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Thesis	  

•  Part	  I:	  	  Decoherence	  and	  relaxa@on	  in	  an	  open	  system	  
	  
–  	  Bath	  of	  non-‐interac@ng	  electrons	  

–  	  Bath	  with	  a	  long	  range	  order	  

•  Part	  II:	  Thermaliza@on	  in	  a	  closed	  system	  
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Decoherence	  and	  relaxa@on	  of	  a	  qubit	  
coupled	  to	  a	  bath	  with	  long	  range	  order	  
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Qubit	  +	  bath	  
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•  Qubit	  	  	  
	  
	  
	  
•  Bath	  

Density	  
	  matrix	  



Decoherence	  and	  relaxa@on	  
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•  Qubit	  	  	  
	  
	  
	  
•  Bath	  

•  Decoherence	  

•  Relaxa@on	  

Time	  evolu@on	  

Interac@on	  



Why	  study	  decoherence	  and	  relaxa@on?	  

•  For	  quantum	  computa@on	  it	  is	  important	  to	  
have	  coherent	  qubits.	  

•  Qubits	  can	  be	  used	  to	  probe	  the	  environment.	  
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Physical	  realiza@ons	  of	  qubits	  
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Examples	  
•  Josephson	  junc@ons	  
•  Spin	  in	  quantum	  dots	  

	  

	  
DiVincenzo,	  Loss	  
Phys	  Rev	  A	  (1998)	  	  

Makhlin	  
Rev	  Mod	  Phys	  (2001)	  	  
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Examples	  
•  Josephson	  junc@ons	  
•  Spin	  in	  quantum	  dots	  

→	  Interac@ng	  nuclear	  spins	  
and	  electronic	  baths	  
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Phys	  Rev	  B	  (2006)	  



Qubits	  as	  probes	  

•  Theore@cal	  

•  Experimental	  	  
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State	  of	  art	  

•  Nuclear	  spins	  
	  
•  Electrons	  
	  
	  
	  
•  Bath	  Interac@ons	  

•  Phase	  transi@on	  
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What	  is	  the	  effect	  of	  order	  in	  the	  
bath	  on	  decoherence	  and	  relaxa@on	  

of	  the	  qubit?	  
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Model	  
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•  The	  qubit	  has	  no	  intrinsic	  
dynamics	  

	  
•  The	  bath	  is	  described	  by	  BCS	  

Hamiltonian	  
–  T	  <	  Tc	  superconductor	  
–  T	  >	  Tc	  metal	  

•  Interac@on	  
	  



Interac@on	  

•  Charge	  
	  

•  Kondo	  

•  Order	  
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Reduced	  dynamics	  of	  the	  qubit	  
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•  Ini@al	  state	  



Reduced	  dynamics	  of	  the	  qubit	  
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•  Ini@al	  state	  

•  Unitary	  evolu@on	  

•  Reduced	  density	  matrix	  



Born	  approxima@on	  

Weak	  coupling	  techniques	  
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Nakajima-‐Zwanzig	  (NZ)	  

Time	  convolu@onless	  (TCL)	  

Local	  approxima@on	  

Master	  equa@on	  



Master	  equa@on	  in	  Born	  aproxima@on	  
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Laplace	  transform	  

Self	  energies→	  Time	  evolu@on	  

First	  order	   Second	  order	  



Kondo	  coupling	  

•  The	  problem	  is	  spin	  isotropic	  

•  Bath	  operators	  have	  no	  net	  moment	  
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Only	  one	  self	  energy	  
	  



Kondo	  coupling	  

•  The	  problem	  is	  spin	  isotropic	  

•  Bath	  operators	  have	  no	  net	  moment	  
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Relaxa@on	  and	  decoherence	  are	  the	  same	  



Dynamics	  in	  NZ	  and	  TCL	  
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•  Time	  convolu@onless	  

•  Nakajima-‐Zwanzig	  
	  

Markovian	  asympto@c	  evolu@on	  



Asympto@c	  dynamics	  for	  T=0	  (TCL,	  NZ)	  	  

Gap	  at	  ω=0	  	  
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Incomplete	  decoherence/

relaxa@on	  



Self	  energy	  at	  finite	  temperature	  

Logarithmic	  divergence	  at	  ω=0	  
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r	  is	  non	  monotonic	  

	  



Asympto@c	  dynamics	  for	  0<T<Tc	  (TCL)	  
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Anomalous	  decoherence	  
•  Non	  Markovian	  
•  Faster	  than	  exponen@al	  
•  ‘‘Reentrance’’	  	  
	  

	  
Scales	  
•  Small	  T	  (t>>	  1/T)	  
•  Large	  T	  (t>>	  1/Δ)	  
	  



Asympto@c	  dynamics	  at	  0<T<Tc	  (TCL)	  
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Asympto@c	  dynamics	  for	  0<T<Tc	  (NZ)	  
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•  Non	  Markovian	  
decoherence/relaxa@on	  

•  Different	  from	  TCL	  
	  

	  



Summary	  for	  Kondo	  coupling	  

•  Relaxa@on	  =	  Decoherence	  
	  
•  At	  T=0	  incomplete	  decoherence	  (TCL	  and	  NZ)	  

•  For	  0<T<Tc	  non	  Markovian	  decoherence	  (TCL	  ≠	  NZ)	  
	  
•  For	  0<T<Tc	  (TCL)	  Ultrafast	  non	  Markovian	  
	  	  	  	  	  	  →	  disastrous	  for	  qubits	  
	  

signature	  of	  order?	  
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Order	  coupling	  

•  The	  problem	  is	  not	  isotropic	  

•  Bath	  operators	  have	  net	  moment	  
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Self	  energy	  matrix	  
	  

Relaxa@on	  ≠	  Decoherence	  
	  

	  



Order	  coupling	  

•  The	  problem	  is	  not	  isotropic	  

•  Bath	  operators	  have	  net	  moment	  
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Self	  energy	  matrix	  
	  



The	  x	  component	  for	  0<T<Tc	  (TCL)	  	  
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• 	  	  Related	  to	  charge	  
fluctua@ons	  

• 	  	  Finite	  at	  ω=0	  →	  
Markovian	  evolu@on	  



The	  x	  component	  for	  0<T<Tc	  (TCL)	  	  
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• 	  	  	  Markovian	  
	  
• 	  	  	  	  Very	  slow	  

Black	  and	  Fulde	  
Jour	  Phys	  LeQ	  (1979)	  



The	  y	  and	  z	  components	  for	  0<T<Tc	  (TCL)	  
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• 	  	  	  Related	  to	  spin	  
fluctua@ons	  
	  
• 	  	  	  Infrared	  divergence	  →	  
non	  Markovian	  ultrafast	  
evolu@on	  

• 	  	  	  First	  order	  term	  →	  	  
oscilla@ons	  



Sensi@vity	  to	  ini@al	  condi@ons	  
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Sensi@vity	  to	  ini@al	  condi@ons	  
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•  No	  relaxa@on	  

•  Markovian	  
decoherence	  

•  Non	  Markovian	  
relaxa@on	  

•  Non	  Markovian	  
decoherence	  



Summary	  for	  Order	  coupling	  

•  Relaxa@on	  ≠	  Decoherence	  
	  
•  Sensi@vity	  to	  ini@al	  condi@ons	  

•  	  Difference	  between	  x,	  y,	  z	  
–  Charge	  channel:	  Markovian	  and	  slow	  
–  Spin	  channel:	  Like	  Kondo	  with	  oscilla@ons	  
	  
→	  Important	  to	  couple	  to	  «	  good	  operators	  »	  and	  
measure	  «	  good	  quan@@es	  »	  

→	  disastrous	  or	  good	  for	  qubits	  
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Perspec@ves	  

•  T	  →Tc	  from	  metallic	  side	  

•  Next	  order	  in	  TCL,	  NZ	  
	  
•  Other	  ordered	  baths	  
	  
•  Two	  qubits	  (entanglement,	  quantum	  discord…)	  
	  
•  One	  qubit	  coupled	  to	  two	  baths:	  

–  Order	  +	  bosonic	  
–  Two	  ordered	  at	  different	  temperatures	  

	  
•  Strong	  coupling	  (Numerical	  approach)	  
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Q1:	  Two	  qubits	  
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•  Important	  for	  applica@ons,	  experiments	  

•  Entanglement,	  concurrence,	  quantum	  
discord.	  

•  «	  Easy	  extension	  »	  

¿What	  is	  the	  dynamic	  of	  two	  qubits	  
	  interac@ng	  with	  an	  ordered	  bath?	  



Q2:	  Two	  baths	  in	  equilibrium	  
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•  More	  realis@c	  
	  
•  Each	  bath	  à	  differentdynamics	  

•  ¿Who	  wins?	  

¿What	  is	  the	  decoherence	  of	  a	  qubit	  when	  it	  interacts	  with	  a	  
bosonic	  and	  an	  ordered	  bath	  at	  the	  same	  @me?	  

djsalZkjdlks	  

djsalZkjdlks	  



Q3:	  Two	  baths	  at	  different	  temperatures	  
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•  Study	  the	  heat	  transfer,	  conductance,	  etc…	  
•  Preliminary	  results	  (Fourier	  law,	  thermal	  rec@fica@on…)	  

¿What	  is	  the	  decoherence	  of	  a	  qubit	  when	  it	  interacts	  with	  two	  
baths	  at	  different	  temperatures?	  

Lian-‐Ao	  
(PRE	  2009)	  

Quiroga	  
(PRA	  2007)	  



Q4:	  Excitons	  in	  a	  quantum	  dot	  

40	  

Characterize	  the	  dynamics	  of	  excitons	  in	  quantum	  dots	  

Madsen	  
(PRL	  2011)	  



Q4:	  Excitons	  in	  a	  quantum	  dot	  

41	  

B.	  Rodriguez	  (UDEA)	  L.	  Pachon	  (UDEA)	  M.	  Tarzia	  
(LPTMC,	  Paris)	  L.	  Cugliandolo	  (LPTHE,	  Paris)	  

•  Dynamical	  quan@@es	  are	  directly	  
related	  to	  measurements	  

	  
•  Lack	  of	  a	  theore@cal	  model	  
	  
	  

Characterize	  the	  dynamics	  of	  excitons	  in	  quantum	  dots	  



Thank	  you,	  Gracias	  
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