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 From Sadi Carnot to …	


Sadi Carnot (1796-1832) 	

died at 36 years old 	

Ecole Polytechnique	


Thermodynamics	

2nd principle, 1824 	


Carnot cycle	


Irreversibility and Entropia (1864)	




S



von Neumann entropy	


More simple 	


quantum mechanics:	

entropy > 0 without an objective lack of information	


	


non-degenerate 
pure ground state	


shaded region A	

remainder B	


(Eisert et al., RMP, 2010)	


Entanglement	

Entropy	


L. Amico et al. Rev Mod Phys (2008) 	


Entanglement Entropy	




1D Prototype	


entanglement entropy in one dimension	


x	

L	




CFT results for entropy: see also Holzhey, 
Larsen and Wilczek, 1994 	


entanglement entropy	




entanglement entropy	


DMRG results allow to extract c: Stephan 
Rachel and Francis Song	


L=100, PBC	

S=1/2 Heisenberg chain	


c = 1.0018	


L=24, PBC	

S=1/2 Heisenberg chain	


c = 1.009	




entanglement entropy	


QPC, free fermions: Current fluctuations are Gaussian 	

with a log. Variance:	


C2=(1/π2)ln|t1-t0| & S~1/3.ln|t1-t0|	

	




=> “rotation” and “magnetic field” interchangeably	


   Fluctuations 	


Definitions	


K=1 free fermions (Klich-Levitov)	

K=ν for fractional QH edges

(Fradkin et al)	


H. Francis Song, Stephan Rachel & Karyn Le Hur, PRB 2010 	


C2 = F	


(see lecture by C. Pepin and book by T. Giamarchi)	






=> “rotation” and “magnetic field” interchangeably	


CFT + U(1)	


Conserved U(1) current (fixed total number of particles or spin)	

U(1) currents are described by a massless free boson, 	


Critical theory	

	

	


High T: sub-system A in grand canonical ensemble 	

in equilibrium with a thermal bath 	




=> “rotation” and “magnetic field” interchangeably	


For spin systems, the compressibility turns 
into the uniform magnetic susceptibility	


Also Valid for gapless spin chains…	

	


Sub-leading corrections & boundaries?	


πvκ = K for Luttinger theories	




=> “rotation” and “magnetic field” interchangeably	


Free fermions: solvable but still some math 
(P. Fendley, conference in Waterloo, June 
2010)	


l	




=> “rotation” and “magnetic field” interchangeably	


Exact Diagonalization & Exact Results	


XX Model	
 Exact diagonalization	

L=100	


+	

Exact Results	


Square: entropy	

Circle: fluctuations	


Exact result	




=> “rotation” and “magnetic field” interchangeably	


Friedel like contribution	


(Laflorencie, Sorensen, Chang & Affleck, PRL 2006)	




Important NOTE:	


Bose Gas: S=ln F1/2	

	

	

	

	


Linear Relation between S and F works if total number 	

of particles (or Sz) is conserved	


	


It does not work if A and B don’t exchange particles:	

S. Furukawa and Y.B. Kim arXiv:1009.3016 (PRB)	


Relation perhaps does not hold in more complex geometries	

J. Cardy, arXiv:1012.5116 (PRL 2011)	


Example: more than one cut 	


Klich, Refael & Silva PRA 2006 	




At least this is encouraging	
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Entanglement Entropies	

Fluctuation Theorem(s)	


Application of mathematical 	

combinatorics: XVIII	






matter	

	


 All Cumulants for the QPC accessible…	




Klich-Levitov Series	












=> “rotation” and “magnetic field” interchangeably	


Check of Our New Formula: QPC…	


   	


 	


                  !

Higher-order cumulants	

become accessible	


in mesoscopic systems	

(B. Reulet-D. Prober;	


C. Glattli et al.)	




Simple	  QPC	  case,	  1e:	  “par((oning”	  

	  
	  	  	  	  How	  Many	  cumulants	  do	  we	  need:	  K=10,	  but…	  	  





QPC:	  many	  free	  par6cles	  
Genera6ng	  func6on	  s6ll	  accessible	  (Levitov,	  Lee	  &	  Lesovik,	  1996)	  

D=1	

agrees with CFT	




	  	  	  	  QPC	  I:	  T=0	  and	  Away	  From	  Perfect	  Transparency	  

Genera(ng	  Func(on	  known:	  Levitov,	  Lee	  and	  Lesovik	  (1996)	  
We	  are	  then	  able	  to	  compute	  all	  the	  cumulants	  and	  measure	  S…	  

D=1:	  Results	  from	  CFT	  (Klich-‐Levitov):	  entropy	  grows	  logarithmically	  with	  6me	  
D=0.5:	  Higher	  cumulants	  macer,	  but	  the	  entropy	  maintains	  its	  logarithmic	  growth	  
With	  K=2:	  S=5/(2π)2	  *	  ln(t/τ):	  Lower	  bound	  on	  the	  full	  entanglement	  entropy	  

Gaussian	  equilibrium	  
Quantum	  noise	  

GigaHertz	  limit:	  
Experimentally	  
feasible…	  (?)	  

	  



QPC	  II:	  Effect	  of	  Thermal	  Fluctua(ons	  
Temperature	  produces	  classical	  thermal	  fluctua6ons	  which	  eventually	  cause	  the	  entropy	  	  

to	  become	  linear	  in	  6me	  (extensive	  func6on)	  

T=10mK	  
τβ=1.5ns	  

Red:	  zero	  temperature	  
Limit	  	  

Blue:	  high	  temperature	  
Limit	  

In	  principle,	  zero-‐temperature	  behavior	  s6ll	  accessible	  



	  QPC	  III:	  Voltage	  Effects	  (X-‐func(on	  s(ll	  accessible)	  

Large	  Voltage:	  shot	  noise,	  classical	  binomial	  charge	  transfer	  (Beenakker)	  

v=eV/2kBT	  

	  	  	  Time	  larger	  than	  τβ~	  1/kB	  T	  	  	  

K=10	  

(see	  also	  Y.	  Nazarov,	  2011)	  



    Concluding Remarks: 	

	


Fluctuation number: useful bi-partite object (QMC)	

	


Brings New Information on short-range fluctuations	

and “potentially related” to entanglement-scaling	


	

Useful Tool to detect QPTs: see our PRL 2012	


	

Entanglement Entropy and Full Counting Statistics:

Free fermions


Measure of EE and Renyi entropies in
Interacting systems: quantum switch

D. Abanin & E. Demler, PRL 2012
See also J. Cardy, PRL


