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Squeezed	
  states	
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Impac&ng	
  physics	
  

•  Quantum	
  sensing	
  
•  Fundamental	
  tests	
  
•  Quantum	
  informa&on	
  processing	
  



One	
  talk	
  two	
  topics	
  

•  Inves&ga&ng	
  squeezed	
  states	
  in	
  its	
  
polariza&on	
  manifolds	
  

•  Squeezed	
  vacuum	
  for	
  ab-­‐ini&o	
  phase	
  
es&ma&on	
  



Stokes	
  parameters	
  

Polariza&on	
  Squeezing:	
  



Two	
  different	
  regimes	
  of	
  	
  
polariza&on	
  squezing	
  



Regime	
  I	
  
•  Squeezing	
  of	
  states	
  with	
  a	
  definite	
  number	
  of	
  photons.	
  
Example:	
  three-­‐photon	
  state	
  

	
  

Shalm	
  et	
  al	
  Nature	
  457,	
  67	
  (2009)	
  



Regime	
  II:	
  
Squeezing	
  of	
  states	
  with	
  an	
  indefinite	
  number	
  of	
  photons.	
  
Example:	
  displaced	
  squeezed	
  vacuum	
  state	
  	
  

C.	
  Marquardt	
  et	
  al,	
  PRL	
  99,	
  220401	
  (2007)	
  



How	
  are	
  these	
  regimes	
  connected?	
  



Photons	
  are	
  like	
  spins	
  

nH ,nV → j,m

j = nH + nV( ) / 2, m = nH − nV( ) / 2

(common	
  eigenstate	
  of	
  J2	
  and	
  J3)	
  

Example:	
  two-­‐photon	
  state	
   j =1, m = −1,0,1
2,0 , 1,1 , 0, 2{ }

Atomic	
  	
  coherent	
  and	
  squeezed	
  states	
  in	
  the	
  2-­‐photon	
  manifold	
  

ψ1 = a 2,0 + b 1,1 + c 0,2



Another	
  example:	
  3-­‐photon	
  state	
  

3,0 , 2,1 , 1, 2 , 0,3{ }

j = 3 / 2, m = −3 / 2,−1/ 2,1 / 2,3 / 2

Atomic	
  	
  coherent	
  and	
  squeezed	
  states	
  in	
  the	
  3-­‐photon	
  manifold	
  

ψ3/2 = a 0,3 + b 1,2 + c 2,1 + d 3,0



and	
  so	
  on	
  for	
  j=2,5/2,3…	
  
For	
  states	
  with	
  indefinite	
  photon	
  numbers	
  	
  

ψ = ψ j=0 + ψ j=1 + ψ j=3/2 + ψ j=2 +...
Superposi&on	
  of	
  states	
  from	
  the	
  different	
  manifolds	
  

Moments	
  of	
  Stokes	
  parameters	
  	
  
independent	
  on	
  the	
  coherences	
  	
  
between	
  the	
  different	
  manifolds.	
  



Prepara&on	
  



Density	
  matrix	
  





Polariza&on	
  of	
  the	
  en&re	
  state	
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Photon	
  number	
  manifolds	
  





Ab	
  ini&o	
  phase	
  es&ma&on	
  



Quantum	
  es&ma&on	
  theory	
  



Example	
  –	
  the	
  MZ	
  interferometer	
  

Intensity	
  difference	
  

Phase	
  

V ϕ( ) = 1
NM

Sensi&vity:	
  

α

ϕ



Using	
  squeezed	
  states	
  

α

ϕ

Sqz	
  vacuum	
  

V ϕ( ) = 1
NM

Vsqz

if	
  the	
  coherent	
  	
  state	
  is	
  very	
  bright	
  



Demonstrated	
  at	
  GEO600	
  and	
  LIGO	
  





The	
  Cramer-­‐Rao	
  bounds	
  

ϕ = D x, p( )S r( ) 0
X 

P 

Op&mized	
  for	
  pure	
  squeezed	
  vacuum	
  states	
  
-­‐>	
  All	
  energy	
  should	
  be	
  put	
  into	
  squeezing	
  



Basic	
  setup	
  



Only	
  op&mal	
  for	
  a	
  specific	
  phase	
  

ϕ0	
   π / 2



Baysian	
  homodyne	
  to	
  es&mate	
  phase	
  

P(x,ϕ )→ P ϕ, x{ }( )
Strategy	
   1)	
  Ini&al	
  short	
  quadrature	
  measurement.	
  

2)	
  Rough	
  es&mate	
  of	
  the	
  phase.	
  
3)	
  Adjust	
  the	
  local	
  oscillator	
  phase.	
  
4)	
  Final	
  accurate	
  es&mate.	
  	
  	
  

Monras	
  Phys.	
  Rev.	
  A	
  (2006);	
  Olivares,	
  Paris,	
  J.	
  Phys.	
  B	
  (2009)	
  



Data	
  acquisi&on	
  and	
  processing	
  



Results	
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Conclusion	
  

Real	
  &me,	
  determinis&c	
  and	
  ab-­‐ini&o	
  phase	
  	
  
es&ma&on	
  beyond	
  the	
  standard	
  quantum	
  limit	
  	
  

Polariza&on	
  squeezing	
  of	
  the	
  photon	
  number	
  
manifolds	
  of	
  quadrature	
  squeezed	
  light	
  




