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Prolegomena

Classical gravity

I Matter is classical
I Spacetime is classical

Semiclassical gravity

I Matter is quantum
I Spacetime is classical

Fully quantum gravity

I Matter is quantum
I Spacetime is quantum



Two strategies to study the quantum nature of gravity

Bose et al., Marletto & Vedral Kafri-Taylor-Milburn, Diósi, Oppenheim



Is the chimera possible?

I bet 99 to one that the outcome [of some proposed experiments] will be consistent
with gravity having quantum properties. – Carlo Rovelli



Standard semiclassical gravity



“Standard” semi-classical gravity

A semi-classical theory of gravity tells 2 stories:
1. Quantum matter moves in a curved classical space-time
2. The classical space time is curved by quantum matter

1 is known (QFTCST), 2 is not

The crucial question of semi-classical gravity is to know how quantum matter
should source curvature.
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Møller-Rosenfeld semi-classical gravity

The CHOICE of Møller and Rosenfeld it to take:

R�� -
1
2R g�� = 8�G hT̂��i

! source gravity via expectation values

There are:
I technical relativistic difficulties [renormalization of hT��i]
I conceptual non-relativistic difficulties [Born rule,� � � ].

Christian Møller

Leon Rosenfeld
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Schrödinger-Newton

1. Non-relativistic limit of the “sourcing” equation:

r2�(x ; t) = 4�G h t jM̂(x)j ti

2. Non-relativistic limit of QFTCST (just external field)

d
dt j i = -i

�
H0 +

Z
dx �(x ; t)M̂(x)

�
j ti;

Putting the two together: Schrödinger-Newton equation

d
dt j ti = -iH0j ti+ i G

Z
dx dy h t jM̂(x)j ti M̂(y)

jx - y j
j ti:
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The problems with Schrödinger-Newton

Deterministic non-linearity is not allowed (Gisin, Diósi, Polchinski)

Proof is interpretation dependent

I If there is no fundamental collapse [Many Worlds, Bohm,� � � ]
I If there is fundamental collapse [Copenhaguen, Collapse models]
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The problems with Schr•odinger-Newton

Without collapse upon measurement (Bohm, Many Worlds,� � � )

Decohered branches interact with each other! empirically inadequate

=)

! even experimentally tested by Page and Geiker '81
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The problems with Schr•odinger-Newton
With collapse upon measurement (either from pure Copenhaguen or collapse models).

Consider a mass entangled with a spin far away:

j	 i / jlefti Alice 
 j "i Bob + jrighti Alice 
 j #iBob :

Bob can decide to whether or not he measures his spin:



The big question

What mathematical object can one
construct to source the gravitational �eld
while keeping things consistent?



The big question, generalized

How can one consistently couple
quantum and classical variables?

� t  ! zt



3 ways to do this

1. Continuous measurement and feedback

2. Spontaneous collapse models

3. General continuous dynamics with a classical subspace[used by Oppenheim]

Main result from2403.19748 ! Scipost : the 3 aremathematically equivalent



The First Way: Continuous measurement and
feedback



Continuous quantum measurement { derivation

Continuous measurement { without Zeno e�ect

I time between ancillas� t / "
I interaction strength! /

p
�



In practice

I Discrete situations \a la Haroche", with
actual repeated interactions

I Almost \true" continuous measurement
settings (homodyne detection in quantum
optics, quantum point contacts for quantum
dots)



Continuous quantum measurement

Stochastic Master Equation ( � 1987 { pre-theory by Gisin
1984)

Density matrix:

d� t = - i [H; � t ] dt
standard quantum dynamics

+ D[ĉ](� t ) dt
decoherence

+ H [ĉ](� t ) dWt
measurement backaction

Signal:
drt = tr

h
(ĉ + ĉy) � t

i
dt + dWt

with:
I D[O](� ) = O� Oy - 1

2

�
OyO� + � OyO

�

I H [O](� ) = O� + � Oy - tr
�
(O + Oy) �

�
�

I dWt
dt \white noise"

V. Belavkin

A. Barchielli

L. Di �osi



Measurement based feedback

Step 1: Have the classicalzt depend onrt

dzt = F(zt ) dt + G(zt ) drt

Step 2: Have the quantum depend on the classical

H �! H + V (zt )

Consistent by construction since derivable ase�ective from Copenhaguen QM
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Most general stochastic equations

Quantum stochastic master equation

d� = - i [H0 + V (z); � ] dt +
nX

k= 1

D[ĉk ](� ) dt +
p

� k M [ĉk ](� ) dWk ;

Signal stochastic di�erential equation (the quantum classical glue)

drk =
1
2

tr [(ĉk + ĉy
k )� ] dt +

1
2
p

� k
dWk :

Classical stochastic di�erential equation

dza = Fa(z) dt + Gak(z)
p

� k drk

F, G are functions { V (z), ĉk are operators



\Intuition pump" picture for gravity

AS IF { \There are detectors in space-time measuring the mass density continuously and
curving space-time accordingly."! explains consistency



The Third Way: Embedding a classical sector in
quantum dynamics

� (z; t )




