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Spacetime foam as a quantum thermal bath gr-qc/9801024 PRL 80 (23 March 1998)



Luis J. Garay IMAFF, CSIC



Summary • Quantum gravity and minimum length • Spacetime foam: non-local interactions • From non-local to local: master equation • Quantum thermal bath diffusion, damping, Lamb, Stark . . . • Virtual black holes and wormholes
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Quantum gravity and



minimum length 2



Quantum mechanics ∆x∆p ≥ 1



Special relativity v≤1



⇓



Gravity R=T m /x ¨ = Γx˙ 2



⇓



⇓ ⇓



QFT If ∆x ≤ 1/E, then ∆E ≥ E Multiparticle



⇓



⇓ Gravitational size: 2 / l∗2E



Compton size: 1/E



⇓



⇓



Size: max(1/E, l∗2E)



⇓ Minimum size: l∗ Planck’s length



We are not considering the uncertainties of the sources of the gravitational field



Units: ¯ h = c√= 1 l∗ = G 1 = 2 = π = ··· 3



• Microscope thought experiments • Lattice quantum gravity • Path integral • Measurements of the gravitational field • Loop representation, spin networks • Black holes, information paradox • Non-commutative geometry • Topology fluctuations • Strings, M-theory • Quantum cosmology • ...



ljg, Int. J. Mod. Phys. A10 (1995) 145
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Conclusion • The existence of a lower bound to the uncertainty of any output of a position measurement, a fundamental scale, seems to be a model-independent feature of quantum gravity. • It is due to: • The uncertainty principle • The speed of light is constant and finite • The “equivalence” principle
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Minimum length ⇓



Non-local interactions 6



• Substitute spacetime foam (resolution limit, topology fluctuations, etc.) • by a fixed background metric • plus low-energy fields that suffer non-local interactions that relate spacetime points that are sufficiently close in the effective background, where a well-defined notion of distance exists. • Write these non-local interactions in terms of bilocal, trilocal . . . interactions • Assume global hyperbolicity of the background spacetime: 3 + 1 foliation, Hamiltonian formulation • For simplicity, will be regarded as flat
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• Basis of local interactions hi[t] dim(φ) = length−(1+s) , dim(h) = length−4



2n(1+s)−4 l∗ [φ(x, t)]2n [Notation: i ≡ (i, x),



ai b



i



≡



R



dxai (x)bi (x)]



• Euclidean action: Iint = I1 + I2 + I3 + · · · Z 1 IN = dt1 · · · dtN ci1···iN (t1 . . . tN )hi1 [t1] · · · hiN [tN ]. N! • ci1···iN (t1 . . . tN ): • Are dimensionless functions • Depend only on relative spacetime positions and not on the location of the gravitational fluctuation itself: diffeomorphism invariance (at low-energy), conservation of energy and momentum • Vanish for relative spacetime distances larger than the length scale r of the gravitational fluctuations • Are related to the intensity of the interaction
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• I1 =



Z



ci(t)hi[t]



• Diffeomorphisms ⇒ ∂ci(t) = 0 • ci are constants that can be absorbed in the bare couplings • Low-energy length scale: l φ ∼ l−(1+s),



h ∼ l∗−4(l∗/l)2n(1+s)



We consider only Scalar fields Mass term



s=0 n=1



• IN ∼ N (l/r)4  = e−S(r)/2(r/l∗)4(l/l∗)−2 • Weak-coupling approximation   1 We ignore terms of the order O(3)
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• Partition function Z=



Z



Dφ e−I0+Iint



• I0: bare low-energy action for the scalar field Z 1 • Iint = dtdt0 cij (t − t0)hi[t]hj [t0] 2 • Correlation function cij (t − t0) • cij (t − t0) ∼ e−S(r) • Depends only on



q



(xi − xj )2 ± (t − t0)2



• Is concentrated within a spacetime region of size r
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Non-locality in time



⇓ Non-unitary evolution φ and φ˙ at t are not sufficient in order to know φ and φ˙ at t + ε The history of the system is necessary The system cannot possess a well-defined Hamiltonian vector field



⇓



⇓



Intrinsic loss of predictability 11



From non-local to local: Master equation 12



• e



h2 /2



=



Z



dαe



−α2 /2



e−αh ⇐



Z



2 dαe−(α+h) /2 = 1



• In our case, eIint ∼



Z



Dαe



−1 2



R



dtdt0 γij (t−t0 )αi (t)αj (t0 ) − e



R



dtαi (t)hi [t]



γ: inverse of c • Partition function: Z=



Z



2 /2 −γα Z[α] Dαe



Gaussian average



• Correlation function [ignoring O(3), O(r/l)] hαi(t)αj (t0)i = cij (t − t0),



hαi(t)i = 0



• The loss of “Hamiltonian information” in the bilocal interactions is reflected in the indetermination of α • α is a random spacetime function subject to a Gaussian distribution
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• For each α, we have Hamiltonian evolution: Hα(t) = H0[t] + αi(t)hi[t], ρ˙α = −i[H0, ρα] − iαi[hi, ρα] Weak coupling: ρα = ρ+O(α)



O(2) ?



• Integrate this equation between 0 and t with two iterations (in the interaction picture) and differentiate the result • Gaussian average over α • Second order in the parameter  • Markov approximation: ρ(t + r) ∼ ρ(t) • Back to the Schr¨ odinger picture • Zeroth order in r/l • Result: master equation ρ˙ =−i[H0, ρ]− Hamiltonian evolution



Z ∞ 0



ii h h ij dτ c (τ ) hi, hj , ρ



Diffusion, loss of coherence increase of entropy
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Estimation of the size of the diffusion operator Z ∞ 0



h h ii ij dτ c (τ ) hi, hj , · h



h ∼ φ2n s



for each spin s and power 2n Diffusion/decoherence time:



 −4  4n(1+s)−4 τd r l S(r) ∼e l l∗ l∗



n = 1, s = 0 (mass of scalars)



 −4 τd r S(r) ∼e l l∗



————O———— Up to now, α is a classical noise source,



but . . .
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i



Quantum thermal bath 16



• Let us consider the Hamiltonian H = H0 + Hint + Hb



• Low-energy fields: H0 • Bath: Hb • Interaction: Hint = ξ ihi Z √ i ξ i(t) = i dk ωχ(ω)[a+(k)ei(ωt−kx ) − h.c.] = χij pj (t), where χij =



Z



dkχ(ω) cos[k(xi − xj )]



• Noise commutation relations [ξ i(t), ξ j (t0)] =c − number • “Commutative noise representation” α ¯:



1 [ξ i (t), ρ(t0 )] α ¯i(t)ρ(t0) ≡ 2 +
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• Commutation relations for α ¯ [¯ αi(t), α ¯j (t0)] = 0 [Ai(t), α ¯j (t0)] =



Z t 0



dτ [Ai(t), hk (τ )]f˙jk (t0 − τ )



f ij (τ ) is determined by the coupling χ(ω) it is a memory function



• If we assume that the bath is in a thermal state ρb = Z −1e−Hb/T with a temperature T , then hQi ≡ Trb(Qρb) corresponds Gaussian average over α ¯ with



to



a



h¯ αi(t)¯ αj (t0)i ≡ ¯ cij (t − t0), where ¯ cij (τ ) is determined by the coupling χ(ω) and the temperature T
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Explicit relations:



sin ω|xi − xj | ij 2 • G (ω) = χ(ω) ω|xi − xj | 1



• N (ω) = ω/T e −1



• f ij (τ ) =



• ¯ cij (τ ) =



Z ∞ 0



Z ∞ 0



dωω 2Gij (ω) cos ωτ



dωω 3Gij (ω)[N (ω) + 1/2] cos ωτ,
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• Master equation valid up to • second order in the parameter ¯  = O(hiα ¯iτα ¯)



√ α ¯∼ ¯ c τα ¯ ∼ 1/T (thermal correlation time) • zeroth order in τα ¯/l: ρ˙ =−i[H0, ρ]−



Z ∞ 0



h h ii ij dτ¯ c (τ ) hi, hj , ρ



• Identify α ¯ ≡ α + O(r/l) • ¯ c ≡ c,



1/T ∼ τα ¯ ∼ r ⇒ T ∼ 1/r



• ¯  = ,



τα ¯/l = r/l



• c ↔ χ(ω)



Zeroth order in r/l



⇒



⇒ Classical noise 20



• Quantum effects Weak coupling ⇒ O(2) Second orders in r/l • Master equation • [H0, ρ] •



Z ∞ 0







h



˙ j (τ ), ρ dτ f ij (τ ) hi, h



• Lamb1 •



0



i 



2l−1



+



(δ)



(r/l)1



(P P )



(r/l)2



• Damping Z ∞



l−1



bare evolution



h h ii ij dτ¯ c (τ ) hi, hj , ρ



2l−1



• Diffusion



T 6= 0



(δ)



(r/l)0



• Diffusion



T =0



(δ)



(r/l)1



• Stark



T 6= 0



(P P )



(r/l)1



• Lamb2



T =0



(P P )



(r/l)2



Z ∞ 0



dτ eiωτ = πδ(ω) + P P (i/ω)
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• Virtual black holes • Simply connected, (S 2 × S 2 − {p}) • Effective interactions: hi[t] Everything applies



• Dilute wormholes • Multiply connected, (R3 × S 1) • Two far apart insertions Diffeomorphisms ⇒ cij (6 t, 6 t0) i.e. ∂cij = 0 • Infinite correlation length • α Gaussian (weak coupling) but global, spacetime independent • No diffusion, unitarity
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Quantum mechanics with



real clocks I. Egusquiza, J.M. Raya, ljg
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• Real clock vs. “Schr¨ odinger clock” • Even the best real clocks have uncertainties of classical and/or quantum origin • Probability distribution for the relation between the real clock and the “Schr¨ odinger” one • Depends on the model for the real clock • O[(r/l)0]: classical effects Higher orders in r/l: quantum effects • Note that r/l  1, i.e., we have a very good real clock • hi → H • Quantum mechanics with a real clock implies • Master equation, diffusion . . . • Effective thermal bath • Effective non-local (in time) interactions
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(at low-energy), conservation of energy and momentum. â€¢ Vanish for relative spacetime distances larger than the length scale r of the gravitational fluctuations. 
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