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Mechanics
 

and
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fundamentally
 

united by
 density operators with an

 
ontic status

 
obeying a locally

 maximum entropy production dynamics. But at what price?
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The Keenan school of Thermodynamics
 from engineering, to physics, to 

mathematical-physics, and back!
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1) Concept of individual state and an unambiguous representation
 

of 
preparations, not

 
based on the (von Neumann) density operator

2) An ansatz (1976) allows to embed Thermodynamics into Quantum Theory
•

 
Ontic status of density operators and microscopic entropy

3) Geometrical construction (1981) of a 'maximal entropy generation' dynamics
•

 
Ontic and microscopic status to the second law and to irreversibility

4) The price to pay, due to nonlinearity of the dynamical law

Outline
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1) Concept of individual state and an unambiguous representation
 

of 
preparations, not

 
based on the (von Neumann) density operator

In 1970's language:
On the distinction between quantal

 
and nonquantal

 
uncertainties…

In today's language:
On the operational/instrumental distinction between ontic

 
and epistemic

 probabilities…

In 1930's language:
On the unambiguous mathematical representation of measurement statistics 

from homogeneous
 

and heterogeneous
 

ensembles

Part I
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Measurement 
procedure A a1 a2

 

…  ad

Measurement 
procedure Z z1

 

z2

 

…  zd

Ensemble E∏

of identical systems all 
prepared by  ∏

 

at time t

…

…

…

…

…

…

…

Preparation 
∏

of system

Statistics of 
measurement outcomes 

(all at time t)

“Tomography” of a preparation (or ensemble) at time t
Park and Band, FoundPhys, 

1, 133 (1970); 1, 211 (1971);

1, 339 (1971)

Measurement 
procedure B b1 b2

 

…  bd
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Statistical mixing of preparations (or ensembles)

Preparation 
∏1

of system

Preparation 
∏2

of system

w 1

w 2

Preparation ∏

Homogeneous
 

vs Heterogeneous preparations
 

(or ensembles)
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Homogeneous
 

vs Heterogeneous preparations
 

(or ensembles)

Homogeneous
 

preparations (or ensembles) and “states”
…

…

…

…

…

…

…

Preparation 
∏o

of system

Von Neumann, book, engl.transl.1932
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Homogeneous
 

preparations (or ensembles) and “states”
…

…

…

…

…

…

…

Preparation 
∏o

of system

Von Neumann, book, engl.transl.1932

J.L. Park, AmJPhys., 36, 211 (1968) -

 

"Nature of quantum states"
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Homogeneous
 

preparations (or ensembles) and “states”

Schrödinger, PCPS, 32, 446 (1936)

Park&Band, FoundPhys, 6, 157 (1976)

quant-ph/0509116

ModPhysLettA, 21, 2799 (2006)

Homogeneous 
preparation ∏1

o w1

w2

Homogeneous 
preparation ∏2

o

…

…

…

…

…

…

…

“State is either       or      ” “State is either       or      ”

Homogeneous 
preparation ∏3

o w3

w4

Homogeneous 
preparation ∏4

o

…

…

…

…

…

…

…

Contradiction !
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Conditions for a mathematical representation 
compatible with the notion of individual state

PhD Thesis (1981), quant-ph/0509116
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Isolated two-level system, standard Quantum Mechanics

G.P. Beretta, Wor kshop on “Per spectiv es in Probabil ity Theor y and its Connections with Science and Society”
Levico Terme (Trento), Italy, December 3-7, 20 06 - References available at: www.quantum thermodynamics.org

Isolated and uncorrelated 2-level particle
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The von Neumann representation of heterogeneous 
preparations via density operators is incompatible 
with the notion of individual state

x

z

y

|ψ〉〈ψ|

ρ
|φ〉〈φ|

Schrödinger, PCPS, 32, 446 (1936)

ParkBand-FoundPhys-6-157-1976

many others later

quant-ph/0509116

ModPhysLettA-21-2799-2006
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A representation of heterogeneous preparations via 
probability density distributions over the set of 
possible ontic states

x

z

y

Is this a fundamental indication (theorem) there must 
exist some measurable observables which need to be 
represented by nonlinear

 

functionals of  |ψ〉〈ψ| ?
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1) Concept of individual state and an unambiguous representation
 

of 
preparations, not

 
based on the (von Neumann) density operator

2) An ansatz (1976) allows to embed Thermodynamics into Quantum Theory
•

 
Ontic status of density operators and microscopic entropy

The need to represent some measurable observables by nonlinear functionals 
comes from thermodynamics (at least in our engineering "very ontic" view!)

•
 

Adiabatic availability of nonequilibrium states
•

 
Entropy

•
 

Spontaneous relaxation towards equilibrium

Part II
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•
 

The density matrix ρ, even if non-pure,
 

represents a 
real ontological object, the actual state of the world 
(system, single particle, even if unentangled). 

•
 

ρ
 

is not
 

understood as needed to represent an 
epistemic ignorance of which particular pure state 
the world is ‘really’ in. The ‘real’ state is ρ.

•
 

The ontic status attributed to the density matrix also 
legitimates treating the entropy −kB

 

Tr ρ
 

lnρ
 

as an 
ontic physical quantity, like energy or mass.

•
 

−kB

 

Tr ρ
 

lnρ
 

is not
 

understood as measuring how 
broad is an epistemic probability distribution.

GN

 

Hatsopoulos

 

and 

EP

 

Gyftopoulos,

Found.Phys.,

 

Vol. 6, 

15, 127, 439, 561 (1976)

A physical ansatz (departs drastically from Stat.Mech.)
 sufficient to

 
unite Mechanics and Thermodynamics
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Isolated two-level system, Quantum Thermodynamicshrhrhr ××−×=
τ

ω )(rf
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Isolated and uncorrelated 2-level particle
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inside the Bloch 
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Isolated two-level system, Quantum Thermodynamics

Isolated and uncorrelated 2-level particle
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Giving an "ontic" status to entropy and the Second Law
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In Quantum Mechanics, 
an isolated and 
uncorrelated particle is 
always thought as being 
in a pure state. If ρH=Hρ, 
this means that only one 
energy level carries the 
energy
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All other distributions with the given E, 
cannot

 
be stable equilibrium

Giving an "ontic" status to entropy and the Second Law
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In Quantum
 

Thermodynamics, irreversible 
time evolution, for ρH=Hρ,

 
can be 

interpreted as the internal redistribution of 
energy

 
among all the eigenmodes of energy 

storage that are acecssible to the particle 

How to construct an equation of motion for ρ
 which has the canonical equilibrium 

distribution as the only stable equilibrium 
one for each given value of E

 
?

Giving an "ontic" status to irreversibility
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Unitary dynamics cannot decribe relaxation to  
equilibrium, nor extraction of the adiabatic availability
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nonequilibrium state relaxation
extraction of 
the adiabatic 
availability

… because the eigenvalues of the density operator change with time in these processes.
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No need for linearity of the dynamical law

Linearity is instead required by the (von Neumann) epistemic view…

Homogeneous 
preparation ∏1

o w1

w2

Homogeneous 
preparation ∏2

o

…

…

…

…

…

…

…

“State at time t
 

is either       or      ”
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based on the (von Neumann) density operator

2) An ansatz (1976) allows to embed Thermodynamics into Quantum Theory
•

 
Ontic status of density operators and microscopic entropy

3) Geometrical construction (1981) of a 'maximal entropy generation' dynamics
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Ontic and microscopic status to the second law and to irreversibility

4) The price to pay, due to nonlinearity of the dynamical law
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Conclusions -
 

“an ontic role of the density operator makes 
Quantum Thermodynamics fundamental”

•
 

The second law is forced directly into the microscopic laws and emerges as a 
theorem of the constrained steepest-entropy-ascent (or maximal entropy 
generation) dynamical law (stability of equilibrium states)

•
 

Entropy emerges from the microscopic level as a measure of the degree of “load 
sharing” among the particle’s energy levels.

•
 

Irreversibility emerges as a manifestation of spontaneous internal load 
redistribution among the initially occupied energy levels.

•
 

Yet the dynamical equation is mathematically reversible.
•

 
Nonlinearity requires a non-universal formal structure of the dynamical law. The 
structure is "model dependent": like the Hamiltonian, it depends

 
on what 

subsystems are assumed as elementary and separable, i.e., non communicating.
•

 
Standard (pure state) quantum mechanics emerges as the (mildly unstable) 
boundary solutions (limit cycles) of the more general theory

•
 

The theory is conceptually controversial, but mathematically robust, awaits 
experimental validation and philosophycal scrutiny
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