
Classical de Sitter Spacetime
• Maximally Symmetric Soln. to Einstein’s Eqs. with a

Positive Cosmological Constant (Vacuum Energy)

            Gab+ Λ gab = 0
• Symmetry Group is O(4,1): Hyperboloid of Revolution in D=5 flat spacetime

ds2 = -dT2 + dW2 + dX2 + dY2 + dZ2         with fixed ‘radius’

    -T2 + W2 + X2 + Y2 + Z2 = H-2    H2 = Λ/3
• Line Element in with closed S3 spatial sections: globally complete

ds2 =  H-2 sec2η (-dη2 + dχ2 + sin2χ dΩ2)
• Line Element in FLRW form (flat spatial sections, proper time): inflation

ds2 = -dτ2 + e2Hτ (dx2 + dy2 + dz2)       Scale Factor: a(τ) = eHτ

• Line Element in Static Coordinates: de Sitter’s original form

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

      rH = 1/H      is the Hubble-de Sitter horizon scale
All the same de Sitter spacetime (or parts thereof) described in different coordinates



Classical de Sitter Hyperboloid
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Classical de Sitter Hyperboloid

Flat sectionsττ = const. = const.

ττ =+ =+∞∞



Classical de Sitter Hyperboloid

Static sections

   r=rH



Classical de Sitter Spacetime:
Carter-Penrose Conformal Digram
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Quantum Effects in de Sitter Space

• Quantum ‘Vacuum’ is non-trivial
Spontaneous Particle Creation (‘84)
Decay Rate: Γ ~ H4 exp(-m/TH) TH  = H/2π

for massive fields
• Compare to Schwinger Effect: ‘Shorting’ the vacuum

 Γ ~ (eE)2 exp(-m2/eE)
• Backreaction should decrease H

• Maximally Symmetric O(4,1) Bunch-Davies State has
exact time reversal symmetry -- thermodynamic equilibrium

     but negative heat capacity (‘85)
       unstable to thermodynamic fluctuations

(compare to black hole)
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Quantum Effects in de Sitter Space

•• Temperature Fluctuations lead to Temperature Fluctuations lead to divergent divergent stress tensorstress tensor

onon  the horizon:     the horizon:       〈〈TTaa
bb〉〉 ~ (T ~ (T4 4 - T- THH

44)/(1-H)/(1-H22rr22))22

•• Infinite Infinite BlueShift BlueShift (again)(again)

•• No No O(4,1)O(4,1) Bunch-Davies Thermal State at all Bunch-Davies Thermal State at all

for for masslessmassless, minimally, minimally  coupled fields or gravitonscoupled fields or gravitons

•• Graviton Propagator grows Graviton Propagator grows logarithmicallylogarithmically with distance with distance

No Cluster Decomposition, S-MatrixNo Cluster Decomposition, S-Matrix

•• Global Symmetry Restoration: No Goldstone BosonsGlobal Symmetry Restoration: No Goldstone Bosons

Similar to Similar to Massless Massless Scalar Theory in D=2Scalar Theory in D=2

•• Non-trivial Infrared PropertiesNon-trivial Infrared Properties

•• Infrared Relevant Operator Missing in EFT of Gravity?Infrared Relevant Operator Missing in EFT of Gravity?    ((yesyes))



I. Antoniadis, P. O. Mazur, E. M., Phys. Rev. D 55 (1997) 4756, 4770;
Phys. Rev. Lett. 79 (1997) 14



     

Auxiliary ϕ,ψ

Fluctuating ϕ,ψ

Implication: Vacuum Energy is Dynamical





A Macroscopic Quantum EffectA Macroscopic Quantum Effect



Realizes idea of A. Sakharov, Ya. Zel’dovich, E. Gliner



A Simple ModelA Simple Model
          2004          2004

Planned: Use the EFT and Stress Tensor of the Trace Anomaly toPlanned: Use the EFT and Stress Tensor of the Trace Anomaly to
solve the matching problem in the quantum phase boundary layersolve the matching problem in the quantum phase boundary layer

    (mean field approximation of auxiliary fields)(mean field approximation of auxiliary fields)

       A Solution to Einstein’s Eqs.









Analog to BEC quantum transition near the classical horizon

 Proc. Natl. Acad. Sci., 101,  9545 (2004)





Cosmological Horizon ModesCosmological Horizon Modes
(w. P. R. Anderson & C. Molina-Paris LA-UR-09-01895)(w. P. R. Anderson & C. Molina-Paris LA-UR-09-01895)

• Variation of 〈Tµν〉 in de Sitter space contains contributions
from Sanom of scalar auxiliary fields ϕ, ψ

• Additional massless scalar degrees of freedom in cosmology
• The relevant scalar modes satisfy second order wave eqs.

(“Inflaton without inflaton”)
• Couple weakly to the metric with strength GNH2 << 1

• But grow significant close to the de Sitter horizon rH = H-1

• Becomes of order of classical Rt
t = 3H2 at a proper distance from rH

       “Healing Length”

• Same as proper distance outside the Schwarzschild horizon



New Horizons in GravityNew Horizons in Gravity

•• EinsteinEinstein’’s Theory receives Quantum Corrections relevant ats Theory receives Quantum Corrections relevant at
macroscopicmacroscopic Distances & near Event Horizons Distances & near Event Horizons

•• These arise from These arise from new scalar degrees of freedomnew scalar degrees of freedom in the  in the extendedextended
EFT of GravityEFT of Gravity required by the  required by the Conformal/Trace AnomalyConformal/Trace Anomaly

•• At horizons these At horizons these massless massless scalar degrees of freedom havescalar degrees of freedom have
macroscopically large effectsmacroscopically large effects

•• Their Fluctuations can induce a Their Fluctuations can induce a Quantum Phase TransitionQuantum Phase Transition
at the horizon of a at the horizon of a ‘‘black holeblack hole’’

•• ΛΛeffeff  is a is a dynamical condensate dynamical condensate which can change in which can change in thethe phase phase
transition & remove transition & remove ‘‘black holeblack hole’’ interior singularity interior singularity

•• Gravitational Condensate StarsGravitational Condensate Stars  resolve all resolve all ‘‘black holeblack hole’’  
paradoxesparadoxes  ⇒⇒  New Astrophysics of New Astrophysics of ‘‘gravastarsgravastars’’  testabletestable

•• The observed dark energy of our Universe itself may be aThe observed dark energy of our Universe itself may be a
macroscopic finite size effectmacroscopic finite size effect whose value depends not  whose value depends not onon
microphysics microphysics but on the but on the cosmological horizon scalecosmological horizon scale


