
1 - Decoherence and Quantum Measurement - Last Pass Summary 

Quantum mechanics, as we have seen, has two types of time evolution. 

Because the two types of time evolution are so radically different, one should demand a rigorous 
definition of exactly when each of them apply. 

Under what conditions, exactly, does von Neumann projection occur? 

When and why does the system deviate from ordinary Schrodinger evolution? 

It is widely acknowledged as we have discussed that the conventional interpretation does not supply a 
satisfactory definition for when von Neumann projection (or “wavefunction collapse”) applies.

Introduction 

In this part I will discuss some questions, challenges, and new ideas about Quantum Measurement



The phenomenology of von Neumann projection can be reproduced under unitary evolution of the 
system as a whole, due to a phenomenon known as decoherence, as we have seen. 

What is conventionally referred to as measurement is actually a continuous process that results from 
entanglement between the measured object and the many degrees of freedom in the measuring device or 
local environment. 

Idealized Measurement of a Qubit 

Let Q be a single qubit(state) and M a macroscopic device which measures the spin of the qubit along a 
particular axis. 

The eigenstates of spin along this axis are denoted |±⟩. 

We define the operation of M as follows, where the combined system is S = Q + M. 

Note S includes both the measuring device and the qubit Q. 

where S+ denotes a state of the total system in which the apparatus M has recorded a + outcome (i.e., is 
in state M+), and similarly with S−. 

See figure below. 

The modern formulation of quantum mechanics, as we have seen, does not require non-unitary 
wavefunction collapse.



The figure shows an idealized measurement of a single qubit (spin): |±⟩ states are deflected up or down, 
entering one of the two detectors. 

Each detector has an indicator light which releases a macroscopic number of photons when activated. 

In the figure, a |+⟩ spin is deflected upwards and enters the top detector, causing its indicator light to emit 
photons. 

The resulting state of the system is |S+⟩. 

A |−⟩ spin state results in the system state |S−⟩ (not shown), in which the photons are emitted from the 
bottom detector. 

The states |S+⟩ and |S−⟩ differ macroscopically and have almost zero overlap                                       . 
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hS+ |S�i ⇡ 0

However, if the combined system S = Q + M evolves according to the Schrodinger equation (in 
particular, linearly), we obtain a superposition of measurement device states: 



This seems counter to actual experience: measurements produce a single outcome, not a superposition 
state.

However, it is almost impossible for an observer in the state S+ to be aware of the second branch of the 
wave function in state S−. 

Any object sufficiently complex to be considered either a measuring device or observer (for example, 
which can be regarded as semi-classical) will have many degrees of freedom. 

A measurement can only be said to have occurred if the states M+ and M− are very different: the 
outcome of the measurement must be stored in a redundant and macroscopically accessible way in the 
device (or, equivalently, in the local environment). 

In the figure, M+ corresponds to the activation of the top detector, and a flash of its light. M− 
corresponds to the activation of the bottom detector and its light. 

Typically, the overlap of M+ with M− is effectively zero: of order exp(−N), where N is a macroscopic 
number of degrees of freedom. 

This tiny overlap generally persists under further dynamical evolution. 

For our purposes the phenomenology described above can be taken as a definition of what we mean by 
decoherence: two components of a given superposition state interact with, and become entangled with, 
environmental or measuring device degrees of freedom. 

The resulting environmental components of the superposition state are radically different and have 
almost zero overlap. 



For All Practical Purposes, to use Bell’s terminology, an observer on one branch can ignore the existence 
of the other: they are said to have decohered. 

Each of the two observers will perceive a collapse to have occurred, although the evolution of the overall 
system S has continued to obey the Schrodinger equation. 

We can formalize this analysis using a density matrix. 

Taking c± equal for simplicity, the post-measurement state is 

Digression: Reminder about Density Matrices and Reduced Density Matrices 

A density matrix ρ describes the quantum state of a physical system. 

It is a generalization of the state vector ψ which represents a pure state. 

For a pure state ρ = |ψ⟩⟨ψ|, and satisfies tr ρ2 =1. 

However, density matrices can also represent mixed states. 

One example of a mixed state arises due to incomplete information: suppose we are told that ψ is 
randomly selected from an ensemble with equal probability of being in state |+⟩ and |−⟩. 



Then the density matrix is 

Note for this mixed state tr ρ2 = 1/2. 

Another situation in which a mixed state arises is in the description of a degree of freedom A which is 
entangled with other degrees of freedom B. 

While the combined state ΨAB of A and B may be a pure state, we cannot describe A by itself as such – 
it is in a mixed state. 

The reduced density matrix describing A is obtained by tracing over B (i.e., summing over the basis 
vectors of the B Hilbert space): 

Expectations values of operators OA acting on the A subspace are given by ⟨OA⟩ = tr OA ρA. 

Under the assumption of entanglement between A and B, ρA describes a mixed state.

Returning to our discussion
We obtain a reduced density matrix ρQ, describing only the qubit degrees of freedom, by tracing over the 
M degrees of freedom as we showed earlier.



In a properly designed measurement, the states M± are macroscopically distinct, with very small overlap. 

Therefore, we have, as we saw earlier, 

which describes a mixed state. 

A mixed state is not a superposition, but rather can be interpreted as a classical ensemble of outcomes 
with certain probabilities. 

In this case, there are two outcomes (spin up or down), each with probability 1/2. 

Recall, the density matrix describing a pure state satisfies tr ρ2 = 1, which no longer holds here. 
We see that decoherence can, For All Practical Purposes, reproduce the phenomenology of von  
Neumann projection: 

                                         there are two possible outcomes, 

                       and only one is perceived by a semiclassical observer. 

Macroscopic Superposition and Environmental Decoherence 

Decoherence is also responsible for the emergence of a semiclassical reality from the quantum realm, 
due to interactions with the environment. 

Consider a macroscopic object localized at spatial position x. 

Now form a superposition state with support at two different locations x1 and x2 – i.e., a superposition    
of the object localized at x1 with another state in which it is localized at x2. 



What happens when this superposition state interacts with the environment? 

Assume for example that the environment contains air molecules and photons which scatter from the 
object. 

The environment near the object is altered by its presence. 

Let E1 be the environment state which results from interactions with the object at x1 and E2 be the 
environment state after interaction with the object at x2. 

For example, when the object is at x1 the air molecules near x1 scatter from it, but near x2 the air 
molecules are undisturbed. 

Placing the object at x2 rather than at x1 reverses this pattern, so clearly E1 and E2, describing the air 
molecules, are very different environmental states. 

See figure below. 
Interactions between the environment (e.g., air 
molecules) and a macroscopic object localized at x1 
lead to a modified environmental state |E1⟩, with 
scattered air molecules in the region near x1. 

If the object is placed at x2 the resulting modified 
environmental state |E2⟩ describes scattered air 
molecules in the region near x2. 

|E1⟩ and |E2⟩ differ macroscopically and have nearly 
zero overlap. 



Under (linear) Schrodinger evolution, the superposition state evolves as 

We can express the content of (9) as follows. 

The macroscopic object becomes entangled, through interaction, with the many degrees of freedom in 
the environment. 

The two branches of the superposition state |x1⟩ + |x2⟩ decohere from each other due to interactions with 
the environment E, specifically because E evolves into very different states E1,2 depending on the 
location of the object. 

The reduced density matrix describing the object position is

Because E1 and E2 have very small overlap, we obtain

This is again a mixed state, not a pure state. 

At this level of approximation, For All Practical Purposes, an observer either perceives the object at x1  
or x2, but not both. 



Macroscopic superposition states of this kind can now be created in the lab: for example, drum-like 
mechanical resonators measuring around 10 microns across have been placed into superpositions of 
different vibrational modes. 

The state of the macroscopic drum membrane, at a given instant in time, is a superposition with support 
in different positions, analogous to the setup analyzed above. 

To maintain the superposition state (avoid decoherence) the drum system has to be isolated from 
environmental interactions. 

The End 

The purpose of this last summary was to remind you of the modern perspective on quantum 
measurement, taking into account decoherence. 

Because of decoherence observers inside the system perceive outcomes consistent with the von 
Neumann projection postulate even if the system as a whole never deviates from Schrodinger time 
evolution. 

That is, we can simply assume that the quantum state of the system (observer, measurement device, 
environment, etc.) evolves according to the Schrodinger equation at all times. 

The projection postulate is not needed for quantum mechanics to describe the experiences of observers 
inside the system. 

What is conventionally referred to as measurement is actually a continuous process that results from 
entanglement between the measured object and the many degrees of freedom in the measuring device or 
local environment. 



Distinct branches of macroscopic superposition states lose contact with each other as they become 
entangled with environmental degrees of freedom. 

The branches are said to decohere from each other. 

Under Schrodinger evolution, which is unitary, the branches never fully disappear from the theory. 

In fact, isolated quantum systems described by Schrodinger evolution can be shown to spend most of 
their time in macroscopic superposition states. 

Macroscopic superposition states have been realized in the laboratory – there is no experimental 
evidence against the possibility that you might be in a superposition state as you read this. 

The main open problem is to explain the Born rule, which associates probabilities |c±|2 with outcomes of 
measurements on superposition states as in equation (4). 

In traditional formulations of quantum mechanics the Born rule is introduced ad hoc together with the 
projection postulate. 

Under pure Schrodinger evolution it requires further justification. 



2 - How Do the Probabilities Arise in Quantum Measurement? 
Introduction 
The quantum measurement problem as we have seen is considered as one of the important unresolved 
problems in physics although its origin goes back to the very inception of quantum mechanics nearly a 
century ago. 

In spite of an abundance of ideas that have been pursued throughout the decades resulting in countless 
articles, absence of a satisfactory explanation of the processes involved in the quantum to classical 
transition, also known as quantum measurement problem, has tenaciously persisted as a frustrating 
feature of quantum physics. 

This is very possibly because it involves the most distinctive characteristics of superposition of states in 
the quantum arena. 

A quantum state that has not yet been measured is in a superposition of two or more possible states of 
definite eigenvalue, the superposition differing qualitatively from any one of those states. 

There is no apparent manifestation of superposition in our familiar daily classical world, where tangible 
measurements of the quantum states are accomplished. 

In fact when we try to extrapolate the quantum superposition to classical domain in its entirety, we end 
up with such absurdity as the existence of a simultaneously dead and alive Schrodinger’s cat. 

Yet it is an undeniable fact that the simultaneous existence of both the microscopic quantum world and 
the macroscopic classical world is essential for reality in a rather inseparably intertwined manner. 

For example, we humans are large and as such belong to the macroscopic classical world. 

Everything I have done with the measurement problem hinges on an implicit assumption, namely, 
the Born Rule for calculating probabilities, which doe not have a proof - let me try to fix that!



However, everyone of us consists of about 7 × 1027 atoms each containing additional elementary 
particles, all of which are in the microscopic quantum domain. 

Thus, we and everything else around us inevitably belong simultaneously both to the microscopic 
quantum as well as the macroscopic classical domain of the universe without ever paying much attention 
to this momentous reality. 

Indubitably the quantum realm does not exist somewhere out there. 

It is an essential part of our very existence. 

This inevitable transition from the quantum to classical domain taking place every moment of our life 
represents the basic premise of the quantum measurement problem. 

Significantly in recent times, experimental evidences conspicuously demonstrate that the distinctive 
phenomenon like quantum superposition just does not entirely disappear but inevitably get masked by 
interactions with the plethora of particles manifestly operational in the classical domain.

In a recent experiment, using a rather sophisticated procedure, coherent superposition has been 
demonstrated in a macroscopic object containing an estimated ten trillion atoms. 

For this purpose, the investigators used a 40 micron long mechanical resonator, just large enough to be 
visible with the naked eye. 

The resonator with a resonant frequency of 6.175 GHz to its first excited phonon state was cooled to a 
temperature of merely 25 mK over absolute zero and put in a very high vacuum to minimize 
environmental effects. 

Under these circumstances, the resonator was confirmed to be in its ground state. 



Then a signal from a coupled qubit possessing the resonance frequency of 6.175 GHz was injected into 
the resonator thereby transferring the superposition feature of the qubit to the macroscopic object. 

Superposition of the ground and the first excited phonon state of the macroscopic resonator lasted for the 
resonator relaxation time of 6.1 ns. 

The above demonstration provides strong evidence that quantum mechanics and its attendant aspect of 
superposition applies to macroscopic objects and can be revealed under appropriate circumstances 
provided that it was sufficiently decoupled from its environment. 

Can it apply to Schrodinger’s cat? 

The answer in principle should be yes. 

But to prove it, the cat will surely perish for other reasons! 

Because in order to conduct the experiment, it would be necessary to remove all sources of 
environmental disturbances exposing the cat to exceptionally low temperatures and high vacuum that 
would stop the metabolic processes for its survival. 

More recently, the quantum phenomena essentially arising from quantum fluctuations and superposition 
has been demonstrated in an as large an object as a man size 40 kg mirror in a gravitational detector. 

The was concluded, 

      “It is remarkable that quantum vacuum fluctuations can influence the motion of these               

                  macroscopic, human-scale objects, and that the effect is measured.” 



These experiments strongly point toward the fact that the quantum effects of the microscopic world is 
indeed present in the macroscopic domain but substantially veiled in their existence by the effects of 
some processes for the disappearance of the distinct quantum characteristics and the appearance of the 
classical world where we deal with an innumerable number of particles. 

Although substantial progress has been made, exactly how this is accomplished still comprises a subject 
of an overabundance of investigations with some intense debates. 

However, one particular aspect that is common to all these investigations is the scarcity of 
comprehension about where do the probabilities, rather than a certainty, in quantum measurement come 
from. 

So far, only some ad hoc propositions such as Born’s rule have allowed the physicists to predict 
experimental results with uncanny accuracy of better than a part in trillion. 

But the basic cause of this essential rule has remained shrouded in a veil of mystery. 

Some investigators have attempted to provide a derivation of the Born rule. 

But they faced a stiff resistance from some foremost investigators including one of the giants of physics 
of our time, Nobel laureate Steven Weinberg. 

In his classic textbook, Lectures on Quantum Mechanics, Weinberg states, 

             “There seems to be a wide spread impression that decoherence solves all obstacles to                       

                   the class of interpretations of quantum mechanics, which take seriously the 

                   dynamical assumptions of quantum mechanics as applied to everything, 

                   including measurement.” 



Weinberg goes on to characterize his objection by asserting that the problem with derivations of the 
Born’s rule is that, 

                “they are clearly circular, because they rely on the formula for expectation values as 

                       matrix elements of operators, which is itself derived from the Born rule.” 

He questions, 

                 “If physical states, including observers and their instruments, evolve deterministically, 

                        where do the probabilities come from? “

Again in his recent book, Weinberg questions, 

                   “So if we regard the whole process of measurement as being governed by the  

                          equations of quantum mechanics, and these equations are perfectly 

                          deterministic, how do probabilities get into quantum mechanics?” 

Maximilian Schlosshauer and Arthur Fine remark, 

            “Certainly Zurek’s approach improves our understanding of the probabilistic character 

                       of quantum theory over that sort of proposal by at least one quantum leap.” 

However, they also criticize the derivation of the Born’s rule for obvious circularity, stating: 

            “We cannot derive probabilities from a theory that does not already contain some 

                      probabilistic concept; at some stage, we need to “put probabilities in to 

                      get probabilities out.”



In this discussion, I present a plausible solution of the mysterious appearance of probabilities from some 
basic aspects of the well-established Quantum Field Theory (QFT) of the Standard Model of particle 
physics. 

Our argument relies on some characteristics of the universal quantum fields that appear to predetermine 
the values of the complex coefficients involved in the inherent superposition of eigenstates before 
measurement. 

Thus, it seems the century old mystery of quantum to classical transition could get a necessary boost 
from some recently revealed fundamental properties of the universe through the advent of QFT. 

Significant characteristics of quantum fields 

The ultimate ingredient of reality, uncovered by science so far, consists of fields, which are distinctively 
non-material in nature. 

Some perception of a field can be gained from our daily experience with the classical field of gravity  
that pervades us. 

The field that we do experience is stable everywhere in our vicinity but varies from place to place  
around its origin, the Earth. 

However, the ultimate realty of quantum fields also pervade all space including the one in which we 
exist, although we have no perception of them what so ever. 

Unlike the stable classical fields, however, the quantum fields are distinctly different in that they are 
incessantly teeming with intrinsic, spontaneous, and totally random activity all taking place locally in   
all space time elements, from the infinitesimal to the infinite everywhere in this unimaginably vast 
universe. 



Even though, we do not perceive its lively reality, indisputable evidence of its existence can be found 
everywhere in nature with the help of appropriate equipment. 

An outline of the salient features of the universal quantum fields are summarized below: 



Any reasonable concept of physical reality should then owe its eventual origin to the fundamental reality 
of quantum fields and their characteristic attributes. 

Of particular interest to us is to explore how the incessant, innately spontaneous and totally unpredictable 
activity of the primary reality of quantum fields comprising the overabundance of quantum fluctuations 
could foster the probabilistic nature of quantum states. 

All fundamental particles are inseparably intertwined in their existence with the quantum fields. 

Effects of the quantum fluctuations appear to have been generally underestimated even though matter 
would not have certain exceptional properties like the anomalous g factor and the Lamb shift without 
them. 

Wave function of an electron 

The elementary particles like electrons, one of the initial products of material formation from the  
abstract but physical quantum fields, are quanta of the fields. 

However in reality, the physical electron state is actually a superposition of states produced by the 
interactions with the other fields of the standard model. 

But then the most significant question is, for a nonrelativistic single electron, what are these states that 
are superposed and how do they owe their existence to the interactions with the other fields? 

Are these really typical quantum states or just irregular disturbances in the field? 



In order to give a physical depiction of the disturbances of the fields and quantum fluctuations, quoting 
Wilczek: 

     “Here the electromagnetic field gets modified by its interaction with a spontaneous fluctuation 

          in the electron field—or, in other words, by its interaction with a virtual electron-positron pair. 

      The virtual pair is a consequence of spontaneous activity in the electron field. 

      They lead to complicated, small but very specific modifications of the force you would 

          calculate from Maxwell’s equations. 

      Those modifications have been observed, precisely, in accurate experiments.” 

Emphasizing Wilczek’s critical observation again that in spite of the precipitous transitory  
characteristics of the virtual particles, there is an equilibrium distribution. 

Paraphrasing for further clarification, it turns out that the innately spontaneous activity of the electron 
field disturbs the electromagnetic field around them, and so electrons spend some of their time as a 
combination of two disturbances, one in in the electron field and one in the electromagnetic field. 

The disturbance in the electron field is not an electron particle, and the disturbance in the photon field is 
not a photon particle. 

However, the combination of the two is just such as to be a nice ripple, with a well-defined energy and 
momentum, and with an electron’s mass. 

This continues on and on, with a ripple in any field disturbing, to a greater or lesser degree, all of the 
fields with which it directly or even indirectly has an interaction. 



So we ascertain that particles are just not simple objects, and although we often naively describe them as 
simple ripples in a single field, that is far from true. 

Only in a universe with no spontaneous activities— with no interactions among particles at all—are 
particles merely ripple in a single field! 

Would not it then be cogent to pronounce that the “states” being superposed here are the irregular 
disturbances of the fields originating from the incessant, innately spontaneous, and totally unpredictable 
quantum fluctuations? 

In fact we know quite explicitly what the states are out of which the physical electron is built, at least 
order by order in perturbation theory. 

The irregular disturbances of the fields indeed correspond to virtual particles. 

In particular, their respective energy-momentum does not correspond to the physical mass of a particle. 

One says that these particles are off-shell. 

However, in the process, the total energy-momentum is exactly conserved at all times. 

Because of the self-interaction of the quantum fields, such an energy-momentum eigenstate of the field 
can be expressed as a specific Lorentz covariant superposition of field shapes of the electron field along 
with all the other quantum fields of the Standard Model of particle physics. 

It is particularly important to emphasize again that the quantum fluctuations are transitory but new ones 
are constantly boiling up to establish an equilibrium distribution so stable that their contribution to the 
screening of the bare charge provided the measured charge of the electron to be stable up to nine decimal 
places (noteworthy, the elementary charge is no longer a measurable quantity because it is exactly 
defined since 20 May 2019 by the International System of Units ) and the electron g-factor results in a 
measurement accuracy of better than a part in a trillion. 



The Lorentz covariant superposition of fluctuations of all the quantum fields in the one-particle quantum 
state can be conveniently depicted leading to a well behaved smooth wave packet. 

A fairly rigorous underpinning of the wave packet function for a single particle QFT state in position 
space for a scalar quantum field has been provided by Klauber. 

Since particles of all quantum field are invariably an admixture of contributions from essentially all the 
fields of the Standard Model, the wave packet function of a single particle of a scalar quantum field can 
be considered to be qualitatively representative of those of the spinor and vector quantum fields as well. 

Following Klauber, the wave function ψ(x), for an electron in one dimension, can then be given by the 
Fourier integral 

where ψ(k) is a function that quantifies the amount of each wave number component k = 2π/λ that gets 
added to the combination. 

From Fourier analysis, we also know that the spatial wave function ψ(x) and the wave number function 
ψ(k) are a Fourier transform pair. 

Therefore, we can find the wave number function through the Fourier transform of ψ(x) as 

Thus the Fourier transform relationship between ψ(x) and ψ(k), where x and k are known as conjugate 
variables, can help us determine the frequency or the wave number content of any spatial wave function. 



A plot of the wave function ψ(x) in equation (1) gives us the familiar wave function of a quantum 
particle like electron (Fig. 1). 

A few unique aspects of this depiction should be noted: 



Probability amplitudes 

Following Einstein’s intuition, it would be cogent to consider that in measurement, a quantum particle 
would have the highest probability of being found where the intensity or the energy density of the 
quantum particle is the highest inside the wave packet. 

Energy density of a wave is given by the square of its amplitude. 

Therefore, to get the probability density, we have to take the square of the amplitude of the wave 
function, which usually involves a complex quantity. 

Consequently, the absolute square amplitude |ψ(x)|2 = ψ∗(x)ψ(x), which is the probability density 
function p(x), should represent the probability density for finding a particle in position space. 

Thus 

Since the total probability is 1, the integral 

Max Born did something similar in formulating his famous Born’s rule. 

Quoting Born from his Nobel Lecture: 

“Again an idea of Einstein’s gave me the lead. He had tried to make the duality of particles               

      —light quanta or photons—and waves comprehensible by interpreting the square of the    

          optical wave amplitudes as probability density for the occurrence of photons. 



  This concept could at once be carried over to the ψ-function: |ψ(x)|2 ought to represent the           

           probability density for electrons (or other particles).” 

Since then it is known as the Born’s rule. 

However, Born could not have realized at his time that the wave function of the electron is derived from 
real quantum fields and therefore actually is real and so are the energy density amplitudes that can be 
described as probability amplitude, which consequently are real as well. 

It appears to be an erudite guess from Born’s part, especially judging from the fact that the single particle 
wave function was considered a fictitious mathematical construct at the time and the square of the wave 
function was added after submission of the original manuscript in 1926 without any mention of energy 
density or intensity involved with wave functions. 

It is hard to imagine a fictitious mathematical construct having any energy density or intensity! 

By now it should be evident that a quantum particle wave packet function is indeed real and far from 
being fictitious. 

Also Born’s rule can be reasonably derived following Einstein’s intuition and does not need to be a   
mere postulate. 

The fact that the position of the electron is given by a probability instead of certainty should not be 
surprising either. 

It is inevitable since the wave packet function is real. 



The Fourier transform correlations between conjugate variable pairs of any real wave packet have 
powerful consequences since these variables obey the uncertainty relation 

where ∆x and∆k relate to the standard deviations σx and σk of the wave packet. 

This is a completely general property of a wave packet with a reality of its own and is in fact inherent    
in the properties of all wave-like systems. 

It becomes important in quantum mechanics because of the real wave nature of particles having the 
relationship p =    k, where p is the momentum of the particle. 

Substituting this in the general uncertainty relationship of a wave packet, the intrinsic uncertainty 
relation in quantum mechanics becomes 

It is thus evident that a particular fixed value of the position x is not compatible with other measurable 
quantities like momentum. 

However, it is critically important to note that whichever position x turns up in the measurement              
process, its probability amplitude is predetermined from the complex interactions of the various   
quantum fields and encoded in the wave packet function. 

Again emphasizing from our earlier rather elaborate discussions, it should be aptly highlighted that the 
wave function is real and the computable value of the complex amplitudes ψ(x) in the wave packet 
function is preordained from the indispensable interactions of the various quantum fields and their 
quantum fluctuations involved in the formation of the electron wave packet function. 



For clarification, the wave number k in the argument of the wave function for a massive particle like 
electron obeys the relativistic relation                . 

Therefore, for electrons k in the exponent should be replaced by              . 
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Probability in Hilbert space 
It is of immense interest to emphasize again that the amplitudes in the wave packet of a particle   
resulting from the contributions of the diverse quantum fields are already predetermined. 

Hence the probability distribution of a quantum observable is already preordained before as well as   
after the unitary evolution of the Schrodinger equation. 

Can this comprehension be cogently extended to the observables in the customary Hilbert space 
formalism? 
In Hilbert space, use of Dirac’s abstract algebraic model of bras and kets, from the bracket notation for 
the inner product, proved to be of great computational value. 

However, there were serious difficulties in finding a mathematical justification for using them in 
observables that have continuous spectrum as in the wave packet function of an electron we have been 
exploring so far. 

These difficulties were circumvented by the advent of the rigged Hilbert space (RHS) in 1960s. 

The RHS is neither an extension nor an interpretation of the physical principles of Quantum     
Mechanics, but is simply a mathematical tool to extract and process the information contained in 
observables that have both continuous as well as discrete spectrum. 

Therefore, in spite of not using the Dirac’s bras and kets for the single particle, the inferences derived  
for the single particle wave packet can still be reasonably extended to the Hilbert space formalism.         
Observables with discrete spectrum and a finite number of eigenvectors (e.g., spin) do not need the  
RHS. For such observables, the Hilbert space is sufficient. 



The Hilbert space is a square integrable, complex, linear, abstract space of vectors possessing a positive 
definite inner product assured to be a number. 

The states of a quantum mechanical system are vectors in a multi-dimensional Hilbert space containing 
an orthonormal basis set of eigenfunctions. 

The observables are Hermitian operators on that space, and measurements are orthogonal projections. 

The quantum wave functions, for example, the solutions of the Schrdinger equation describing physical 
states in wave mechanics are considered as the set of components ψ(x) of the abstract vector Ψ, the state 
vector. 

However, the state vector does not depend upon any particular choice of coordinates. 

The same state vector can be described in terms of the wave function in position or momentum state or 
written as an expansion in wave functions ψn of definite energy 

suggesting that every linear combination of vectors in a Hilbert space is again a vector in the Hilbert 
space. 

In general, the energy eigenstates |En⟩ may not commute with the position eigenstates |x⟩. 

The normalized square moduli |ψn|2 of the energy complex coefficients are then interpreted as the 
probability for the system to be in the energy state |En⟩ analogous to the single particle wave function 
where |ψ(x)|2 is interpreted as the probability density for the particle to be at |x⟩.



It is worthy to note that the coefficients ψn(t) change during unitary time evolution but the probability 
for measuring outcome in a given energy eigenstate does not. 

The solution of the time-dependent Schrodinger equation is given by: 

where En is the eigenvalue of the corresponding energy eigenvector |En⟩. 

From (8), it is seen that for measurements in the energy basis the time dependence of ψn(t) during 
unitary evolution drops out of the square modulus of the wave vector for computing the probability 

and the effective coefficient of superposition remains unchanged. 

Measurement in any non-commuting basis, however, leads to quantum interference effects of the 

               terms . 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Thus, it seems plausible that the gist of the ideas regarding the eventual origin of the probabilities from 
the incessant spontaneous activities of the ultimate reality of the quantum fields can be extended to the 
Hilbert space formalism. 

After all, Born’s rule was first derived historically for the single quantum particle and subsequently 
extended to the Hilbert space.



Projective measurement 

Every vector in the Hilbert space, can be expressed in Dirac’s notation as a linear combination (7) of the 
energy basis vectors |En⟩ with complex coefficients ψn. 

Multiplying both sides of (7) by ⟨Em| gives 

Since 

it follows that 

which is the transition amplitude of state |Ψ⟩ to state |En⟩. 

The energy basis vectors are then superposition of quantum states with complex coefficients if viewed in 
a different non-commuting basis. 

Inserting (12) into (7) gives

Further defining a projection operator Pn = |En⟩⟨En| transforms (13) into
ˆ



leading to                     signifying that the sum of all the projection operators is unity. 

The outer product |ψ⟩⟨ψ| is called the projection operator since it projects an input ket vector |φ⟩ into a 
ray defined by the ket |ψ⟩ as follows 

with a probability |⟨ψ|φ⟩|2, as the inner product between two state vectors is a complex number 
recognized as the probability amplitude. 

This is usually known as projective measurement and we should notice that it is important for the 
measurement of a mixed state consisting of an ensemble of pure states in a density matrix. 
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Operator valued observables 
In a quantum system, what can be measured in an experiment are the eigenvalues of various observable 
physical quantities like position, momentum, energy, etc. 

These observables are represented by linear, self-adjoint Hermitian operators acting on Hilbert space. 

Each eigenstate of an observable corresponds to eigen-vectors |ψi⟩ of the operator A, and the  associated 
eigenvalue λi corresponds to the value of the observable in that eigenstate 

For a Hermitian operator A, the quantum states associated with different eigenvalues are orthogonal to 
one another 



The possible results of a measurement are the eigenvalues of the operator, which explains the choice of 
self-adjoint operators for all the eigenvalues to be real. 

The probability distribution of an observable in a given state can be found by computing the spectral 
decomposition of the corresponding operator. 

For a Hermitian operator A on an n-dimensional Hilbert space, this can be expressed in terms of its 
eigenvalues following (16) as 

If the observable A, with eigenstates {|ψi⟩} and spectrum {λi} is measured on a system described by the 
state vector |Ψ⟩, the probability for the measurement to yield the value λi is given by 

This again is the famous Born’s rule and we can see that it can be derived by extending the concepts 
discussed in the case of the single particle. 

After the measurement the system is in the eigenstate |ψi⟩ corresponding to the eigenvalue λi found in 
the measurement, which is called the reduction of state. 

Recalling the discussions of the probability amplitudes in the one particle wave function, the   
probability amplitudes of the quantum states involved in superposition in Hilbert space has likewise  
been predetermined very possibly again because of the characteristic ceaseless activity and mutual  
interactions of the quantum fields. 

A quantum state in superposition generally has non-zero values for all states in superposition [9]. 



This is why we assert that the energy of the states is not on the mass shell. 

Again, this could be possible because of the interactions of the quantum states in superposition with the 
ceaseless quantum fluctuations just as in the case for the superposed components making up the 
composition of the structure of the non relativistic single electron. 

It is of paramount importance to reemphasize that matter and particularly the elementary particles 
comprising them would not have some behavior in the absence of the special characteristics of the 
quantum fields listed earlier. 

These distinct activities are well recognized in the Lamb shift, anomalous electron g-factor, etc. 

Quantum superposition with definite complex amplitudes can therefore be also an example of such 
behavior. 

Stern–Gerlach experiment 
The Stern–Gerlach experiment is the most striking illustration of the experimental implementation of 
quantum measurements. 

It is as simple as it is persuasive. 

The following Stern–Gerlach experiment carried out using neutrons, each having a spin 1/2, reinforces 
the fact that the probabilities of the eigenstates in superposition is present from the beginning, very likely 
because of the incessant activities of the quantum fields. 

The results of a series of Stern–Gerlach setups in tandem show that the precise probabilities in 
superposition are indeed restored repeatedly following each projective measurement. 

After examining the results of these simple experiments, it is hard not be convinced about our assertion 
that the coefficients of probabilities are preexistent in superposition of states and their effect in the 
measurement of probability do not change during the unitary evolution of the superposed system. 



For the purpose of presentation clarity, we will assume that before entering the first Stern–Gerlach 
magnet (Fig. 2), the direction of the neutron spin magnetic moment is in a definite superposed state of 
two states referred to as spin-up and spin-down 

with unknown complex coefficients α and β that are con- strained by |α|2 = |β|2 = 12 .



The superposed state (20) reduces (or collapses) as soon as the neutron enters the magnets of the 
analyzer to just one spin-z direction by immediate momentum and energy transfer with the magnet, 
rather than by subsequent determination at the screen. 

After exiting the magnet aligned in the z direction, the trajectory of the neutron spin that can take only 
two equal but opposite values, will be deflected in either the z+ or z− directions. 

If we denote these states by | ↑z⟩ and | ↓z⟩ respectively, we could say that the initial state performs one 
out of two equally probable quantum jumps 

When the beam of neutrons hits a detector screen, two spatially separated spots will appear 
corresponding to the two distinct trajectories. 

Each of the two spots would show equal number of neutrons following |α|2 = |β|2 = 1/2. 

If we now choose to send only the | ↑z⟩ state through second Stern–Gerlach magnet aligned in the z 
direction, all the neutrons will be found, consistent with its preparation, in the upper region only. 

However, if the state | ↑z⟩ =       (| ↑x⟩ + | ↓x⟩) faces Stern–Gerlach magnet aligned along the 
noncommuting orthogonal x-axis, any previous information about | ↑z⟩ will be completely destroyed  
and the direction of the spin magnetic moment will no longer be in an eigenstate of σz due to occurrence 
of one out of two equally probable quantum jumps
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Therefore, if only the z+ neutrons are passed through a second Stern–Gerlach magnet, which measures 
the neutron’s x-spins, the neutrons are deflected either right or left, labeled x+ and x−, and the number of 
neutrons with | ↑x⟩ and | ↓x⟩ spin is split even as expected. 

Subsequently, if we pass only the | ↑x⟩ neutrons through a third Stern–Gerlach magnet oriented along the 
orthogonal z-direction, we observe that their previous z-spin value has been reset, and they are again split 
evenly between z+ and z−. 

This is despite the fact that we selected only the z+ neutrons from the first Stern–Gerlach magnet. 

When the second one is measured, it resets the state of the first one. 

Thus, there is another clear indication that the complex coefficients of superposition are predetermined, 
again very possibly by the quantum fluctuations. 

We can hence infer that the ceaseless quantum fluctuations as well as the mutual interactions of the 
quantum fields preordain the probability of detection of a quantum state.

In a recent investigation, by performing an ingenious experiment involving superposition of three         
eigenstates of a state vector given by 

it was strikingly demonstrated that the complex coefficient α0 governing the probability of the particular 
quantum state |0⟩ in a superposition of three states can be measured without affecting the superposition 
of the two other remaining states in superposition. 

This further reinforces the fact that the coefficients of superposition that determines the probability 
outcome of measurement are predetermined. 



Conclusion 
History of the development of quantum mechanics is replete with a notable trend. 

Because of the sheer novelty of the subject so remarkably different from the established classical 
physics, the pioneers of the development of quantum physics utilized a procedure quite frequently with 
notable success. 

Due to a thorough lack of experience with the precepts of the newly emerging subject of quantum 
mechanics, an empirical model was fashioned first to accommodate the observed information. 

The experiential model was then amended to accommodate a more realistic version from a deeper 
understanding gained from subsequent revelations. 

This successful procedure started almost from the beginning with the proposal of a quantum by Max 
Planck. 

Out of sheer frustration of not being able to match the characteristics of blackbody radiation to his 
equation, Planck introduced the indivisible radiation quantum believing it was just a necessary 
mathematical oddity without having any reality whatsoever. 

Five years later, Einstein persuasively demonstrated the reality of the quantum from the results of   
photoelectric effect. 

Citing another example, Neils Bohr crafted the first atomic model with discrete electron orbits merely   
to fit the observed spectral data. 

With the proposal and subsequent verification of matter wave, Schrodinger demonstrated Bohr’s   
discrete atomic orbits to be real standing wave patterns of matter wave and the list continues. 



A similar situation presented itself with the fabrication of the wave packet function to accommodate the 
observed wave particle duality. 

It has essentially been considered to be a rather fictitious mathematical construct giving the probability 
density amplitude following Max Born’s educated guess. 

From our current deeper understanding based on contemporary knowledge of the primary reality of the 
quantum fields and their incessant, innately spontaneous, totally unpredictable activities identified as 
quantum fluctuations, we now realize that the wave packet function for a single nonrelativistic electron is 
in fact real. 

The wave function represents among others, real energy density amplitudes of the electron and 
consequently the probability density amplitude following Einstein’s intuition. 

Since the amplitudes of the wave function in position space are computable, the probability of the 
electron at a particular position is predetermined as a distinct result of the specific activities of the 
quantum fields. 

This phenomenon can be cogently extended to the superposition of quantum states in Hilbert space. 

We, therefore believe that a plausible answer has now been provided to the question, where do the 
probabilities in the measurement come from, thus removing one of the hurdles in resolving the century 
old measurement problem. 



3 - Quantum measurement: a game between observer and nature? 

Introduction 
In physics, measurement is an act to collect numerical data that describes a property of an object. 

Usually, a measurement is made by comparing a quantity of an object with a standard unit so that a 
measuring device can obtain a value that matches the property of the measured object; in other words, 
measurement is an act to deliver a value by correlating the state of observed object with the pointer state 
of apparatus. 

Usually apparatus are set up by observer, and when the measurement is done, the measured results need 
to be observed and interpreted by an observer. 

The process of the measurement is shown as in the figure. 

Process of the measurement. 

Now for an interesting idea about the actual measurement process.



A measurement has three parts: 

(1) System observed                                                     observable quantities to be measured.

(2) Measuring device                                                         pointer’s states to be correlated                             
with the states of object                                             by interacting with the system observed and         
delivers (amplify) a value     (pointer position).

(3) Observer            prepare the apparatus, observe the measured results                                           ,     
and interpret the observed results  with physical meanings.

If observer doesn’t “look at” the apparatus, he or she can subjectively take an action                                        

                                           to “compute” the “theoretical” results.
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In other words, observer “gambles” with nature to see if the “guessing” results are right (compared            
with the measured results), so that the observer can learn about nature and build-up his or her own 
experience of nature.

The process of a measurement is as follows:

(1) Prepare               : the pointer state of the apparatus is set to initial state by an observer.

(2) Measure                        : apparatus interacts with the measured system and amplifies the signal.

(a) Classical measurement:
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<latexit sha1_base64="oWFpfB7ohfLG6gS0BSC4IM5wte8=">AAACGXicbVDJSgNBEO2JW4xb1KMeBoMQL2FGguYiBLwIIkQwCyRx6OlUkiY9C901Qhjn4m/4A171D7yJV0/+gN9hZzmYxAcFj/eqqKrnhoIrtKxvI7W0vLK6ll7PbGxube9kd/dqKogkgyoLRCAbLlUguA9V5CigEUqgniug7g4uR379AaTigX+HwxDaHu35vMsZRS052cPWNWDcChW/v8mjY508JhdjSTpW4mRzVsEaw1wk9pTkyBQVJ/vT6gQs8sBHJqhSTdsKsR1TiZwJSDKtSEFI2YD2oKmpTz1Q7Xj8RWIea6VjdgOpy0dzrP6diKmn1NBzdadHsa/mvZH4n9eMsFtqx9wPIwSfTRZ1I2FiYI4iMTtcAkMx1IQyyfWtJutTSRnq4Ga2uJIOAJOMDsaej2GR1E4L9lmheFvMlUvTiNLkgByRPLHJOSmTK1IhVcLIE3khr+TNeDbejQ/jc9KaMqYz+2QGxtcvoEegew==</latexit>�� M (t0)|
↵
= |r0i

<latexit sha1_base64="flxHictsyzvp+UgixCpS3QXLT9Q=">AAAB/nicbVDLSgNBEJyNrxhfUY9eFoMQL2FXguYY8OIxonlAsoTZSW8yZHZ2mekVwhLwB7zqH3gTr/6KP+B3OEn2YBILGoqqbrq7/FhwjY7zbeU2Nre2d/K7hb39g8Oj4vFJS0eJYtBkkYhUx6caBJfQRI4COrECGvoC2v74dua3n0BpHslHnMTghXQoecAZRSM9lN3LfrHkVJw57HXiZqREMjT6xZ/eIGJJCBKZoFp3XSdGL6UKORMwLfQSDTFlYzqErqGShqC9dH7q1L4wysAOImVKoj1X/06kNNR6EvqmM6Q40qveTPzP6yYY1LyUyzhBkGyxKEiEjZE9+9secAUMxcQQyhQ3t9psRBVlaNJZ2uIrOgacFkww7moM66R1VXGvK9X7aqleyyLKkzNyTsrEJTekTu5IgzQJI0PyQl7Jm/VsvVsf1ueiNWdlM6dkCdbXL1dklYE=</latexit>

(1)
<latexit sha1_base64="8OgskL5IWYnf3sL8aVks2PdS+NA=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0Wom5JI0S5cFNy4rGAf0IYwmU7aoZNJmLkRSugv+ANu9Q/ciVv/wR/wO5y2WdjWAxcO59zLuZwgEVyD43xbG5tb2zu7hb3i/sHhUck+PmnrOFWUtWgsYtUNiGaCS9YCDoJ1E8VIFAjWCcZ3M7/zxJTmsXyEScK8iAwlDzklYCTfLlXAd/Athtn47qVvl52qMwdeJ25OyihH07d/+oOYphGTQAXRuuc6CXgZUcCpYNNiP9UsIXRMhqxnqCQR0142f3yKL4wywGGszEjAc/XvRUYirSdRYDYjAiO96s3E/7xeCmHdy7hMUmCSLoLCVGCI8awFPOCKURATQwhV3PyK6YgoQsF0tZQSKDJmMC2aYtzVGtZJ+6rqXldrD7Vyo55XVEBn6BxVkItuUAPdoyZqIYpS9IJe0Zv1bL1bH9bnYnXDym9O0RKsr1/ZyJls</latexit>

(t0 < t < t1)

<latexit sha1_base64="s7Yxqo8UGUB6vCHyUIFux1AqiK8=">AAACMXicbVDLSsNAFJ34tr6iLt0MFsFVSaRolwU3ghsF+4AmhMn0VodOHs7cCCXkR/wNf8Ct/oE7ceHGn3AaI2j1wMCZc+7l3nvCVAqNjvNizc0vLC4tr6zW1tY3Nrfs7Z2uTjLFocMTmah+yDRIEUMHBUropwpYFErohePTqd+7A6VFEl/hJAU/YtexGAnO0EiB3fTOAXMVOAWlXoIiAk1L6TYQBfUwoVXB9PetB3bdaTgl6F/iVqROKlwE9rs3THgWQYxcMq0HrpOinzOFgksoal6mIWV8zK5hYGjMzBp+Xl5X0AOjDOkoUebFSEv1Z0fOIq0nUWgqI4Y3etabiv95gwxHLT8XcZohxPxr0CiT1Bw9jYoOhQKOcmII40qYXSm/YYpxNIH+mhIqNgYsaiYYdzaGv6R71HCPG83LZr3dqiJaIXtknxwSl5yQNjkjF6RDOLknj+SJPFsP1ov1ar19lc5ZVc8u+QXr4xMUeqqT</latexit>

|r0i ⌦ |qii ! |rii |qii
<latexit sha1_base64="RCRONzqH35sTp5EWmDVQeEQ8EPw=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoMQL2E3BM0x4MVjBPOAZAmzk04yZHZ2mZkVwpKDP+BV/8CbePVT/AG/w91kDyaxoKGo6qa7ywsF18a2v63c1vbO7l5+v3BweHR8Ujw9a+sgUgxbLBCB6npUo+ASW4Ybgd1QIfU9gR1vepf6nSdUmgfy0cxCdH06lnzEGTWpVK7S60GxZFfsBcgmcTJSggzNQfGnPwxY5KM0TFCte44dGjemynAmcF7oRxpDyqZ0jL2ESuqjduPFrXNylShDMgpUUtKQhfp3Iqa+1jPfSzp9aiZ63UvF/7xeZEZ1N+YyjAxKtlw0igQxAUkfJ0OukBkxSwhliie3EjahijKTxLOyxVN0imZeSIJx1mPYJO1qxbmp1B5qpUY9iygPF3AJZXDgFhpwD01oAYMJvMArvFnP1rv1YX0uW3NWNnMOK7C+fgEZW5Xt</latexit>

(2a)



(b) Quantum measurement: 

(3) Observe               : an observer observes and interprets the measured results.

<latexit sha1_base64="kBmr57its3sUjJiTKHlx4bi9E04=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoMQL2E3BM0x4MVjBPOAZAmzk04yZHZ2mZkVwpKDP+BV/8CbePVT/AG/w91kDyaxoKGo6qa7ywsF18a2v63c1vbO7l5+v3BweHR8Ujw9a+sgUgxbLBCB6npUo+ASW4Ybgd1QIfU9gR1vepf6nSdUmgfy0cxCdH06lnzEGTWpVK5614Niya7YC5BN4mSkBBmag+JPfxiwyEdpmKBa9xw7NG5MleFM4LzQjzSGlE3pGHsJldRH7caLW+fkKlGGZBSopKQhC/XvREx9rWe+l3T61Ez0upeK/3m9yIzqbsxlGBmUbLloFAliApI+ToZcITNilhDKFE9uJWxCFWUmiWdli6foFM28kATjrMewSdrVinNTqT3USo16FlEeLuASyuDALTTgHprQAgYTeIFXeLOerXfrw/pctuasbOYcVmB9/QIa9JXu</latexit>

(2b)

<latexit sha1_base64="e4IXhKlZIsCSDIaxBWZ0DfPv4b0=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBDiJexq0BwDXjxGNA9IljA7mU2GzD6Y6RXCEvAHvOofeBOv/oo/4Hc4SfZgEgsaiqpuuru8WAqNtv1tra1vbG5t53byu3v7B4eFo+OmjhLFeINFMlJtj2ouRcgbKFDydqw4DTzJW97oduq3nrjSIgofcRxzN6CDUPiCUTTSQ+nqolco2mV7BrJKnIwUIUO9V/jp9iOWBDxEJqnWHceO0U2pQsEkn+S7ieYxZSM64B1DQxpw7aazUyfk3Ch94kfKVIhkpv6dSGmg9TjwTGdAcaiXvan4n9dJ0K+6qQjjBHnI5ov8RBKMyPRv0heKM5RjQyhTwtxK2JAqytCks7DFU3TEcZI3wTjLMayS5mXZuS5X7ivFWjWLKAencAYlcOAGanAHdWgAgwG8wCu8Wc/Wu/Vhfc5b16xs5gQWYH39AlqWlYM=</latexit>

(3)

<latexit sha1_base64="nH3BVPyO6eDVOK+butGIidhvnpo=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoMQL2FXguYiBLx4jGAekCxhdtKbDJl9MNMrhCU3f8Cr/oE38eqP+AN+h5NkDyaxoKGo6qa7y4ul0Gjb31ZuY3Nreye/W9jbPzg8Kh6ftHSUKA5NHslIdTymQYoQmihQQidWwAJPQtsb38389hMoLaLwEScxuAEbhsIXnKGR2mW8xb5z2S+W7Io9B10nTkZKJEOjX/zpDSKeBBAil0zrrmPH6KZMoeASpoVeoiFmfMyG0DU0ZAFoN52fO6UXRhlQP1KmQqRz9e9EygKtJ4FnOgOGI73qzcT/vG6Cfs1NRRgnCCFfLPITSTGis9/pQCjgKCeGMK6EuZXyEVOMo0loaYun2BhwWjDBOKsxrJPWVcW5rlQfqqV6LYsoT87IOSkTh9yQOrknDdIknIzJC3klb9az9W59WJ+L1pyVzZySJVhfv1vfly0=</latexit>

(t = t1)

<latexit sha1_base64="aItVP5B6/3IaXyKLCEfslU7rGAQ="></latexit>

�� S+M (t0)
↵
= |r0i ⌦

 
nX

i=1

ci |qii
!

!
nX

i=1

ci |rii |qii =
�� S+M (t0 < t < t1)

↵

<latexit sha1_base64="B11U6vtmqB2apaUCUGuo4wlx3Ds="></latexit>�� M (t1)
↵
= |rii , i = 1, · · · , i, · · ·n

For the observer, the final measurement result is a definite pointer state          for both classical and 
quantum measurement. The difference is that the results of the classical measurements are consistent 
with the properties of the observed system (except for a negligible error), while the results of the 
quantum measurement are inconsistent with the properties of the observed system (the pointer state       
for each measurement is indeterminate and can only occur in Born probabilities                      .

<latexit sha1_base64="vR0wT2J+IFR7IM4rV/EITFhJOj8=">AAACBHicbVDLSsNAFJ3UV62vqks3wSK4KomIdllwI7ipYB/ShjKZ3rRDZ5IwcyOUkK0/4Fb/wJ249T/8Ab/DaZuFbT1w4XDOvdx7jx8LrtFxvq3C2vrG5lZxu7Szu7d/UD48aukoUQyaLBKR6vhUg+AhNJGjgE6sgEpfQNsf30z99hMozaPwAScxeJIOQx5wRtFIj707wFT1edYvV5yqM4O9StycVEiORr/80xtELJEQIhNU667rxOilVCFnArJSL9EQUzamQ+gaGlIJ2ktnB2f2mVEGdhApUyHaM/XvREql1hPpm05JcaSXvan4n9dNMKh5KQ/jBCFk80VBImyM7On39oArYCgmhlCmuLnVZiOqKEOT0cIWX9ExYFYywbjLMayS1kXVvape3l9W6rU8oiI5IafknLjkmtTJLWmQJmFEkhfySt6sZ+vd+rA+560FK585Jguwvn4BV7uY7Q==</latexit>

|rii

<latexit sha1_base64="gZei/4ZMA5TxOPOzNvjXsbwMfuo=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGNA9IljA7mSRDZmeXmV4hLAF/wKv+gTfx6q/4A36Hk2QPJrGgoajqprsriKUw6LrfTm5jc2t7J79b2Ns/ODwqHp80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj25nfeuLaiEg94iTmfkiHSgwEo2ilB90TvWLJLbtzkHXiZaQEGeq94k+3H7Ek5AqZpMZ0PDdGP6UaBZN8WugmhseUjemQdyxVNOTGT+enTsmFVfpkEGlbCslc/TuR0tCYSRjYzpDiyKx6M/E/r5PgoOqnQsUJcsUWiwaJJBiR2d+kLzRnKCeWUKaFvZWwEdWUoU1naUug6ZjjtGCD8VZjWCfNq7J3Xa7cV0q1ahZRHs7gHC7BgxuowR3UoQEMhvACr/DmPDvvzofzuWjNOdnMKSzB+foFfXWWOQ==</latexit>ri
<latexit sha1_base64="DhYKc15sawUVy6alzr2Edi3OlAM=">AAACDnicbVBLSgNBFOyJvxh/E126aQyCqzATgmYjBNy4jGA+kIxDT+dN0qTnQ3ePEia5gxdwqzdwJ269ghfwHHaSWZjEggdF1XvUo7yYM6ks69vIbWxube/kdwt7+weHR2bxuCWjRFBo0ohHouMRCZyF0FRMcejEAkjgcWh7o5uZ334EIVkU3qtxDE5ABiHzGSVKS65Z7EUBDIjL8PWEumzyUHHNklW25sDrxM5ICWVouOZPrx/RJIBQUU6k7NpWrJyUCMUoh2mhl0iICR2RAXQ1DUkA0knnr0/xuVb62I+EnlDhufr3IiWBlOPA05sBUUO56s3E/7xuovyak7IwThSEdBHkJxyrCM96wH0mgCo+1oRQwfSvmA6JIFTptpZSPEFGoKYFXYy9WsM6aVXK9mW5elct1WtZRXl0is7QBbLRFaqjW9RATUTRE3pBr+jNeDbejQ/jc7GaM7KbE7QE4+sXLcmb+Q==</latexit>

!i = |ci|2

Classical measurement postulate: the objective properties of the observed system are independent               
of the measurement and are not interfered with by the apparatus. The observed system has a definite               
state      , which corresponds to the pointer state      with a definite one-to -one mapping, and it can be 
verified by the system measurement. After the measurement, the observed system’s      can be inferred 
from the result     . The classical theory does not have an interpretation problem, because measured 
results are consistent with the predictions of the classical theory. There is no problem at all with the 
classical measurements from (2) to (3).

<latexit sha1_base64="GoqfYo1NR/1EodbU3wWlOQRxCd0=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4jmgckS5iddJIhs7PrzKwQloA/4FX/wJt49Vf8Ab/DSbIHk1jQUFR1090VxIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6mfrNJ1SaR/LBjGP0QzqQvM8ZNVa6f+zybrHklt0ZyCrxMlKCDLVu8afTi1gSojRMUK3bnhsbP6XKcCZwUugkGmPKRnSAbUslDVH76ezUCTmzSo/0I2VLGjJT/06kNNR6HAa2M6RmqJe9qfif105Mv+KnXMaJQcnmi/qJICYi079JjytkRowtoUxxeythQ6ooMzadhS2BoiM0k4INxluOYZU0LsreVfny7rJUrWQR5eEETuEcPLiGKtxCDerAYAAv8ApvzrPz7nw4n/PWnJPNHMMCnK9fe9uWOA==</latexit>qi

<latexit sha1_base64="GoqfYo1NR/1EodbU3wWlOQRxCd0=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4jmgckS5iddJIhs7PrzKwQloA/4FX/wJt49Vf8Ab/DSbIHk1jQUFR1090VxIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6mfrNJ1SaR/LBjGP0QzqQvM8ZNVa6f+zybrHklt0ZyCrxMlKCDLVu8afTi1gSojRMUK3bnhsbP6XKcCZwUugkGmPKRnSAbUslDVH76ezUCTmzSo/0I2VLGjJT/06kNNR6HAa2M6RmqJe9qfif105Mv+KnXMaJQcnmi/qJICYi079JjytkRowtoUxxeythQ6ooMzadhS2BoiM0k4INxluOYZU0LsreVfny7rJUrWQR5eEETuEcPLiGKtxCDerAYAAv8ApvzrPz7nw4n/PWnJPNHMMCnK9fe9uWOA==</latexit>qi
<latexit sha1_base64="gZei/4ZMA5TxOPOzNvjXsbwMfuo=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGNA9IljA7mSRDZmeXmV4hLAF/wKv+gTfx6q/4A36Hk2QPJrGgoajqprsriKUw6LrfTm5jc2t7J79b2Ns/ODwqHp80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj25nfeuLaiEg94iTmfkiHSgwEo2ilB90TvWLJLbtzkHXiZaQEGeq94k+3H7Ek5AqZpMZ0PDdGP6UaBZN8WugmhseUjemQdyxVNOTGT+enTsmFVfpkEGlbCslc/TuR0tCYSRjYzpDiyKx6M/E/r5PgoOqnQsUJcsUWiwaJJBiR2d+kLzRnKCeWUKaFvZWwEdWUoU1naUug6ZjjtGCD8VZjWCfNq7J3Xa7cV0q1ahZRHs7gHC7BgxuowR3UoQEMhvACr/DmPDvvzofzuWjNOdnMKSzB+foFfXWWOQ==</latexit>ri

<latexit sha1_base64="gZei/4ZMA5TxOPOzNvjXsbwMfuo=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGNA9IljA7mSRDZmeXmV4hLAF/wKv+gTfx6q/4A36Hk2QPJrGgoajqprsriKUw6LrfTm5jc2t7J79b2Ns/ODwqHp80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj25nfeuLaiEg94iTmfkiHSgwEo2ilB90TvWLJLbtzkHXiZaQEGeq94k+3H7Ek5AqZpMZ0PDdGP6UaBZN8WugmhseUjemQdyxVNOTGT+enTsmFVfpkEGlbCslc/TuR0tCYSRjYzpDiyKx6M/E/r5PgoOqnQsUJcsUWiwaJJBiR2d+kLzRnKCeWUKaFvZWwEdWUoU1naUug6ZjjtGCD8VZjWCfNq7J3Xa7cV0q1ahZRHs7gHC7BgxuowR3UoQEMhvACr/DmPDvvzofzuWjNOdnMKSzB+foFfXWWOQ==</latexit>ri



Quantum measurement postulate: there are multiple possible states                                     of the      
system  observed, and prior information regarding the system is incomplete. Because the interaction of 
the observed system and the apparatus “disturbs” , via the other states, the pointer state       of an    
apparatus can only be pointed to        with a certain probability                    (Born rule), so observer 
cannot accurately infer which state                                             the system was “in” before the 
measurement. The core of the quantum measurement problem is : how does it happen from (2) to (3)?

<latexit sha1_base64="/+g7yq9BDYMVlrNhMJsjfibbL8U=">AAACHnicbZDLSgMxFIYz9VbrrerSTbQILkqZkaJdFty4rGAv0ClDJk3b0ExmmpwRytC1r+ELuNU3cCdu9QV8DtN2ENv6Q+DLf87hJL8fCa7Btr+szNr6xuZWdju3s7u3f5A/PGroMFaU1WkoQtXyiWaCS1YHDoK1IsVI4AvW9Ic303rzgSnNQ3kP44h1AtKXvMcpAWN5+VM3GXlOEbu0G4LGI4//ctHcpDvx8gW7ZM+EV8FJoYBS1bz8t9sNaRwwCVQQrduOHUEnIQo4FWySc2PNIkKHpM/aBiUJmO4ks69M8LlxurgXKnMk4Jn7dyIhgdbjwDedAYGBXq5Nzf9q7Rh6lU7CZRQDk3S+qBcLDCGe5oK7XDEKYmyAUMXNWzEdEEUomPQWtviKDBlMciYYZzmGVWhclpyrUvmuXKhW0oiy6ASdoQvkoGtURbeohuqIokf0jF7Qq/VkvVnv1se8NWOlM8doQdbnD/u+oZo=</latexit>

{q1, · · · qi, · · · , qn}

<latexit sha1_base64="gZei/4ZMA5TxOPOzNvjXsbwMfuo=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGNA9IljA7mSRDZmeXmV4hLAF/wKv+gTfx6q/4A36Hk2QPJrGgoajqprsriKUw6LrfTm5jc2t7J79b2Ns/ODwqHp80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj25nfeuLaiEg94iTmfkiHSgwEo2ilB90TvWLJLbtzkHXiZaQEGeq94k+3H7Ek5AqZpMZ0PDdGP6UaBZN8WugmhseUjemQdyxVNOTGT+enTsmFVfpkEGlbCslc/TuR0tCYSRjYzpDiyKx6M/E/r5PgoOqnQsUJcsUWiwaJJBiR2d+kLzRnKCeWUKaFvZWwEdWUoU1naUug6ZjjtGCD8VZjWCfNq7J3Xa7cV0q1ahZRHs7gHC7BgxuowR3UoQEMhvACr/DmPDvvzofzuWjNOdnMKSzB+foFfXWWOQ==</latexit>ri
<latexit sha1_base64="GoqfYo1NR/1EodbU3wWlOQRxCd0=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4jmgckS5iddJIhs7PrzKwQloA/4FX/wJt49Vf8Ab/DSbIHk1jQUFR1090VxIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6mfrNJ1SaR/LBjGP0QzqQvM8ZNVa6f+zybrHklt0ZyCrxMlKCDLVu8afTi1gSojRMUK3bnhsbP6XKcCZwUugkGmPKRnSAbUslDVH76ezUCTmzSo/0I2VLGjJT/06kNNR6HAa2M6RmqJe9qfif105Mv+KnXMaJQcnmi/qJICYi079JjytkRowtoUxxeythQ6ooMzadhS2BoiM0k4INxluOYZU0LsreVfny7rJUrWQR5eEETuEcPLiGKtxCDerAYAAv8ApvzrPz7nw4n/PWnJPNHMMCnK9fe9uWOA==</latexit>qi

<latexit sha1_base64="tL6SgKTzDa4AqKtz6eApuoIxNT4=">AAACDXicbVDLSsNAFJ34rPUVdekmWARXJSlFuxEKblxWsA9oY5hMb9uhM5MwMymUtN/gD7jVP3Anbv0Gf8DvcNpmYVsPXDiccy/ncsKYUaVd99va2Nza3tnN7eX3Dw6Pju2T04aKEkmgTiIWyVaIFTAqoK6pZtCKJWAeMmiGw7uZ3xyBVDQSj3ocg89xX9AeJVgbKbDtTsShjwN6OyEBnTyVArvgFt05nHXiZaSAMtQC+6fTjUjCQWjCsFJtz421n2KpKWEwzXcSBTEmQ9yHtqECc1B+Ov986lwapev0ImlGaGeu/r1IMVdqzEOzybEeqFVvJv7ntRPdq/gpFXGiQZBFUC9hjo6cWQ1Ol0ogmo0NwURS86tDBlhiok1ZSymhxEPQ07wpxlutYZ00SkXvulh+KBeqlayiHDpHF+gKeegGVdE9qqE6ImiEXtArerOerXfrw/pcrG5Y2c0ZWoL19QvRWJvP</latexit>
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qi 2 {q1, · · · qi, · · · , qn}

Based on the above analysis, there are three problems in quantum measurement:

(1) S Reality problem: does state (wave function) describe the reality of quantum entity or just a 
mathematical tool. Is the wave function a complete description of physical reality?

(2) M Entangle problem: how pointer states                                   “entangle” the observed states                    

                                with the defined                     mapping? Where is the sharp boundary between the 
quantum world and the classical world?

(3) Q Interpretation problem:  for a single measurement there is no so-called objective probability of 
repeated measurements; and in this case for the observer, how to interpret the inherent uncertain state    
of quantum systems? Does human consciousness cause reducing of wave packet? Or does the 
measurement process not require the existence of an observer? 
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We don’t believe human consciousness causes the reduction of the wave packet; also we believe an 
observer is required to interpret the measured results. We propose a quantum decision approach for 
quantum measurement. For an observer to measure the properties of a quantum entity is like to play a 
game with the nature: nature makes his “choice”, and the observer “bet” on it.



In other words, an observer has to make a decision under uncertainty with incomplete information 
regarding nature’s “choice”; through this learning progress, the observer gradually built-up his (her) own 
experience of the nature in his (her) memory for future decision-making. The fiigure shows a modified 
Schrödinger’s cat thought experiment for an observer to play game with nature (quantum system). 

The rules of the game are as follows: 
(1) A digital “coin” will be thrown within an hour, if heads is up (0), nothing happens, the lamp is still 
on; if the tails is up (1) then a switch will be closed to cut the lamp off.
(2) If the lamp is on and an observer bets the lamp is on, the observer wins the game, otherwise the    
observer loses; if the lamp is off and an observer bets the lamp is off, the observer wins the game, 
otherwise the observer loses.

The modified Schrodinger’s cat thought experiment can be simulated by a computer program which 
randomly generates N (=10000) results. We can define a random variable         to represent the 
fluctuation  of the digital cat's state(4). The generated data series                                                                              

               s is shown as Table1;       denotes the state of “atom“: 0 (not decayed) and 1 (decayed); if the 
“atom” has not decayed then variable      increases by 1, else variable     decreases by 1. The uncertainty 
of the cat’s state is represented by the volatility of variable       as shown in the figure. 
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{(q1, x1), · · · , (qk, xk), (qk+1, xk+1), · · · , (qN , xN )

Modified Schrödinger’s cat thought experiment. 
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xk+1 = xk +

8
<

:

�1, if ”decayed”

1, if not ”decayed”
k = 1, · · · , N

Generated data series (10000 results) simulated by a computer program for the modified Schrödinger’s cat thought experiment. 



Now if we ask this question: is it possible that the observer can “beat” the nature (quantum system) in 
the game? In other words, is it possible that the observer can have a reasonable expectation of the natural 
state by learning historical results of repeated measurements on copies of the same system (“atom” + 
“cat”)? 

For a large amount of repeated measurements, there is an objective frequency (50% the lamp is on);    
but for a single game there is no so-called objective probability, the lamp is either on or off, and the  
observer either wins or loses; in this case, only the observer has subjective degrees of belief that the  
lamp is on or off before the box is opened. 

Because of nature's inherent uncertainty (atom decayed or not), we can only get answers (“cat” is alive  
or dead) by asking questions and play a game with nature. Before opening the “black box” to have a 
right answer, the observer can “compute” what the answer is, and can improve the successful rate of 
having the right answer by learning historical data based on the maximization of expected value. We 
propose a quantum expected value decision theory for observers, and quantum genetic programming is 
applied to evolve “satisfactory” strategies for observers to “guess” (with degrees of belief) the natural 
state as best possible based on quantum expected value. 

Quantum expected value (qEV) 

An observer subjectively chooses an action                                 where the atom’s objective state is              
in                              when a bet is made, and the result of bets depends on both the state of the atom and 
choice of observer’s brain shown in the table .
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The state of the atom describes the objective world; it can be represented by the superposition of all 
possible states in terms of the Hilbert state space as in (5). 

A pay-off table of a game between an observer 
and the quantum system observed (nature). 
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(5)

where          denotes a state in which the atom has not decayed and              denotes a state in which the 
atom has decayed.                 is the objective frequency of the decayed atom;                 is the objective 
frequency of the atom without decay. 
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|q2i
<latexit sha1_base64="sJmZE4QAtpKwIRgUVBBNfRTc4LQ=">AAACAnicbVDLTgJBEJz1ifhCPXqZSEw8kV1ClCOJF4+YyCMBJLNDL0x29pGZXhOycPMHvOofeDNe/RF/wO9wgD0IWEknlarudHe5sRQabfvb2tjc2t7Zze3l9w8Oj44LJ6dNHSWKQ4NHMlJtl2mQIoQGCpTQjhWwwJXQcv3bmd96AqVFFD7gOIZewIah8ARnaKTWhPedyWO5XyjaJXsOuk6cjBRJhnq/8NMdRDwJIEQumdYdx46xlzKFgkuY5ruJhphxnw2hY2jIAtC9dH7ulF4aZUC9SJkKkc7VvxMpC7QeB67pDBiO9Ko3E//zOgl61V4qwjhBCPlikZdIihGd/U4HQgFHOTaEcSXMrZSPmGIcTUJLW1zFfMBp3gTjrMawTprlknNdqtxXirVqFlGOnJMLckUcckNq5I7USYNw4pMX8krerGfr3fqwPhetG1Y2c0aWYH39Ahgvl6I=</latexit>

|c1|2
<latexit sha1_base64="iDNtrmHHjFow61w+Bs4CCx2fab8=">AAACAnicbVDLTgJBEJz1ifhCPXrZSEw8kV1ClCOJF4+YyCMBJLNDL0x2dnYz02tCFm7+gFf9A2/Gqz/iD/gdDrAHASvppFLVne4uLxZco+N8WxubW9s7u7m9/P7B4dFx4eS0qaNEMWiwSESq7VENgktoIEcB7VgBDT0BLS+4nfmtJ1CaR/IBxzH0QjqU3OeMopFaE9YvTx7L/ULRKTlz2OvEzUiRZKj3Cz/dQcSSECQyQbXuuE6MvZQq5EzANN9NNMSUBXQIHUMlDUH30vm5U/vSKAPbj5QpifZc/TuR0lDrceiZzpDiSK96M/E/r5OgX+2lXMYJgmSLRX4ibIzs2e/2gCtgKMaGUKa4udVmI6ooQ5PQ0hZP0QBwmjfBuKsxrJNmueRelyr3lWKtmkWUI+fkglwRl9yQGrkjddIgjATkhbySN+vZerc+rM9F64aVzZyRJVhfvxnKl6M=</latexit>

|c2|2

The observer’s mental state describes the subjective world; we postulate that when the observer is 
undecided in making a bet, it can be represented by superposition of all possible actions as in (6). 

<latexit sha1_base64="rwY3tGI1mi+BE2HdAA2P8Y/jKIw=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYhDiJexKiDkGvHiMaB6QLGF2MpsMmZ1dZnqFsAT8Aa/6B97Eq7/iD/gdTpI9mMSChqKqm+4uPxZco+N8WxubW9s7u7m9/P7B4dFx4eS0paNEUdakkYhUxyeaCS5ZEzkK1okVI6EvWNsf38789hNTmkfyEScx80IylDzglKCRHkrVq36h6JSdOex14makCBka/cJPbxDRJGQSqSBad10nRi8lCjkVbJrvJZrFhI7JkHUNlSRk2kvnp07tS6MM7CBSpiTac/XvREpCrSehbzpDgiO96s3E/7xugkHNS7mME2SSLhYFibAxsmd/2wOuGEUxMYRQxc2tNh0RRSiadJa2+IqMGU7zJhh3NYZ10rouu9Vy5b5SrNeyiHJwDhdQAhduoA530IAmUBjCC7zCm/VsvVsf1ueidcPKZs5gCdbXL19hlYY=</latexit>

(6)
<latexit sha1_base64="ttVpYTd8wqXVfrQUQuvi2ChJmSc="></latexit>

| imental = µ1 |a1i+ µ2 |a2i |µ1|2 + |µ2|2 = 1

Where |a1⟩ denotes the observer’s action to believe the “cat” is alive and |a2⟩ denotes the observer’s 
action to believe the “cat” is dead. |μ1|2 is observer’s subjective probability (degrees of belief) in betting 
“cat” is alive; |μ2|2 is observer’s subjective probability in betting “cat” is dead. 



The prior information of the quantum world is incomplete; the result of the observer’s decision is 
uncertain and it can be denoted by a mixed state’s density operator as a value operator in (7). Value 
operator is a sum of projection operators which projects the observer’s degrees of belief onto an action  
of choice. 

<latexit sha1_base64="En5BWK2PnyW3QkPfsV/TkdxtgJw="></latexit>

V̂ = p1 |a1i ha1|+ p2 |a2i ha2| p1 + p2 = 1

The observer’s mental state is transformed from a pure state into a mixed state, and then one of available 
actions is selected by the brain (choose an action ai with probability pi) as in (8). Based on the 
information that the brain has before a bet is made, there is only the possibility of selecting an action 
with a subjective probability (degrees of belief), and it is the decision-making process that makes the 
potential possibility a reality. The decision process of an observer can be simulated by the continuous 
evolution of the value operator according to the environment (information). Information is the essence  
of people’s subjective beliefs just like energy is the essence of the objective world. Valuable information 
can reduce uncertainty. 

Quantum expected value qEV can be represented as in (9). 

<latexit sha1_base64="9fPDauFCvONDpHADTDLlZQO6vAM="></latexit>

D: ⇢̂ = |�i h�| ! V̂ = p1 |a1i ha1|+ p2 |a2i ha2|
decision
�����! |aii hai| , i = 1, 2

<latexit sha1_base64="V2lzu56dN+CizRmmbB56zLuv1cw=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYhDiJexKMDkGvHiMaB6QLGF2MpsMmZ1dZnqFsAT8Aa/6B97Eq7/iD/gdTpI9mMSChqKqm+4uPxZco+N8WxubW9s7u7m9/P7B4dFx4eS0paNEUdakkYhUxyeaCS5ZEzkK1okVI6EvWNsf38789hNTmkfyEScx80IylDzglKCRHkrVq36h6JSdOex14makCBka/cJPbxDRJGQSqSBad10nRi8lCjkVbJrvJZrFhI7JkHUNlSRk2kvnp07tS6MM7CBSpiTac/XvREpCrSehbzpDgiO96s3E/7xugkHNS7mME2SSLhYFibAxsmd/2wOuGEUxMYRQxc2tNh0RRSiadJa2+IqMGU7zJhh3NYZ10rouuzflyn2lWK9lEeXgHC6gBC5UoQ530IAmUBjCC7zCm/VsvVsf1ueidcPKZs5gCdbXL2D6lYc=</latexit>

(7)

<latexit sha1_base64="NHZ9DwQK7ZHJZkzi7EQh8P2HFpA=">AAAB/nicbVDLSgNBEOyNrxhfUY9eFoMQL2FXguYY8OIxonlAsoTZyWwyZHZ2mekVwhLwB7zqH3gTr/6KP+B3OEn2YBILGoqqbrq7/FhwjY7zbeU2Nre2d/K7hb39g8Oj4vFJS0eJoqxJIxGpjk80E1yyJnIUrBMrRkJfsLY/vp357SemNI/kI05i5oVkKHnAKUEjPZRrl/1iyak4c9jrxM1ICTI0+sWf3iCiScgkUkG07rpOjF5KFHIq2LTQSzSLCR2TIesaKknItJfOT53aF0YZ2EGkTEm05+rfiZSEWk9C33SGBEd61ZuJ/3ndBIOal3IZJ8gkXSwKEmFjZM/+tgdcMYpiYgihiptbbToiilA06Sxt8RUZM5wWTDDuagzrpHVVca8r1ftqqV7LIsrDGZxDGVy4gTrcQQOaQGEIL/AKb9az9W59WJ+L1pyVzZzCEqyvX2KTlYg=</latexit>

(8)

<latexit sha1_base64="Yhz/TRyORnCyxk//V1sZhJ7YJZM=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBDiJexK0HgLePEY0TwgWcLspDcZMvtgplcIS8Af8Kp/4E28+iv+gN/hJNmDSSxoKKq66e7yYik02va3tba+sbm1ndvJ7+7tHxwWjo6bOkoUhwaPZKTaHtMgRQgNFCihHStggSeh5Y1up37rCZQWUfiI4xjcgA1C4QvO0EgPpZuLXqFol+0Z6CpxMlIkGeq9wk+3H/EkgBC5ZFp3HDtGN2UKBZcwyXcTDTHjIzaAjqEhC0C76ezUCT03Sp/6kTIVIp2pfydSFmg9DjzTGTAc6mVvKv7ndRL0q24qwjhBCPl8kZ9IihGd/k37QgFHOTaEcSXMrZQPmWIcTToLWzzFRoCTvAnGWY5hlTQvy85VuXJfKdaqWUQ5ckrOSIk45JrUyB2pkwbhZEBeyCt5s56td+vD+py3rlnZzAlZgPX1C2QslYk=</latexit>

(9)

<latexit sha1_base64="BGuGlfsY1ClfqQD120DXDSqAwkg="></latexit>

qEV = h | V̂ | i = (c⇤1 hq1|+ c⇤2 hq2|)(p1 |a1i ha1|+ p2 |a2i ha2|)(c1 |q1i+ c2 |q2i)
<latexit sha1_base64="Cw3Bb67oODPiynS0UaEqmmLlfwk="></latexit>

= p1!1| ha1 | q1i |2 + p1!2| ha1 | q2i |2 + p2!1| ha2 | q1i |2 + p2!2| ha2 | q2i |2

<latexit sha1_base64="UbaohPE1rZceOl8gfwCZzyQMP9Q="></latexit>

= p1!1r11 + p1!2r12 + p2!1r21 + p2!2r22
<latexit sha1_base64="aiwolNDT4nQL7Yj0jwwVHEr9dtE=">AAACK3icbVDLSgMxFM3UV62vUZdugkVwIWWmFO2mUHDjsoJ9QFuGTHrbpk1mhiQjlGH+wt/wB9zqH7hS3Op3mD4WtvVA4HDOudyb40ecKe04H1ZmY3Nreye7m9vbPzg8so9PGiqMJYU6DXkoWz5RwFkAdc00h1YkgQifQ9Mf30795iNIxcLgQU8i6AoyCFifUaKN5NmFSkfFwktYxb0qpjjyGJ4Lo7nQCQUMiDfC0mRGqWfnnYIzA14n7oLk0QI1z/7p9EIaCwg05USptutEupsQqRnlkOY6sYKI0DEZQNvQgAhQ3WT2rxRfGKWH+6E0L9B4pv6dSIhQaiJ8kxRED9WqNxX/89qx7pe7CQuiWENA54v6Mcc6xNOScI9JoJpPDCFUMnMrpkMiCdWmyqUtviRj0GnOFOOu1rBOGsWCe10o3Zfy1fKioiw6Q+foErnoBlXRHaqhOqLoCb2gV/RmPVvv1qf1NY9mrMXMKVqC9f0LhXanGA==</latexit>

=
X

i=1,2

pi
X

j=1,2

!jrij



where pi = |μi|2 is a observer’s subjective probability in choosing an action ai, subjective probability 
represents the observer’s degrees of belief in a single event; ωj = |cj|2 is the objective frequency at which 
state of the atom is in qj, objective frequency represents the statistical results of multiple occurrences of 
objective states; matrix rij = |⟨ai|qj⟩|2 is the value when the decision was made, in which the observer 
choose an action ai where atom’s state is in qj as in (10). The different actions that the observers took 
lead to different value; in other words; the value is “created” based on both observers’ subjective beliefs 
and objective natural states. 

<latexit sha1_base64="bEKXbI1reSnkt0gmj+qeRAcAKoo="></latexit>

rij = | hai | qji |2 =

⇢
1, i = j
�1, i 6= j

<latexit sha1_base64="oznyAkCg8NZHh7TAQ9alrOSZFmo=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHqpiRStMuCG5cV7APaUCbTSTt0MgkzN0IJXfgDbvUP3IlbP8Uf8DtM2ixs64ELh3Pu5d57vEgKg7b9bW1sbm3v7Bb2ivsHh0fHpZPTtgljzXiLhTLUXY8aLoXiLRQoeTfSnAae5B1vcpf5nSeujQjVI04j7gZ0pIQvGMVMqjj21aBUtqv2HGSdODkpQ47moPTTH4YsDrhCJqkxPceO0E2oRsEknxX7seERZRM64r2UKhpw4ybzW2fkMlWGxA91WgrJXP07kdDAmGngpZ0BxbFZ9TLxP68Xo193E6GiGLlii0V+LAmGJHucDIXmDOU0JZRpkd5K2JhqyjCNZ2mLp+mE46yYBuOsxrBO2tdV56Zae6iVG/U8ogKcwwVUwIFbaMA9NKEFDMbwAq/wZj1b79aH9blo3bDymTNYgvX1C8lplbs=</latexit>

(10)

Quantum decision tree (qDT) 

The value operator is a 2 x 2 matrix, and the value operator needs to be diagonalized first and then 
normalized to get probability p1 and p2 as in (11). 

<latexit sha1_base64="QaSPuwFFGY+6hXpKu7wZ/JM5JVY="></latexit>

V̂ =


V11 V12

V21 V22

�
diagonalization

����������!

�1 0
0 �2

�
normalization

����������!

p1 0
0 p2

�

<latexit sha1_base64="0wTlB7vP/YIn8otbsV8U+Nh57BM=">AAACKXicbZBLSgNBEIZ7fMb4irp0MxgEQQkzQdSNEHQjuIlgEiEJQ02nok16HnTXCGGYS3gNL+BWb+BO3Qqew04ygq8fGn6+qqKqfz+WQpPjvFpT0zOzc/OFheLi0vLKamltvamjRHFs8EhG6soHjVKE2CBBEq9ihRD4Elv+4HRUb92i0iIKL2kYYzeA61D0BQcyyCvtHcee2zlHSsFzs86JgrHZjb1qTqtftJp5pbJTccay/xo3N2WWq+6VPjq9iCcBhsQlaN12nZi6KSgSXGJW7CQaY+ADuMa2sSEEqLvp+FeZvW1Iz+5HyryQ7DH9PpFCoPUw8E1nAHSjf9dG8L9aO6H+UTcVYZwQhnyyqJ9ImyJ7FJHdEwo5yaExwJUwt9r8BhRwMkH+2OIrGCBlRROM+zuGv6ZZrbgHlf2L/XLtKI+owDbZFtthLjtkNXbG6qzBOLtjD+yRPVn31rP1Yr1NWqesfGaD/ZD1/gm0LKa7</latexit>

= p1 |a1i ha1|+ p2 |a2i ha2|
<latexit sha1_base64="P3i/9t38M4+LE14zH/lyZ6PuXno=">AAACAHicbVBNS8NAEN34WetX1aOXYBHqpSRStMeCF48VTFtoQ9lsJ+3SzSbsToQSevEPeNV/4E28+k/8A/4Ot20OtvXBwOO9GWbmBYngGh3n29rY3Nre2S3sFfcPDo+OSyenLR2nioHHYhGrTkA1CC7BQ44COokCGgUC2sH4bua3n0BpHstHnCTgR3QoecgZRSN5FdelV/1S2ak6c9jrxM1JmeRo9ks/vUHM0ggkMkG17rpOgn5GFXImYFrspRoSysZ0CF1DJY1A+9n82Kl9aZSBHcbKlER7rv6dyGik9SQKTGdEcaRXvZn4n9dNMaz7GZdJiiDZYlGYChtje/a5PeAKGIqJIZQpbm612YgqytDks7QlUHQMOC2aYNzVGNZJ67rq3lRrD7Vyo55HVCDn5IJUiEtuSYPckybxCCOcvJBX8mY9W+/Wh/W5aN2w8pkzsgTr6xeLkpYn</latexit>

(11a)

<latexit sha1_base64="lOC5H1pZt+JRWlU5FtGQQpxplH8="></latexit>

|a1i =

1
0

�
, |a2i =


0
1

�
; |a1i ha1| =


1 0
0 0

�
, |a2i ha2| =


0 0
0 1

�
<latexit sha1_base64="J3zZUQ0MKM8Oq4/qJTkppjmnsrw=">AAACAHicbVBNS8NAEJ34WetX1aOXYBHqpSRStMeCF48VTFtoQ9lsN+3SzSbsToQSevEPeNV/4E28+k/8A/4Ot20OtvXBwOO9GWbmBYngGh3n29rY3Nre2S3sFfcPDo+OSyenLR2nijKPxiJWnYBoJrhkHnIUrJMoRqJAsHYwvpv57SemNI/lI04S5kdkKHnIKUEjeRXXDa76pbJTdeaw14mbkzLkaPZLP71BTNOISaSCaN11nQT9jCjkVLBpsZdqlhA6JkPWNVSSiGk/mx87tS+NMrDDWJmSaM/VvxMZibSeRIHpjAiO9Ko3E//zuimGdT/jMkmRSbpYFKbCxtiefW4PuGIUxcQQQhU3t9p0RBShaPJZ2hIoMmY4LZpg3NUY1knruureVGsPtXKjnkdUgHO4gAq4cAsNuIcmeECBwwu8wpv1bL1bH9bnonXDymfOYAnW1y+NK5Yo</latexit>

(11b)



A value operator      , as a qDT, can be constructed from basic quantum gates with logic operations. The 
qDT composes of different nodes and branches. There are two types of nodes, non-leaf nodes and leaf 
nodes. The non-leaf nodes are composed of the operation set F as in (12); the leaf nodes are composed of 
the data set T (quantum gates) as in (13). The construction process of a qDT is to randomly select a logic 
symbol from the operation set F as the root of the qDT, and then grows corresponding branches 
according to the nature of the operation symbol and so on until a leaf node is reached. 

<latexit sha1_base64="lrPo4s2b8zTvO4ylZg1SYMuIgm0=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4jmAckS5idzCbDzj6Y6RXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLS6TQaNvfVmljc2t7p7xb2ds/ODyqHp90dJwqxtsslrHqeVRzKSLeRoGS9xLFaehJ3vWCu5nffeJKizh6xGnC3ZCOI+ELRtFI3cGEYtbJh9WaXbfnIOvEKUgNCrSG1Z/BKGZpyCNkkmrdd+wE3YwqFEzyvDJINU8oC+iY9w2NaMi1m83PzcmFUUbEj5WpCMlc/TuR0VDraeiZzpDiRK96M/E/r5+i33AzESUp8ogtFvmpJBiT2e9kJBRnKKeGUKaEuZWwCVWUoUloaYunaMAxr5hgnNUY1knnqu7c1K8frmvNRhFRGc7gHC7BgVtowj20oA0MAniBV3iznq1368P6XLSWrGLmFJZgff0CxG+YDg==</latexit>

V̂

<latexit sha1_base64="3Q/tXDvauoiwt/pHtv9Rveul2vQ="></latexit>

F = {+(ADD), ⇤(MULTIPLY), //(OR)}

<latexit sha1_base64="wNESRsOYkIewSXBqE6pbWTH6NwM=">AAACGXicbVDLSgNBEJz1GeNr1aMeFoPgYQm7IupFCOgh3iImJpoNYXbSMUNmH8z0imHZi7/hD3jVP/AmXj35A36Hk5iDGgsaiqpuurv8WHCFjvNhTE3PzM7N5xbyi0vLK6vm2vqlihLJoMYiEcmGTxUIHkINOQpoxBJo4Auo+/2ToV+/Bal4FFZxEEMroDch73JGUUttc6t67KUewh2mZbthX9nX9oV9alfts8zL2mbBKTojWJPEHZMCGaPSNj+9TsSSAEJkgirVdJ0YWymVyJmALO8lCmLK+vQGmpqGNADVSkdfZNaOVjpWN5K6QrRG6s+JlAZKDQJfdwYUe+qvNxT/85oJdo9aKQ/jBCFk34u6ibAwsoaRWB0ugaEYaEKZ5PpWi/WopAx1cL+2+JL2AbO8Dsb9G8MkudwrugfF/fP9QuloHFGObJJtsktcckhKpEwqpEYYuSeP5Ik8Gw/Gi/FqvH23ThnjmQ3yC8b7F5yRnz8=</latexit>

T = {H,X,Y,Z,S,D,T,I}

<latexit sha1_base64="cT/XDr4DE4PJlukh5OU7QXytZGg="></latexit>

H =
1p
2


1 1
1 �1

�
X =


0 1
1 0

�
Y =


0 �i

i 0

�
Z =


1 0
0 �1

�

<latexit sha1_base64="1IbAGZSqk1KcHV7vknp4a6c8Kas="></latexit>

S =


1 0
0 i

�
D =


0 1
�1 0

�
T =


1 0
0 ei⇡/4

�
I =


1 0
0 1

�

<latexit sha1_base64="Qz/B3SApeENvCI/JK4PgWx9JOis=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoMQL2E3BM0x4MVjBPOAZAmzk0kyZHZ2mekVwpKDP+BV/8CbePVT/AG/w91kDyaxoKGo6qa7ywulMGjb31Zua3tndy+/Xzg4PDo+KZ6etU0QacZbLJCB7nrUcCkUb6FAybuh5tT3JO9407vU7zxxbUSgHnEWctenYyVGglFMpbJTvR4US3bFXoBsEicjJcjQHBR/+sOART5XyCQ1pufYIbox1SiY5PNCPzI8pGxKx7yXUEV9btx4ceucXCXKkIwCnZRCslD/TsTUN2bme0mnT3Fi1r1U/M/rRTiqu7FQYYRcseWiUSQJBiR9nAyF5gzlLCGUaZHcStiEasowiWdli6fplOO8kATjrMewSdrVinNTqT3USo16FlEeLuASyuDALTTgHprQAgYTeIFXeLOerXfrw/pctuasbOYcVmB9/QLMm5W9</latexit>

(12)

<latexit sha1_base64="xO+bLshGCUzx1rvLRi/7oO4tLfs=">AAACAHicbVBNT8JAEN3iF+IX6tFLIzHBC2mVKEcSLx4xsUACDdkuA2zYbpvdqQlpuPgHvOo/8Ga8+k/8A/4OF+hBwJdM8vLeTGbmBbHgGh3n28ptbG5t7+R3C3v7B4dHxeOTpo4SxcBjkYhUO6AaBJfgIUcB7VgBDQMBrWB8N/NbT6A0j+QjTmLwQzqUfMAZRSN5ZfeaXvaKJafizGGvEzcjJZKh0Sv+dPsRS0KQyATVuuM6MfopVciZgGmhm2iIKRvTIXQMlTQE7afzY6f2hVH69iBSpiTac/XvREpDrSdhYDpDiiO96s3E/7xOgoOan3IZJwiSLRYNEmFjZM8+t/tcAUMxMYQyxc2tNhtRRRmafJa2BIqOAacFE4y7GsM6aV5V3JtK9aFaqteyiPLkjJyTMnHJLamTe9IgHmGEkxfySt6sZ+vd+rA+F605K5s5JUuwvn4BjsaWKQ==</latexit>

(13a)
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(13b)

Quantum genetic programming (qGP) 

Basically, an observer will try to maximize the qEV guided by qDT (nest of hierarchy yes/no logic) to 
“beat” the nature in the game. A qDT can be optimized by the qGP. The purpose of qGP iterative 
evolution is to find a satisfactory qDT through learning historical data. The learning rule is as follows: 



(a) If the “cat” is alive (q1) and an observer bets the “cat” is alive (a1), the observer wins a game; if the 
observer bets the “cat” is dead (a2), the observer loses a game.
(b) If the “cat” is dead (q2) and an observer bets the “cat” is dead (a2), the observer wins a game; if the 
observer bets the “cat” is alive (aa), the observer loses a game.

An optimization problem mainly includes the selection of evaluation function and the acquisition of 
optimal solution. The evaluation function of qDT is a fitness function ffitness (15) based on observed  
value Vk (14), and the optimal solution is obtained through continuous evolution by using selection, 
crossover, mutation as in (16) and implemented by qGP algorithm. The quantum expected value of the 
kth bet is as follows: 
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hVki =

8
>><

>>:

p1!1| ha1 | q1i |2 = p1!1r11 = p1!1, |�imental = |a1i and |�iatom = |q1i
p1!2| ha1 | q2i |2 = p1!2r12 = �p1!2, |�imental = |a1i and |�iatom = |q2i
p2!1| ha2 | q1i |2 = p2!1r21 = �p2!1, |�imental = |a2i and |�iatom = |q1i
p2!2| ha2 | q2i |2 = p2!2r22 = p2!2, |�imental = |a2i and |�iatom = |q2i
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(16)
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ffitness =
NX

k=0

hVki
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qGP algorithm 

Input:

Initialization:

Evolution:

Output:

Historical data set dk = (qk,xk), k = 0, …, N . 

Setting 

(1) Operation set F = +, ∗, //

(2) Data set T = H, X, Y, Z, S, D, T, I , eight basic quantum gates 

(3) Crossover probability = 60 ~ 90%; Mutation probability = 1 ~ 10%. 

Population: randomly create 100 ~ 500 qDTs. 

for i = 0 to n, n = 50 ~ 100 generations

(a) Calculate fitness for each qDT based on historical data set. 

(b) According to the quality of fitness: 

(i)  Selection: selecting parent qDTs.

(ii) Crossover: generate a new offspring using the roulette algorithm based on

(iii) Mutation: randomly modify parent qDT based on mutation probability. 

A qDT of the best fitness. 

      crossover probability. 



Results

Shown as in Table above, one hundred qDTs of an observer are simulated by computer and all 100 qDTs 
are optimized by qGP through learning historical records for this observer as his/her experiences stored 
in his/her memory. This observer will make decision based on these past experiences (100 qDTs). The 
average of winning rate is 51.7 and standard derivation of winning rate is 0.2 (see figure below). The 
winning rates for all qDTs are almost the same that means the experiences of this observer are very 
stable. 

Winning rates and average for the observer. 



(a) qDT47 with the smallest expected value (b) qDT56 with the biggest expected value. 

Of 100 qDTs, qDT47 got the smallest expected value shown as figure above (a); qDT56 got the biggest 
expected value shown as in figure above (b). Based on the qDT47 as in (17) (figure part (a)), there are 
only one simple strategy (S1) that the observer can take, which is 54% degrees of belief to believe the cat 
is alive and 46% degrees of belief to believe the cat is dead (figure below (a)). We can see this qDT’s 
subjective probability (degrees of belief) close to 50/50 like randomly throw a coin to decide if the cat is 
alive or dead, so almost no valued information obtained, that’s the reason qDT47 obtained the smallest 
expected value. Based on the qDT56 as in (18) (figure above (b)), there are two strategies (Si ∈ S1, S2 ) 
that the observer can take, one is 100% degree of belief to believe the cat is alive and the other one is 
96% degree of belief to believe the cat is dead and 4% degree of belief to believe the cat is alive (figure 
below (b)). We can see now the qDT56’s subjective probability (degrees of belief) close to unity, so 
almost maximum information obtained, that’s the reason observer56 got the biggest expected value. 



(a) subjective degrees of belief of qDT47 (b) subjective degrees of belief of qDT56 
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qDT47 = (T + S)
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qDT56 = (1 ⇤ ((T ⇤ Y )//X) ⇤ (X + I)))
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S1 = (T + S) ! V̂ = 0.54 |a1i ha1|+ 0.46 |a2i ha2|
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S1 = (1 ⇤ (X ⇤ (X + I))) ! V̂ = |a1i ha1|
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S2 = (1 ⇤ ((T ⇤ Y ) ⇤ (X + I))) ! V̂ = 0.04 |a1i ha1|+ 0.96 |a2i ha2|



evolution of qDT33 

The expected value for qDT33 is between the biggest expected value and smallest expected value. The 88 
generations of evolution of the qDT33 are shown in the above figure; the nest of hierarchy structure of 
qDT33 is shown in the figure below.



Based on the qDT33 as in (19) (figure above), there are four strategies with different subjective degrees of 
belief that the observer can take.

A nest of hierarchy structure of qDT33
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qDT33 = (((I//H) + I)//((Z + (D ⇤ (S//T ))) ⇤X))
<latexit sha1_base64="x38M7Y83JtK440/dq0/clp32/Ls=">AAACf3icbZFdS9xAFIYnqa26trptLyz0ZnCRrighEW0tRZD2ptIbS7ursFnCyeTEHXbywcyJdAm56b/0D4g/w9l1pfXjDAMP7zuHc3gnLpU05PuXjvts4fmLxaXl1srLV6tr7ddv+qaotMCeKFShz2IwqGSOPZKk8KzUCFms8DQef5v6pxeojSzy3zQpcZjBeS5TKYCsFLX//oqCw+7x9vEWD6ng4Qio7jeHvrcf/kCqIQqa8K uGGWz/U3fvVAtf7CH8Q3V33w83eWx3wZTbAVwaDkpe4A5/wkkQkq2Gt1pRu+N7/qz4Ywjm0GHzOonaV2FSiCrDnIQCYwaBX9KwBk1SKGxaYWWwBDGGcxxYzCFDM6xnWTV80yoJTwttb058pv7fUUNmzCSL7csMaGQeelPxKW9QUXowrGVeVoS5uB2UVorbVKfB80RqFKQmFkBoaXflYgQaBNnvuTcl1jBGaqbBBA9jeAz9XS/46O393OscHcwjWmLv2QbrsoB9YkfsOzthPSbYtbPqrDvvXMf94Hquf/vUdeY9b9m9cj/fAH0svFE=</latexit>

S1 = (I + I) ! V̂ = 0.5 |a1i ha1|+ 0.5 |a2i ha2| (50% belief cat is alive, 50% belief cat is dead)
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S2 = (H + I) ! V̂ = |a1i ha1| (100% belief cat is alive)



At any given moment the observer's degrees of belief are unknown, the qDT33 which simulates 
observer’s degrees of belief can be interpreted as a mixed strategy with four different strategies S1, S2, 
S3, S4 for the observer, and the final decision is made by “quantum projection measurement” which the 
observer’s brain selects an action ai ∈ a1, a2 with degrees of belief from one of four available strategies 
Si ∈ S1, S2, S3, S4 . (Believe cat is alive denote by a1 and believe cat is dead denote by a2). For this 
observer, either S1 strategy was selected with 50/50 even probability (no valued information was 
obtained under total uncertainty), or S2, S3, S4 strategies were selected with almost 100% sure (maximum 
information was obtained). The strategies selected by qDT33 are more likely happened in real world, if 
we know for sure something will happen, we will take an action; if we have no idea what will happen, 
best we can do is to toss a coin to “hit” the luck. 
The subjective degrees of belief of the first 100 actions the observer took are shown in the figure below.

A Observer’s degrees of belief (qDT33: positive: believe cat is alive; negative: believe cat is dead). 



Detailed information of the first ten actions the observer took is shown in the table below.

For the first action, strategy S3 was applied by the observer who believes that the cat is dead with 95% 
degrees of belief, the observer got it wrong because the cat is alive when the box is opened; for the 
fourth action, strategy S3 was applied by the observer who believes that the cat is dead with 95% degrees 
of belief, this time the observer got it right because the cat is dead when the box is opened; for the eighth 
action, strategy S1 was applied by the observer who believe that the cat is alive with 50% degrees of 
belief, the observer got it wrong because the cat is dead when the box is opened; for the tenth action, 
strategy S2 was applied by the observer who believe that the cat is alive with 100% degrees of belief, the 
observer got it right this time because the cat is alive when the box is opened. 

The first ten actions by qDT33 

According to an earlier table (see right), we can apply the majority rule to 
let the observer determine the cat's state based on the experience obtained 
from 100 qDTs; the rules are as follows: 



1. If more than 50 qDTs decide cats are alive, the observer believes that the cat is alive; 

2. If more than 50 qDTs decide cats are dead, 

The figure below (a) shows that the winning rate of the observer jointly determined by the 100 qDTs (the 
experiences of the observers) optimized based on maximum value is 50%, which is almost completely 
conforms to the objective frequency of the cat's state (Born rule); however, the winning rate of the 
observer jointly determined by 100 qDTs (generated by simple coin toss) that are not optimized based on 
the maximum value is only 39% (Figure 10 (b)), not conforms to the Born rule. The reason is simple: the 
useful information obtained from the decision of completely random coin toss (50/ 50) is 0, while the 
jointed decision of 100 qDTs optimized based on maximum value almost obtains the maximum 
information of the nature, so it conforms to the Born rule; in other words, the observer “finds” the Born 
rule.

(a) winning rate of 100 optimized qDTs (b) winning rate of 100 qDTs without optimized. 



Discussion 

entity =  {statei, valuei,  i = 1,2,…N}
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(20)

Both classical particles and quantum entities can be represented by (20); the current dynamic state of an 
entity is denoted by statei, while the corresponding kinematic trajectory is denoted by {valuei}. Classical 
mechanics describes the laws of particles based on the dynamics equations (differential) and their 
kinematic trajectories (integral). A dynamic equation is essentially a set of logical rules, and the 
trajectory (historical data) of an entity describes the "historical events" that happened in the past of the 
entity. By using calculus, classical mechanics fully describe the past and future of entities as successive 
"events" (certain). The evolution of the dynamic state of a quantum entity is described by the 
Schrödinger differential equation, but the kinematic trajectories of quantum entities cannot be obtained 
by integration, and the "position" of a quantum entity can only be obtained by an irreversible "quantum 
jump" caused by quantum measurements. Quantum mechanics describes past “events” (discontinued) of 
quantum entities through differential equation and quantum measurements, while future “events” of 
quantum entities are statistically determined by Born's rule (uncertain). 

We can look at quantum measurement in this way: nature asks questions and observers answer natural 
questions; basically it is a game between nature and observers: there is a sequence of “choices” made by 
nature, and observers select a sequence of actions guided by optimized strategies to decode the nature. 

{di, i =1,2,…N} : question posed by Nature. 

{qDTi, i =1,2,…N} : observers answer natural questions using yes/no logic in qDTs. 
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(21)
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(22)



Let go of the traditional differential equations dynamic variable approach; by learning the historical 
"events" given by nature, the yes/no logic of qDT (nest of hierarchy) is applied to evolve the natural 
dynamics rules, and to interpret the kinematic trajectories of nature as follows: 

We divide N=10000 data points (“cat” states) into subset M=100 groups; each subset data group Mi includes L=100 data 
points, and satisfy: 
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 ����� computational simulation(observer)
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1. subset M ≪ N: The 100 data points in subset M are small enough compared to all the data points in N. 

2. Mi = L1, L2, … , L100 : The subset M group data should be large enough to ensure that the objective 
frequency of the subset M group data is approximately equal to the objective frequency of all the data, 
so the subset M can approximately represent the overall sample N = 10000. 

Now the question is: whether we can accurately "reconstruct" the "trajectory" of a quantum entity by 
learning from all subsets Mi, i = 1,2, … ,100 ? 

Just as classical mechanics uses the principle of least action to obtain the trajectories of particles, we   
use the principle of maximum expected value to approximately obtain the "trajectories" of quantum 
entities. By maximizing the expected value of the observer, qGP iteratively evolves to obtain a   
sequence of qDTs each with different strategies in (23). 



Where yi denotes observer’s subjective value (computed value), xi denotes nature’s objective value 
(measured value); feedback is the difference between the value computed by the observer and the value 
measured of nature. The observer adjusts the current value based on past experience while maximizing 
qEV; qEV is an assessment of the future and feedback is an assessment of the past. 
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�����! {qDTi(s1, · · · sm), i = 1, 2, · · · 100}
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!
, feedback = (y � xi)
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the “trajectories” of quantum entity reconstructed by {qDTi (s1, … sm), i = 1,2, … 100} 



By answering natural questions, qDTs can “reconstruct” the “trajectories” of quantum entities very well. 
As shown in the figure above, we were able to “reconstruct” the “trajectories” of quantum entity with 
70% accuracy (blue: nature; red: observer); because we cannot get the “prior” information of quantum 
entity, the information of quantum entity is incomplete, that is, quantum entity may have an infinite 
number of " trajectories ", so we cannot accurately predict the future "trajectory" of the quantum entity; 

It seems that nature is indeed playing games with us, and it is impossible to accurately predict the future 
"trajectory" of quantum entities unless we can "dance" with nature, can we? 



4 - Can Decoherence Solve the Measurement Problem? 

Introduction 
Shortly after the formulation of quantum mechanics nearly a century ago, a rather strange aspect of the 
theory became apparent. 

It is variously known as the quantum measurement problem, wave function collapse or wave function 
reduction. 

This is because the non-relativistic quantum mechanics appears to consist of two essentially different 
processes. 

After a unitary evolution of the wave function of a microscopic quantum state following the linear    
Schrodinger equation, one must resort to a sudden non-unitary stochastic collapse of the wave function 
to obtain its classical measurement outcome. 

The genesis of the problem started with the quantum pioneers headed by Niels Bohr. 

They insisted that we only ever observe any physical phenomena at the macroscopic level. 

We never directly deal with the quantum objects of the microscopic realm and therefore need not worry 
about them or their physical reality. 

Accordingly, they argued that both the observer and the measurement apparatus must be kept outside the 
system to which quantum mechanics is applied. 

This is known as the Copenhagen interpretation, which simply pronounced the issue of microscopic 
quantum states is out of bounds, stating that physicists just had to accept a fundamental distinction 
between the quantum and the classical domains. 

A last summation…..



Nonetheless, this was epitomized by the mathematical mastermind John Von Neumann in his classic 
axiomatic formulation of non-relativistic quantum mechanics using the linear Hilbert vector space. 

Even after many decades, his skillful formulation is still taught in almost all advanced quantum 
mechanics classes despite the two obvious incongruities arising from the Copenhagen interpretation. 

These comprise of the essential ad hoc role of consciousness and the postulated assumption of an abrupt 
collapse of the wave function. 

Quantum mechanics itself does not predict the collapse, which must be manually added to the 
calculations. 

Einstein famously likened it to God playing dice to decide what becomes “real” – what we actually 
observe in our classical world. 

However, despite the quantum pioneers’ assertions, enormous efforts by the physics community have 
been made leading to many alternate postulates to explain away the irrational proposal of the inventors. 

Significant progress has been made by these efforts but without leading to any consensus, although some 
substantial fissures have ensued in the original interpretation. 
The collapse postulate 
John von Neumann, way back in his formulation, postulated his non-unitary “process 1”, to emphasize 
the role of consciousness for the collapse of the wave function in the measurement process. 

It was concluded by von Neumann and most of the physicists of the time that there is no physical reason 
for the collapse in measurement transition. 

Without being disrespectful to the esteemed founding fathers of quantum mechanics, we may inquire 
how can such thoughts be ever consistent with a scientific outlook? 



It is quite remarkable to note that so much effort by so many eminent scientists in the early years of 
quantum mechanics was devoted to the role of consciousness in quantum measurement. 

But this directly contradicts the obvious fact that in the early years of the universe, the conditions were 
not suitable for appearance of any manifest conscious agents. 

Yet the universe developed to a mature state obeying quantum rules long before the possibility of 
emergence of conscious beings. 

This has been characterized by John Bell in jest 

Was the wavefunction of the world waiting to jump for 
thousands of millions of years until a single-celled living 
creature appeared? Or did it have to wait a little longer, 
for some better qualified system . . . with a PhD? 

To be fair, the conditions of the early universe were not known to the pioneers of quantum physics. 

It would be reasonable to speculate that very likely they would not have put such essential emphasis on 
consciousness if they knew the early universe conspicuously ascertains that consciousness is not 
essential for the workings of quantum rules. 
The other enigmatic postulate that von Neumann institutionalized is the collapse of the wave function 
initially alluded by Werner Heisenberg. 

By then, it was well established that a quantum state in the macroscopic domain is usually a 
superposition of two or more states. 

Thus evolved the rather instinctive resort to the “consciousness of an external observer,” which appears 
to be fading in time. 

Even the stalwarts like Eugene Wigner fell for it but eventually repudiated it later. 



Again, in John Bell’s words 

If the theory is to apply to anything but highly idealized 
laboratory operations, are we not obliged to admit that 
more or less ‘measurement-like’ processes are going on 
more or less all the time, more or less everywhere? 

Gerhart Luders rejected vonNeumann’s collapse postulate (except for degenerate states). 

Its confirmation came in a recent experiment performed by Pokorny et al. who called it the ideal 
measurement process. 

In this well-planned experiment, the authors created a microscopic superposition of three quantum states. 

They were able to measure just one of the superposed states without collapsing the entire wave function 
also observing that the collapse happened over time and not instantaneously. 

Serge Haroche and his group also demonstrated that reduction of the wave function happens gradually. 

An example from the cosmic history is worth examining in this regard. 

The universe about 380 000 years after the big bang consisted primarily of hydrogen ions (protons) and 
electrons, along with neutral helium atoms. 

An electron would naturally be attracted to the proton, starting to emit electromagnetic radiation due to 
its motion. 

But in measurement using classical devices, one observes only a single state and no superposition. 

Von Neumann conjectured that in the measurement process, the quantum states would collapse to one of 
the superposed states following his improvised projection postulate. 



In this process, the wave function of the electron can directly wind up as the wave function of a specific 
orbital of the hydrogen atom without having to undergo a typical collapse to any particular point. 

Such episodes would reveal that the wave function does not necessarily always need to go through a 
traditional collapse for detection. 

But the mystery of the occurrence of the quantum to classical transition continues to persist. 

Consequently, substantial attempts have been made to find an acceptable solution by modifying the 
Schrodinger equation but without any success so far. 

Despite its outstanding success, some experts like Vittorio Gorini, Andrzej Kossakowski, George 
Sudarshan and Goran Lindblad have attempted to modify the Schrodinger equation to solve the 
measurement problem. 

Steven Weinberg using the Lindblad equation pointed out using data from atomic clocks that any 
proposed modification would need to produce an accuracy of at least one part in 1017 in the difference 
between the energy states employed in the clock.

The accuracy of the atomic clocks continues to improve requiring possibly even better improvement     
of the modification of the theory. 

So far, such approaches do not seem to be fruitful. 

An attractive scheme generally known as the Ghirardi–Rimini–Weber theory has been studied          
extensively over the last four decades by arbitrarily attaching a Gaussian function to the Schrodinger 
equation. 

But a much more rapid process would take place when the electron, while aligned in the direction of    
the proton, spontaneously emits a virtual photon with an amount of energy that exactly matches the 
potential energy of the electron in an orbital of the hydrogen atom. 



The efficacy of the Ghirardi–Rimini–Weber modified Schrodinger equation remains to be demonstrated. 

It may be prudent to consider Steven Weinberg’s contention 

Unfortunately, these ideas about modification of quantum mechanics 
are not only speculative but also vague, and we have no idea how big 
we should expect the corrections to quantum mechanics to be. 

Roger Penrose has proposed a novel scheme of a gravitational process to bring about the reduction of   
the wave function but without any successful experimental demonstration yet. 

The most fruitful approach now seems to be the one based on quantum decoherence. 

Furthermore, the decoherence time being relatively short, also seem to rule out the                             
Ghirardi–Rimini–Weber modification and the gravitational reduction proposal since both will take    
some time to be built   up for their effectiveness. 
Further progress 

It is rather amazing that not until about half a century after the advent of quantum mechanics,             
Heinz-Dieter Zeh was the first to emphasize that the microscopic quantum state wave function evolves 
unitarily obeying the Schrodinger equation in isolation from the environment. 

However, for measurement, the wave function must be exposed to the ambient atmosphere as well as to 
the plethora of quantum systems of the measuring device. 

Under this open circumstance, the various components of the superposed wave function become affected 
with the elements of the environment as well as the measuring device. 

The modification acts as a Markovian process that has negligible effect during the unitary evolution but 
becomes active afterwards during the final measurement when a very large number of particles become 
available due to some unspecified diffusion process. 



This led to the initiation of a more systematic study of the effect of the environment and the measuring 
apparatus on quantum system resulting in the loss of quantum coherence, which is now known as 
decoherence. 

Use of density matrix was also initiated for decoherence by Zeh in 1970s. 

Zeh continued his work on decoherence, sometimes with Erich Joos, for decades. 

The next big step forward came when the idea of quantum entanglement was conjoined with 
decoherence for exploration of quantum measurement. 

It is fascinating to appreciate how this historic conjunction came to be recognized. 

The award of the 2022 Nobel Prize in physics has brought significant attention to quantum entanglement. 

It is now well known that the essence of quantum entanglement arose from the famous                       
Einstein–Podolsky–Rosen paper published way back in 1935. 

But it remained effectively ignored by most physicists until John Bell’s epochal article on Bell’s 
inequality proposed in 1964. 

Again it remained on the side line for quite a while due to the lack of a suitable experimental 
arrangement to verify Bell’s proposal. 

Eventually a feasible experimental arrangement was devised five years later by John Clauser, Michael 
Horne, Abner Shimony and Richard Holt. 

The first experimental verification of the Bell–Clauser– Horne–Shimony–Holt theory, now popularly 
known as quantum entanglement, was carried out by Friedman and Clauser in 1972 with later 
substantiation by Clauser and Shimony. 



A lack of interest of the mainstream scientists to the subject still continued perhaps because of possible 
loopholes in the substantiation of Bell’s theorem. 

The checkered history of the development of this period included an underground journal to avoid the 
apathy of Physical Review editors to quantum entanglement. 

This is well documented in a book amusingly entitled, How the Hippies Saved Physics and penned by 
David Kaiser. 

Eventually, a better authentication of Bell’s theorem came from Alain Aspect and his group. 

Further experiments to provide loophole free confirmation of Bell’s theorem led to the acceptance of 
quantum entanglement. 

An analysis of how does nature possibly accomplish nonlocal action are presented by Bhaumik. 

The essential role of entanglement in quantum decoherence was soon realized by Kubler and Zeh.    

However, Zeh’s emphasis of entanglement in further studies of Everett’s theory of quantum 
measurement apparently distracted him from advancing the appropriate roles of entanglement in 
decoherence. 

Nevertheless, he continued his work with others, Erich Joos being one of them. 

Details of decoherence 

As soon as the closed quantum system is exposed to the environment including the detector, the unitary 
Schrodinger evolution in a very short order generates quantum entanglement between the system and  
the detector including the environment making it possible to combine the system and the detector into    
a single bigger system. 



Since both the system and the detector comprising atoms and molecules abide quantum rules, one can 
build up a composite tensor product space using two sets of orthonormal basis vectors of Hilbert spaces. 

The combined system evolves in a unitary fashion. 

Outcome of the measurement of the selected quantum system is determined by the quantum correlations 
encoded in the globally entangled quantum states of the composite system. 

Thus, the conspicuous feature of the decoherence program is that the laws of quantum mechanics are   
not suspended during measurement, contrary to the popular assumption of most of the pioneers of 
quantum mechanics for a long time. 

Since 1980, decoherence involving quantum entanglement has been extensively studied by Wojciech 
Zurek with his group at the Los Alamos National laboratory for almost four decades making a very 
substantial improvement in our understanding of the process. 

In summary, Zurek’s investigations show that only the eigenstates or the pointer states survive in the 
complex environmental decoherence process and the number of entanglement states increases very 
substantially due to what Zurek calls quantum Darwinism. 

Consequently, the plethora of entanglement states consisting of the robust pointer states show up in the 
process of measurements. 

Detailed mathematical analyses of the decoherence process have been presented in a substantial number 
of publications by Zurek and others. 

More recently, an excellent entire book on decoherence has been presented by Maximillian  
Schlosshauer. 

A brief synopsis of the essential results of all these investigations will be presented next. 



Finding the expectation values 
Let us consider that the quantum system and the detector including the environment are each  
represented by a finite dimensional Hilbert space, HS and HE, leading to a pure composite state |ψS E ⟩ 
that can be represented by a density matrix ρˆS E corresponding to the pure state as 

The expectation value ⟨Aˆ⟩ of any observable Aˆ acting on HS ⊗HE is  

which is completely determined for the composite state. 

Despite that the composite ρˆS E is pure, in general, both the ρˆS and ρˆE individually are ensemble of 
states. 

Each of their reduced density matrices contains an incoherent mixture of N quantum state vectors |ψn,i⟩ 

where i ∈ {S, E}, |ψn,i⟩⟨ψn,i| are projection operators with probability pn,i   and the sum of the 

probabilities is normalized, Pn pn,i = 1. 

Thus, there can be various ensembles of states with each one having its own probability distribution that 
will produce the same density matrix. 

Therefore, for a single copy of unknown state ρˆSE, it is the case that ρˆi are unknowable to any 
meaningful extent for either of the components. 



However, if we are given multiple copies of the same composite state ρˆS E, then ρˆS E and ρˆi can be 
reconstructed using quantum state tomography and ⟨Aˆ⟩ can be obtained as the average of measurement 
outcomes of Aˆ, where each measurement is performed on a new copy of ρˆS E. 

It is rather amusing to note that we may know everything about the composite entangled pure state,  
while we may not know anything specific for either one of the component mixed states. 

Also, we may know exactly the expectation value of an observable ⟨Aˆ⟩, while we may not know what 
the measurement outcome for each measurement run will be. 

In the situation when the system S and the environment E are quantum correlated by entanglement, an 
observer having access only to the system S can compute the expectation values for any local observable 
using only the system’s reduced density matrix 

where the reduced density matrix ρˆS is obtained by tracing out the degrees of freedom of the 
environment in the joint system–environment density matrix ρˆS E. 

The statistics of all possible local measurements on the system S is comprehensibly encoded in the 
reduced density matrix. 

Thus, for any local observable AˆS ⊗ IˆE that relates only to the Hilbert space HS of the quantum system 
S , the reduced density matrix ρˆS will be sufficient to calculate the expectation value of the observable 



Although the concept of the reduced density matrix was introduced by Paul Dirac in 1930, oddly its 
significance does not appear to have been appreciated for almost half a century until the advent of 
quantum entanglement. 

An essential element of Zurek’s milestone contributions to the decoherence program turned out to be the 
utilization of entanglement and consequently the reduced density matrix for dealing with expectation 
values among others. 
The problem with decoherence 

Although Zurek and his colleagues have advanced the decoherence program in leaps and bounds over 
the last four decades, there are still some conspicuous complexities in resolving the measurement 
problem. 

To begin with, although the trace rule provides a convenient way to obtain the reduced density matrix 
and hence the expectation value of an observable, the trace operation is a non-unitary process stroking a 
whiff of the collapse theory. 

More importantly, their work does not seem to provide a satisfactory explanation of where does the  
probability in measurement come from. 

Zurek’s derivation has been criticized, among others, by Steven Weinberg. In his classic textbook 
Lectures on Quantum Mechanics, Weinberg states 

There seems to be a wide spread impression that decoherence solves 
all obstacles to the class of interpretations of quantum mechanics, 
which take seriously the dynamical assumptions of quantum 
mechanics as applied to everything, including measurement. 



Weinberg goes on to characterize his objection by assert- ing that the derivation of Born’s rule by Zurek 
is 

clearly circular, because it relies on the formula for expectation values as 
matrix elements of operators, which is itself derived from the Born rule. 

Maximilian Schlosshauer has become a champion advocate of the application of decoherence toward the 
resolution of the measurement problem among others. 

In a paper on Zurek’s derivation of the Born rule, he and Arthur Fine comment 

Certainly Zurek’s approach improves our un- derstanding of the probabilistic 
character of quantum theory over that sort of proposal by at least one quantum leap. 

However, they also criticize Zurek’s derivation of the Born rule of circularity, stating 

we cannot derive probabilities from a theory that does not already contain some probabilistic 
concept; at some stage, we need to “put probabilities in to get probabilities out.” 

In a recent paper Bhaumik presented a plausible solution that supplements decoherence with some basic 
aspects of the well-established Quantum Field Theory of the Standard Model of Particle Physics. 

Our argument relies on some characteristics of the universal quantum fields that predetermine the values 
of the complex coefficients involved in the inherent superposition of eigenstates before measurement. 

This has been also briefly hinted by Leonard Susskind by stating that the probability of a quantum state 
does not change during unitary evolution, which is its attribute. 

Thus, one of the major obstacles in using decoherence for quantum measurement could be considered 
resolved. 



The other significant problem is that although the reduced density matrix gives a convenient way to find 
the expectation value of an observable, unfortunately, decoherence does not provide the pointer states 
separately. 

We only get those states still entangled with the environment including the detector states and that is not 
what an experimenter will measure. 

For that purpose, we need separable or product states such as 

We now present some plausible ways to accomplish this. 

Product states using quantum rules 
From the available facts so far, it appears fruitful to bring about the innate existence of the ubiquitous 
vacuum quantum fluctuations for this objective. 

During the unitary evolution of some superposed quantum states, no substantial effect of the   
fluctuations has been observed other than their essential participation in spontaneous emission. 

The vital part played by the quantum fluctuations in facilitating spontaneous emission, which is a  
unitary process according to quantum electrodynamics, has been known from the early days of    
quantum mechanics. 

It was conveyed in a recent article, how some additional properties of matter like the well-known    
Lamb shift, anomalous g-factor, etc., would not exist without the ubiquitous fluctuations of the         
electromagnetic quantum fields. 

These quantum fluctuations, essential for spontaneous emission, could very likely separate the pointer 
states from the entanglement with the environment. 



The quantum fluctuations are known to be represented by a Gaussian function. 

The effect of the Gaussian quantum fluctuations has never been witnessed to affect the unitary              
Schrodinger evolution to any appreciable degree. 

But its significant effect could be cumulatively operative during the measurement process when a 
substantial number of the entangled states have been produced. 

Thus, it seems reasonable to explore if the quantum fluctuations could make the disentanglement 
effective in aiding quantum measurement in somewhat of a manner envisioned by the                       
Ghirardi–Rimini–Weber proponents but without any modification of the Schrodinger equation as well   
as not requiring a very large number of quantum states during the final measurement. 

In our goal to understand the effect of quantum fluctuations to produce disentanglement in recovering  
the product states, it seems prudent to explore some of the relevant new activities being pursued by the 
quantum computation community. 

After Peter Shor’s publication of his celebrated algorithm for quantum computing in 1994, extensive 
studies have been carried out in both decoherence and disentanglement, which is of critical importance  
to quantum technology for avoiding loss of quantum coherence. 

Hence the activities on these topics have exploded exponentially in the last two decades. 

As a resource, quantum entanglement has now been measured, increased, decreased or even distilled  
and teleported. 

The necessity for investigating decoherence as well as disentanglement for quantum technologies is 
opposite to our requirement in quantum measurement but there could be a commonality. 

The quantum fluctuations, so essential for spontaneous emission, could very well be involved in 
terminating the entanglement with the detector states. 



Particularly, it could be fruitful to pursue the surprising experimental observation called ESD, which 
stands for early stage disentanglement or entanglement sudden death, that has been observed by several 
groups. 

In these experiments, astonishingly a very swift disappearance of entanglement altogether has been 
reported. 

Other works report entanglement breaking channels. 
In the simplest experimental setup, two entangled atoms in their excited states are placed one each in  
two widely separated cavities without any direct interaction. 

When the two atoms reach their ground states by spontaneous emission, surprisingly the entanglement 
suddenly disappears completely and the two atoms in their ground state constitute product states. 

Although not yet fully understood, the sudden disappearance of the entanglement is an experimental   
fact that could possibly be caused by a process like what occurs in the unitary quantum                           
electrodynamical depiction of spontaneous emission. 

If that turns out to be true, since unitary process preserve the probability, the final reduced quantum   
state would have the same probability all the way from superposition to reduction. 

In contrast, the von Neumann collapse postulate assumes a non-unitary process following Born’s rule. 
The act of spontaneous emission appears to be a sudden non-unitary jump, however, if one were to keep 
track of all the vacuum modes, as per quantum electrodynamics the combined atom–vacuum system in 
fact undergoes a unitary time evolution. 

Thus, there could be a plausible chance that the ESD process might be unitary although the details are 
not yet fully understood. 

Further studies are planned to explore this propitious possibility. 



Another feasible process resembling some aspect of the Ghirardi–Rimini–Weber procedure appears 
promising. 

This is the experimentally observed disentanglement caused by quantum fluctuations. 

Like a Markovian process, the quantum fluctuations does not affect the normal Schrodinger evolution 
indicating a limitation of the strength of the relevant interaction. 

It appears to take place only after enough states are made available by quantum Darwinism, when the 
cumulative strength of interaction would cause the disappearance of entanglement leading to the desired 
separable states. 

However, since the same information about the pointer observable is stored independently in many 
fragments of the environment, suitable detectors can measure the observable in different fragments even 
without any observer involved. 

From the experimentally observed results of the consistent effect of quantum fluctuations in diminishing 
quantum entanglement, this approach appears to be assured for accomplishing the desired separable 
states. 

Our goal is to capture the disentangled observables in the detector. 

So we need to find out what could cause the disentanglement. 

Several experiments clearly confirm that the vacuum quantum fluctuations cause the disentanglement. 

Thus, the essential agent has been clearly identified and we could leave at that. 

But the work would be more complete if we can provide the rate and consequently the disentanglement 
time that could be reasonably short. 



We know that the quantum fluctuations can be represented by a Gaussian. 

So we need to find the rates and value of the constants for the Gaussian and then possibly making some 
calculations like in the Ghirardi–Rimini– Weber model to predict the time taken for disentanglement. 

It is not essential but would complete the program. 

However, because studies of the details of the disentanglement process is still continuing vigorously and 
many of the results does not clearly identify whether it was done in a cavity where quantum 
electrodynamics can give more than a number of rates say for spontaneous emission. 

Again, the most important part is to experimentally identify the mechanism that causes disentanglement 
and that we already have accomplished with reasonable confidence. 

So the principal objective can be considered reasonably accomplished. 
Concluding remarks 
It is evident by now that the advent of quantum entanglement has led to a quantum leap for a resolution 
of the enduring measurement problem through the decoherence procedure. 

Additionally, the distinctive appeal of this program revealing that the quantum rules are not suspended 
during the measurement process is unique. 

Although many others have contributed, the decades of concerted efforts by Zurek and his group have 
advanced the progress of the decoherence program to a fairly mature stage. 

The primary deprecation of their advancement concerns, however, is the lack of a satisfactory answer    
to the origin of probability and the occurrence of separable product states in the measurement process. 



A cogent perspective is presented here that appears to alleviate the deficiency of achieving the expected 
observables and their probabilities in measurement. 

Therefore, along with the prior article by the author, a solution of the century old quantum measurement 
problem could be on hand. 

Significantly, much of the process of the reduction of the wave function or quantum to classical 
transition occur following quantum rules in contrast to the visions of the pioneers of quantum physics. 
The universe is quantum at the core and so are we.

About seven octillions of electrons and a plethora of other elementary particles inhabit our body. 

Our existence in the familiar classical world is made possible by continuing transition from the quantum 
to classical domains additionally, of course, with the irreversible metabolic processes. 

The quantum origin of objects in the classical arena is patently supported by the recent observation of a 
sliver of residual quantum activity in a man size 40-kilogram mirror in the Laser Interferometer 
Gravitational-Wave Observatory (LIGO). 

In fact, in a variety of experiments, quantum effects have been observed from mesoscopic to 
macroscopic entities clearly indicating a transition from quantum to classical is the abiding rule when a 
quantum system is exposed to a huge number of quantum particles. 

Most significantly, deriving the wave function of a non-relativistic quantum mechanics from the 
fundamental reality accessible to us so far by the standard model of particle physics and utilized by the 
author in a series of publications, illustrate quantum mechanics could be considered weird no more. 

We must recognize that there are two distinct parts of reality, the quantum and the classical with their 
characteristic rules, but one transitioning to the other. 



The perception of weirdness arise when we try to understand our daily classical world through the lens 
of quantum rules. 

The quantum theory could be as splendid a theory based on fundamental realty as has been both the non-
relativistic Newton’s laws as well as Maxwell’s theory of electrodynamics. 


