
Gravitational decoherence: a general non relativistic
model

Lorenzo Asprea

Trieste junior quantum days - ICTP, Adriatico building

26th July 2019

Lorenzo Asprea (UNITS) Gravitational decoherence 26th July 2019 1 / 17



Motivation

New GWs detectors

Test for non minimal coupling

Test for properties of gravitational background

Test for nature of gravity

0Credit: University of Florida / S. Barke
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Outlook

Decoherence

GWs and matter dynamics: phase accumulation effect

Phase accumulation and decoherence

State of the art: literature and open issues

Our model

What is left to do and can be done
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Decoherence

ψ(x , y , 0) = (α(x,y ,0)+β(x,y ,0))√
2

⊗χ(x , y , 0)

ψ(x , y , t) = 1√
2

(
α(x , y , t)⊗χα(x , y , t)+

+β(x , y , t)⊗ χβ(x , y , t)
)

ρs(x , y , t) = 〈x |TrE [|ψ(t)〉〈ψ(t)|]|y〉
= 〈χα(t)|ρψ(x , y , t)|χα(t)〉+ 〈χβ(t)|ρψ(x , y , t)|χβ(t)〉
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Decoherence

ρs(x , y , t) =〈x |TrE [|ψ(t)〉〈ψ(t)|]|y〉

=
1

2

(
1 α∗(x , y , t)β(x , y , t)〈χα(t)|χβ(t)〉

β∗(x , y , t)α(x , y , t)〈χβ(t)|χα(t)〉 1

)

t = 0 t > 0

ρs(x , y , t � 1) ∼ 1

2

(
1 0
0 1

)
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Gravitational waves and matter dynamics

KG equation: gµν∇µ∂νψ − m2c2

h̄2 ψ = 0

WKB approximation:ψ(x) = e iφ(x)/h̄

⇒ gµν∂µφ∂νφ = m2c2

h̄2 φ

weak field gµν = ηµν + hµν , hµν � 1

long λgw (pointlike wavefunction)

expand φ(x) in powers of hµν :
φ(x) = φ(0)(x) + φ(1)(x)

Phase accumulation equation

dφ(1)

dτ
=

1

2h̄2
hµνp

µpν
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Phase accumulation and decoherence

ψ(x , 0) = (α(x ,0)+β(x ,0))√
2

Hint = V (x , η)

Aharonov Bohm effect: phase
accumulation in external potential

ϕ(η) = −
∫
dtV (x̄(t), η)

ψ(x , t) = (α(x ,t)+e iϕ(η)β(x ,t))√
2

ρs = 1
2

(
|α(x̄ , t)|2 α∗(x̄ , t)β(x̄ , t)E[e iϕ(η)]

β∗(x̄ , t)α(x̄ , t)E[e−iϕ(η)] |β(x̄ , t)|2

)
Uncorrelated events: E[Hint(x(t))Hint(x(t ′))]→ 0

E[e iϕ] = e iE[ϕ]− 1
2
E[δϕ2] δϕ = ϕ− E[ϕ]
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Literature and open issues

Scalar bosonic matter only

Non lab gauge choices

Assumptions on the size on GWs (short or long waves)

Brute force non relativistic limit

Different predictions: decoherence in position vs momentum
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Our model

arXiv:1905.01121 [quant-ph]

Deal with scalar bosons

Expand the action around flat spacetime to get the EOM assuming
no effect on measuring device (lab gauge choice)

No unnecessary preliminary assumptions on the size of the GWs

Non relativistic limit: Foldy-Wouthuysen transformation

Single particle Hamiltonian

Ĥ ' p̂2

2m + mc2 h00(t,x̂)
2 + 1

2h00(t, x̂) p̂2

2m + 1
2mhij(t, x̂)p̂i p̂j + ch0i (t, x̂)p̂i
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Extended rigid body

Assume perfectly rigid body of N paticles

m̂(x) =
∑
i

mi
(2πh̄)3

∫
dq e−

i
h̄

(x−x̂i)·q

Assume hµν does not excite the
rotational d.o.f.

Rigid body’s center of mass Hamiltonian

Ĥ = Mc2 +
P̂2

2M
+

∫
d3r h00(r, t)m(X̂ + r)c2+

−
∫

d3r h00(r, t)
m(r + X̂)

M

P̂2

4M
+ c

∫
d3r h0i (r, t)

m(r + X̂)

M
P̂i+

−
∫

d3r hij(r, t)
m(r + X̂)

M

P̂i P̂j

2M
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Stochastic perturbation: master equation

E[hµν(x, t)] = 0 E[hµν(x, t)hνρ(y, s)] = α2fµρ(x, y; t, s)

General (non markovian) master equation

∂t ρ̂ = − i

h̄
[Ĥ0, ρ̂(t)]− α2

h̄8

∫
d3q d3q′

(2π)3

∫ t

0

dt1 f̃
00(q, q′; t, t1)

m(q)m(q′)

M2
·

·
[
e iq·X̂/h̄(

P̂2

4M
+

Mc2

2
), [e iq

′·X̂t1
/h̄(

P̂2

4M
+

Mc2

2
), ρ̂(t)

]]
+

−α
2c2

h̄8

∫
d3q d3q′

(2π)3

∫ t

0

dt1 f̃
0i (q, q′; t, t1)

m(q)m(q′)

M2

[
e iq·X̂/h̄P̂i ,

[
e iq

′·X̂t1
/h̄P̂i , ρ̂(t)

]]
+

−α
2

h̄8

∫
d3q d3q′

(2π)3

∫ t

0

dt1 f̃
ij(q, q′; t, t1)

m(q)m(q′)

M2

[
e iq·X̂/h̄

P̂i P̂j

2M
,
[
e iq

′·X̂t1
/h̄ P̂i P̂j

2M
, ρ̂(t)

]]
+

+O(tα3τ 2
c )
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Markovian limit

Assume roto-translational invariance of correlation functions:
f µν(x, y; t, s) = L

c u
µν(x− y)δ(t − s)

Markovian master equation

∂t ρ̂ =− i

h̄
[Ĥ0, ρ̂(t)]− α2Lc3

4(2π)3/2h̄5

∫
d3q ũ00(q)m2(q)

[
e iq·X̂/h̄,

[
e−iq·X̂/h̄, ρ̂(t)

]]
+

− α2L

(2π)3/2h̄5c

∫
d3q ũ00(q)

m2(q)

M2

[
e iq·X̂/h̄

P̂2

2M
,
[
e−iq·X̂/h̄ P̂2

2M
, ρ̂(t)

]]
+

− α2Lc

2(2π)3/2h̄5

∫
d3q ũ00(q)

m2(q)

M

[
e iq·X̂/h̄,

[
e−iq·X̂/h̄ P̂2

2M
, ρ̂(t)

]]
+

− α2Lc

2(2π)3/2h̄5

∫
d3q ũ00(q)

m2(q)

M

[
e iq·X̂/h̄

P̂2

2M
,
[
e−iq·X̂/h̄, ρ̂(t)

]]
+

− α2Lc

(2π)3/2h̄5

∫
d3q ũ0i (q)

m2(q)

M2

[
e iq·X̂/h̄P̂i ,

[
e−iq·X̂/h̄P̂i , ρ̂(t)

]]
+

− α2L

(2π)3/2h̄5c

∫
d3q ũij(q)

m2(q)

M2

[
e iq·X̂/h̄

P̂i P̂j

2M
,
[
e−iq·X̂/h̄ P̂i P̂j

2M
, ρ̂(t)

]]
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Decoherence in position

Dominant contribution when: h00 & h0i , hij

Master equation with decoherence in position

∂t ρ̂ ' − i
h̄ [Ĥ0, ρ̂(t)]− α2Lc3

(2π)3/2h̄5

∫
d3q ũ00(q)m2(q)

[
e iq·X̂/h̄,

[
e−iq·X̂/h̄, ρ̂(t)

]]
It recovers* the work of Blencowe:

u00(x− x′) = L3δ3(x− x′)

It recovers the work of Sanchez Gomez and Power-Percival:

m(r) = Mδ3(r) ũ00(q− q′) = L3h̄3δ(q− q′)e−h̄
2q2L2/2
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Decoherence in momentum

Dominant contribution when e iq·X̂/h̄ ∼ Î

Master equation with decoherence in momentum

∂t ρ̂ = − i

h̄
[Ĥ0, ρ̂(t)]− α2L

(2π)3/2h̄5c

∫
d3q ũ00(q)

m2(q)

M2

[ P̂2

2M
,
[ P̂2

2M
, ρ̂(t)

]]
− α2Lc

(2π)3/2h̄5

∫
d3q ũ0i (q)

m2(q)

M2

[
P̂i ,
[
P̂i , ρ̂(t)

]]
− α2L

(2π)3/2h̄5c

∫
d3q ũij(q)

m2(q)

M2

[ P̂i P̂j

2M
,
[ P̂i P̂j

2M
, ρ̂(t)

]]

It recovers the work of Breuer et al. and Anastopoulos-Hu*:

m(r) =
m

(
√

2πR)3
e−r2/(2R2) hij � h0i , h00

ũij(q− q′) = δijL3h̄3δ(q− q′)e−h̄
2q2L2/2
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Conclusions

A gravitational perturbation induces a phase accumulation in a
quantum system

This phase accumulation is responsible for a decoherence effect

The models describing the phenomenon found in the literature refer
to different regimes of approximations and have different predictions

Our model predicts decoherence in both position and momentum
eigenbasis

Our model is able to recover all of the results (that we were aware of)
present in the literature when the appropriate limit is taken

Different preferred basis puzzle solved
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To be done

Derive an analogous model for fermionic matter (done)

Compare and look for possible differences (in progress)

Derive a model for photons (in progress)

Treat GWs as a quantum bosonic bath

Analyze differences between quantum and classical GWs

Apply to experiments (new generation GWs detector, tests for
quantum vs classical gravity, etc..) (in progress)

0Credit: NASA/Swift/Dana Berry
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