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Einstein: democracy between space & time
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! Gravity accelerates things

! Velocities change with time

! Space and time are warped, 
stretched by gravity

! Einstein's equations say how
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Black Holes in Einstein Gravity: Schwarzschild

• Schwarzschild: "gravity" for a 
star in General Relativity (GR)

• Far away, it gives the result in 
Newton's gravity. Good!

• Close in, it has !"#$%"&'()"*+
! First, simplest solution to GR
! New stuff! Still mysterious!!
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• Light moving away from star: 
àDoes not "slow down"
àBut does lose energy

• Compact à "Black Holes"
àPhoton energy > 0
àBounds radius
àBelow it, light trapped!

Black Holes in Einstein Gravity: Schwarzschild
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! Compact star = Black

! Very few features = "No Hair"
àMass (of course)
àSpin = conserved
àCharge = conserved

! That's it! BH = "Featureless"!
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! Thermal radiation from Black 
Holes!

! Simple picture:

! Fluctuations are inherently 
quantum (next part of talk)!

DRAW VACUUM FLUCTS. NEAR 
AND FAR FROM BH EVENT 
HORIZON AT "LATE" TIMES



Black Holes in Einstein Gravity: Hawking

! Black Holes Evaporate!

! Conserved quantities
àMass
àCharge
àAngular momentum

! Radiation removes mass (and 
charge etc.): evaporation.
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! Black Holes Evaporate!

! Conserved quantities
àMass
àCharge
àAngular momentum

! Radiation removes mass (and 
charge etc.): evaporation.

DRAW:

1) Cloud of particles

2) BH, radiating

3) Nothing, but outgoing 
radiation
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! Circular motion
! Continuous
! Swinging bricks = heavy
! Heavy = force = accelaration

! Accelerating charges radiate
! Old style TVs (sort of)
! X-rays

! Classical picture of atoms = 
constant radiation, unstable
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Electrons, Protons & Atoms: Bohr

• Maxwell Atom: continuous

• Bohr Atom: !"#$%&'()

• Orbits quantized, thus stable!

• Rough question: Why? Fixed 
in Quantum Mechanics.
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Electrons, Protons & Atoms: Heisenberg

• Uncertainty Principle

• Apply to electrons and atoms

• Position vs. Momentum

• Time vs. Energy

!"#$ AFM 
image of 
single-layer 
graphite:

Note: 
Electrons 
and atoms 
are %"#$$&
"smeared"!
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• Relativistic Quantum Mech?!

• Uncertainty for "empty" 
"vacuum"

• Vacuum fluctuations

• "Empty" space roils and boils
à...must conserve energy!
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• Relativistic Quantum Mech?!

• Uncertainty for "empty" 
"vacuum"

• Vacuum fluctuations

• "Empty" space roils and boils
à...must conserve energy!

"VACUUM" = "NOTHING" 
= "NO PARTICLES"
= "NO ENERGY"

"Empty" depends on distance!
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Electrons, Protons & Atoms: Dirac & Feynman

• Relativistic Quantum Mech?!

• Uncertainty for "empty" 
"vacuum"

• Vacuum fluctuations

• "Empty" space roils and boils
à...must conserve energy!



Hawking Radiation à BH Evaporation

• Black Holes Evaporate!

• Conserved quantities
àMass
àCharge
àAngular momentum

• Radiation removes mass (and 
charge etc.): evaporation.



Ageing Atoms in Quantum Mechanics

• Information preserved

• Experimentally verified
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Ageing Atoms in Quantum Mechanics
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Ageing Black Holes in Quantum Mechanics
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Ageing Black Holes in Quantum Mechanics

• Black holes are "unstable"

• Is information preserved???

• Hard to think about...

• ...without Quantum Gravity
(very hard)

à
à
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! We have laid the groundwork for the talk

! We have introduced Einstein's Relativity

! We have introduced Black Holes

! We have introduced Quantum Mechanics
!

"



Structure of talk: 20th and 21st century physics

1. Gravity and Black Holes(BHs)
• Newton
• Einstein & Democracy
• Schwarzschild & Black Holes
• Hawking

2. Quantum mechanics & Info
• Bohr & Heisenberg
• Dirac & Feynman
• Vacuum fluctuations
• Hawking & Radiation

3. Thermodynamics & Hawking
• Boltzmann & Entropy
• Entropy & Temperature
• Thermo & Quantum for BHs
• (Quantum = Thermodynamics)

4. String Theory & Firewalls?
• Maldacena & Holography
• Quantum Gravity & Strings
• Success: Strings & Black Holes
• Firewalls & (exciting) future!



Part II:
Black Holes, Quantum Gravity & Firewalls
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Part II:
Black Holes, Quantum Gravity & Firewalls

• Introduce Thermodynamics & Entropy

• Entropy/quantum info & the Horizon

• Holography, String Theory & Maldacena

• Recent controversy & Polchinski's "Firewalls"
!

"
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"To Destroy a Book"/"BH Info Paradox in QM"

! Burning book scrambles info

! "Book" = "complex QM state"

! "Just" time evolution of a 
complicated QM "state"

! Information is (in principle) 
preserved
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Entropy, Energy & Temperature: Boltzmann
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! Temperature, Energy, and 
Entropy: deeply related

! Precisely: Rate of entropy 
increase with energy gives 
inverse temperature

! Thus, temperature>0 means 
entropy grows with energy
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