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•• Classical Black Holes in General RelativityClassical Black Holes in General Relativity
•• Quantum Effects -- Microscopic & MacroscopicQuantum Effects -- Microscopic & Macroscopic

•• Entropy & the Second Law of ThermodynamicsEntropy & the Second Law of Thermodynamics
•• Temperature & the Temperature & the ‘‘Trans-Planckian Trans-Planckian ProblemProblem’’
•• Negative Heat Capacity & the Negative Heat Capacity & the ‘‘Information ParadoxInformation Paradox’’
•• Vacuum Polarization & Vacuum Polarization & Backreaction Backreaction Effects near the HorizonEffects near the Horizon

•• CosmologicalCosmological  ConstantConstant  and theand the  Energy of the Energy of the ‘‘VacuumVacuum’’
•• Quantum Effects in de Sitter spaceQuantum Effects in de Sitter space
•• Fluctuations in Hawking-de Sitter TemperatureFluctuations in Hawking-de Sitter Temperature

•• Effective Theory of Low Energy Gravity:Effective Theory of Low Energy Gravity:  Role of the Trace AnomalyRole of the Trace Anomaly
•• Massless Massless Scalar Poles in Flat Space AmplitudesScalar Poles in Flat Space Amplitudes
•• GeneralGeneral  Form of Effective ActionForm of Effective Action  of the Anomalyof the Anomaly
•• New New Massless Massless Scalar DegreesScalar Degrees of Freedom in 2D of Freedom in 2D  and 4Dand 4D

•• The Trace Anomaly and the Dynamical Cosmological The Trace Anomaly and the Dynamical Cosmological ‘‘ConstantConstant’’
•• Conformal Phase of 4D Gravity and Running ofConformal Phase of 4D Gravity and Running of  ΛΛ
•• Possible Effects on Spectrum & Statistics of CMBRPossible Effects on Spectrum & Statistics of CMBR
•• Linear Response in de Sitter space & Cosmological Horizon ModesLinear Response in de Sitter space & Cosmological Horizon Modes

•• Gravitational Condensate StarsGravitational Condensate Stars
•• Non-Singular InteriorNon-Singular Interior
•• Near Horizon Boundary LayerNear Horizon Boundary Layer
•• Modest Heat CapacityModest Heat Capacity

•• A New Approach to Cosmological Dark EnergyA New Approach to Cosmological Dark Energy
•• Cosmological Dark EnergyCosmological Dark Energy  as a Dynamical Condensate in Finite Volumeas a Dynamical Condensate in Finite Volume





The Event Horizon & Analytic ExtensionThe Event Horizon & Analytic Extension

• Classical Matter reaches the Horizon in FiniteFinite Proper Time
• The LocalLocal Riemann Tensor & its Contractions remain Finite
••  Kruskal-Szekeres Kruskal-Szekeres Coordinates Coordinates (1960)  (G/c(1960)  (G/c22 = 1) = 1)

ds2  = (32M3/r) e-r/2M (-dT2 + dX2) + r2 dΩ2

(r/2M - 1) er/2M  = X2 - T2

t = 4M tanh-1 (T/X)
     For r > 2M:       X = (r/2M - 1)1/2  er/4M  cosh (t/4M)

T = (r/2M - 1)1/2  er/4M  sinh (t/4M)

••  Future/Past Horizon at Future/Past Horizon at r = 2GM/cr = 2GM/c22 is is  T = ± X   T = ± X   RegularRegular
•• It is possible to use  It is possible to use Kruskal Kruskal coordinates to coordinates to analyticallyanalytically              
continue continue insideinside  r < 2GM/cr < 2GM/c22  all the way toall the way to r = 0  r = 0 singularitysingularity
••  Necessarily involves Necessarily involves complexifyingcomplexifying  the metric of the metric of spacetimespacetime
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Schwarzschild Maximal Analytic ExtensionSchwarzschild Maximal Analytic Extension
        Carter-Penrose Conformal DiagramCarter-Penrose Conformal Diagram
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Black Holes & Classical IrreversibilityBlack Holes & Classical Irreversibility

•  Schwarzschild soln. is time reversible
(white hole as well as black hole)

      But Classical Matter falls into the black hole irreversiblyirreversibly

•  RotatingRotating Black Hole Soln. found by Kerr (1963)
  More complicated analytic extension (and more unphysical:
      multiple asymptotic regions, closed timelike curves)

• AllAll Gen. Rel. Black Holes specified by M, J, Q  M, J, Q  (no (no ““hairhair””))

•  Irreducible Mass MMirrirr increases monotonicallyincreases monotonically  (Christodoulou, 1972)(Christodoulou, 1972)
MM2 2 = (= (MMirrirr

    + Q/4M+ Q/4Mirrirr))2 2  + J + J22/4M/4Mirrirr
22

MMirrirr
22 = (Area)/16 = (Area)/16ππGG

ΔΔ  MMirrirr
2  2  ≥≥ 0 0



Black Holes and EntropyBlack Holes and Entropy

•• A fixed classical solution usually has A fixed classical solution usually has no entropyno entropy : :
(What is the (What is the ““entropyentropy”” of the Coulomb potential  of the Coulomb potential ΦΦ = Q/r = Q/r  ?)  ?)

          …… But if matter/radiation disappears into the black hole, But if matter/radiation disappears into the black hole,
what happens to its entropy? (Only what happens to its entropy? (Only M, J, QM, J, Q remain) remain)

•• Maybe Maybe MMirrirr
22    (which always increases) is a kind of (which always increases) is a kind of ““entropyentropy””??

  To get units of entropy need to divide Area,   To get units of entropy need to divide Area, AA by (length) by (length)22

      …… But there is  But there is nono fixed length scale in classical Gen.  fixed length scale in classical Gen. RelRel..
•• Planck length  Planck length                                                                                      involvesinvolves
•• Bekenstein Bekenstein suggested   suggested   SSBHBH =  = γγ  kkB B A/A/llPlPl

22    with     with γγ ~ O(1) ~ O(1)
•• Hawking Hawking (1974)(1974) argued black holes emit  argued black holes emit thermalthermal radiation at radiation at

  Apparently then the first law,   Apparently then the first law, dE  dE  = T= THH  dSdSBHBH    fixes fixes γγ = 1/4 = 1/4
Great ! But Great ! But ……
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A few problems remained A few problems remained ……

•• Hawking Temperature requires Hawking Temperature requires trans-Planckiantrans-Planckian  frequenciesfrequencies
•• SSBH BH ∝∝ A A  is   is non-extensivenon-extensive  and    and  HUGE !HUGE !
•• In the classical limit In the classical limit TTH H →→ 0 0  (cold)(cold)  butbut  SSBH BH →→  ∞∞  (? !)(? !)
•• E E ∝∝ T T-1 -1 implies implies negativenegative heat capacity heat capacity

⇒⇒ highly  highly unstableunstable

  Equilibrium Thermodynamics cannot be applied  Equilibrium Thermodynamics cannot be applied
•• Information ParadoxInformation Paradox: Where does the information go?: Where does the information go?

(Pure states (Pure states →→ Mixed States?  Mixed States? Unitarity Unitarity ?)?)
•• What is the statistical interpretation of What is the statistical interpretation of SSBH BH ??

          Boltzman Boltzman asks:  asks:  S = S = kkBB ln  ln WW  ????
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Statistical Entropy of a Relativistic StarStatistical Entropy of a Relativistic Star

•• S = S = kkBB ln  ln W(E)W(E)  ((microcanonicalmicrocanonical) is equivalent to) is equivalent to
    S = -     S = - kkBB Tr  Tr ((ρρ ln  ln ρρ))

•• MaximizedMaximized by canonical thermal distribution by canonical thermal distribution
EgEg. . Blackbody RadiationBlackbody Radiation  E ~ V TE ~ V T4 4 ,,  S ~ V T  S ~ V T33

S ~ VS ~ V1/4 1/4 EE3/4 3/4 ~ R~ R3/4 3/4 EE3/43/4

For a fully collapsed relativistic star For a fully collapsed relativistic star E = M E = M , , R R ~ 2GM ~ 2GM ,,
  so  so S ~ S ~ kkB B (M/M(M/MPlPl))3/2 3/2     ←← note 3/2 power note 3/2 power

SSBHBH ~ M ~ M2 2 is a factor is a factor (M/M(M/MPlPl))1/21/2  largerlarger or  or 10101919 for  for M = MM = M

•• There is There is no wayno way to get  to get SSBHBH ~ M ~ M2  2  by any standardby any standard
  statistical thermodynamic counting of states  statistical thermodynamic counting of states



HorizonHorizon  in Quantum Theoryin Quantum Theory

•• InfiniteInfinite  BlueshiftBlueshift  SurfaceSurface

ωωllocal ocal = = ωω∞∞ (1 - 2GM/r) (1 - 2GM/r)-1/2-1/2

No problem classically, but in quantumNo problem classically, but in quantum  theory,theory,

ħħ  →→ 0 0  andand  r r →→ 2GM 2GM  limits do not commutelimits do not commute  ! (! (⇒⇒  nonnon-analyticity)-analyticity)
  SingularSingular coordinate transformations need not be harmless (e.g.  coordinate transformations need not be harmless (e.g. VorticesVortices))
•• Energies becoming Energies becoming trans-Planckian trans-Planckian should call into doubtshould call into doubt

the semi-classicalthe semi-classical  fixed metric approximationfixed metric approximation
•• Large local energies must be felt by the gravitational fieldLarge local energies must be felt by the gravitational field
•• LargeLarge  local energy densities/stresses are generic near the horizonlocal energy densities/stresses are generic near the horizon

〈〈  TTaa
b b 〉〉  ~ ~ ħħωωlocallocal

4 4 ~ ~ ħħMM-4 -4 (1 - 2GM/r)(1 - 2GM/r)-2-2

The geometry does not remain unchanged down to The geometry does not remain unchanged down to r = 2GMr = 2GM
Quantum Quantum Backreaction Backreaction is importantis important

EElocal local = = ħħωωlocallocal  = = ħħωω∞∞ (1 - 2GM/r) (1 - 2GM/r)-1/2 -1/2 →→  ∞∞













A Second Problem of Some GravityA Second Problem of Some Gravity



Requires Requires bothboth  ħħ and  and GG different from zero different from zero
MacroscopicMacroscopic Quantum Gravity Quantum Gravity



Quantum Effects:Quantum Effects:
Macroscopic or Microscopic ?Macroscopic or Microscopic ?

• We deal with UV divergences by RenormalizationRenormalization, and now
understand most (all?) QFT’s as EffectiveEffective Theories

•• ΛΛ is a free parameter of the Low Energy Effective TheoryLow Energy Effective Theory

• The Standard Model has Spontaneous Symmetry BreakingSpontaneous Symmetry Breaking
 When the ground state changes, so does its energy –

    so we should expect generically ΛΛ   ≠ ≠ 0 0  now.
• More Symmetries at Very High Energy (UV) Cannot Help
• This is a problem of fixing the infrared

Quantum Vacuum State of  Quantum Vacuum State of  MacroscopicMacroscopic Gravity Gravity

““Just because something is infinite does not Just because something is infinite does not 
        necessarily mean that it is zero.        necessarily mean that it is zero.”” –W. W. PauliPauli



ObservationsObservations

Dark Energy
Fraction

Matter Energy Fraction



The New CosmologyThe New Cosmology

•• Non-Luminous (Dark) Matter, presumedNon-Luminous (Dark) Matter, presumed
Non-Baryonic is Non-Baryonic is 25-30%25-30% of the Universe of the Universe

•• Relativistic Dark Energy with Relativistic Dark Energy with negativenegative pressure, pressure,
p p ≈≈ -  - ρρ < 0 < 0

isis  70-75%70-75%  of all the energy in the observable universeof all the energy in the observable universe
•• Ordinary Baryonic Matter is only a few percentOrdinary Baryonic Matter is only a few percent
•• Since Since ρρ + 3p < 0 + 3p < 0, the expansion is , the expansion is acceleratingaccelerating
•• TiniestTiniest pure number in Nature pure number in Nature: (note involves : (note involves ħħ  and and GG))

  ħħG G ΛΛobs obs /c/c33  ≅≅  3.63.6  ××  1010-122-122

We live in a de Sitter-like Universe We live in a de Sitter-like Universe dominateddominated
            by Vacuum Dark by Vacuum Dark Energy Energy 

Something is clearly missing in the Standard ModelSomething is clearly missing in the Standard Model


