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Quantum fields in curved spacetime
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T μν=(ϵ + p)uμuν− pgμν

ds2=dt 2−a2(t )(dx2+dy2+dz2) State of local 
thermodynamic equilibrium

ρ̂ =Z−1 exp[−Ĥ (t0)/T (t0)]

ϕ̂=∫ d3 k ( âk vk e
iω k t+c . c), v ' 'k+Ωk

2 vk=0

Fluid in an 
expanding universe

RWF metric;

Perfect fluid;

energy 
density

pressure

         Classical           
  free-streaming

p∝a−5(t )

ϵ ∝mN a−3(t )

Boltzmann 
approach

Equation of state

W= pϵ , W≥0

Quantum theory

LTE density 
operator

⟨ T̂μ ν ⟩=Tr [ ρ̂ T̂ μν ]−⟨0|T̂ μν|0 ⟩

Matter as a 
quantum 
field

depends on a(t) 
and its
 derivatives

Free equation
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Energy density is 
enanched
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become negative

Quantum 
effects

Caveat

H≫m
H (t0)≫√mT (t0)
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