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Available energy is the main object at stake in the 
struggle for existence and the evolution of the world.

Ludwig Boltzmann

http://strangewondrous.net/browse/author/b/boltzmann+ludwig


  

Far from equilibrium statistical 
mechanics

Explorations in Quantum 
Systems



  

Introduction 

● Defining Work and Heat

● Motivations to study the energy information conversion in quantum
 systems

● Distribution of dissipated heat in a generic protocol 

● Experimental proposal to measure heat in a quantum system 

● A curious bound on the heat 



  

Quantum Work and Heat – definitions under 'quasi-static' transformation

heat work



Heat Work

The quantum open system as a model of the heat engine

R Alicki 1979 J. Phys. A: Math. Gen. 12 L103



Closed processes

or

Unitary processes



All work and no heat 
makes it a unitary process



  

Quantum Systems : thermodynamics in finite time

Energy

Time
Measure E_n 
with probabiliy 
p_n

Measure E'_m 
with probaility 
p(m|n)

1. Prepare →2. Measure →3. Evolve →4. Measure – 5. Build statistics1. Prepare →2. Measure →3. Evolve →4. Measure – 5. Build statistics



  

Work Distribution for closed quantum systems (Unitary)

Work Distribution :

Energy

Time

Heights of delta peaks



  

Fluctuation Relations

Remarkable relations exist between the fluctuations in the work done in a non-equilibrium 
transformation and the equilibrium properties of the system.

Tasaki-Crooks Relation 

Jarzynski equality

Campisi et al, Rev. Mod. Phys. 83, 771 (2011) M. Esposito et al,  Rev. Mod. Phys. 81, 
1665 (2009). 
 



  

Emergent Irreversibility

Second law by Klien's inequality

Relative Entropy between forward and backward distributions

Crooks Relation 

Irreversible entropy change



  

Irreversibility

S. Deffner and E. Lutz, Phys. Rev. Lett. 105, 170402 (2010)

Generalised Claussius Inequality

Use mathematical 
properties of relative 
entropy to look at bounds on 
entropy production:



  

Probe the characteristic function of work 

Phys. Rev. E. 75, 050102, (2007)
Talkner, Lutz, Hanggi



  

The papers



  

NMR

To appear in 
Physical 
Review Letters 
– this week



  

Open systems and heat

“Energetic fluctuation in an open quantum process”
John Goold and Kavan Modi 
ArXiv:1407.4618 (2014)



  

Probability distribution of energy changes

Probability of changing internal energy in a single run

1. Prepare →2. Measure →3. Evolve →4. Measure – 5. Build statistics1. Prepare →2. Measure →3. Evolve →4. Measure – 5. Build statistics



  

Proposal



  

“Removal of the heat generated by an integrated circuit has become perhaps the 
crucial constraint on the performance of modern electronics”*

* MIT course on Nano-electronics 

Motivation to understand information to energy conversion in quantum systems



  

Motivation to understand information to energy conversion in quantum systems

“From a technological perspective, energy dissipation per logic operation in present-day 
silicon-based digital circuits is about a factor of 1,000 greater than the ultimate Landauer 
limit, but is predicted to quickly attain it within the next couple of decades” **

**Energy dissipation and transport in nanoscale devices. Nano Res. 3,
147–169 (2010)



  

Motivation to understand information to energy conversion in quantum systems

Perhaps help settle some foundational issues ? 

Exorcist XIV: The Wrath of Maxwell's Demon. Part I and Part II
From Maxwell to Szilard.
Earman and Norton, Stud. Hist. Phil. Mod. Phys. 1998 1999

“One of the main objections to Landauer's principle, and in my 
opinion the one of greatest merit, is that raised by Earman and 
Norton, who argue that since it is not independent of the second 
law, it is either unnecessary or insuifficent as an exorcisim of 
Maxwell's demon..............”

Charlie Bennet, IBM 2008 (Notes on Landauer's principle)



  

Classical experiments



Heat



  

An operational quantum Landauer principle 

(Im-)Proving Landauer's Principle
David Reeb and Michael M. Wolf
arXiv:1306.4352 (2014)

In thermodynamic limit recover standard Landauer principle:

Entropy production as correlation between 
system and reservoir
Esposito et al
New Journal of Physics 12 (2010) 013013





  

The distribution of dissipated heat 

A non-equilibrium quantum Landauer principle
 John Goold, Mauro Paternostro and Kavan Modi
arXiv:1402.4499 (2014)

Consider the distibution of dissipated heat to the bath 

Now have non unitary dynamics on bath described by CPTP map: 

 average heat dissipated to bath 



  

Characteristic Function of heat distribution 



  

Modified Ramsey Interferometry

Measure A in X-Y Plane:

Tracing 
out RS



  

Measuring the heat exchange of a quantum process

Measuring the heat exchange of a quantum process
 John Goold, U. Poschinger and Kavan Modi
arXiv:1401.4088 (2014)

Can probe again 
characteristic function: 

Use hyperfine states as qubit and ancilla 
and normal mode as resivoir

Exploring quantum Landauer 
experimentally?  



  

The role of non-unital channels and fluctuation “like” relations 

A non-equilibrium quantum Landauer principle
 John Goold, Mauro Paternostro and Kavan Modi
arXiv:1402.4499 (2014)

Non unital channels on the bath 

Get non trivial bound: 

Apply Jensen inequality



  

A non-equillibrium quantum Landauer principle 



  

Conclusion  

Lets leave it as a blank page



  

Thanks to collaborators 

(Thank you all!)

Go raibh mile maith agaibh!



  

“When you can measure what you are speaking about, and express it 
in numbers, you know something about it, when you cannot, your 
knowledge is of a meager and unsatisfactory kind; it may be the 
beginning of knowledge, but you have scarely, in your thoughts 
advanced to the stage of science.”

William Thomson, 1st Baron Kelvin, born in Belfast 1824



Fluctuation relation? 

A non-equilibrium quantum Landauer principle
 John Goold, Mauro Paternostro and Kavan Modi
arXiv:1402.4499 (2014)
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