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A possible trigger for a
wave-function collapse

Michael Cordin*

Research Institute of Textile Chemistry and Textile Physics, University of Innsbruck, Dornbirn, Austria

The measurement problem is usually analysed with the quantum decoherence
or wave-function collapse theory. Both theories seem to be equivalent with
respect to experiments. The trigger/reason for a wave-function collapse is not
clearly defined (in the corresponding theory) and the present work is an attempt
to close this gap. The present thought experiment describes a measurement to
determine the localization of an electron inside a box. The present work
assumes that the determination of information (about the localization of the
electron) induces a wave-function collapse. It seems possible to identify a
clearly defined trigger for a wave-function collapse in the described model
system.
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Introduction

A wave-function can consist of a superposition of several eigenstates and can be
reduced to a single eigenstate by an interaction with (for example) a measuring
instrument. This process of reduction is usually called wave-function collapse. The
wave-function collapse can be regarded as the connecting element between quantum
and classical world [1], [2].

The idea of the wave-function collapse dates back to the days, when quantum
mechanics was developed. The discussions between Heisenberg and Bohr led to the
development of the Copenhagen interpretation of quantum mechanics, in which the
wave-function collapse plays an important role [3]. According to the Copenhagen
interpretation, the wave-function collapse has a non-deterministic character [4], [5].
Other theories, such as quantum decoherence, try to explain this phenomenon by an
apparent wave-function collapse, in which the classical appearance of a system (after a
measurement) is the consequence of a loss of quantum coherence [6], [7], [8].
Nevertheless, quantum decoherence does not solve the measurement problem [9].

Discussion of the thought experiment

Now imagine an electron in a (one dimensional) box, which is moving backwards and
forwards by reflection at the impenetrable barriers of the box. Barrier one is located at x =
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0 and barrier two at x = L, then the following wave-functions are
possible solutions for the Schroedinger equation of this model

v, (x) = \Esin(kx)
with k =1

Now imagine an electron in the ground-state y;(x). This

system:

1

wave-function can be expressed by a superposition of the
electron to be in the left or to be in the right part of the box:

¥ (%) = v () + 9 (%) 2

y1(x) and yg(x) describes the electron to be in the left and to
be in the right part of the box, respectively:

(%) 3

4

0<x<L/2:
L/2<x<L:

Vr (x) =
Y (x) =y, (x)

v (x) =y,
v (x)=0

y1(x) and yr(x) can be described by a series expansion with
the eigenfunctions ,,(x):

_ _ < 2n- cos(nm/2)
l//L_l/z'vll ,,ZZ 7r(—1+n2) l//n (5)
2n - cos(mr/Z)
—1/2 V/1+Z por g (6)

n=2

Any function for the probability density of the electron in the
box can be described by a series expansion with the
eigenfunctions. Consider, for example, the following wave-
function yg:

Yp =D ¥, @

The coefficients of this series expansion can be determined
with the following integral:

= [ i (8)

The coefficients in formula 5 and 6 were determined in such a
way, that formula 2 is normalized correctly.

By the superposition of the y;(x)- and yx(x)-wave-function,
the two terms with the summation are cancelled out and the
result is the y;(x)-wave-function.

y1(x) has the lowest possible energy for the electron in the
box and therefore the following energy (or more precisely, the
energy expectation value) is larger:

g JViHydx _ [yiHy,dx
Jvividx  [yryedx

&)

E' is larger than the energy of the v, (x)-wave-function due to the
additional terms in formula 5 and 6, respectively.

Now imagine that the electron is the in the y,-state and
therefore its probability is the same to be in the left or right part of
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the box. Then a measuring instrument is activated, which
determines if the electron is localized in the left or in the
right part of the box (but with no higher resolution). If the
electron is in the left part of the box, then the instrument is in the
¢y, state and the instrument-¢y, state corresponds to the electron
to be in the right part of the box. Consequently the wave-function
of the system is:

V=909 + ¢r¥r (10)

Due to the entanglement of the instrument with the electron,
the summation terms in y; and yy (see formulas 5 and 6) do not
cancel each other out. The energy of the electron can be
calculated with the following formula:

_ II Il/*I:IV/dXIdX2

[Ty yexidx; )

dx; and dx, integrate over the wave-function of the instrument
and the electron, respectively. Consequently formula 11 is:

g Joigdx [vily dx. + [g)gudx, [yi Hyadss + [gigidx [viHly dx. + [rpud [yiHyydx

(12)
Joipudx [yividx, + [iprdx [yiyedx + [oro dx: [yiyidx: + [k pedx: [yiypdx,

The detection of the electron to be in the left or to be in right
part of the box corresponds to two distinguishable and
orthogonal states of the instrument and therefore the
following formulas can be assumed to be correct:

J PLPrdx1 = J Prprdx =0 (13)

J ¢rodx; = J Prprdxi =1 (14)

With the help of formulas 13 and 14 it is possible to simplify
formula 12:

_ J.WII:I‘VdeZ + JW;HWRdXZ

=E'
Jwivdx, + [viyedx,

(15)

According to formula 15 the entanglement of the measuring
instrument with the electron increases its energy from the
ground-state energy to E'. It is important to note that the
reason for this energy increase is the determination of
information about the localization of the electron by the
measuring instrument and is not the consequence of a
perturbation (such as a potential) in the box. The present
work assumes that the determination of information about a
quantum system induces a wave-function collapse. According to
the wave-function collapse theory, this energy increase can be
interpreted as the consequence of a wave-function collapse with a
localization of the electron either in the left or right part of the
box. The energy E' corresponds exactly to an electron to be in a
pure y;- or to be in a pure yp-state (or, more generally, it
corresponds exactly to the total energy expectation value of the
two possible states, which can be realized by the wave-function
collapse). The reason for the energy increase in formula 12 is the
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term I(pz(dexl =0 and this term is the consequence of the
information determination by the measuring instrument. Before
the determination of information by the measuring instrument,

the wave-function of the system is:

V' = ogy + oy (16)

¢ is the wave-function of the measuring instrument before the
measurement process. According to this wave-function v’ the
electron has the ground-state energy, this can be shown by the
application of the Hamilton-operator on this wave-function.
Therefore no localization of the electron to be in the left or
right part of the box has taken place. After the measurement the
wave-function of the system is:

V=0V, +¢r¥r 17)

Now the energy of the electron is increased and this
increase can be interpreted as the consequence of a wave-
function collapse with a localization of the electron in the left
or right part of the box. Therefore the appearance of the
j ¢ ppdx; = 0 -term in the energy-calculation formula (due to
the entanglement of the electron with the measurement
instrument) can be regarded as the trigger/reason for this
wave-function collapse.

Or analyzed from a different perspective: The activation of
the measuring instrument causes a wave-function collapse with a
localization of the electron in the left or right part of the box. Due
to the decreased localization area of the electron, its uncertainty
in momentum is increased compared to the electron state before
the measurement. In the described model system with a one-
dimensional box, an increase of the uncertainty in momentum is
only possible by an increase of the energy expectation value of the
electron. Therefore the mechanism for the energy increase by the
appearance of the f @] ¢ppdx; = 0-term in the energy calculation
formula can be identified as the trigger for the wave-function
collapse. Or in other words: As soon as the energy of the electron
is increased (by the described mechanism) and corresponds to
the energy of a more localized electron, then the electron is more
localized and the wave-function collapse has taken place.

The present analysis is also applicable for the system, in
which the two measuring instrument states ¢; and ¢g
corresponds to two localization areas of different size. Then
appropriate functions for the y;- and yy-states are to be used.
The energy expectation value of the wave-function of the system
corresponds then exactly to the total energy expectation value of
the two states, which can be realized by the wave-function
collapse.

It is also not necessary that the initial state of the electron
(before the measurement) is the y;-wave-function. The electron
can be in any y,-state - it is then only necessary to define
corresponding ;- and yg-wave-functions (for example in
accordance with the instructions below):

0<x<L/2: v, (x) =y, (x) Ye(x)=0 (18)
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L/2<x<L: v (x)=0  yp(x)=y,(x) 19)

Due to the entanglement of the measuring instrument with
the y;- and yg-wave-functions (see formula 10), the energy of the
electron is increased and corresponds exactly to the energy
expectation value of the electron to be in the left or right part
of the box. Therefore the described theoretical approach is
generally applicable to describe the localization of the electron
(by a measurement) in the described box.

Conclusion

The present discussion of the thought experiment shows that
the entanglement of the electron with the measuring instrument
increases the energy of the electron. This energy increase can be
interpreted as the consequence of a wave-function collapse. The
reason for the energy increase is the appearance of the
I ¢;9pdx; =0 -term in the energy-calculation formula and
can therefore be regarded as the trigger/reason for the wave-
function collapse. It seems possible that also a corresponding
entanglement with microscopic elements (in the described model
system) can increase the energy of the electron, as long as a
j @] ppdx; = 0-term appears in the energy calculation formula.
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