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Order out of chaos... 

Nonequilibrium 
thermal physics... 

Thermodifussion 



Nonequilibrium Physics = Biological dynamics 



Order out of chaos... 

Nonequilibrium thermal physics... 

Some questions arise:  
 

1- Are there corresponding effects in 
quantum physics?.  
 
2- Is it possible, not only to find but 
to enhance, quantum coherences by 
out-of-equilibrium environments?. 



Non-equilibrium Quantum Physics… 



Quantum coherences in thermal 
equilibrium… 

- Entanglement of Formation-Concurrence 
- Quantum Discord 

Bath-T 
Q-system 



Quantum coherences under 
nonequilibrium 

thermal conditions… 

Q-system 

Bath-T1 Bath-T2 - Entanglement of Formation-Concurrence 
- Quantum Discord 
- Two-time correlations 

heatJ



Nonequilibrium quantum set up  
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Weak system+bath couplings 

General formalism 
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Born-Markov approximation-Lindblad equation 

with 

j-bath spectral density 
Temperature effects 

General formalism 
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Nonequilibrium steady-state solution 

Q-system 
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Results - 1 

Two-site quantum coherences 
Correlations in states of two spatially 

separated systems  

Concurrence 
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Two-Spin system 
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Results 
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L.Quiroga,  FJR,  MER & RP, Phys.Rev. A75, 032308 (2007) 

||
2

21

21

TTT

TTTM

−=∆

+
= Mean temperature 

Temperature gradient 

Concurrence 



Results - 2 

-Two-time correlation 
-Leggett-Garg inequality 

Two-time quantum coherences 
Correlations in states of a single 

system at different points in time 



Assumptions: 
- Macroscopic realism 
- Noninvasive measurement=Stationarity 
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Measurement of a dichotomic 
observable:  
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Main message: 
LGI provides a criterion to characterize 

the boundary between the classical and quantum 
domains and the possible identification of 

macroscopic quantum coherences. 
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Leggett-Garg inequality (LGI) 

- LGI can be violated by quantum mechanical 
unitary dynamics, i.e. Rabi or Larmor. 
-For an open quantum system LGI 
violation can persist depending on the noise  
strength. 
-For Markovian noise, above a certain noise  
intensity and after a certain time, LGI is 
not more violated, i.e. classical behavior. 
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Leggett-Garg inequality (LGI) 

:)( tp i Probability of measuring Q 
with result i at time t 

)|()()|()(),( 12112121 ttqtpttqtpttC −−−+++ += )|()()|()( 121121 ttqtpttqtp −+−+−+ −−

Conditional probability of 
measurements of Q at t1 
and t2 

:)|( 21 ttq ji

Technical details: 

)(ˆ)0(ˆ)(ˆ)(ˆ
1

tKtKt m

N

m
m

+

=
∑= ρρ

Kraus operators: 

J.C.Castillo, FJR & LQ, in preparation 



1)3,1()3,2()2,1()3,2,1( ≤−+= ttCttCttCtttF

:ssρ

1
zQ σ=

Steady-state 

Leggett-Garg inequality (LGI) 

T

1
zσ 2

zσ

V
T

Thermal equilibrium LGI 
ΔT=0 

V01.0=Γ

Γ Γ
><= )()(),( 2

1
1

1
21 ttttC zz σσ

1.1=MT V3=ε



Nonequilibrium thermal LGI 
ΔT≠0 

2T

1
zσ 2

zσ

V
1T

1=MT
2.0=∆T

V3=ε

ΓΓ

V01.0=Γ

heatJ

MLGI



Nonequilibrium thermal LGI 
ΔT≠0 
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Nonequilibrium thermal LGI 
ΔT≠0 
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Quantum Discord 
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Nonequilibrium thermal LGI 
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No LGI violation 

J.C.Castillo, FJR & LQ, AIP Proc. (in press, 2012) 
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Real life system: 
NV centers in diamond… 

APS/S. Benjamin and J. Smith 

Physics 4, 78 (2011) DOI: 10.1103/Physics.4.78 
Driving a Hard Bargain with Diamond Qubits 

http://physics.aps.org/view_image/5830/medium/1�


Real life system: 
NV centers in diamond… 



Conclusions 

Two-site quantum coherences 

1- Nontrivial dependence of the heat 
current on the entanglement 
(concurrence) for two-qubit systems. 
 
2- It may be quite useful in the context 
of NV centers in diamond, quantum dot 
and superconductor qubit systems. 

L.Quiroga et al., PRA 75, 032308 (2007); cond-mat/0612046 



Conclusions 

• At low temperatures: Going 
away from equilibrium 
increases violation of LGI 
 

• Robust result: wide range of 
coupling strength 
 

• LGI violation agrees with the 
result for entanglement and 
quantum discord 
– Measures of quantumness, 

but different types of 
correlations 

 
• Experimental implementation 

Two-time quantum coherences 

J.C.Castillo et al., AIP Proc. (in press, 2012) 



Conclusions 

Time-dependent & nonequilibrium quantum phenomena 
in condensed matter environments 

can be of interest for… 

1- Quantum information hardware 
2- Nonequilibrium quantum thermodynamics 
3- Matter-radiation quantum interfaces  
4- Biological systems (Photosynthesis?) 
5- … 




	Número de diapositiva 1
	Número de diapositiva 2
	Número de diapositiva 3
	Número de diapositiva 4
	Número de diapositiva 5
	Número de diapositiva 6
	Número de diapositiva 7
	Número de diapositiva 8
	Número de diapositiva 9
	Número de diapositiva 10
	Número de diapositiva 11
	Número de diapositiva 12
	Número de diapositiva 13
	Número de diapositiva 14
	Número de diapositiva 15
	Número de diapositiva 16
	Número de diapositiva 17
	Número de diapositiva 18
	Número de diapositiva 19
	Número de diapositiva 20
	Número de diapositiva 21
	Número de diapositiva 22
	Número de diapositiva 23
	Número de diapositiva 24
	Número de diapositiva 25
	Número de diapositiva 26
	Número de diapositiva 27
	Número de diapositiva 28
	Número de diapositiva 29
	Número de diapositiva 30
	Número de diapositiva 31
	Número de diapositiva 32
	Número de diapositiva 33
	Número de diapositiva 34
	Número de diapositiva 35
	Número de diapositiva 36
	Número de diapositiva 37

