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1 Introduction

In classical, non relativistic quantum mechanics a number of axioms or postulates were formulated
at an early stage to clearly define the basis of the theory. As a reminder we state them in the
following form:

1) The state of a physical system can be represented by a vector |¢) in an abstract Hilbert space
H.

2) Every quantity O which can be observed is ascribed a hermitian operator O acting on H.

3) Only the eigenvalues of O are possible results of a single measurement of the corresponding
observable O.

4) When an observable O is measured on a system [¢)) the probability P(a,) of obtaining the

non-degenerate eigenvalue a,, of the corresponding operator O is

(un|¥)
(¥]¥)’

5) If the measurement of the physical quantitiy O on the system in the state [¢)) gives the result

P(a,) = O |uy) = an Ju,), né€eN.

a, the state of the system upon the measurement is the eigenvector |u,) .
6) The time evolution of the state vector |¢) is governed by the Schroedinger equation to the

given Hamiltonian H
0
th—|v) = H ).
1) = H )

Axiom 3) and the projection postulate 5) state that upon measurement there is a collapse of
the wave function |¢) to an eigenstate of the observable. The projection postulate is in conflict
with axiom 6) which states a smooth evolution in the non-measurement case. In a nutshell,
this conflict and its consequences forms the measurement problem which has been an urgent
conceptual question in quantum mechanics ever since. In the present paper we combine ideas
around the decoherence of states [7] and the insight that next to energy the "bookkeeping” of
another quantitiy, namely entropy (information), plays an important role in the dynamics [8]. We
will propose a simple model for the interplay between energy and entropy during measurement

and derive some forceful consequences.

2 The Model

2.1 Decoherence

Let us start for our purposes with the simplest discussion of a single act of decoherence involving
the measured system S, the apparatus A and the environment £ supposed to be one bit systems
each. Let ¢ = a|l) 4+ 3]2) be the measured state which interacts at first with the apparatus in
the form of
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assuming that (1]2) = (Ag| A;) = 0. Generally
(a|l) +8(2)) [Ao) = all) |A1) + ]2) [Ao) = ©.
The environment in turn performs a premeasurement on the apparatus and as a result we get
(a|1) [A1) + B[2) |Ao)) leo) = a |1) [A1) [e1) + B2) [Ao) |eo) = .

It can be shown that any basis ambiguity of the correlated AS system can be overcome, if the
environment satisfies (gg|e1) =0 [7].
The description of the AS pair can now be readily obtained in terms of the reduced density matrix

pas = tre W)W =| a " [1) (1] |4) (As]+ | B 1 12) (2] ] Ao) (A .

This reduced density matrix only contains classical correlations and no more off-diagonal terms.
Note that the AS system is an open quantum system and that the process of environmental de-
coherence is not governed by axiom 6) within AS. Even by including the environment and the
corresponding interaction Hamiltonians it is strictly speaking not possible to explain total deco-
herence by axiom 6). This can practically be explained by the fact that the number of interacting
degrees of freedom is so big that only approximations of a Hamiltonian can be found. Decoherence

is thus paractically irreversible.

2.2 Energy, Entropy and Collapse

The entropy of a quantum system can be defined in terms of the von Neumann entropy of its
density matrix p, S, = —trpln p. The entropy of pure states is zero. Hence in the above model
there holds S,, = 0. At the same time S, -~ = —(|a PIn|[a |+ |8 [P In| 3 [*) > 0.
The interaction and energy exchange with the environment has thus increased the entropy of the
AS system. This fact can be interpreted as a creation of classical possibilities with probability
amplitudes (a, 3)[9]. It can classically best be compared to the expansion of some abstract phase
space. From another angle one can say that information about the AS system has gone into the
environment [9]. pas, being a mixture of states, represents this collection of classical possibilities.
According to postulate 5), one of these possibilities has to be realized and pas collapses into one
of the eigenstates. This collapse of pas in turn reduces again the possibilities or compresses, to
use the classical analogy, the abstract phase space.

We note that the measurement is according to postulate 5) a true erasure of information since
after the fact no record is left of the original possibilities. If we assume that the environment is
in termal equilibrium of temperature 7', Landauer’s principle [4,5,10] tells us that the process
is dissipative and a minimal average amount of energy F = kTSpAS is being dissipated. By our

model the measurement process is consequently irreversible.

3 View on the Axioms

Under the assumption of an open system, interacting with the environment, and of postulate 5)

we see that the measurement process is an interplay between energy and entropy. In a first step



Entropy 2006, 8/2], 63-66 66

the energy exchange through interaction with the environment leads to the decoherence of the
AS system and a corresponding increase of entropy. This entropy increase reflects the expansion
of some abstract phase space and the corresponding creation of classical alternatives. In a second
step there is the collapse or realization of the decohered state which compresses phase space and
reduces entropy again. In our model a logically irreversible operation is completed on the AS
system and the measurement process turns out to be thermodynamically irreversible [10].

Under the assumption of a closed system with known Hamiltonian, however, the Schroedinger
equation, axiom 6), is valid and due to the unitary nature of the evolution, the energy of the AS
system is preserved, states are pure and entropy remains zero. The evolution governed by this
process turns out to be reversible. From this angle it seems that axiom 6) is fully valid in the
very special situation where a system is closed and the Hamiltonian can be known. According to
our model, the measurement process seems to escape exact description by axiom 6). Postualte 5)
plays an important role to understand reality and deserves to be listed on equal level with 6).
Postualte 5) does not refer to time and the collapse seems instantaneous. Given the fact that
our model predicts that a minimal average amount of heat is dissipated during the measurement
process it is likely that measurement takes some minimal amount of time to happen. A natural

next question would then be to ask "how long” it minimally takes to measure a quantum state.
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