
TCM315 FALL 2018 — INTRODUCTION TO OPEN QUANTUM SYSTEMS

lecture 26: environment- induced superselection rules

Course handouts are designed as a study aid and are not meant to replace the recommended textbooks. Handouts
may contain typos and/or errors. The students are encouraged to verify the information contained within and to

report any issue to the lecturer.
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1 introduction

One of the main conceptual problems posed by Quantum Mechanics is how to reconcile the postulate of
unitary evolution which is obeyed by close quantum systems at the microscopic scale with the emergence
of classical concepts at the macroscopic scale. Decoherence in a multi-partite system has been identified
since the early 1980s (see e.g. [3]) as the key mechanism responsible for a local suppression of quantum
interference between preferred states selected by the interaction of a sub-system with its macroscopic
environment.

2 von neumann’s analysis of quantum apparatus

We summarize the argument drawing from [4]. The von Neumann measurement scheme describes measure-
ments by taking into account the interaction of the system to be measured with a detector apparatus which
is also treated as a quantum object.

We are therefore led to analyze the evolution of a bipartite system defined on a tensor-product Hilbert
space

H = HS ⊗ HD

For more visit https://bit.ly/2Nh998g.
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2. von neumann’s analysis of quantum apparatus

We denote by
{
f i
}
i=0,1 and

{
gi
}
i=0,1 respectively a basis for HS and HD.

• At time t = 0 the bipartite system is prepared in the tensor product state

Ψ 0 = (cos θ f 0 + sin θ f 1) ⊗ g0

• After a time t > 0 long enough has elapsed, unitary evolution maps a tensor product state into a
entangled state

Ψ t = UtΨ 0 = cos θ f 0 ⊗ g0 + sin θ f 1 ⊗ g1

The corresponding state operator is

ρt = PΨ tΨ t
=

cos2 θPf 0f 0
⊗ Pg0g0

+ cos θsin θ
(
Pf 0f 1

⊗ Pg0g1
+ Pf 1f 0

⊗ Pg1g0

)
+ sin2 θPf 1f 1

⊗ Pg1g1
(1)

In a classical context, we are used to assume that a physical entity is endowed with intrinsic properties
independently of what we decide to measure. For this reason, ”even when we do not know the outcome
of a measurement, we do know the possible alternatives, and we can safely act as if only one of those
alternatives has occurred” [4]. At variance with the classical case, we determine the possible alternative
outcomes of a measurement of the state of the detector as described by (1) only in a manner dependent on
the measurement we decide to perform. In other words the properties that we can attribute to the state of
the system are only contextual to the measurement and not independent of it.

The origin of quantum contextuality resides in the fact that (1) could have many (in fact, infinitely many)
different states of the subsystems on the diagonal. Specifically we can always find unitary transformations
of the bases HD and HS such that

Ψ t = cos θ̃ f̃ 0 ⊗ g̃0 + sin θ̃ f̃ 1 ⊗ g̃1

The choice of the detector basis determines possible outcomes of the measurement. In the words of [4], ”the
states of the two spins in a system described by Ψ tare not just unknown, but rather they cannot exist
before measurement”. Or in the words of [3] ”the traditional concept of properties which belong to the
system is incompatible with quantum mechanics”.

2.1 Non-unitary measurement process: ”collapse”

In order to overcome these difficulties von Neumann postulated [2] that, in addition to the unitary evolution,
there should be a non-unitary instantaneous reduction R of the state operator ρ mapping the pure state
(1) into an appropriate mixture state operator σ

ρ̄t = R ρt = cos2 θPf 0f 0
⊗ Pg0g0

+ sin2 θPf 1f 1
⊗ Pg1g1

The suppression of coherences permits to interpret the populations as probabilities of measurement
outcomes in a classical sense. It is possible to quantify the information about the composite system lost in
the reduction by computing the difference of the von Neumann entropy

S(ρ) = −Tr ρ ln ρ
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after and before reduction. To this goal we notice that the entropy of a pure state vanish

TrPψψ lnPψψ = 0

as it immediately follows by computing the trace in any orthonormal basis whose first element is the state
vector ψ. Then

S(ρ̄t) − S(ρt) = − cos2 θ ln cos2 θ− sin2 θ ln sin2 θ ≥ 0

3 environment as ef fect ive mechanism for reduction : the core idea

Unitary evolution of closed quantum systems maps pure states into pure states. A measurement process
ultimately involves a macroscopic system which hardly can be thought as a closed quantum system. The
proposal put forward in [3] is to interpret the reduction as the consequence of the interaction between
system and detector with a macroscopic environment.

The interaction with the environment forces the system to be in one of the eigenstates of the pointer
observable, rather than in some arbitrary superposition of such eigenstates.

A stylized model is that of a tripartite quantum system

H = HS ⊗ HD ⊗ HE

At t = 0 the state vector is

Ψ 0 = (cos θ f 0 + sin θ f 1) ⊗ g0 ⊗ h0

Unitary evolution of the tripartite system produces after a time t a state

Ψ t = cos θ f 0 ⊗ g0 ⊗ h0 + sin θ f 1 ⊗ g1 ⊗ h1

The assumption is that the detector-environment interaction is such that there exists a ”pointer basis” of
the detector such that after a certain transient

〈 h1 , h0 〉 ' 0 (2)

holds continuously in t for all macroscopic time-scales relevant for the measurement process. Under this
hypothesis

ρt = TrHE
PΨ tΨ t

' cos2 θPf 0f 0
⊗ Pg0g0

+ sin2 θPf 1f 1
⊗ Pg1g1

as if a reduction had taken place. In this way the observable to-be-measured is (super)-selected by the
environment-apparatus interaction by specifying the pointer basis. It must be, however, emphasized
that the validity of the assumption (2) strongly hinges upon the macroscopic nature of the environment.
It is expected to hold approximately over time scales relevant for measurement but it does not necessary
correspond to the asymptotic behavior of the dynamics. Namely decoherence does not dispense with the
postulate of an unitary dynamics eventually restoring quantum coherence effects. In this sense decoherence
is not equivalent to the instantaneous reduction postulated by von Neumann [1].
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