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QUANTUM MATTER IN THE GRAVITATIONAL FIELD
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THE GRAVITATIONAL FIELD OF QUANTUM MATTER
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What is the gravitational field of a superposition state?



SOLUTION 1: QUANTISED GRAVITY

In analogy to electrodynamics:
The field sourced by a superposition state is itself in a superposition
= superposition of two spacetimes

Problems:

» Nonrenormalisability of gravity as a field theory:
— gravity must be different in some respect
— there is no fully consistent theory of quantum gravity (yet?)

» How to identify points in different spacetimes?
— quantum matter on curved spacetime is not a conceptually
consistent theory even in the Newtonian, low energy limit of the
double slit experiment



SOLUTION 2: SEMI-CLASSICAL GRAVITY

» Quantum fields living on spacetime and dynamics of spacetime
are two conceptually very different things

» Take (classical) GR seriously
(and leave it to experiments, at which point it might brake down):
spacetime is a 4-dim. manifold with quantum matter living on it

1 s 8mG 4
Ruv_iRguv = 77—;1\/
— SN——
spacetime (class.) matter (quantum)

» Quantisation of gravity: spacetime is “quantum” in some way
At low energies: gy = Ny, + hyy with “quantum field” hyy(x)
» Gravitisation of QM: replace T,, by a classical object, e.g. (T,)



NEWTONIAN SEMI-CLASSICAL GRAVITY




THE SCHRODINGER-NEWTON EQUATION

In the weak-field nonrelativistic limit: p=md'p
Rov—3Rgw = EE(W| Ty @)  — VV=4nG(y|p|w)
e = =1 f d’rhy, - Ap=[drvp

Results in the Schrodinger-Newton equation (here for one particle)

2 7\ 2
iRt r) = <_2h—mv2 _ sz/d3r/M) w(t,)
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= Nonlinear Schrodinger equation



MANY PARTICLES TO CENTRE OF MASS

Realistic systems for testing SN are not single particles
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Centre of mass equation (approx.), separation Wy = ¢ ® Xy_:

2
in(,r) = ( Vi =6 [ 6 fu(e.r) rr))w(t,r)

/d xd’y p(x ply = R &) (where p is given by |XN4|2)




EXPERIMENTAL TESTS




INHIBITION OF FREE EXPANSION — WIDE WAVE-FUNCTIONS

wave-function > particle size = p=6(rem) = Ilp(d)~=1/1d|

. R t )
ih(t,r) = (‘ﬁvz _ sz/d3r/ %) w(t,r)

p = 41 r? |w|? for masses of 7 x 10% u and 100 u

Problem: time scale (order of hours!)

1



INHIBITION OF FREE EXPANSION

For narrower wave-functions (here O(10 nm) < particle size):
approximate ODE (assume: Gaussian wave-packet remains Gaussian)

8P = 3wk F() ()
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rel. deviation from standard Schrodinger evolution for m = 10% u and 10" u
= 1% deviation after 200s — maybe in space?



TESTS WITH OPTOMECHANICS I.) SPECTRUM

without self-gravity narrow wavefunction intermediate wavefunction
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TESTS WITH OPTOMECHANICS I1.) SQUEEZED STATE

Schrodinger Schrodinger-Newton
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LOCALISED STATES IN CRYSTALLINE MATTER

» the relevant radius is o
(localisation of the nuclei)

» effective mass density p,,q
~ 10°p

/ Gm
> WsN = Oaamm ~ o/ Gpnucl

~ 1 Hz for osmium

Need ground state cooling for:
mass ~ 10" u (um sized) particle
trapped at O(10 Hz)



CONCLUSIONS




WHAT WOULD WE TEST?

» Testing the Schrodinger-Newton equation is feasible

» However, only tests the specific semi-classical coupling

1 8mMG
Ruv - ER 9w = —— <THV>

Cz+
» Other approaches for semi-classical coupling possible:
- Source gravity from stochastic CSL collapse events'

1 8MG /2
Ry — ERQW = ((THV> + 5TuV)

— yields linear master equation (no superluminal signalling problem)
— experimental predictions less clear (has free parameters)
— stochastic field of unexplained origin

- Stochastic gravity?
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ADDITIONAL SLIDES




DIFFICULTIES WITH SEMI-CLASSICAL GRAVITY

» An instantaneous collapse violates divergence freedom of
Einstein’s equations
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DIFFICULTIES WITH SEMI-CLASSICAL GRAVITY

» An instantaneous collapse violates divergence freedom of
Einstein’s equations

» A macroscopic superposition of here and there “collapses”
in the middle (rather than 50:50 here or there)

» With the standard collapse: faster-than-light signalling
+d

-~
y 4 +d’
Yy P 4 s y 4 -d’

A B -d

+d

20



INHIBITION OF FREE EXPANSION, SCALING LAW

In the wide wave function limit: one-particle SN equation

p/ mm~?t

150

100

p = 4mr? |y|? for masses of 7 x 10% u and 100 u

» For a mass of ~ 10"° u and a wave packet size of about 500 nm a
significant deviation is visible after several hours
» Scaling law: with (t,x) for mass m, a solution for mass ym is
obtained as p®2y(p°t,1’°x) = e.g 10" u at 0.5nm would
show an effect in less than a second but must remain in wide
wave function regime (Os at 10" u has 100 nm diameter)
21



REALISTIC MODEL FOR TIME EVOLUTION

Assumption: a Gaussian wave packet stays approximately Gaussian

The free spreading of a Gaussian wave packet and spherical particle
can be approximated by a third order ODE for the width u(t) = (r?)(t):

[ () = —3wiy fu(®) u(t) ]

with wsy = /Gm/R3 ~ /Gp, initial conditions

. . 9R?
u(0) = uo, u(0) =0, u(0) = T w3y 9(uo) Ug ,

and the functions (with u in units of R)

3 u 7 324 —162u — 35u* +70U° _,
= erf = — _ L _ Ju
flu) =er <\/:> T (“ 2 70U° ¢
3 u (2 486 4+ 105u° — 70u* 5
= erf = — (Zy—=3 Ju
g(u) =er <\/:> TV (3“ + 10503 €
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SHORT TIME EXPANSION

1.
u(t) = ug + 2 u(0) t?

» exact without self-gravity term
» deviates from usual evolution by dependence on g(up) in

9h?

2
=—— —wiyg(uo)u
AT sn 9(Uo) Uo

u(o)

» stationarity condition i(0) = 0 yields (pessimistic) estimate for
the scales where self-gravity becomes important

» Assume osmium particle initially trapped with wq
= characteristic time scale T = wg1, Up =3hT/m

» U(0) = 0 determines characteristic (m, T) graph
» limit g(u) — 1for u — 0 yields T7(m) = const. for large m
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EVOLUTION TIME AND MASS REQUIREMENTS
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MASS DENSITY DEPENDENCE OF SN

For a homogeneous sphere:

2 3 5
M [ (B 38 (8 @<
p(d) = FEAR T

d

» different behaviour for narrow and wide wave functions

» enhancement of O(10°) for narrow wf. in crystalline matter
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MATERIAL CHOICES

Material  mMaom /U p/gcm™ o/ pm  wsy /st

Silicon 28.086 2.329 6.96 0.096
Tungsten 183.84 19.30 3.48 0.695
Osmium 190.23 22.57 2.77 0.996
Gold 196.97 19.32 4.66 0.464

Note: wsy enters squared in the evolution equation
= osmium two orders of magnitude better than silicon

26



EXPERIMENTAL SETUP (PROPOSAL)
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