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•  The predictions of quantum theory and of general relativity, our 
current theory of gravity, are extremely well confirmed by experiment.  

•  There are few table-top experiments to date that probe the interface 
between quantum physics and gravity. In all these experiments, 
Earth‘s gravity acts as a constant classical background field. Loosely 
speaking, the quantum system is used as a „test particle“ in an 
external gravitational field. 

•  On the other hand, the last decade has seen large progress in controlling 
the quantum regime of massive micro-mechanical oscillators. These 
systems may lead the way to a new class of gravitational quantum 
physics experiments, in which the quantum system itself, e.g. the 
center of mass degree of freedom of a massive sphere, serves as a 
gravitational source mass. 

Summary 



Example from quantum theory: validity of the quantum superposition principle for 

•  orbital angular momentum states of photons up to a few hundred quantum numbers (1) 

•  µA-level current states carrying up to 106 electrons (2,3) 

•  collective spin degrees of freedom of 1012 Rubidium atoms (4).  

•  macromolecules (up to 104 amu) (5,6) 

•  vibrational degrees of freedoms of mechanical resonators (up to 1016 amu) (7,8) 

à strong relativistic fields 
and gravitational radiation 

à solar-system scale experiments 
in the weak relativistic regime  

à earth-based high-precision 
tests of gravity 

Examples from GR: 
 

•  dynamics of binary pulsars (9)  

•  satellite tests of the Lense-Thirring effect (11,12).  

•  tests of the weak equivalence principle to an accuracy of 
better than10-13 (13)  

•  measurements of Newton’s constant G to 10-4  (14).  

•  atomic clocks for gravitational redshift to 10-6 (15). 

Quantum theory works, as does GR... 
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Ball 2 

An ultimate experiment? Entanglement by gravity… 

FEYNMAN: 

Chapel	
  Hill	
  Conference	
  1957	
  (29) 

For an initial superposition (Ball 1) of size Δr (distance between center of mass states), separation 
between the two balls on the order of their diameter and preparation of Ball 2 in a wavepacket of 
size Δx0, the “entanglement rate” (decoherence rate) is  
(M: mass, ρ: density) 
 
 



Ball 2 

An ultimate experiment? Entanglement by gravity… 

FEYNMAN: 

Chapel	
  Hill	
  Conference	
  1957	
  (29) 

Example: For 2 lead spheres of diameter 500 µm, an initial 
superposition size for sphere 1 of Δr = 5×10-7 m and preparation 
of sphere 2 in a motional ground state (100 Hz trap frequency) 
with Δx0=10-15 m, we obtain Γent=1.5 Hz, i.e. gravitational 
entanglement is established on a second time scale.  



Ionizing	
  	
  
laser	
  

Standing	
  light	
  
	
  wave	
   Ion	
  	
  

detector	
  
Molecule	
  beam	
  

1nm	
  

C60 

PFNS10	
  

PFNS10:	
  C60[C12F25]10	
  
	
  (perfluoroalkylated	
  nanosphere)	
  	
  

430	
  atoms	
  
m	
  ~	
  10-­‐23	
  kg	
  =	
  6910	
  AMU	
  	
  

Δx	
  ~	
  100	
  nm	
  (~50x	
  its	
  diameter)	
  

Arndt	
  group	
  (Vienna):	
  	
  S.	
  Gerlich,	
  S.	
  Eibenberger	
  et	
  al.,	
  Nature	
  CommunicaGons	
  2,	
  263	
  (2011)	
  	
  

COM superposition states of massive systems: where do we stand? 



Ramsey-­‐type	
  interference	
  

6 GHz thickness oscillation 
à n ~ 0.07 @ 20 mK 

Micromechanics,	
  2×1013	
  atoms	
  
m	
  ~	
  10-­‐12	
  kg	
  =	
  7×1014	
  AMU	
  	
  

Δx	
  ~	
  10-­‐16	
  m	
  (~10-­‐10x	
  its	
  diameter)	
  

Note: Eg-Ee = h*fm ≈ 20µeV 

COM superposition states of massive systems: where do we stand? 



Decoherence 
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  scagering	
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  model	
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(2011)	
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84,	
  052121	
  (2011)	
  

Joos & Zeh, Caldeira & Leggett, Unruh & Zurek 
Paz & Zurek, Hu & Paz & Zhang, Milburn, … 



How massive can we go?   
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Pushing mechanical quantum control to the next level   

Solid-­‐state	
  mechanical	
  quantum	
  devices	
  
(clamped):	
  

	
  

	
  1010	
  –	
  1016	
  atoms	
  
	
  

Coherence	
  Gme	
  τc	
  10-­‐12	
  –	
  10-­‐8	
  sec	
  

Mager-­‐wave	
  interferometry	
  (free-­‐fall):	
  
	
  

	
  100	
  –	
  104	
  atoms	
  
	
  

Coherence	
  Ume	
  τc	
  10-­‐3	
  –	
  100	
  sec	
  

O‘Connell	
  et	
  al.,	
  Nature	
  464,	
  697	
  (2010)	
  	
  

10	
  nm	
  

Juffmann	
  et	
  al.,	
  Nature	
  
Nanotech.	
  7,	
  297	
  (2012)	
  	
  

TPPF320	
  
C284H190F320N4S12	
  	
  

•  Quantum	
  control	
  of	
  a	
  trapped	
  massive	
  object	
  >>	
  1010	
  atoms	
  
•  Long	
  coherence	
  Gmes	
  (up	
  to	
  seconds)	
  through	
  free	
  fall	
  dynamics	
  
•  ExcepGonal	
  force	
  sensiGvity	
  

Q:	
  How	
  to	
  achieve	
  large	
  mass	
  AND	
  long	
  coherence	
  Gme	
  in	
  a	
  quantum	
  experiment?	
  	
  

A:	
  Quantum	
  control	
  of	
  levitated	
  mechanical	
  systems!	
   Coupling to gravity 
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Isolation of COM motion from the environment: 
Levitated nanospheres as high-Q mechanical oscillators 

p	
  =	
  10-­‐6	
  mbar	
  

D.	
  Grass	
  (Vienna)	
  	
  
(350	
  nm	
  SiO2	
  	
  
inside	
  hollow	
  core	
  fibre)	
  



{T,	
  Q	
  ,	
  ω,	
  m} 

Thermal force noise 

Sensitivity to gravitational forces? 



Measuring gravity between microscopic source masses ? 

Thermal force noise Fth = 7 x 10-16 N	


Displacement noise Sxx(ωm)0.5 = 10nm/Hz0.5	



Gravitational force (d=2.5mm, drive amplitude 100µm) = 2 x 10-15 N	
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Measuring gravity between microscopic source masses ? 

Thermal force noise Fth = 7 x 10-16 N	
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Other	
  forces?	
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  G.	
  T.	
  Gillies,	
  C.	
  S.	
  Unnikrishnan,	
  Phil.	
  Trans.	
  R.	
  Soc.	
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  (2014)	
  



Potential Application for “Big G” measurement 

•  >10mm	
  diameter	
  spheres	
  
•  reach	
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  for	
  a	
  Q	
  =	
  2x104	
  
oscillator!	
  à	
  levitation!!	
  

Be
st
	
  p
ub

lis
he

d	
  
S/
N

1 	
  

A
ve

ra
ge

	
  S
/N

2 	
  

1	
  J.H.	
  Gundlach	
  and	
  S.M.	
  Merkowitz,	
  Phys.	
  Rev.	
  Lett.	
  85	
  2869	
  (2000)	
  
2	
  G.	
  T.	
  Gillies	
  and	
  C.	
  S.	
  Unnikrishnan,	
  Phil.	
  Trans.	
  R.	
  Soc.	
  A	
  2014	
  372	
  (2014)	
  



Potential Application for “Big G” measurement 

•  >10mm	
  diameter	
  spheres	
  
•  reach	
  torsional-­‐pendulum	
  

like	
  precision	
  ΔG/G	
  <	
  10-­‐5	
  
(at	
  room	
  temperature)	
  

•  This	
  is	
  for	
  a	
  Q	
  =	
  2x104	
  
oscillator!	
  à	
  levitation!!	
  

4K 

Be
st
	
  p
ub

lis
he

d	
  
S/
N

1 	
  

A
ve

ra
ge

	
  S
/N

2 	
  

1	
  J.H.	
  Gundlach	
  and	
  S.M.	
  Merkowitz,	
  Phys.	
  Rev.	
  Lett.	
  85	
  2869	
  (2000)	
  
2	
  G.	
  T.	
  Gillies	
  and	
  C.	
  S.	
  Unnikrishnan,	
  Phil.	
  Trans.	
  R.	
  Soc.	
  A	
  2014	
  372	
  (2014)	
  



Towards quantum state preparation of a free particle 
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  Akram,	
  Kiesel,	
  Aspelmeyer,	
  Milburn,	
  
NJP	
  	
  12,	
  083030	
  (2010)	
  

•  	
  Khalili,	
  Danilishin,	
  Miao,	
  Müller-­‐
Ebhardt,	
  Yang,	
  Chen,	
  quant-­‐ph	
  
1001.3738	
  (2010)	
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  2010	
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  84,	
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  al.,	
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   arXiv:1112.5609v1 [quant-ph] 
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Optically trapped nanospheres as mechanical resonators 
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Magnetically trapped superconductors as mechanical 
resonators 
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Quantum Controlling Levitated Massive Mechanical Systems  

Establish	
  quantum	
  control	
  of	
  levitated	
  
massive	
  mechanical	
  systems	
  

Enable	
  a	
  new	
  class	
  of	
  experiments	
  
at	
  the	
  interface	
  between	
  
quantum	
  physics	
  and	
  gravity	
  

Top-­‐down:	
  Measure	
  gravity	
  between	
  
sub-­‐mm	
  source	
  masses	
  

Bo`om-­‐up:	
  Demonstrate	
  long-­‐lived	
  quantum	
  
coherence	
  of	
  increasingly	
  massive	
  systems	
  	
  

door-­‐opener	
  to	
  the	
  quantum	
  regime	
  of	
  genuinely	
  
massive	
  objects,	
  where	
  gravity	
  of	
  the	
  quantum	
  
system	
  itself	
  may	
  start	
  to	
  play	
  a	
  role	
  

•  OpUcal	
  levitaUon	
  coupled	
  to	
  caviGes	
  
•  MagneUc	
  levitaUon	
  coupled	
  to	
  

superconducGng	
  circuits	
  

Long-­‐term:	
  establish	
  experiments	
  that	
  exploit	
  the	
  
source	
  mass	
  character	
  of	
  the	
  quantum	
  system	
  

The	
  main	
  objecGves	
  of	
  this	
  research	
  program	
  therefore	
  are:	
  
•	
  in	
  a	
  bogom-­‐up	
  approach	
  to	
  extend	
  the	
  mass	
  regime	
  of	
  coherently	
  controlled	
  massive	
  systems	
  to	
  go	
  
significantly	
  beyond	
  masses	
  of	
  1010	
  atoms	
  by	
  developing	
  the	
  experimental	
  toolbox	
  for	
  levitaGng	
  
mechanical	
  oscillators	
  both	
  in	
  the	
  opGcal	
  and	
  in	
  the	
  magneGc	
  domain;	
  
•	
  in	
  a	
  top-­‐down	
  approach	
  to	
  demonstrate	
  gravitaGonal	
  coupling	
  between	
  masses	
  in	
  the	
  sub-­‐mm	
  
regime	
  and	
  below	
  by	
  exploiGng	
  the	
  excellent	
  force	
  sensiGvity	
  of	
  suspended	
  and	
  levitated	
  
micromechanical	
  systems;	
  
	
  3	
  
•	
  to	
  idenGfy,	
  to	
  theoreGcally	
  analyze	
  and	
  to	
  perform	
  new	
  experiments	
  at	
  the	
  interface	
  between	
  
quantum	
  physics	
  and	
  gravity	
  that	
  make	
  use	
  of	
  this	
  hitherto	
  unavailable	
  mass	
  and	
  coherence	
  regime.	
  
If	
  successful,	
  our	
  approach	
  will	
  allow	
  addressing	
  problems	
  that	
  have	
  thus	
  far	
  been	
  out	
  of	
  the	
  reach	
  of	
  
labbased	
  
experiments.	
  These	
  include	
  high-­‐precision	
  measurements	
  of	
  the	
  gravitaGonal	
  constant	
  G,	
  tests	
  of	
  
semiclassical	
  
theories	
  of	
  gravity	
  and,	
  eventually,	
  access	
  to	
  the	
  quantum	
  regime	
  of	
  gravitaGonal	
  source	
  masses.	
  At	
  
the	
  same	
  Gme,	
  the	
  sensiGvity	
  of	
  levitated	
  masses	
  to	
  external	
  forces	
  in	
  combinaGon	
  with	
  the	
  development	
  
of	
  
novel	
  architectures	
  to	
  achieve	
  quantum	
  control	
  may	
  also	
  give	
  rise	
  to	
  new	
  sensing	
  technologies,	
  which	
  will	
  
be	
  
invesGgated	
  in	
  a	
  separate	
  technology	
  outreach	
  program	
  of	
  this	
  project. 
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