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Could quantum decoherence and measurement
be deterministic phenomena?
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Abstract. The apparent random outcome of a quantum measurement is conjectured to
be fundamentally determined by the microscopic state of the macroscopic measurement
apparatus. The apparatus state thus plays the role of a hidden variable which, in contrast
with variables characterizing the measured microscopic system, is shown to lead to a violation of Bell’s inequalities and to agree with standard quantum mechanics. An explicit
realization of this interpretation is explored (for details, see [1]) for a primitive model
of cloud chamber inspired by Mott [2]. Being highly non local, this interpretation of
quantum mechanics is argued to open the way to faster-than-light information transfer.

1 Introduction: advocacy for determinism
The most disturbing feature of quantum physics is probably the fundamental randomness of the outcome of a quantum measurement: the repeated measurement of the same observable on a microscopic
system prepared in the same state, with the same apparatus, can lead to different results. Think for
instance about the detection of an s-wave α-particle in a cloud chamber. Though the wave function
is spherical, the observed individual tracks are linear, spread isotropically in apparently totally random directions. This seemingly unavoidable lack of determinism deeply bothered Einstein himself,
as expressed by his famous opinion that “[God] does not throw dice” [3]. Indeed, determinism is one
of the keystones of modern science, as experiments are only reproducible provided the same cause
always produces the same effect. Giving up this very principle is in a sense equivalent to giving up
science itself! Another motivation for not giving up determinism is timeless theories. In these, time
does not have a fundamental character but rather emerges as a secondary quantity (see in particular
the contribution by Barbour at this conference and [4]). In a deterministic world, the present moment
is unambiguously related to the past from which it results and to the future which it determines, hence
strengthening the idea that past, present and future are one and the same.
A possible way to recover determinism in quantum mechanics is to assume, in the spirit of Einstein, Podolsky and Rosen [5], that the knowledge of a microscopic system provided by quantum
mechanics is incomplete. Hidden variables should exist, that determine the measurement outcome,
even though they might not be accessible to the experimenter. Another fundamental advantage of
hidden variables in Einstein’s view is that they avoid violation of special relativity by quantum mechanics: instantaneous correlations between distant particles in an intricated state can be explained by
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a common variable shared by the particles when they first interacted. The very logical assumption of
hidden variables was however proved incorrect. Bell [6] and others [7–9] established inequalities that
should be satisfied by measurement outcomes on intricated particles if such hidden variables existed,
and that are violated by quantum mechanics predictions. Aspect and others [10–12] then checked experimentally that quantum predictions were correct, which ruled out hidden variables at least in their
simplest form. These experiments also prove that quantum mechanics is highly non local and that
the measurement performed on one particle indeed has an instantaneous impact on the measurement
performed on another particle intricated with the first one, even at very large distances. The lack of
determinism of quantum measurements then comes as a “savior” of special relativity [13]: since the
outcome of the measurement on the first particle is random, the intrication between both particles,
though it exists and is instantaneous, cannot be used to transmit information faster than light.
In the present work, we try to answer the question: what actually determines the result of a given
quantum measurement? In the case of the α-particle detection, what actually determines the direction
of an observed track? We explore the hypothesis that hidden variables are not variables characterizing
the microscopic system under study but rather the macroscopic apparatus (or apparatuses) used to
study it. Indeed, quantum randomness always occurs when a microscopic system, well described by
its wave function, interacts with a highly complex and unstable macroscopic system. Describing the
state of such a complex system at the microscopic level is of course very difficult as its internal degrees
of freedom (or more generally its “environment”) cannot be monitored and appear as totally random
to our “macroscopic eyes”. It is however tempting to assume, as also suggested by Gaspard [14], that
it is precisely this microscopic state of the system which is at the origin of the randomness observed
during the measurement process. Our approach is thus related to the concept of decoherence [15–17]:
there also, it is the interaction with a macroscopic system, e.g. a measurement apparatus, that makes a
microscopic system initially in a linear superposition of states evolve into a standard statistical mixture
of possible outcomes. However, decoherence is usually mathematically described by ad hoc terms in
a master equation, with no attempt to explain particular outcomes of the decoherence process into
one or another result. In the present approach, we go a step further, similarly to van Kampen [18],
Gaspard and Nagaoka [19]: the internal state of the macroscopic system precisely determines which
outcome will occur, not only the mere fact that probabilistically-acceptable outcomes do occur.
The aim of the present work is to test whether this simple deterministic interpretation leads to fundamental principle impossibilities or not. We first show that it leads to violations of Bell’s inequalities,
in agreement with standard quantum mechanics and with experimental results. Next we come back to
the problem of α-ray tracks in a cloud chamber. We explore the hypothesis that the positions of the
atoms of the chamber actually determine the direction of the observed track. Finally, the price to pay
for this interpretation is shown to be a strong non locality, which is not saved any more by quantum
randomness [20], and which is speculated to open the way to faster-than-light communications.

2 Apparatus hidden variables and Bell’s inequalities
Let us first recall the principle of the Einstein-Podolsky-Rosen thought experiment [5], as formulated
by Bohm and Aharonov [7]. A system of two particles, 1 and 2, both with spin 12 denoted as s1 and
s2 , is created in the maximally entangled singlet (i.e. spin 0) state


|00i = √12 |+iû1 |−iû2 − |−iû1 |+iû2 ,
∀û,
(1)
where û is an arbitrary unit vector. The particles are assumed to stay in that spin state while moving
away from each other. The spin of particle 1 is then measured along direction â while the spin of
particle 2 is measured along direction b̂, each measurement giving + ~2 or − ~2 .
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Following Bell [6], we define the mean correlation between spin 1 and 2 measured along directions
â and b̂ as
(2)
E( â, b̂) ≡ ~42 (s1 · â)(s2 · b̂) .
For the singlet state (1), this quantity takes the value
E Q ( â, b̂) = − â · b̂

(3)

in standard quantum mechanics. In particular, when â = b̂, the correlation between both measurements is perfect and one has E Q ( â, â) = −1, whatever the distance between both particles at the time
their spins are measured. This non-local correlation, typical of entangled quantum states, chagrined
Einstein, hence leading to the hypothesis that the state of the particle pair was given not only by
the wave function (1) but also by some hidden variable λ. This variable is assumed to be randomly
distributed; its value is supposed to determine the result of any of the measurements. It thus also determines the value of correlation (3), which we now denote as Eλ ( â, b̂). Such a variable avoids “spooky
actions at a distance” apparently implied by state (1). However, Bell [6] brilliantly proved that the
very existence of variable λ leads to inequalities for the correlations calculated for three arbitrary
directions â, b̂, ĉ, namely
|Eλ ( â, b̂) − Eλ ( â, ĉ)| ≤ 1 + Eλ ( b̂, ĉ).
(4)
The observation by Bell is that these inequalities are violated by the quantum prediction (3) for particular directions â, b̂, ĉ (for instance differing by π8 ), hence offering the possibility to discriminate
between standard quantum mechanics and hidden variables experimentally. Such experiments were
realized with photon polarizations by Aspect et al. [12] and displayed a clear disagreement with inequality (4) while confirming the quantum prediction (3).
This result somehow signs the death warrant of hidden variables characterizing the microscopic
system (in this case the pair of particles). Let us now show that in contrast it does not prevent the
hypothesis of hidden variables characterizing the internal state of the measurement apparatus. In
the present situation, we introduce variables Λ1 and Λ2 that correspond to the apparatus measuring
particle 1 and 2 respectively. In the same spirit as Bell, we do not attempt to find the explicit physical
nature of these variables; we only assume that they exist and that they determine the experimentally
observed results, together with the particle state and the apparatus orientation.
Let us denote by R(|σi, â, Λ) = 2~ s · â the result of the measurement of the projection of the
spin s of one of the spin 21 particles assumed to be in state |σi, in one of the measurement apparatus
oriented along direction â. This result is assumed to be determined by the value of the hidden variable
Λ characterizing the internal state of the apparatus. The precise value of Λ is not known but its
P
probability distribution p(Λ) has to satisfy Λ p(Λ) = 1, where the sum runs over all the possible
values of Λ. The two apparatuses are assumed to be identical; a unique function R hence describes
both of them.
This function satisfies the following conditions to describe the measurement process correctly:
1. it takes the values ±1 as the particle has spin 12 ;
2. the measurement of a polarized state made along its polarization direction is reproducible, whatever the internal state of the apparatus; hence R(|±i â , â, Λ) = ±1, ∀Λ;
3. the mean value of a state polarized along direction â measured through an apparatus oriented
along direction b̂ is related to the angle between â and b̂ as
X
p(Λ)R(|+i â , b̂, Λ) = â · b̂,
(5)
Λ
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which also implies that
X

p(Λ)R(|−i â , b̂, Λ) = − â · b̂.

(6)

Λ

Within these hypotheses, the mean correlation between the two measurements reads
X


EΛ1 Λ2 ( â, b̂) =
p(Λ1 )p(Λ2 )R |σ1 i, â, Λ1 R |σ2 i, b̂, Λ2 ,

(7)

Λ1 Λ2

where |σi i is the state of particle i as measured by apparatus i. To fix ideas, we assume that the
measurement in apparatus 1, oriented along direction â, is made before that in apparatus 2, oriented
along direction b̂ (but the time interval between both measurements can be made arbitrarily small).
Hence we choose to write the singlet state (1) with û = â. The state of particle 1, as seen by apparatus
1, is thus |σ1 i = √12 [|+i â −|−i â ], which implies that the first measurement gives +1 or −1 in 50% of the
cases. This allows an easy calculation of the first sum in (7). Immediately after this first measurement,
particle 2 is put in either a down or an up state along direction â, depending on the result obtained for
the first measurement. The second apparatus being oriented along direction b̂, the second sum in (7)
is calculated using (5) and (6). One has finally
X
h

i
p(Λ2 ) R |−i â , b̂, Λ2 − R |+i â , b̂, Λ2
EΛ1 Λ2 ( â, b̂) = 21
Λ2

=

1
2 (− â

· b̂ − â · b̂) = − â · b̂.

(8)

The result is thus identical to the standard quantum mechanics prediction (3). Apparatus hidden
variables hence also lead to a violation of Bell’s inequalities (4), in agreement with experiment.
While still agreeing with standard quantum mechanics, the present theory is deterministic, as
the measurement results are determined by the actual values of Λ1 and Λ2 . Another advantage is
that these hidden variables are local, in the sense that Λ1 only characterizes the state of apparatus 1
and Λ2 only characterizes the state of apparatus 2. Hence there is no need to consider generalized
inequalities for non-local hidden variables [21]. The price to pay for this simplicity is a strong nonlocality, the consequences of which will be discussed in a relativistic perspective in the speculative
conclusions. Before that, we would like to consider a model of measurement apparatus in which the
physical nature of these internal degrees of freedom can be explicitly described, to test the hypothesis
that they determine the measurement outcome. To do that, we consider what is probably the simplest
possible measurement apparatus to model schematically, namely the cloud chamber mentioned in the
introduction. There the Λ internal variables could just be the positions of the atoms in the chamber.
Note that a schematic model of Stern-Gerlach apparatus could be built on the same basis, with the
screen being replaced by a cloud chamber. As for photon polarization measurement apparatuses, a
microscopic model should be based on internal electronic degrees of freedom; mesoscopic or cold
polarisers might be interesting to consider in that respect.

3 A schematic model for deterministic quantum measurement
In the present section, we revisit an idea proposed by Mott [2] and discussed by Bell [22], namely
the measurement of a spherical-wave α-particle state in a Wilson cloud chamber. Mott shows that the
observation of linear tracks can be explained by the interaction of the α-particle spherical wave with
the atoms of the gas filling the chamber. Here, we reproduce his calculation but interpret his result
differently: we show that the presence of the gas might not only explain the appearance of linear tracks
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Figure 1. Theoretical systems used to describe the emission of an α particle by an α emitter in a cloud chamber.
Nuclei are represented as filled circles; cloud-chamber atoms are represented as empty circles. Only (a) the atom
(b) the two atoms nearest to the α emitter are considered.

but also determine which linear track is actually observed for a given microscopic configuration of the
gas atoms. Mott’s model could thus be considered as the first model for a deterministic decoherent
process of wave-function reduction taking place during a quantum measurement.
Let us first consider the interaction between an α s-wave emitted by a radioactive nucleus located
at the origin and a single atom in a cloud chamber [see figure 1(a)]. We assume that this atom, which
is the first obstacle seen by the α wave, is immobile at a fixed position a. This is justified as the typical
thermal agitation energy of molecules in a cloud chamber (a few meV) is much lower than the typical
α-particle kinetic energy Eα (a few MeV). This obstacle is rather generic; its precise nature will not
affect the general conclusions drawn below. To simplify calculations, we assume that it is described
by an internal Hamiltonian H with internal variables r and we only consider two excitations levels:
its ground state E0 and its first excited state E1 . The corresponding wave functions ψ0 (r) and ψ1 (r)
are orthonormal, i.e. hψi |ψ j i = δi j for i, j = 0, 1; they are assumed to be localised in a region of size s,
e.g. the typical size of an atom. The total hamiltonian of the system is thus
H=−

~2
∆ R + H + V(R, r),
2mα

(9)

where mα is the α-particle mass, R its position and V(R, r) describes its interaction with the obstacle.
In the following, this interaction is assumed to be small, which allows the use of a Born-expansion
perturbative treatment [23].
Within these hypotheses, the stationary wave function of the total α-particle + obstacle system can
be approximately described as a first-order Born-expanded coupled-channel wave function,
Ψ(R, r) ≈ f0(0) (R)ψ0 (r) + f0(1) (R)ψ0 (r) + f1(1) (R)ψ1 (r).

(10)

In this equation, the superscript refers to the order in the Born expansion while the subscript refers
to the excitation state of the obstacle. The first term corresponds to the situation where the α particle
is unaffected by the presence of the obstacle; its wave function is thus an outgoing spherical wave of
kinetic energy Eα and wave number k,
f0(0) (R) =

eikR
,
R

k=
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Figure 2. α-particle wave function (a) in the absence (b) in the presence of an obstacle. In case (b), only the
elastic-scattering part of the wave function is represented and the wave function is assumed to have reached its
first-order Born-approximation asymptotic behaviour everywhere. The phase of the wave functions is represented
by the colour hue while their modulus is represented by the colour brightness [24].

This wave function is represented in figure 2(a), where the exponential phase factor is visible as
coloured rings, while the 1/R modulus necessary for flux conservation is visible as decreasing brightness. The second term of (10) is the first-order Born expansion of the elastic scattering; the wave
function f0(1) (R) hence corresponds to the same kinetic energy Eα as the zeroth-order term. Note that
this term was not considered by Mott [2]. The third term of (10) corresponds to the excitation of the
obstacle by the α particle; hence, by energy conservation, the wave function f1(1) (R) is characterized
2 02
by an energy Eα0 = Eα + E0 − E1 ≡ ~2mkα and wave number k0 .
These first-order terms can be calculated with the help of the Green-function method (see [1]) and
are expressed in terms of matrix elements of potential V,
Z
V j0 (R) ≡
drψ∗j (r)V(R, r)ψ0 (r), j = 0, 1.
(12)
The remarkable feature of functions f j(1) (R), as already stressed by Mott [2], is that they present an
asymptotic behaviour strongly peaked along direction â. To show that, we first assume that the energy
excitation of the obstacle is negligible with respect to the α-particle kinetic energy, which implies
R−a
k0 ≈ k. Then, by defining the unit vector ê ≡ |R−a|
and the angle θ between â and ê, θ = arccos( â · ê),
one gets the asymptotic behaviour
f j(1) (R)

eik|R−a|
I j (θ).
a,|R−a|s |R − a|
≈

That is a spherical wave emitted in a, modulated by an angular-dependent function
Z
mα eika
0
I j (θ) =
dR0 V j0 (R0 )eiq·R ,
2π~2 a

(13)

(14)

where q ≡ k( â − ê), is the transferred momentum related to θ by q = 2k sin 2θ . To establish (13) and
(14), we have used the fact that matrix elements (12) only have a non negligible value in a volume of
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size s around the obstacle position a. Expression (14) contains the Fourier transform of these matrix
elements, a well-known feature of the first-order Born approximation. These matrix elements can be
calculated explicitly for various assumptions on the obstacle, in particular in the case of hydrogen-like
wave functions [2, 23]. Here, as we are rather interested in general properties of the scattering wave
function (10), we simply assume that the matrix elements (12) have a spherical Gaussian form factor
of width s. This allows us to plot a typical behaviour of the wave function in panel (b) of figure 2. In
this figure, only the spherical wave and the peaked elastic-scattering waves are shown; the inelasticscattering wave for k0 < k would have a behaviour similar to the elastic-scattering one but with a
broader peak.
Let us now come to the delicate point of the wave-function normalization, which is not discussed
by Mott [2] either. Here, we fix this normalization by imposing that the total probability flux F across
a sphere centred on the α emitter and large enough to include the obstacle should be the same whether
this obstacle is present or not. This seems natural, as the activity of the radioactive source should
be independent of its surroundings, but we shall show that it has important physical consequences.
Without obstacle, this probability flux takes the value
Fwithout = 4π

~k
≡ 4πvα ,
mα

(15)

which only depends on the α-particle velocity vα . With an obstacle, the calculation leads to a larger
flux because of the last two terms of (10). Hence for the fluxes to be equal with and without obstacle
the coupled-channel wave function (10) has to be multiplied by a factor |C| smaller than 1 and defined
by
Z
Z
1
1 π
1 v0α π
2
=
1
+
dθ
sin
θ|I
(θ)|
+
dθ sin θ|I1 (θ)|2 ,
(16)
0
2 0
2 vα 0
|C|2
where v0α is the α-particle velocity in the inelastic case. The flux associated with the spherical wave
thus reads
Fspherical = |C|2 Fwithout ,
|C| < 1,
(17)
in this case, which can be interpreted as the first step of the α-particle spherical-wave reduction due to
the presence of the gas-chamber atoms. This key result is shown in figure 2(b), where the brightness
of the spherical wave is reduced.
Following Mott [2], we next consider the scattering on two successive obstacles located in a and b
[see figure 1(b)]. A second-order Born expansion is required and the very important result by Mott is
(2)
, corresponding to an excitation of both atoms, is significantly
that the second-order wave function f11
different from zero only if a and b are aligned (for atoms a and b to be excited, atom b has to lie in
the narrow cone generated by the presence of atom a). This explains the appearance of linear tracks
from an initially symmetric spherical wave function. Here, we complete this result by noting that,
in case of an alignment, the wave function should be multiplied by a factor of the order of |C|2 for
the probability fluxes to be equal with or without obstacles. For N atoms aligned with the α emitter,
this reduction factor should be of the order of |C|N , which implies that the spherical wave tends to
zero if N is large enough. We conjecture this might be a model for the phenomenon of wave-function
reduction. In the case of a cloud chamber consisting of randomly-distributed atoms, this mechanism
would select the direction of the atoms best-aligned with the α emitter: only for these atoms would the
high-order component of the wave function not vanish. The wave-function reduction would thus only
occur if some atoms are aligned in a given direction; that direction would be the measured linear track.
This model would thus provide a deterministic explanation to the apparent randomness of quantum
measurement.
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vacuum chamber
near detector
trapped atoms

far detector

Figure 3. Schematic experimental set-up for the detection by a far detector of the reduction of s or p waves
emitted by trapped atoms, in the presence of a detector close to the emitter.

One should keep in mind that the above reasoning rests on simplifying hypotheses, which should
be tested carefully before final conclusions. First, the calculation is based on the Born approximation,
which violates unitarity [23], and on a truncated coupled-channel approximation. Hence, convergence
tests of these approximations or a direct numerical solution of the stationary Schrödinger equation
should be performed. Second, our interpretation is based on a stationary state calculation, whereas
it has a temporal content in essence: the wave function is first affected by the atom nearest to the
source, then by the second nearest atom and so on. This stationary-state approach is an approximation
of the full solution of the time-dependent Schrödinger equation. There again, solving this equation
numerically for instance for an initial spherical wave packet would provide very useful checks. Nevertheless, assuming that the reduction of the spherical wave in the presence of an obstacle shown in
figure 2 is real, it could be detected experimentally. A possible set-up is illustrated in figure 3 and
discussed in [1]. The trapped atoms (or ions) could either have an s-wave α emitter as nucleus or be
electric-dipole-photon emitters themselves.

4 Speculative conclusions: faster-than-light or not?
As a conclusion we propose an interpretation of quantum mechanics which is deterministic in essence.
The outcome of a decoherent process like a measurement can in principle be predicted from the knowledge of the microscopic state of the environment or macroscopic apparatus. This state being inaccessible in most practical situations, the outcomes of decoherence processes generally seem random.
Nevertheless this randomness now appears as much less fundamental and unavoidable than in standard quantum mechanics presentations. We have first shown, without making any attempt to describe
microscopic states explicitly, that this interpretation leads to a violation of Bell’s inequalities, despite
the fact that this microscopic state can be seen as a hidden variable. Next we have studied explicitly a
simplified model of measurement apparatus, the cloud chamber, and obtained preliminary results that
support our interpretation: the wave-function collapse leading to the measurement outcome could be
determined by the positions of the atoms in the cloud chamber. Let us stress that this interpretation, to
put it in Mott’s words [2], is based on “wave mechanics unaided”: no further ingredient (pilot wave,
many worlds, free will. . . ) than wave functions is required.
Let us next notice that both types of quantum states considered above are highly non local. The
EPR intricated Bell state (1) implies a perfect and instantaneous correlation of the measured states of
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particles 1 and 2, despite the fact that these states are not known in advance. Similarly an α-particle
spherical state implies that the detection of the particle in one direction immediately prevents the particle from being detected in other directions. These states themselves do not violate special relativity
and causality as they can be explained by their unique spatio-temporal origin either at the creation
of the pair or at the emission of the α-particle. When submitted to a measurement process their non
locality is revealed and an action at a distance is necessary to explain the perfect correlations between
space-separated events. In usual interpretations of quantum mechanics, causality is however preserved
by the random character of the measurement results [13], as already mentioned in the introduction.
In contrast, in the present interpretation this random character is replaced by a deterministic interpretation. For the spherical wave, the presence of the obstacle in a given direction might immediately
lead to a reduction of the spherical wave in all other directions, an effect which could be tested experimentally [1]. For the EPR pair, the state of apparatus 1, formally described by the value of Λ1 ,
determines the result of the measurement performed on particle 1. But particles 1 and 2 being fully
correlated, this measurement is actually a measurement of the particle pair as a whole: it immediately
affects the state of both particles by reducing their wave function to either |+i â1 |−i â2 or |−i â1 |+i â2 .
The value of Λ1 thus also instantaneously determines the state of particle 2, even though apparatus 1
and particle 2 can be separated by very large distances (or by very long optical fibers). It is the very
structure of the intricated state (1) which allows this actual “spooky action at a distance”. Hence, the
present interpretation suggests that quantum non locality allows faster-than-light information transfer,
provided the internal state of a measurement-apparatus-like system can be controlled (mesoscopic
cloud chambers or polarizers could be helpful with that respect).
This raises of course special-relativity paradoxes, which might be considered as a very strong
“no-go” argument for our interpretation. We rather speculate that our approach might help settle
the long-standing conflict between special relativity and quantum mechanics, Einstein’s two warring
daughters. This conflict was made explicit by Einstein himself in the EPR paper, then brought to a
climax by Bell and his inequalities, to finally burst into a triumphant victory of quantum mechanics in
Aspect’s famous experiments. We believe the quantum world to be fully deterministic and non local
and hope this work will help testing this very strong hypothesis thoroughly.
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