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Semiclassical gravity

Classical theory of spacetime that supports quantum
matter,

Gµν = 8π〈ψ|T̂µν |ψ〉 .

Flaw:
It does not allow state reduction → violates ∇νGµν = 0

Consequence:
We need an interpretation of QM that does not require
state reduction yet still explains the phenomenology of
quantum measurements.
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Diòsi-Penrose model

Diòsi-Penrose model1,2

Relates the process of decoherence and state reduction
to gravity.

Basic idea:
Decoherence rate for a superposition state

|ψ1〉+ |ψ2〉√
2

:

Γ ∼ ∆EG

~
, ∆EG = |Ug(1,1) + Ug(2,2)− 2Ug(1,2)|,

Ug(i , j) = Newtonian interaction between mass densities.
1L. Diòsi, Phys. Lett. 105A (1984)
2R. Penrose, Gen. Relativ. Gravit. 28 (1996)
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SN equation

Many-particle Schrödinger-Newton equation
Wavefunction of n nonrelativistic particles: ϕ(t ,X)

i~∂tϕ =
∑

k

[
−~2∇2

k

2mk
+

mk U(t ,xk )

2

]
ϕ + V (X)ϕ ,

3n-D coordinate vector: X ≡ (x1, . . . ,xn)
Potential energy: V (X)

Newtonian potential:

∇2U(t , x) = 4π
∑

j

∫
d3nX |ϕ(t ,X)|2mj δ(x− xj) .
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Separation of scales
We only probe the c.m. motion,

τmeas � time at which atoms oscillates internally

1 Hz < ωc.m. < 1 kHz, 1 g < M < 10 kg,

∆xc.m. ∼
√

~/(Mωc.m.) ∼ 10−19 − 10−17m.

Internal motions of atoms

〈x2〉 =
~2

mkBT

∫ +∞

0

g(ν)

hν/kBT

(
1
2

+
1

ehν/kBT − 1

)
dν

= ∆xzp + ∆xth

Appropriate regime: ∆xzp � ∆xth � ∆xc.m.
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Center of mass SN equation

Center of mass: x =
1
n

n∑
k=1

xk

Motion of atom k : yk ≡ xk − x

Standard quantum mechanics:
Interaction depending only on the separation of atoms,

ϕ(t ,X) = Ψ(t ,x)χint(t ,Y), Y ≡ (y1, . . . ,yn−1)

Independent evolution of Ψ and χint ,

i~∂tΨ(t ,x) = Hc.m.Ψ(t ,x) ,

i~∂tχint(t ,Y) = Hintχint(t ,Y) .
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Classical gravity:
Assuming separability, ϕ = Ψχint ,

i~
∂Ψ

∂t
=

[
−~2∇2

2M
+

1
2

Mω2
c.m.x

2 +
1
2
C(x − 〈x〉)2

]
Ψ.

Expectation of the center of mass position: 〈x〉 = 〈Ψ|x̂ |Ψ〉

SN coupling constant:

C = −1
2
∂2

∂z2

[∫
Gρ̃int(y)ρ̃int(y′)
|z + y− y′|

dydy′
]

z=0

Gravitational frequency: ωSN =
√
C/M
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Estimates for the gravitational frequency ωSN

Assuming homogeneous mass distribution,

Chom ≈ GMρ0, ωhom
SN ≈

√
Gρ0.

Assuming high mass concentration near lattice site,

ωcrystal
SN =

√
Gm

12
√
π∆x3

zp
.

Silicon crystal at low temperature (T ∼ 10 K):

ωcrystal
SN ≈ 0.036 s−1 ≈ 100× ωhom

SN



Semiclassical gravity Center of mass Schrödinger-Newton equation Experimental test

Gaussian states

Evolution of Gaussian states
Gaussian states remain Gaussian under the SN equation
for the center of mass.

Dynamics of 〈x̂〉 and 〈p̂〉 is unchanged,

〈 ˙̂x〉 = 〈p̂〉/M, 〈 ˙̂p〉 = −Mω2
c.m.〈x̂〉.

Second order moments: VAB = 〈ÂB̂ + ÂB̂〉/2− 〈Â〉〈B̂〉

V̇xx = 2Vxp/M , V̇pp = −2M(ω2
c.m. + ω2

SN)Vxp ,

V̇xp = Vpp/M −M(ω2
c.m. + ω2

SN)Vxx .
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Gaussian states

Uncertainty ellipse rotates at ωq =
√
ω2

c.m. + ω2
SN
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Experimental test

Prepare a mechanical resonator in a squeezed state.
Let it evolve for a duration τ .
Carry out state tomography.

∆θ = ωc.m.τ

(
ωSN

ωc.m.

)2

small, but reproducible

Could be detected in an optomechanical setup with:
backaction (radiation-pressure) ≈ thermal noise.

Q =
ωc.m

γm
&

(
ωc.m.

ωSN

)2
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