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Decoherence and master equations

Liouville-von Neumann equation

∂ρ(t)
∂t

= −i[H(t), ρ(t)]

Open quantum system1: master equation

∂ρS(t)
∂t

= −i[HS(t)+Hadd(t), ρS(t)]+D[ρS(t)]

1e.g. [Breuer, Petruccione 2002]
Related to QG: e.g. [Feller, Livine 2017]; [Gambini, Pullin 2020]
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Decoherence and master equations

• Time evolution of open quantum systems: master equation

∂ρS(t)
∂t

= −i[HS(t)+Hadd(t), ρS(t)]+D[ρS(t)]

• Task: Determine red quantities for gravity as environment
◦ Bottom-Up approaches2: Postulate specific form (Lindblad, ...)
◦ Top-Down approaches3: Derive master equation from total action

• Long term aim: Investigate gravitationally induced decoherence effects on neutrino
oscillations (ECAP)

• Physical setup:
◦ Non-linear action: S = SEH [AI

a, Eb
J ] + SΦi

[Φi, Πj, AI
a, Eb

J ] + BT [AI
a, Eb

J ]
◦ Weak coupling =⇒ linearised gravity, gravitational waves

2[Ellis, Lopez, Mavromatos, Nanopoulos 1996]; [Benatti, Floreanini 1999]; [Lisi, Marrone, Montanino 2000]; [Guzzo, de Holanda, Oliveira 2016]; [Gomes,
Forero, Guzzo, de Holanda, Oliveira 2019]; ...

3[Anastopoulos, Hu 2013]; [Blencowe 2013]; [Oniga, Wang 2016]; [Lagouvardos, Anastopoulos 2021]; [Asprea 2021]; ...
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Linearised gravity in Ashtekar
variables

Linearisation around Minkowski spacetime

• Gravity4: AI
a = 0 + κ δAI

a Eb
J = δb

J + κ δEb
J

• Matter: Post-Minkowski approximation5

Manifest gauge-invariant formulation

GR gauge theory =⇒ for physical predictions: gauge fix or construct gauge
invariant formulation

Main steps for the latter:
• Construct Dirac observables in perturbation theory using relational formalism6

• Establish canonical transformation to split phase space into physical and gauge part
• Perform reduced phase-space quantisation for the physical part of the phase space

4[Ashtekar, Rovelli, Smolin 1991]; [Varadarajan 2002]; [Dittrich, Thiemann 2006]
5e.g. [Poisson, Will 2014]
6[Rovelli 1991]; [Rovelli 2002]; [Dittrich 2006]; [Dittrich 2007]; [Dittrich, Tambornino 2007]

FAU Erlangen-Nürnberg Max Joseph Fahn 4/8



Towards a master equation for a
scalar field in Fock quantisation

Liouville-von Neumann equation:

∂ρ(t)
∂t

= −i[H(t), ρ(t)] lives on Htot = HS ⊗ HE

Projection operator technique7

• Trace out gravitational environment
• Additional assumptions: separability of ρ at the initial time; Gibbs state for

environment; only interested in short time intervals

Time-convolutionless quantum master equation:

∂

∂t
ρS(t) = − i[HS + κ HSI − κ HLS, ρS(t)] + D[ρS(t)] lives on HS

7[Nakajima 1958]; [Zwanzig 1960]; [Shibata, Takahashi, Hashitsume 1977]; [Chaturvedi, Shibata 1979]
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Time-convolutionless master
equation

Time-convolutionless quantum master equation

Form for the full scalar field:

∂

∂t
ρS(t) = − i[HS + κ HSI − κ HLS, ρS(t)] + D[ρS(t)]

with

D[ρS(t)] := κ
2
∫

d3k d3p d3l
∑
r;a,b

Rab(p⃗, l⃗; k⃗, t) ·
(

jb
r(k⃗, l⃗)ρS(t)ja

r (k⃗, p⃗)† − 1
2

{
ja

r (k⃗, p⃗)†jb
r(k⃗, l⃗), ρS(t)

})

Conclusions

• Form of red quantities determined (Top-Down approach)
• Validity of the master equation investigated; not yet Lindblad form
• Physical predictions like decoherence still complicated; consider projection on the

one-particle case (work in progress)
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Comparison to other Top-Down master equations

• Ashtekar variables =⇒ Loop quantisation possible
• Gauge-invariant formulation; choice of clocks affects form of the master equation
• Detailed comparison with [Oniga, Wang 2016], [Anastopoulos, Hu 2013] and

[Lagouvardos, Anastopoulos 2021]
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Thank you!

Thank you for your attention!

A gravitationally induced decoherence model using Ashtekar variables
Max Joseph Fahn, Kristina Giesel, Michael Kobler

arXiv:2206.06397
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