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Outline 
•  Classical ‘Black Holes’ & Quantum Mechanics  

•  Entropy & the Second Law of Thermodynamics 
•  Temperature & the ‘Trans-Planckian Problem’ 
•  Negative Heat Capacity & the ‘Information Paradox’ 

•  Effective Theory of Low Energy Gravity 
•  Massless Scalar Poles in Flat Space Amplitudes 
•  Conformal Scalar Degree of Freedom in EFT of Gravity 
•  Macroscopic Effects at Event Horizons 

•  Gravitational Vacuum Condensate Stars 
•  Already Inherent in Interior Schwarzschild Solution 
•  Negative Pressure and Surface Tension  
•  Quantum Final State of Gravitational Collapse    

•  Cosmological ‘Constant’ as Macroscopic Condensate  



And iff   Tμν = 0  on the horizon 



Black Holes and Entropy 

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

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

•  Horizon area A  (which always increases) a kind of “entropy”? 
   To get units of entropy need to divide A by (length)2 

    … But there is no fixed length scale in classical Gen. Rel.  
•  Planck length                       involves  
•  Bekenstein suggested   SBH = γ kB A/LPl

2    with γ ~ O(1) 
•  Hawking (1974) argued black holes emit thermal radiation at 
 
 

   Apparently then the classical Smarr relation dE = κ dA/8πG  
  becomes first law, dE  = TH dSBH  fixes γ = 1/4 
  (multiply & divide by       )     But … 

  

€ 

ℓ Pl
2 = "G /c 3   

€ 

!

  

€ 

TH =
!c 3

8πGkBM

  

€ 

!



A few problems remained … 

•  Hawking Temperature requires trans-Planckian frequencies  
•  SBH ∝ A  is non-extensive  and  HUGE  
•  In the classical limit TH → 0 (cold) but SBH → ∞ (?) 
•  E ∝ T-1 implies negative heat capacity 

     ⇒ highly unstable 

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

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

       Boltzmann asks:   S = kB ln W ?? 
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Statistical Entropy of a Relativistic Star 

•  S = kB ln W(E) (microcanonical) is equivalent to 
! ! !    S = - kB Tr (ρ ln ρ)   

•  Maximized by canonical thermal distribution 
  Eg. Blackbody Radiation E ~ V T4 ,  S ~ V T3!

!! !S ~ V1/4 E3/4 ~ R3/4 E3/4!

!For a fully collapsed relativistic star E = M , R ~ 2GM , 
    so  S ~ kB (M/MPl)3/2      ← note 3/2 power!

SBH ~ M2 is a factor (M/MPl)1/2 larger or 1019 for M = M☼!

•  There is no way to get SBH ~ M2  by any standard!
!  statistical thermodynamic counting of states  



Black ‘Holes’… or Not  
    Black Holes believed ‘inevitable’  in General Relativity but 

•  Difficulties reconciling Black Holes with Quantum Mechanics  
•  Hawking Temperature & the ‘Trans-Planckian Problem’ 
•  Entropy & the Second Law of Thermodynamics 
•  Negative Heat Capacity & the ‘Information Paradox’ 

•  Singularity Theorems assume Trapped Surface and 
 Energy Conditions: Strong Energy Condition 
    

       Violated by Quantum Fields, e.g. by Casimir Effect &  
    Hadron ‘Bag’, Cosmological Dark Energy, Inflation V(φ):  

  Negative Pressure       Effective Repulsion 
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Static, Spherical Symmetry 
•   2 Metric Fns.  
                                                        çMisner-Sharp Mass 
 
 

•  3 Stress Tensor Fns. 

 

•   2 Einstein Eqs.                

•   1 Conservation Eq. 
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Buchdahl Bound (1959) 
Assuming classical Einstein eqs. &  
•  Static Killing time:                              

•  Spherical Symmetry: 

   

•  Isotropic Pressure:    

•  Positive Monotonically Decreasing Density:  

•  Metric Continuity at Surface of Star r=R  

•  Then        
           or the pressure must diverge in the Interior  

            before horizon is reached 
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Schwarzschild Interior 

•   Constant Density 
 

      Saturates  
Buchdahl Bound 
 

•   Pressure 

 
•   Diverges at               iff  

•   Pressure becomes negative for    0 < r < R0      
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Interior Pressure 

As  R è 9/8 Rs  from above  
central pressure diverges 
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Interior Pressure  
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Interior Redshift 
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R=Rs Limit is Grav. Condensate Star (2001-4)  
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    Discontinuity (classically) 
Interior is de Sitter space in  
 (modified) static coordinates 
   (Time runs slower inside) 

w=-1 



Komar Mass-Energy Flux (1959-62)  

1

G

d

dr

�
r2

�
= 4⇡

r
f

h
r2

�
⇢+ p+ 2p?

�

(r) =
1

2

s
h

f

df

dr

M = 4⇡

Z Rs

0
dr

r
f

h
r2

�
⇢+ p+ 2p?

�

Surface Gravity ! GM

r2

Total Mass: Compare Gauss’ Law  



Transverse Pressure 

Cusp in Redshift produces Transverse Pressure 
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Surface Tension 
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First Law 

dM = dEv + ⌧s dA

Surface Area is Surface Area not Entropy 
Surface Gravity is Surface Tension not Temperature  

p+ ⇢ = s T + µN = 0
Gibbs Relation 

Schw. Interior Soln. in           Limit describes 
  a Zero Entropy/Zero Temperature Condensate 

Classical Mechanical Conservation of  Energy  

Discontinuity in κ implies non-analytic behavior 
No horizon, Truly Static, t is a Global Time 

R→ Rs



Refraction of Null Rays at Surface 
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Defocusing of Null Rays 

No Horizon è  Light Rays Penetrate Interior 

Completely Different Imaging from a Black Hole 



Summary so far  

•  Buchdahl Bound è Interior Pressure Divergence Develops   
before Event Horizon Forms for 

•  Constant Density Interior Schwarzschild Solution Saturates 
Bound & illustrates the generic behavior 

•  Infinite Redshift at the Central Pressure Divergence 
•  Pressure Singularity is Integrable 
•  Implies Formation of  a δ-fn. Surface & Surface Tension 
•  & a Non-Singular (de Sitter                  )  ‘BH’ Interior 
•  Area term is Mechanical Surface Energy not Entropy 
•  QM, Unitarity ✓   No ‘Information Paradox’ 
•  Condensate Star negative pressure  

 already realized/inherent in Classical General Relativity 
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Effective Field Theory & Quantum Anomalies 

•   Expansion of Effective Action in Local Invariants 
assumes Decoupling of UV from Long Distance Modes 

•   But Massless Modes do not decouple 

•   Chiral, Conformal Symmetries are Anomalous 

•   Special Non-local Additions to Local EFT 

•   IR Sensitivity to UV degrees of freedom  

•   Conformal Symmetry & its Breaking controlled by the  

  Conformal Trace Anomaly 

•   Macroscopic Effects in Black Hole Physics, Cosmology 





2D Anomaly Action 
 

•  Integrating the anomaly linear in σ gives 
                          

  

•  This is local but non-covariant. Note kinetic term for σ 
•  By solving for σ the WZ action can be also written 

  
•  Polyakov form of  the action is covariant but non-local 
       

•  A covariant local form implies a dynamical scalar field  
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Ward Identity and Massless Poles 

 Effects of  Anomaly may be seen in flat space amplitudes 

✚ ✚ 
Tcd Tab 

Conservation of  Tab Ward Identity in 2D implies 

Anomalous Trace Ward Identity in 2D implies 

at  k2 = 0   massless pole 
IR Relevant Degree of  Freedom 
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2D Anomaly Stress Tensor 
•  The stress-energy tensor of  the 2D anomaly action is 
 
 
 
  
 
 

•  General soln. to ¨φ = -R = f" with φ(r*) easily found in 
     2D Schwarzschild or de Sitter  f  = 1-2M/r , f  = 1-H2r2  
    ds2 = f(r*)(-dt2 + dr*2)     φ =  ln f  + (qr* + pt)/M  

- ⎯ - 

•  Quantum stress tensor fully                               
  determined from the anomaly 
•  Generally divergent at f=0 
     on horizon 
•  Finite if  p = 0, q = ± 1 (or visa versa) 



Quantum Effects of 2D Anomaly Action 

•   Modification of  Classical Theory required by Quantum 
 Fluctuations & Covariant Conservation of  〈Ta

b〉 
•   Metric conformal factor e2σ (was constrained) becomes 

 dynamical & itself  fluctuates freely 
•   Gravitational ‘Dressing’ of  critical exponents: 

 long distance/IR macroscopic physics 
•  Topological Properties, Large Effects near Horizons 

•  Additional non-local Infrared Relevant Operator in SEFT 

New Massless Scalar Degree of  Freedom at low energy 



Constructing the EFT of Gravity 
•  Assume Equivalence Principle (Symmetry) 
•  Metric Order Parameter Field gab 
•  Only two strictly relevant operators (R, Λ)  
•  Einstein’s General Relativity is an EFT 
•  But EFT = General Relativity + Quantum 

Corrections  
•  Semi-classical Einstein Eqs. (k << Mpl): 

Gab+ Λ gab = 8π G 〈 Tab〉 
•  But there is also a quantum conformal anomaly: 

                 〈 Ta
a〉 = b C2 + b' (E - 3 !R ) + b" !R 

•  New (marginally) relevant operator(s)appear in EFT  

 2 



     F=CabcdCabcd 

    E=RabcdRabcd - 4RabRab + R2 



Effective Action for the Trace Anomaly 
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•  Local Covariant Form 
 
 
  
•  Dynamical Scalar in Conformal Sector 
 

•  Expectation Value/Classical Field is Scalar Condensate  
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IR Relevant Term in the Action 

Fluctuations of conformal scalar degree of freedom 
can generate a Quantum Phase Transition  

in which Λ changes 

The effective action for the trace anomaly scales  
logarithmically with distance and therefore  

should be included in the low energy  
macroscopic EFT description of gravity— 

Not given purely in terms of  Local Curvature    

This is a modification of classical General Relativity 
with macroscopic quantum effects 
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Why is this Important for Black Holes? 
Stress Tensor of the Anomaly 

Variation of  the Effective Action with respect 
to the metric gives stress-energy tensor 

•  Quantum Vacuum Polarization in Terms of  (Semi-) 
 Classical Scalar ‘Potential’ 

•  ϕ is a scalar degree of  freedom in low energy 
      gravity which depend upon the global topology  
         ofspacetimes and its boundaries, horizons 
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Anomaly Scalars in Schwarzschild Space 
•  General solution of  ϕ equation as function of  r are  

 easily found in Schwarzschild case 
 

 

 
•  q, cH, c∞ are integration constants, q topological charge 
•  Linear time dependence pt can be added  
•  Only way to have vanishing ϕ as r → ∞ is c∞ = q = 0 
•  But only way to have finiteness on the horizon is  

   cH = 0, q = 2 
•  Topological obstruction to finiteness vs. falloff  of  stress tensor  
•  2 conditions on 3 integration constants for horizon finiteness 
•  Set of  Measure Zero 



Schwarzschild Spacetime (again) 

          
              

        
       ϕ  =                                →  ∞ 
! ! !solves homogeneous Δ4ϕ  = 0 
! !    Timelike Killing field (Non-local Invariant) 

  ξa = (1, 0, 0, 0) 
   Energy density scales like  e-4σ = f-2!

!Conformal Scalar Potential gives Geometric 
(Coordinate Invariant) Meaning to Stress Tensor 

becoming Large on Horizon!
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Stress-Energy Tensor in Boulware 
Vacuum – Radial Component 

Spin 0 field 

Dots – Direct Numerical Evaluation of  <Ta
b>   (Jensen et. al. 1992) 

Solid – Stress Tensor from the Auxiliary Fields of the Anomaly (E.M & R. Vaulin 2006) 
Dashed – Page, Brown and Ottewill approximation (1982-1986) 

Diverges on horizon—Large macroscopic effect  



A Macroscopic Quantum Effect 



Predicted by EFT of  Quantum Conformal Anomaly 
Scalar Mode in Gravity—Realized in Schwarzschild Soln. 



Gravitational Vacuum Condensate Stars 

Gravastars as Astrophysical Objects 
•  Cold, Dark, Compact, Arbitrary  M, J 
•  Accrete Matter just like a black hole 
•  But matter does not disappear down a ‘hole’ 
•  Relativistic Surface Layer can re-emit radiation 
•  Can support Electric Currents, Large Magnetic Fields 
•  Possibly more efficient central engine for Gamma Ray  

 Bursters, Jets, UHE Cosmic Rays 
•  Formation should be a violent phase transition converting    

gravitational energy and baryons into HE leptons and entropy 
•  Interior could be completely non-singular dynamical condensate 
•  Dark Energy as Condensate  -- Finite Size effect of boundary 

conditions at the horizon è Implications for Cosmology 
 
  
 



       
 

Scalar: ϕ 

Fluctuating ϕ 

Implication: Vacuum Energy is Dynamical 



• Gravitational Condensate Stars resolve all ‘black hole’  
       paradoxes  
•  Discrete Grav. Wave Signatures of  Surface Modes 
•  Astrophysics of  gravastars & ‘no-hair’ testable also      
  by mm imaging of  Sgr A* w. Event Horizon Telescope) 
•  New Models of  Dynamical Dark Energy in Cosmology    

BH’s and Dark Energy are related: 
Both macroscopic quantum effects in gravity 

Both incorporated in EFT of  Anomaly 





Observations are Coming 
•  High resolution sub-mm Very Large Baseline Imaging 
    (VLBI) will zero in on event horizon of  black hole  
       (or gravastar surface) in the center of  our galaxy 
•  Maxima of  X-ray Continuum Thermal Spectra from Accretion 
     Disk can determine the location of  the Innermost Stable 
         Circular Orbits (ISCO’s) of  candidate black holes 
•  X-Ray Fe Line Spectra Doppler Shifts will allow measurement  
     of  velocities and test rotating Kerr black hole solution  
               no-hair theorem in external geometry 
•  Gravitational Waves expected first detection by Advanced  
  LIGO II will observe inspiral and black hole merger events 
•  Millisec. Pulsar Timing Arrays may even detect GW’s first  
•  Possibility of  detection of  scalar ‘breathing’ mode  

 polarization from scalar φ waves 

      Next few years will be an exciting period   



Quantum Trace Anomaly in 4D Flat Space 

        Massless QED in an External E&M Field 

                   〈Ta
a〉 = e2

 Fµν F
µν

/24π2   

         Triangle Amplitude as in Chiral Case 
   Γabcd (p,q) = (k2 gab - ka k b) (gcd p•q - qc pd) F1(k2) + … 

In the limit of massless fermions, F1(k2) must have a 
massless pole: 

ª Tab 

Jc 

Jd 

p 

q 
k = p + q 

Corresponding Imag. Part Spectral Fn. has a δ fn 
This is a new massless scalar degree of  freedom in  
     the two-particle correlated spin-0 state 

M. Giannotti & 
   E. M. (2009) 
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Massless Anomaly Pole 
For p2 = q2 = 0 (both photons on shell) and me

  = 0 the pole at  
 k2 = 0 describes a massless  e+ e - pair moving at v=c colinearly,                 

 with opposite helicities in a total spin-0 state 
 

 

a massless scalar 0+ state (‘Cooper pair’) which couples to 
gravity 

        Effective vertex 
 
 

   Effective Action  special case of general form 
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<TJJ> Triangle Amplitude in QED 

Spectral Representation and Finite Sum Rule 

 Im F1(k2 = -s): Non-anomalous,vanishes when m=0 
Numerator & Denominator cancel here 

obeys a finite sum rule independent of  p2, q2, m2 

and as p2, q2 , m2  è 0+       

 Massless scalar intermediate two-particle state 
  analogous to chiral limit of  QCD  



Trace Anomaly in Curved Space  

     〈Tab〉 is the Stress Tensor of  Conformal Matter 
•   〈Ta

a〉 is expressed in terms of  Geometric Invariants 
•   One-loop amplitudes similar to previous examples 
•   State-independent, independent of  GN 
•   No local effective action in terms of  curvature tensor 

 But there is a non-local effective action 
 which can be rendered local in terms of   
      new scalar degrees of  freedom 

•   Quantum Modification of  Classical Gravity 

〈 Ta
a〉 = b C2 + b’ (E -  3  !R ) + b’’!R 2



Scalar Pole in Gravitational Scattering  
•  In Einstein’s Theory only transverse, tracefree   
polarized waves (spin-2) are emitted/absorbed  
 and propagate between sources T´μν and Tμνµν 
•  The scalar parts give only non-progagating 
constrained interaction (like Coulomb field in 
E&M) 

•  But for me = 0 there is a scalar pole in the  
 <TJJ> triangle amplitude coupling to photons 

•  This scalar wave propagates in gravitational 
    scattering between sources T´μν and Tμν 

•  Couples to trace T´μμ  
•  <TTT> triangle of  massless photons has pole 

•  At least one new scalar degree of  freedom in EFT 



New Horizons in Quantum ‘Black Holes’ 
•  Classical Black Holes already have some unphysical features 
•  The tension between General Relativity and both Quantum 

Mechanics and Statistical Physics in Black Holes leads  
  to a ‘Crisis in Physics’  

•  The most suspect assumption is the SEP which is violated 
      by Quantum Fields in Black Hole Curved Spacetimes 

•  Quantum Vacuum (Casimir) Effects are computable & 
relevant at Macroscopic Distances & near Event Horizons 

•  New scalar degrees of freedom in the EFT of Gravity are 
required in the Standard Model by the Conformal Anomaly 

•  Their fluctuations induce a Quantum Phase Transition  
   at the would-be ‘Black Hole’ horizon 



Chiral Anomaly in QCD 

•  QCD with Nf  massless quarks has an apparent  
        U(Nf) ⊗ Uch(Nf)  Symmetry 
•   But Uch(1)  Symmetry is Anomalous 
•   Effective Lagrangian in Chiral Limit has Nf 

2 - 1  

            (not  Nf
2 ) massless pions at low energies  

•   Low Energy π0 → 2 γ  dominated by the anomaly 
                    ~ 
            π0      γ5   

q   q     ∂µ j µ5 = e2 Nc Fµν F 
µν

/16π2 
                          

q
 

•  IR Relevant Operator  that violates naïve decoupling of UV 
•  Measured decay rate verifies Nc = 3 in QCD  

   Anomaly Matching of IR ↔ UV 

µµ



•  Interior could be completely non-singular condensate  
•  Gravitational Condensate Stars resolve all ‘black hole’  
       paradoxes/ ‘crisis’   
•  Astrophysics of  gravastars & ‘no-hair’ testable by  
    mm VLBI, X-rays, ISCO’s, GW’s in this decade 

 (Sgr A*--gas cloud in collision this year) 
•  Science that ‘Matters’: Far-reaching implications for 
eventual unification of  quantum matter with gravity    
  





Analog to BEC quantum transition near the classical horizon 



Relation to Conformal Trace Anomaly 

• Stress-Energy Tensor has Anomalous Trace 

 
 

•  Non-Local Anomaly Effective Action 

 

•  Can be Made Local by Introducing a New Scalar  
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A Simple Model 
          2004  

Update: Use the EFT and Stress Tensor of  the Trace Anomaly to 
solve the matching problem in the quantum phase boundary layer   
                     (in mean field approximation) 



Conformal Symmetry Near Horizons 

•  An horizon is a null surface, conformal to flat space light 
cone & conformally  invariant 

•  Fields become effectively massless there 

•  The near horizon region is conformal to EAdS3⊗ time 

•  Conformal Anomaly becomes the dominant term in the 
effective action in the near horizon region 

•  Stress Tensor from Sanom determines 〈Tab〉   

•  Stress Tensor is generally singular there 

•  Singular behavior has invariant meaning in terms of anomaly 
scalar degrees(s) of freedom on horizon 

 



Dynamical Vacuum Energy 

•    Conformal part of  the metric, gab = e2σ  gab constrained— 
---frozen– in classical GR, R=4Λ becomes dynamical 
•    Λ itself  is state dependent condensate determined by 

 long distance IR breaking of  Conformal Invariance 
•    Fluctuations of  ϕ~2σ describe conformally invariant phase 

 of  gravity in 4D—likely relevant at BH horizon  
•  Quantum Phase Transition characterized by the ‘melting’  
      of  the scalar condensate Λ  

I. Antoniadis, P. O. Mazur, E. M., N. Jour. Phys. 9, 11 (2007);   JCAP 1209 (2012) 024 
 

Implications for Cosmological Dark Energy  
     and non-Gaussian statistics of  CMB 
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Anomaly Stress Tensor in de Sitter Space 

•  General soln. for ϕ as fn. of  static r and linear in t is 
 

•  Bunch-Davies state has p = 1, q = 0, cH = 1 

 
 
•  This is the soln. for conformal map to flat spacetime  

   ds2= eϕBD (ds2)flat 

•  Otherwise Tab is generally divergent at the static horizon 

         r=H-1    behaving like (1-H2r2)-2 



Conformal Symmetry & de Sitter Horizon 
•  The de Sitter group SO(4,1) has 10 Killing vectors (isometries) 

   ∇aξb
(i)+ ∇b ξa

(i) = 0   ,    i = 1, …, 10 
•  The conformal group of S2 is the Lorentz group SO(3,1) realized 

projectively, includes 3 special conformal transformations 

   
 
•  The 10 isometries of SO(4,1) decompose on the horizon into 

 
•  Any SO(4,1) de Sitter invariant Green’s fn.  becomes SO(3,1) 

conformally invariant on the de Sitter horizon (deS/CFT) eg. 
  

•  Dimension 0 field correlator = logarithm 
 

•  3 rotations 
•  3 conformal transformations (above) x 2 = 6 
•  1 time translation  



New Cosmological Scalar Fluctuations 

•  Anomaly Scalar ϕ solutions are coherent state variations  
•  They are non-Planckian and can occur at any scale k 
•  These are new scalar degrees of freedom in cosmology 
•  In FRW coordinates mode with fixed k red/blueshifts 

•  In static de Sitter coordinates (this t is not FRW t) 
  ds2 = -(1 - H2r2) dt2 + (1 - H2r2)-1 dr2 + r2 dΩ2 

      the modes ~ ln(1 - H2r2) grow large on the horizon 
•  Corresponding stress tensor perturbation 

  <Ta
b> ~ H4 (1 - H2r2)-2 diag (-3, 1, 1, 1) 

 diverges on the horizon, a fluctuation in the temperature 
away from its Hawking-deS value H/2π 



Cosmological Horizon Modes 
 

•  Fluctuations of  quantum fields intrinsic to de Sitter Space 
    induce metric fluctuations on the cosmological horizon, 

 related to the trace anomaly  
•  These metric fluctuations produce scalar gravitational 
  potentials whose difference is a conformal weight w = 0 
       field on the cosmological horizon  

This is the same difference of  potentials produced by 
   adiabatic perturbations in inflation necessary for the 
   observed CMB temperature anisotropies with scale 
    invariant HZ Spectrum 

Arise here from conformally invariant quantum 
  fluctuations on the de Sitter horizon without any ad hoc 
      inflaton field or potential



 Cosmological Scalar Fluctuations 
from the Conformal Anomaly 

•  These are effective quantum scalar degrees of 
      freedom in cosmology 
•  No inflaton or fine tuning of its potential 
•  In static de Sitter coordinates  

 ds2 = -(1 - H2r2) dt2 + (1 - H2r2)-1 dr2 + r2 dΩ2 

      the φ modes ~ ln(1 - H2r2) are large on the horizon 
•  Corresponding stress tensor perturbation 

  <Ta
b> ~ H4 (1 - H2r2)-2 diag (-3, 1, 1, 1) 

 diverges on the horizon, a coherent fluctuation in the 
temperature away from its Hawking-deS value H/2π 



Soln. of Linear Potentials in de Sitter space 

•  For small fluctuations around de Sitter space  
     the linearized Einstein eqs. 

       can be solved in terms of  two scalar potentials 
 
 
 
    the difference of  potentials has a soln. in static coordinates 
 
 
•  Logarithmic behavior as                indicates a weight w=0  
 conformal field just as required for the scale invariant HZ Spectrum 
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ḡij + hij = a2(⇥) (1 + 2�C) �ij + h�
ij

⌥A,⌥C

�C ��A = 8�GH2b�

c1
Hr

ln

✓
1�Hr

1 +Hr

◆
+

c2
Hr

ln f

�

r ! r
H



Conformal Invariance & CMB Power 
•  Correlation Function of  operators with general 
conformal  dimension Δ in flat space is  
 

•  In Fourier space this becomes 

•  Spectral index  ns = 2 Δ - 3  
•  Harrison-Zel’dovich argued that density perturbations 
obey Poisson’s eq.         so Δ = 2  and   

 ns = 1 for CMB <δT (k) δT(-k)> but in general the 
conformal dimension may not equal its classical 
dimension---anomalous dimensions are allowed in CFT 



Non-Gaussianity in CMB 
•  Conformal Invariance also uniquely determines the  

 form of  the bi-spectrum (PRL 79, 14: 1997) 

•  Fourier space: 

     

•  The angular bi-spectrum is completely determined  
 

 

 The shape very different from constant fNL 
•  Magnitude can be searched for/bounded over whole sky data 
•  How can it be calculated in de Sitter space? 



New Horizons in Gravity 
•  Einstein’s Theory receives Quantum Corrections relevant at 

 macroscopic Distances & near Event Horizons 
•  These arise from scalar degree(s) of freedom in the extended 

EFT of Gravity required by the Conformal/Trace Anomaly 
•  At horizons these massless scalar degrees of freedom have 

 macroscopically large effects   
•  Their Fluctuations can induce a Quantum Phase Transition  
          at the horizon of a ‘black hole’ 
•  Λeff is a dynamical condensate which can change in the phase 
         transition & remove ‘black hole’ interior singularity 
•  Gravitational Condensate Stars resolve all ‘black hole’ 

 paradoxes ⇒ New Astrophysics of ‘gravastars’ 
•  The observed dark energy of our Universe itself may be a 

 macroscopic finite size effect whose value depends not on 
microphysics but on the cosmological horizon scale 

•  Prediction for Conformal Non-Gaussian CMB Bispectral Shape 





Relevance of the Trace Anomaly 

•  Expansion of Effective Action in Local  Invariants assumes 
 Decoupling of Short Distance from Long Distance Modes 
•  But Relativistic Particle Creation is Non-Local 

•  Massless Modes do not decouple  
•  Special Non-local Additions to Local EFT 
•  IR  Sensitivity to UV degrees of freedom 
•  QFT Conformal Behavior, Breaking & Bulk Viscosity 
     (analog of conductivity) determined by Anomaly 

•  Blueshift on Horizons " behavior conformal there 
•  Additional Scalar Degree(s) of Freedom in EFT  
      of Gravity allow & predict Dynamics of Λ 



Solns. of Linear Response Eqs. in deS 
•  Homogeneous solutions u=v=0 (variations determined solely by 
δgab) contain no interesting non-Planck scale solutions 

•  Inhomogeneous solutions have non-zero  

   satisfying the second order auxiliary field eqs. 

 

 



New Cosmological Scalar Fluctuations 
•  Inhomogeneous solutions are coherent state variations  
•  They are non-Planckian and can occur at any scale k 
•  These are new scalar degrees of freedom in cosmology 
•  In FRW coordinates each mode with fixed k redshifts ~a-4 

•   In static de Sitter coordinates (this t is not FRW t) 
  ds2 = -(1 - H2r2) dt2 + (1 - H2r2)-1 dr2 + r2 dΩ2 

      the modes u, v ~ (1 - H2r2)-1 grow large on the horizon 
•  Corresponding stress tensor perturbation 

  δ 〈Ta
b〉 ~ H4 (1 - H2r2)-2 diag (-3, 1, 1, 1) 

diverges on the horizon and corresponds to a fluctuation 
in the temperature away from its Hawking-deS value H/2π 



<TJJ> Triangle Amplitude in QED 

        QED in an External EM Field A 
      M. Giannotti & E. M., Phys. Rev. D 79, 045014 (2009) 

 

 
 

 Mass Dimension 2 

 
 
 

•  By current conservation:    pcti
abcd(p,q) = 0 = qdti

abcd(p,q) 
•  All (but one) of these 13 tensors are dimension 4, so dim(Fi) = -2  and 

     Fi are UV Convergent 

ª Tab 

Jc 

Jd 

p 

q 
k = p + q € 

Γabcd (p,q) ≡ d4x∫ d4y∫ eip⋅x+ iq ⋅y
δ 2 Tab (0)

A

δAc (x)δAd (y)
A= 0

•  By Lorentz invariance, can be  
expanded in a complete set of   
13 tensors ti

abcd(p,q), i =1, …13: 
 

Γabcd (p,q) = Σi Fi ti
abcd(p,q) 



<TJJ> Triangle Amplitude in QED 
      Ward Identities 

3.  By stress tensor conservation Ward Identity:   

 
4.  Bose exchange symmetry:         Γabcd (p,q) = Γabdc (q,p)  

  Finally all 13 scalar functions Fi(k2; p2, q2) can be found in terms of  

        finite (IR) Feynman parameter integrals and the polarization, 

   Πab(p) = (p2gab - papb) Π(p2)   
     Γabcd (p,q) = (k2 gab - ka k b) (gcd p•q - qc pd) F1(k2; p2, q2) + … 

   (12 other terms, 11 traceless, and 1 with zero trace when m=0) 

 Result: 

      with      D = (p2 x + q2 y)(1-x-y) + xy k2 + m2 
   UV Regularization Independent 
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I. Antoniadis, P. O. Mazur, E. M., Phys. Rev. D 55 
(1997) 4756, 4770; 

Phys. Rev. Lett. 79 (1997) 14  



Dynamical Vacuum Energy  

•    Conformal part of  the metric,     gab = e2σ  gab   
      constrained --frozen--by trace of  Einstein’s eq. R=4Λ 
       becomes dynamical and can fluctuate due to ϕ  

•    Fluctuations of  ϕ ~2σ describe a conformally invariant   
        phase of  gravity in 4D 

•    In this conformal phase G-1 and Λ flow to zero fixed point 
•    The Quantum Phase Transition to this phase characterized 

 by the ‘melting’ of  the scalar condensate Λ  
•    Λ a dynamical state dependent condensate generated by  

 SSB of  global Conformal Invariance 

_ 

I. Antoniadis, E. M., Phys. Rev. D45 (1992) 2013; 
I. Antoniadis, P. O. Mazur, E. M., Phys. Rev. D 55 (1997) 4756, 4770; 

Phys. Rev. Lett. 79 (1997) 14; Phys. Lett. B444 (1998), 284; N. Jour. Phys. 9, 11 (2007) 



Instability of de Sitter O(4,1) CTBD State 
•  Consider general O(4) invariant state 
 

•  Energy Density of  this state compared to CTBD 

•  Starts infinitely small, blueshifted to large values for large K 

•  Becomes of  order of  the Background Energy Density at  
 

•  O(4,1) de Sitter invariance is broken 

•  Quantum Backreaction must be taken into account 

•  Physical Momentum Scale 

•  Interesting interplay of  IR and UV physics " Anomaly 
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Quantum Effects in de Sitter Space 

•  Particle Creation & Backreaction 
 Compare to ‘Cosmological Electric Field Problem’ 
  ‘Shorting’ the vacuum 

•  Hawking Temperature Instability 
 Compare to Schwarzschild Black Hole 
  Negative Heat Capacity 

•  Graviton Propagator behaves logarithmically 
  No Cluster Decomposition, S-Matrix 

•  Non-trivial Infrared Properties 
•  Infrared Relevant Operator Missing in Einstein Theory? 
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Cosmological Constant Electric  
Field Problem 

•  Sourcefree Maxwell’s Eqs. admit a 
     solution of  a constant, uniform  

    Electric Field 

•  All electric fields in Nature are 
 associated with localized sources 

•  Why do we not observe some very  
  large E in an arbitrary direction 

 

Answer: ‘Vacuum’ in electric field is 
   Unstable to Particle Creation  

 

@ ~E

@t
= 0

~r · ~E = 0

~E = E ẑ



Trace Anomaly as Source of CMB 

             is the Stress Tensor of  Conformal Matter 
•   Trace <Ta

a> is a sum of  Geometric Invariants 

  E4= Rabcd
2 – 4Rab

2 + R2     F4= Rabcd
2 – 2Rab

2 + 3 R2 
•   No local effective action in terms of  curvature tensor 
        But there exists a non-local effective action 

  which can be rendered local in terms of   
      new scalar degree(s) of  freedom 

•   Macroscopic Quantum Modification of  Gravity 

•   Anomaly Scalar Fluctuations can be source of  CMB 

< Ta
a>= b F4

 + b’ (E4 -  3  !R ) + b’’!R  2

hTabi

2



 Cosmological Scalar Fluctuations 
from the Conformal Anomaly 

•  Inhomogeneous solutions are coherent state variations  
•  Can occur at any scale k but couple at horizon 
•  These are effective quantum scalar degrees of 
      freedom in cosmology 
•  No inflaton or fine tuning of its potential 
•  In static de Sitter coordinates  

 ds2 = -(1 - H2r2) dt2 + (1 - H2r2)-1 dr2 + r2 dΩ2 

      the φ modes ~ ln(1 - H2r2) are large on the horizon 
•  Corresponding stress tensor perturbation 

  <Ta
b> ~ H4 (1 - H2r2)-2 diag (-3, 1, 1, 1) 

 diverges on the horizon, a coherent fluctuation in the 
temperature away from its Hawking-deS value H/2π 



Linear Response in de Sitter space 

•  For small fluctuations around de Sitter space  
     the linearized Einstein eqs. 

       can be solved in terms of  two scalar potentials 
 
 
 
    the difference of  potentials has a soln. in static coordinates 
 
 
•  Logarithmic behavior as                indicates a weight w=0  
 conformal field just as required for the scale invariant HZ Spectrum 
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Latest Report from the Front of  ‘Black Hole 
Wars’ 

Zeeya Merali

NATURE  | NEWS FEATURE

Astrophysics: Fire in the hole!
Will an astronaut who falls into a black hole be crushed or burned to a crisp?

03 April 2013 Corrected: 05 April 2013

In March 2012, Joseph Polchinski began to contemplate suicide — at least in mathematical form. A
string theorist at the Kavli Institute for Theoretical Physics in Santa Barbara, California, Polchinski was
pondering what would happen to an astronaut who dived into a black hole. Obviously, he would die.
But how?

According to the then-accepted account, he wouldn’t feel anything special at first, even when his fall
took him through the black hole’s event horizon: the invisible boundary beyond which nothing can

ANDY POTTS

Astrophysics: Fire in the hole! : Nature News & Comment http://www.nature.com/news/astrophysics-fire-in-the-hole-1.12726

1 of 15 4/26/13 4:05 AM

 ~60 ‘Firewall’ papers in 
last year arguing about 
mutual inconsistency of: 
•  Hawking radiation is in a 
pure state (QM: unitarity) 
•  information carried by 
radiation in low-energy EFT 
•  Nothing happens at the 
horizon to infalling observer 

“Proof” by contradiction,  
many assumptions but still 

doesn’t tell you what actually  
happens c.f. (Aug. ‘13) 

http://online.kitp.ucsb.edu/
online/fuzzorfire_m13/   



Crisis in Foundations of  Physics ?! 

30 April 2013 Physics Today www.physicstoday.org

B
lack holes are perhaps the most profoundly
mysterious objects in the universe. We have
excellent evidence that they exist—even
that they are ubiquitous throughout the
cosmos. But their very existence threatens

to overthrow the current foundations of physics,
specifically locality and the fundamental role of
spacetime. This radical conclusion follows from a
question a child could ask (and many readers prob-
ably did ask as children): What happens to stuff
thrown into a black hole?

Our best gravity theories—general relativity
and modifications of it—predict black holes, and ev-
idence for them has grown steadily. The effects of
black holes are particularly prominent on galactic
scales. They appear to be central engines in many
galaxies, creating spectacular phenomena such as ac-
tive galactic nuclei, quasars, and massive jets that
span hundreds of thousands of light-years and con-
tain more than a million solar masses of material. (See
the article by Jon Miller and Chris Reynolds in
PHYSICS TODAY, August 2007, page 42.) Evidence has
also accumulated for their role in galaxy formation,

and astrophysicists estimate that most galaxies har-
bor a central black hole. The best evidence comes
from our own galaxy, which hosts a central object of
4 million solar masses. Beautiful work imaging stellar
orbits has constrained the object size to no more than
1000 times the expected radius of a black hole (see
PHYSICS TODAY, February 2003, page 19); the near fu-
ture should see direct imaging reach down to the
black hole radius. We have no plausible description
of such objects as anything other than black holes.

Observations may speak strongly in favor of
black holes, but the theoretical framework of quan-
tum field theory offers no consistent explanation 
for those remarkable objects. Our understanding of
them may guide a new approach to the foundations
of physics.

A penetrating thought experiment
The basic notion of a black hole is simple enough to
fascinate schoolchildren: It is an object whose es-
cape velocity exceeds the speed of light c. The idea
goes back to natural scientist and Anglican rector
John Michell, who in 1783 observed that an object
with the density of the Sun but 500 times its radius
would be a black hole. The nonrelativistic Newton-
ian equations he used give the correct relativistic

Black holes, quantum 
information, and the

Quantum mechanics teaches that black holes evaporate by radiating particles—
a lesson indicating that at least one pillar of modern physics must fall.

Steve Giddings is a professor of physics at the University
of California, Santa Barbara.
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basic conflict among foundational physical princi-
ples. Those include quantum mechanics, specifi-
cally its unitary evolution; Lorentz invariance and
its generalization, local frame independence; and 
locality. Those principles imply that nature is de-
scribed by QFT; the generalization with local frame
independence underlies QFT’s extension to general
relativity and curved spacetime. 

Such a basic conflict among principles signals
that one or more must be modified. Among them, 
locality seems the least robust in a quantum descrip-
tion of gravity. Attempts to modify the others have
typically foundered on the shoals of inconsistency
and conflict with experiment. Although locality in
QFT is closely linked with causality and thus consis-
tency, locality is difficult to formulate precisely in a
theory of gravity. Whichever principles require mod-
ification, if information does indeed escape a black
hole, the laws of physics operate in an unfamiliar
and novel way.

An answer from string theory?
One approach to the information problem has been
to seek appropriate modifications in an existing
framework. A leading contender is string theory,
which has had success in addressing the problem of
nonrenormalizability and limited success in resolv-
ing singularities. String theory modifies locality in
two ways. First, strings are extended, not pointlike.
The second modification is via holography.8

Various theorists have suggested that strings’
extended nature could facilitate information escape,
for example, because high- energy collisions would
excite extended strings.9 But closer examination has
found that strings behave a lot like particles when
forming black holes and has not supported a reso-
lution via extendedness.

Holography is the idea that a gravity theory in
a bulk region has an equivalent description in terms
of a QFT confined to the region’s boundary (see the
article by Igor Klebanov and Juan Maldacena,
PHYSICS TODAY, January 2009, page 28). In principle,
the unitary boundary theory should provide a uni-

tary bulk description of black hole formation and
evaporation. But here, too, the devil is in the details.
One needs a sufficiently detailed dictionary connect-
ing bulk and boundary theories that, for example,
could provide the S-matrix on scales that are small
compared with the bulk curvature radius. Theorists
have not yet been able to find such a detailed dic-
tionary and have encountered obstacles to deriving
a fine- grained description of the bulk gravity theory.

Holography is commonly associated with the
idea of complementarity,8 which proposes that ob-
servables inside and outside a black hole are com-
plementary in analogy to Bohr’s complementarity
of variables like position and momentum in quan-
tum mechanics. The result would be that inside and
outside observations can’t be simultaneously dis-
cussed in a common physical description. If comple-
mentarity were correct, it would likewise represent
a radical departure from local QFT.

Modifying locality
In 1992, even before holography and complementar-
ity, I proposed the possibility of a resolution in which
some new, nonlocal physics relays information from
inside a black hole to outside the horizon. I considered
a scenario, involving what were called massive rem-
nants, in which an initial black hole transitions to a new
kind of object with information-carrying states and 
an interface outside the would-be horizon; figure 4 
illustrates the concept. The massive remnant can 
interact with the outside world or decay, and by either
process return any missing information. The massive-
remnant scenario does not respect locality, at least
with respect to the semiclassical spacetime geometry
of the evaporating black hole: The object’s surface
must expand from near the center of the black hole to
outside the horizon and thus move faster than light.

Over the past couple of decades, theorists have
devised various specific realizations of the basic
massive-remnant scenario. One is the fuzzball,10 in
which string-theory excitations describe states of

34 April 2013 Physics Today www.physicstoday.org

Black holes

Figure 4. Massive-remnant scenarios
are nonlocal. In these models, a black
hole transitions to a massive object
whose surface lies outside, or possibly
at, the location of what would be the
horizon (dashed lines on either side of
the origin). In this illustration, the black
hole is formed from the collision of
two particles (black lines). To reach the
horizon, the surface must propagate
faster than the speed of light, which
violates the locality of quantum field
theory. An infalling observer encoun-
ters the remnant surface at a high 
velocity—compare falling into a 
neutron star—and, barring a miracle,
experiences strong disruption. Variants
of this general scenario include so-
called fuzzballs and firewalls.

r = 0 singularity

Outgoing
Hawking
particle

Ingoing
Hawking
partner
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Figure 3. In the geometry of a black hole,
Stephen Hawking discovered, vacuum fluctuations
near the horizon (vertical dashed line) get pulled
apart and turn into outgoing particles that escape
from the black hole and partner excitations that fall
into the singularity at radius r = 0. Outside and 
inside excitations have quantum correlations, and
the outside state is missing quantum information
corresponding to the inside state.
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Faster than Light Propagation ? 

Desperate conditions 
demand desperate  
       measures ?! 


