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What about far from equilibrium?? 
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Conductance is proportional to 
the  current noise at equilibrium

Johnson-Nyquist theorem

Linear Irreversible Thermodynamics

Linear response theory: Summarized via universal Onsager’s 
reciprocity relations, universal Fluctuation-dissipation relations.

Fundamental aspects of non-equilibrium statistical physics
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Fluctuation Relations: Microscopic statement of second law
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Charge Transport
stochastic variable
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Gallavotti-Cohen fluctuation symmetry

Response coefficients are related beyond linear response regime
Close to equilibrium Standard Linear response results

The steady state fluctuation symmetry ensures that 

Fluctuation-dissipation relation 
(Johnson-Nyquist relation)

Relation between 
Nonlinear Coefficients
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Thermodynamic Uncertainty Relation (TUR)

Equality in the linear response regime (Gaussian distribution)

Trade-off between dissipation (entropy production) and precision (noise)

For two-terminal single-affinity system (Markov Process)

.. Seifert PRL (2018), PRL 
(2015), PRE (2016)

..England PRL (2016)

Relation to fluctuation symmetry?
Quantum Effects?

B. K. Agarwalla, D. Segal PRB (2018)

?



Thermodynamic Uncertainty Relation (TUR)



Thermodynamic Uncertainty Relation (TUR): Charge Transport

The entropy production: 

The steady state fluctuation symmetry ensures that 

TUR:
Sign?

?

Violation of TUR:

Valid for both classical and quantum systems

nonlinear transport 
coefficients



Non-interacting Charge Transport (Scattering Theory)
Model: Tight-binding chain connected to two fermionic leads
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Klich (2003) 
Esposito et al (2009)

Agarwalla et al (2012) 

Charge Current: (Landauer Formula) 

Current Fluctuation:



Can switch sign 
1. Structure of the transmission function (tunnelling processes),
2.  External conditions (temperature)

Non-interacting Charge Transport



Examples
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Results: Single Quantum Dot

✏d = 0,� = 1



Results: Double Quantum Dot
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⌦ G. Schaller et al PRB (2009)
Harbola et al PRB (2006)

B. K. Agarwalla, D. Segal, PRB (2018)
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Results: Double Quantum Dot



TUR:
Sign?

?



Summary: 

    Thermodynamic uncertainty relation:
Violation for quantum systems— Depending on the nature of transmission 
function and external conditions
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     What is the bound in the Quantum domain?




