vs	
  (1+1)-­‐D	
  Black	
  Holes	
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(3+1)-­‐D	
  	
   (1+1)-­‐D	
  	
  

Sub-­‐Planckian	
  regime	
  

“Dimensional	
  reduc+on”	
  

The	
  gravita&onal	
  physics	
  of	
  the	
  sub-­‐Planckian	
  
regime	
  is	
  governed	
  by	
  an	
  effec+ve	
  (1+1)-­‐D	
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•  “Encoding”	
  the	
  GUP	
  duality	
  in	
  the	
  mass	
  gives	
  a	
  metric	
  that	
  

exhibits	
  dimensional	
  reducSon	
  in	
  the	
  sub-­‐Planckian	
  regime	
  
(feature	
  of	
  many	
  quantum	
  gravity	
  theories!)	
  

•  Smooths	
  out	
  “GUP”	
  diagram;	
  no	
  criScal	
  point:	
  

	
  
•  Instead	
  of	
  a	
  two	
  regimes	
  governed	
  by	
  different	
  theories	
  (GR	
  and	
  

QM),	
  we	
  have	
  a	
  consistent	
  theory	
  (gravity)	
  in	
  two	
  different	
  
spaceSme	
  dimensions	
  

	
  
	
  

	
   	
  	
  

Why	
  Is	
  All	
  This	
  Interes&ng?	
  



Thank	
  you!	
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