
Exploring	  dynamics	  of	  1d	  systems	  using	  
interference	  experiments	  of	  ultracold	  atoms	  

Analogues	  of	  CMB	  anisotropy	  

Theory:	  	  
Ehud	  Altman,	  	  Anatoli	  Polkovnikov,	  Vladimir	  Gritsev,	  	  
Adilet	  Imambekov,	  Takuya	  Kitagawa,	  KarGek	  Agarwal,	  	  

Emanuele	  Dalla	  Torre	  
Experiment:	  Joerg	  Schmiedmayer	  et	  al.	  
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Adilet Imambekov, 1981 - 2012  
Graduate student at Harvard, 2002-2007  
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Adilet at Harvard 
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Effec%ve	  S=1	  spin	  model	  





Interference of independent 
condensates 
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Experiments with 2D Bose gas 
Hadzibabic,	  Krüger,	  Dalibard,	  et	  al.,	  Nature	  2006	  

Experiments	  with	  1D	  Bose	  gas	  Hofferberth	  et	  al.,	  Nat.	  Physics	  2008	  



Interference	  experiments	  with	  condensates	  

Assuming	  ballisGc	  expansion	  

Amplitude	  of	  interference	  fringes	  	  	  	  	  	  	  	  	  	  	  

Polkovnikov	  et	  al.	  (2006)	  

Interference	  of	  fluctuaGng	  condensates	  
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DistribuGon	  funcGon	  of	  phase	  and	  contrast	  

	  	  	  	  	  	  	  	  	  	  	  is	  a	  quantum	  operator.	  	  
The	  measured	  value	  of	  	  C	  
	  will	  fluctuate	  from	  shot	  to	  shot	  

Higher	  moments	  reflect	  	  
higher	  order	  correlaGon	  funcGons	  

Polkovnikov	  et	  al.	  (2006),	  Gritsev	  et	  al.	  (2006),	  Imambekov	  et	  al.	  (2007)	  

Experiments	  analyze	  	  
distribuGon	  	  funcGon	  of	  C	  
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•  Matter-wave interferometry 

phase,	  contrast	  

FDF of phase and contrast	  



•  Matter-wave interferometry 

contrast 

phase,	  contrast	  

FDF of phase and contrast	  

phase 

• 	  Plot	  as	  circular	  staGsGcs	  



•  Matter-wave interferometry: repeat 
many times 

•  Plot 

i>100	  
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phase,	  contrast	  

FDF of phase and contrast	  

accumulate	  staGsGcs	  



•  Matter-wave interferometry: repeat 
many times 

•  Plot as 

This	  is	  the	  full	  distribu%on	  func%on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
of	  phase	  &	  contrast	  
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Measurements	  of	  dynamics	  of	  split	  condensate	  



TheoreGcal	  analysis	  of	  dephasing	  
Lu^nger	  liquid	  model	  



Lu^nger	  liquid	  model	  of	  phase	  dynamics	  



Lu^nger	  liquid	  model	  of	  phase	  dynamics	  

For	  each	  k-‐mode	  we	  have	  simple	  harmonic	  oscillators	  
Fast	  spli^ng	  prepares	  states	  with	  	  
small	  fluctuaGons	  of	  relaGve	  phase	  

Time	  evoluGon	  



Energy	  distribuGon	  

EquiparGGon	  of	  energy	  	  
For	  2d	  quasi-‐conendsates	  pointed	  out	  by	  Mathey,	  Polkovnikov	  (2010)	  	  

IniGally	  the	  system	  is	  in	  a	  squeezed	  state	  with	  large	  number	  fluctuaGons	  

The	  system	  should	  look	  thermal	  like	  aaer	  different	  modes	  dephase.	  
EffecGve	  temperature	  is	  not	  related	  to	  the	  physical	  temperature	  

Energy	  stored	  in	  each	  mode	  iniGally	  

Analogous	  to	  thermalizaGon	  of	  Calabrese	  and	  Cardy	  in	  CFT,	  PRL	  (2006)	  	  



PrethermalizaGon	  
Theory:	  T.	  Kitagawa,	  A.	  Imambekov,	  et	  al.,	  PRL(2010),	  NJP	  (2011)	  
Expt:	  M.	  Gring	  et	  al.,	  Science	  2012	  



   Exploring Lorenz transformations of 
temperature in split atomic condensates 

      K. Agarwl, E. Dalla Torre, EAD, in preparation 



	  	  	  How	  do	  basic	  thermodynamic	  quanGGes	  
transform	  under	  a	  Lorentz	  boost?	  

•  For	  example,	  temperature	  T	  of	  a	  moving	  body,	  which	  in	  its	  rest	  frame,	  
appears	  thermal	  at	  temperature	  T0:	  	  
–  Einstein(‘08),	  Planck(‘08)	  :	  T	  =	  T0	  /𝛾	  	  
–  Oh(‘63),Arzieles(‘65),Gamba(‘65),Kibble(‘66)	  :	  T	  =	  𝛾T0	  
–  Landsberg(‘66)	  :	  T	  =	  T0	  
–  Pathria(’66)	  :	  T	  =	  T0	  /𝛾	  :	  Planck	  and	  Einstein	  were	  right!	  
–  Callen,Horwitz	  (‘71)	  :	  T	  =	  T0	  is	  most	  sensible.	  	  
–  Landsberg(‘86)	  :	  does	  not	  exist	  
–  Sewell	  (2008)	  :	  does	  not	  exist	  
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The	  dynamical	  problem	  can	  be	  
	  analyzed	  in	  a	  Lorentz	  Boosted	  
frame,	  where	  the	  problem	  is	  
equivalent	  to	  the	  sudden	  	  
spli^ng	  case.	  

For	  such	  a	  case,	  we	  know	  that	  	  
the	  system	  thermalizes	  at	  a	  	  
temperature	  T0	  

Making	  measurements	  in	  the	  
lab	  frame	  is	  equiv.	  to	  making	  
measurements	  on	  a	  moving	  
body,	  at	  rest	  frame	  
temperature	  T0	  





Momenta	  are	  Doppler	  shiaed	  in	  the	  	  
Lab	  frame.	  Note	  :	  Right	  and	  lea	  	  
movers	  shiaed	  differently.	  	  

Due	  to	  linear	  dispersion,	  the	  energy	  
is	  also	  doppler	  shiaed	  giving	  rise	  to	  
doppler	  shiaing	  of	  temperature	  



Note:	  

Equal	  Gme	  correlaGons	  measure	  an	  average	  of	  the	  temperatures	  of	  
lea	  and	  right	  movers,	  as	  shown	  above.	  This	  transformaGon	  is	  in	  
agreement	  with	  Oh-‐Kibble.	  	  



K=10	  



Depending	  on	  how	  you	  orient	  your	  telescopes,	  you	  measure,	  	  
different	  effecGve	  temperatures.	  



	  	  	  	  here,	  as	  before,	  is	  the	  relaGvisGc	  doppler	  shia.	  In	  the	  context	  of	  the	  CMBR,	  
	  it	  gives	  an	  esGmate	  of	  the	  speed	  at	  which	  our	  galaxy	  is	  currently	  traveling	  
	  away	  from	  the	  CMBR	  rest	  frame	  	  



Summary:	  interesGng	  effects	  due	  to	  interplay	  of	  
interacGons,	  disorder,	  and	  temperature	  in	  quantum	  

many-‐body	  systems	  

	  Quantum	  noise	  is	  a	  powerful	  tool	  for	  studying	  
1d	  many-‐body	  systems	  in	  and	  out	  of	  equilibrium	  

•  Exploring	  Lorenz	  transformaGons	  of	  
temperature	  in	  split	  atomic	  condensates	  

	  	  	  K.	  Agarwl,	  E.	  Dalla	  Torre,	  EAD,	  in	  preparaGon	  





We cheered you on last  year 
At the top of heart Break Hill. 
Not knowing that you so young 
Will run away so far too soon, 
           breaking our hearts 

                  Olga Demler 


