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The measurement problem is Born (1926)

‘Quantum mechanics then gives a completely definite answer to the                    
question of the effect of a collision; however, one is not dealing with                           
any causal relationship. One gets no answer to the question “what is the                     
state after the collision,” but only to the question “how probable is a prescribed effect 
of the collision” (in which, one must naturally verify the quantum-mechanical law of 
energy). This raises the whole problem of determinism. From the standpoint of our 
quantum mechanics, there is no quantity that could establish the effect of a collision 
causally in the individual cases; however, up to now, we have no clue regarding the 
fact that there are internal properties of the atom that require a definite collision 
effect, even from experiments. Should we hope to discover such properties (perhaps 
phases of the internal atomic motions) and to determine the individual cases?              
Or should we believe that the agreement between theory and experiment regarding 
our inability to give conditions for the causal evolution is in pre-stabilized harmony 
with the fact that such conditions do not exist?                                                               
I myself tend to abandon determinism in the atomic world.’ 
(Max Born, Quantenmechanik der Stossvorgänge, Zeitschrift für Physik 38, 803-827 (1926) 

Quantum mechanics says: state after collision (measurement) is 𝝍 = 𝚺n cn 𝝍n

Experiment says: state is just one of the 𝝍n  with (“Born”) probability |cn|2



Early history of the measurement problem
• Born (1926) claims that outcomes of quantum-mechanical collision processes 

(and by implication also of more general measurements) are (in principle) 
random, with prescribed probabilities for each possible outcome


• Copenhagen Interpretation (of Bohr & Heisenberg) based on idea that 
measurement apparatuses are classical and that precise object-apparatus 
interaction leading to single outcomes cannot (and should not) be analyzed 


• von Neumann (1932) gives systematic discussion of measurement in QM


• Schrödinger’s Cat (1935), arose from correspondence with Einstein (EPR)


• Review of measurement in QM by London & Bauer (1939) 


• Measurement extensively discussed in Bohr-Einstein dialogue (1927-1949) 
though not from perspective of what we now call “the measurement problem”



Copenhagen I: Classical Concepts
‘However far the phenomena transcend the 
scope of classical physical explanation,              
the account of all evidence must be expressed in 
classical terms. (…) The argument is simply that 
by the word experiment we refer to a situation 
where we can tell others what we have done and 
what we have learned and that, therefore, the 
account of the experiments arrangements and of 
the results of the observations must be 
expressed in unambiguous language with 
suitable application of the terminology of 
classical physics.’   (Niels Bohr, 1949)


‘The Copenhagen interpretation of quantum theory starts from a paradox. Any experiment in 
physics, whether it refers to the phenomena of daily life or to atomic events, is to be 
described in the terms of classical physics. The concepts of classical physics form the 
language by which we describe the arrangement of our experiments and state the results. 
We cannot and should not replace these concepts by any others. Still the application of 
these concepts is limited by the relations of uncertainty. We must keep in mind this limited 
range of applicability of the classical concepts while using them, but we cannot and should 
not try to improve them.’   (Werner Heisenberg, 1955)



‘The elucidation of the paradoxes of atomic physics has disclosed the fact that the unavoidable interaction 
between the objects and the measuring instruments sets an absolute limit to the possibility of speaking of a 
behavior of atomic objects which is independent of the means of observation. 

We are here faced with an epistemological problem quite new in natural philosophy, where all description 
of experience has so far been based on the assumption, already inherent in ordinary conventions of 
language, that it is possible to distinguish sharply between the behavior of objects and the means of 
observation. This assumption is not only fully justified by all everyday experience but even constitutes the 
whole basis of classical physics. . . . As soon as we are dealing, however, with phenomena like individual 
atomic processes which, due to their very nature, are essentially determined by the interaction between the 
objects in question and the measuring instruments necessary for the definition of the experimental 
arrangement, we are, therefore, forced to examine more closely the question of what kind of knowledge   
can be obtained concerning the objects. 

In this respect, we must, on the one hand, realize that the aim of every physical experiment—to gain 
knowledge under reproducible and communicable conditions—leaves us no choice but to use everyday 
concepts, perhaps refined by the terminology of classical physics, not only in all accounts of the 
construction and manipulation of the measuring instruments but also in the description of the actual 
experimental results. On the other hand, it is equally important to understand that just this circumstance 
implies that no result of an experiment concerning a phenomenon which, in principle, lies outside the  
range of classical physics, can be interpreted as giving information about independent properties of the 
objects.’ (Bohr, 1938, italics added)

Unavoidable interaction between the objects and the measuring instruments characteristic of QM 
[entanglement] threatens the objectivity of the description characteristic of classical physics. 
Description of QM through classical physics restores objectivity (without which science is impossible)

Why classical concepts: Bohr



Why classical concepts: Heisenberg

‘The concepts of classical physics are just a refinement of the concepts of                        
daily life and are an essential part of the language which forms the basis of all                   
natural science. Our actual situation in science is such that we do use the classical concepts 
for the description of the experiments, and it was the problem of quantum theory to find 
theoretical interpretation of the experiments on this basis. There is no use in discussing what 
could be done if we were other beings than we are.’ (…)


‘It is of course not by accident that “objective reality” is limited to the realm of what Man can 
describe simply in terms of space and time. At this point we realize the simple fact that 
natural science is not Nature itself but part of the relation between Man and Nature, and 
therefore dependent on Man. The idealistic [i.e. Kantian] idea that certain ideas are a priori, 
i.e., in particular come before all natural science, is here correct.’


‘Natural science does not simply describe and explain nature; it is a part of the interplay 
between nature and ourselves; it describes nature as exposed to our method of questioning.’


(All taken from Heisenberg’s 1955 Gifford Lectures: Physics and Philosophy) 



Why classical concepts: Frans de Waal

‘Die Verwandlung’ [The Metamorphosis by Franz Kafka, in which Gregor Samsa wakes up to find 
himself transformed into an insect], published in 1915, was an unusual take-off for a century in which 
anthropocentrism declined. From the first page onwards, the author forced us to feel what it would be 
like to be an insect. Around the same time, the German biologist Jakob von Uexküll drew attention to 
the perspective of a species, which he called its Umwelt. To illustrate this new idea, Uexküll took his 
readers on a tour through the worlds of various creatures: each organism observes its environment in its 
own peculiar way, he argued. A tick, which has no eyes, awaits the scent of butyric off the skin of 
mammals that pass by (this waiting can take as long as 18 years, during which time ticks can survive 
without food). Are we in a position to understand the Umwelt of a tick? Its seems unbelievably poor 
compared to ours, but Uexküll regarded its simplicity rather as a strength: ticks have set themselves a 
narrow goal and hence cannot easily be distracted. Uexküll analyses many such examples and shows 
how a single environment offers hundreds of different realities, each of which is unique for some given 
species. (…) Some animals merely register ultraviolet light, others live in a world of odors, or of touch, 
like a star nose mole. Some animals sit on a branch of an oak, others live underneath the bark of the 
same oak, whilst a fox family digs a hole underneath its roots. Each animal observes the tree differently.’


Frans de Waal, Are We Smart Enough to Know How Smart Animals Are? (2016)                                                   
whose motto is a quotation from Heisenberg: ‘We have to remember that what                                                                                                
we observe is not nature herself, but nature exposed to our method of questioning.’ 



The problem with classical concepts
‘Thus quantum mechanics occupies a very unusual place among 
 physical theories:  it contains classical mechanics as a limiting  
case, yet at the same time it requires this limiting case  
for its own formulation’ (Landau & Lifshitz, 1958) 

‘It is necessary to emphasize that the requirement of a classical description of the apparatus is not 
designed to set up a special class of objects differing fundamentally from those which occur in a 
quantum phenomenon as the things examined rather than measuring apparatus. This requirement is 
essentially epistemological, and affects this object only in its role as apparatus. A physical object 
which may act as apparatus may in principle also be the thing examined. (…) The apparatus is 
governed by classical physics, the object by the quantum-mechanical formalism.’ (Scheibe, 1973) 

‘The necessity of basing the description of the properties and manipulation of the measuring 
instruments on purely classical ideas implies the neglect of all quantum effects in that 
description.’  (Bohr, 1939) …This [possibility] follows mathematically from the fact that the laws of 
quantum theory are for the phenomena in which Planck's constant can be considered as a very 
small quantity, approximately identical with the classical laws.’ (Heisenberg, 1958) 

Bohr & Landau, Moscow 1961

Dual description of apparatus as both classical and quantum, as called for by Copenhagen,         
is extremely involved: measurement problem arises from this dual description



Copenhagen II: Uncontrollable collapse 
• ‘According to the quantum theory, just the impossibility of neglecting the interaction with the agency of 

measurement means that every observation introduces a new uncontrollable element.’                     

(Bohr, Como Lecture, 1927) N.B. This places measurement outside QM for the 2nd time!


• ‘The theoretical interpretation of an experiment requires three distinct steps:


1. The translation of the initial experimental situation into a probability function (…)             
[Heisenberg’s name for the wave-function, i.e.] a mathematical expression that combines    
statements about possibilities or tendencies with statements about our knowledge 


2. The following up of this function in the course of time (…) which is continuous


3. The statement of a new measurement to be made of the system, the result of which can then be 
calculated from the probability function.

After [the] interaction [with the measuring device] has taken place, the probability function contains 
the objective element of tendency and the subjective element of incomplete knowledge, even if it has 
been a “pure case” before [i.e., it has become a mixture]. It is for this reason that the result of the 
observation cannot generally be predicted with certainty; what can be predicted is the probability of 
a certain result of the observation, and this statement about the probability can be checked by 
repeating the experiment many times. (…) The observation itself [i.e.,  the act of registration of the 
result by the mind of the observer] changes the probability function discontinuously; it selects of all 
possible events the actual one that has taken place. Since through the observation our knowledge of 
the system has changed discontinuously, its mathematical representation also has undergone the 
discontinuous change and we speak of a “quantum jump.” (Heisenberg, Gifford Lectures, 1955)



von Neumann (1932) formalizes collapse 
‘In the discussion so far we have treated the relation of quantum mechanics                                 
to the various causal and statistical methods of describing nature. In the course                             
of this we have found a peculiar dual nature of the quantum mechanical                              
procedure which could not be satisfactorily explained. Namely, we found that:

On the one hand a state 𝝍  is transformed into the state 𝝍(t) under the action of an energy 
operator H [by the Schrödinger equation], which is purely causal.

On the other hand, the state 𝝍 = 𝚺n cn 𝝍n may refer to a quantity with a pure discrete spectrum, 
distinct eigenvalues, and eigenfunctions 𝝍1, 𝝍2, . . . , undergoes in a measurement a change in 
which any of the states 𝝍1, 𝝍2, . . .  may result, and in fact do result with the respective 
probabilities |< 𝝍, 𝝍1>|  ,   |< 𝝍, 𝝍1>|  , . . .  . That is, the mixture U = 𝚺n |< 𝝍, 𝝍n>|  |𝝍n><𝝍n| 
obtains. (…) Since the [pure] states go over into mixtures, the process is not causal.

The difference between these two processes is a very fundamental one: aside from their 
different statuses with regard to the principle of causality, they also differ in that the former is 
(thermodynamically) reversible, while the latter is not. Let us now compare these circumstances 
with those which actually exist in nature, or in its observation. First, it is inherently correct that 
measurement or the related process of subjective perception is a new entity relative to the 
physical environment, and is not reducible to the latter. Indeed, subjective perception leads us 
into the intellectual inner life of the individual, which is extra-observational by its very nature, 
since it must be taken for granted by any conceivable observation or experiment.’ (pp. 271-272)
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London & Bauer (1939)

‘The majority of introductions to quantum mechanics follow a rather dogmatic path 
from the moment that they reach the statistical interpretation of the theory. In 
general they are content to show, by more or less intuitive considerations, how the 
actual measuring devices always introduce an element of indeterminism, as this 
interpretation demands. However, care is rarely taken to verify explicitly that the 
formalism of the theory, applied to that special process which constitutes the 
measurement, truly implies a transition of the system under study to a state of 
affairs less fully determined than before. A certain uneasiness arises. One does not 
see exactly with what right and up to what point one may, in spite of this loss of 
determinism, attribute to the system an appropriate state of its own. Physicists are 
to some extent sleepwalkers, who try to avoid such issues and try to concentrate on 
concrete problems. But it is exactly these questions of principle which nevertheless 
interest nonphysicists  and all who wish to understand what modern physics says 
about the analysis of the act of observation itself.’   (pp. 218-219)

Fritz London (1900-1954)Edmond Bauer (1880-1963)



London & Bauer (1939), continued 

‘The interaction with the apparatus does not put the object into a new pure state. 
Alone, it does not confer to the object a new wave function. On the contrary, it 
actually gives nothing but a statistical mixture: It leads to one mixture for the object 
and one mixture for the apparatus. For either system regarded individually there 
results uncertainty, incomplete knowledge. Yet nothing prevents our reducing this 
uncertainty by further observation. And this is our opportunity. So far we have only 
coupled one apparatus with one object. But a coupling even with a measuring 
device is not yet a measurement. A measurement is achieved only when the position 
of the pointer has been observed.  It is precisely the increase of knowledge, acquired 
by the observation, that gives the observer the right to choose among the different 
components of the mixture predicted by the theory, to reject those which are not 
observed, and to attribute thenceforth to the object a new wave function, that of the 
pure case which he has found. We note the essential role played by the 
consciousness of the observer in this transition from the mixture to the pure state. 
Without his effective intervention, one would never obtain a new 𝝍 function.’ 



Summary of early stage of measurement problem
• Bohr & Heisenberg make three closely related claims about measurement:


1. Apparatus and record of outcomes must be classical


2. Single outcomes of measurements due to “uncontrollable interaction with 
the agency of measurement” (refuse and forbid to analyse collapse of 𝝍)


3. Quantum state 𝝍 partly “real” and partly describes knowledge of observer


• von Neumann and London & Bauer more formally describe measurement as a 
two-stage process (preceded by unitary time evolution via Schrödinger eq.):


(1) Transition to mixture as a result of object-apparatus interaction 


(2) Collapse of mixture to single outcome due to (conscious) observer          


Nature of measurement apparatus (macroscopic and/or classical, which for 
Bohr, Heisenberg was the whole point) plays no role whatsoever in formal 
analysis of von Neumann or London & Bauer! Schrödinger’s Cat indeed points 
out inherent tension between formal analysis and Copenhagen ideology



Schrödinger’s  
Cat (1935)

‘It is also possible to construct very burlesque cases. Imagine a cat locked up in a room 
of steel together with the following hellish machine (which has to be secured from direct 
attack by the cat): A tiny amount of radioactive material is placed inside a Geiger counter, 
so tiny that during one hour perhaps one of its atoms decays, but equally likely none. If it 
does decay then the counter is triggered and activates, via a relais, a little hammer which 
breaks a container of prussic acid. After this system has been left alone for one hour, one 
can say that the cat is still alive provided no atom has decayed in the mean time. The first 
decay of an atom would have poisoned the cat. In terms of the ψ−function of the entire 
system this is expressed as  a mixture of a living and a dead cat. Typical about these 
cases is that an originally atomic uncertainty has been transformed into a coarse-grained 
uncertainty, which can then be decided by direct observation. This prevents us from 
considering a smeared-out model naively as an image of the real world. This does not 
represent anything vague or contradictory in itself. It is the difference between a blurred or 
poorly focussed photograph and a photograph of clouds and wafts of mist.’



Towards the modern era
Late 1950s en 1960s: renewed interest in foundations of QM:


• Mackey (1957), Gleason (1957), Kadison & Singer (1959), Haag & Kastler (1964)


• Bell (1966, 1964), Kochen & Specker (1967), …, Conway & Kochen (2009), ..


• Wigner (1963) review on measurement problem (repeating “orthodox view” of von 
Neumann, including mental solution & omission of Copenhagen classical apparatus)


‘The simplest way that one may try to reduce the two kinds of changes of the 
state vector to a single kind is to describe the whole process of measurement as 
an event in time, governed by the quantum-mechanical equations of motion.’ 


• Swiss approach to measurement problem taking both von Neumann orthodoxy and 
Bohr & Heisenberg orthodoxy into account: two stages of measurement process and 
classical/macroscopic apparatus - (Jauch, 1964; Hepp, 1972;  Emch & Whitten-
Wolfe, 1976; Breuer (1993), Landsman (1991, 1995), Sewell, 2005, Fröhlich, 2012) 


• Decoherence - Ludwig (1953), Zeh (1970), Zurek (1981, 1991), Joos & Zeh (1985) ,…




Decoherence
‘I think the whole discussion about whether measurements in quantum mechanics are indeed 
problematic somewhat misses the point. Measurement interactions are only one of many 
examples of quantum interactions that lead to superpositions of macroscopically distinct 
states. Nature has been producing macroscopic superpositions for millions of years, well 
before any quantum physicist cared to artificially engineer such a situation. The key concept 
here is decoherence. Environmental interactions tend to produce superpositions of classically 
distinct states. This raises the issue of how one could describe a classical regime in quantum 
mechanics, quite irrespective of the existence of measuring apparatuses. (…)                               
In all of these and many other cases, superpositions of classically (and often macroscopically) 
distinct states arise spontaneously, due to the system of interest becoming entangled with its 
environment. The minimal interpretation of quantum mechanics has nothing to say about these 
cases, except that if we were to perform a measurement on these systems, we would observe 
classical behavior. (…) 
If decoherence and its applications had been developed early in the history of quantum theory, 
then the idea that measurements play a special role in the theory might not have risen to such 
prominence, and the foundations of quantum mechanics would have focused instead on the 
problem of how to derive a classical regime within the theory.’ (Guido Bacciagaluppi)

Decoherence broadened the measurement problem to the problem of explaining at least 
the appearance of the classical world and classical physics from quantum theory



The modern era: increased scope

‘One of the most ancient philosophical questions (Heidegger thought is was
the question) is this: why is there something rather than nothing? In terms of 
events rather than substances, the question would be: how come anything 
happens at all? That question is the measurement problem.’ (Arthur Fine)

‘The measurement problem has been called “the reality problem” by Philip Pearle. This is a 
better name for it. We perceive objects in the world as being in definite states. A door is either 
open or shut, a given ball either is in a given box or it is not. The wave function, however, can 
have superpositions of these things, suggesting that the door can be simultaneously open and 
shut at the same time, and that the ball can be both in the box and not in the box at the same 
time. The reality problem is that there is a discrepancy between the version of reality we
perceive, and the version presented to us by the most obvious interpretation of the wave 
function.’ (Lucien Hardy)

‘Fundamentally, the measurement problem is the problem of connecting probability with truth in 
the quantum world, that is to say, it is the problem of how to relate quantum probabilities to the 
objective occurrence and non-occurrence of events. The problem arises because there appears 
to be a difficulty in reconciling the objectivity of a particular measurement outcome with the 
entangled state at the end of a measurement.’ (Jeff Bub) 



Orthodoxy still: two measurement problems!
‘There are two distinct measurement problems in quantum mechanics: what Pitowsky has called 
a “big” measurement problem and a “small” measurement problem. The “big” measurement 
problem is the problem of explaining how measurements can have definite outcomes, given the 
unitary dynamics of the theory: it is the problem of explaining how individual measurement 
outcomes come about dynamically. The “small” measurement problem is the problem of 
accounting for our familiar experience of a classical, or Boolean, macroworld, given the non-
Boolean character of the underlying quantum event space: it is the problem of explaining the 
dynamical emergence of an effectively classical probability.’ (Jeff Bub) 

• The “small” problem still is: how to turn superpositions into mixtures (typically also 
seen as the explanation of the classical world from quantum theory)


• The “big” problem, then, remains the “from and to or” problem: how to select one 
term of the mixture (or to prove this unnecessary, e.g. Everett, modal interpretation)


• I will challenge this distinction and the underlying split of the measurement process!




The “small” measurement problem
Proofs of its insolubility (e.g. Wigner 1963; Fine, 1970, Brown, 1986, etc.) based on:


1. The object and the device measuring it are both finite quantum systems

2. Their (combined) quantum state evolves linearly (in finite time)

3. Object and apparatus are perfectly isolated from their environment


Programs for solving the problem must avoid at least one of these assumptions:


• Swiss approach (¬1, ¬2): macroscopic/classical apparatus, heavy use of 
operator algebras, superselection sectors, limits N →∞, t→∞, disjoint final states


• Decoherence (¬2, ¬3): coupling with environment (open system), diagonalization 
of reduced density operator for object + apparatus (both QM) as t→∞


Both programs fail to solve even small measurement problem: Earman’s Principle


“While idealizations are useful and, perhaps, even essential to progress in physics,                        
a sound principle of interpretation would seem to be that no effect can be counted                      
as a genuine physical effect if it disappears when the idealizations are removed.” 



From the “small” to the “big” measurement problem

In addition, even if they are given the benefit of the doubt in their alleged ability to 
solve the “small” problem (i.e. pure state → mixture), neither Swiss approach nor 
Decoherence includes sound solution to the “big” problem (i.e. “from and to or”):


• Ignorance interpretation of probability (favored for Swiss approach and implicitly 
suggested in conservative approaches to Decoherence) is inapplicable (Leggett)


• Many-Worlds (Everett) Interpretation (if that works!) should be last resort, when 
everything else fails (but is New Orthodoxy: Decoherence + Everett = Oxford)


Having said this: Swiss approach at least took Bohr - Heisenberg (Schrödinger)            
idea seriously that measurement (problem) is concerned with classical (or at least 
macroscopic) apparatuses, but they “overshot”: large systems yes, infinite systems no

Most other approaches “undershoot” in failing to take apparatus size (or classical 
nature) into account at all. Key is to navigate between Scylla and Charybdis!



‘Now, following Schrödinger, let us consider a thought experiment in which the quantum-
mechanical description of the final state, as obtained by appropriate solution of the time 
dependent Schrödinger equation, contains simultaneously nonzero probability amplitudes for 
two or more states of the universe that are, by some reasonable criterion, macroscopically 
distinct (in Schrödinger’s example, this would be “cat alive” and “cat dead”). Of course, just 
about everyone, including me, would accept that because of, inter alia, the effects of 
decoherence, it is likely to be impossible, at least for the foreseeable future, to experimentally 
demonstrate the interference of such states. (On the other hand, as the late John Bell was 
fond of pointing out, the “foreseeable future” is not a very well-defined concept. In fact, as late 
as 1999, not a few people were confidently arguing that because of the inevitable effects of 
decoherence, the projected experiments to demonstrate interference at the level of flux
qubits would never work. In this case, the “foreseeable” future lasted approximately one year. 
As Bell used to emphasize, the answers to fundamental interpretive questions should not 
depend on the accident of what is or is not currently technologically feasible.) But the crucial 
point is that the formalism of quantum mechanics itself has changed not one whit between the 
microscopic and macroscopic levels. Are we then entitled to embrace, at the macrolevel, an 
interpretation that was forbidden at the microlevel, simply because the evidence against it is 
no longer available? I would argue very strongly that we are not, and would therefore draw the 
conclusion: also at the macrolevel, when the quantum-mechanical description assigns 
simultaneously nonzero probabilities to two or more macroscopically distinct possibilities, then 
it is not the case that each system of the relevant ensemble realizes either one possibility or 
the other.’ (Leggett, 2011)



The (three) “big” measurement problems per se
Maudlin (1995) distinguishes three “big” measurement problems: 
1. The problem of outcomes states that the following assumptions are 

contradictory:
  

(a) The wave-function of the system is complete  
(b) The wave-function always evolves linearly (e.g., by the Schrödinger equation)  
(c) Measurements have determinate outcomes 

2. The problem of statistics is that 2(a) = 1(a) and 2(b) = 1(b) also contradict: 
 

(c) Measurement situations which are described by identical initial wave-functions 
sometimes have different outcomes, and the probability of each possible outcome 
is given by the Born rule  

3. The problem of effect requires that any (physical or philosophical) mechanism 
producing measurement outcomes should also update the predictions of quantum 
mechanics for subsequent measurements (e.g. that these have the same outcome) 



Landscape of possible approaches/solutions

Maudlin (1995) also gives a classification of potential solutions: 


•  Hidden-variable theories abandon: “The wave-function is complete” (1a=2a)     
e.g. Bohmian Mechanics: position as a hidden variable (breaks symmetry QM) 

• Collapse theories abandon: “The wave-function evolves linearly” (1b=2b)           
e.g. GRW-Pearle Dynamical collapse models (new stochastic field extra QM)


• Multiverse theories abandon: “Measurements have determinate outcomes” (1c) 
 and reinterpret the word “different” in 2c: “Measurement situations described 
by identical initial wave-functions sometimes have different outcomes”


(note added): Copenhagen Interpretation, ensemble approaches, operational 
approaches, QBism, and other non-realist stances simply deny there is a 
measurement problem (in general: the less realist one is about the mathematical 
formalism of QM, the less one is sensitive to the measurement problem)                



Example of denial: QBism

‘I remember giving a talk at a meeting at the London School of Economics seven or so 
years ago. In the audience was an Oxford philosophy professor, and I suppose he didn’t 
much like my brash cowboy dismissal of a good bit of his life’s work. When the question 
session came around, he took me to task with the most proper and polite scorn I had 
ever heard (I guess that’s what they do). “Excuse me. You seem to have made an 
important point in your talk, and I want to make sure that I have not misunderstood 
anything. Are you saying that you  have solved the measurement problem? This problem 
that has plagued quantum mechanics for seventy-five years? The message of your talk is 
that, using quantum information theory, you  have finally solved it?” 
(Funny the way the words could be put together as a question,
 but have no intended usage but as a statement.) 
I don’t know that I did anything but turn the screw on him 
a bit further, but I remember my answer. 
“No, not me; I haven’t done anything. 
What I am saying is that a ‘measurement problem’ 
never existed in the first place.”’ (Chris Fuchs, 2011)



QBism (continued)
‘The “measurement problem” is purely an artefact of a wrong-headed view of what quantum states and/or quantum 
probabilities ought to be. (…)  quantum states are not real things from the Quantum Bayesian view.  For the QBist, a 
quantum state is of a cloth with belief  —in the end, it is a personal judgment, a quantified degree of belief. A 
quantum state is a set of numbers an agent uses to guide the gambles he might take on the consequences of his 
potential interactions with a quantum system. It has no more substantiality than that.  Aren’t epistemic states real 
things? Well ... yes, in a way. They are as real as the people who hold them. But no one would consider a person to 
be a property  of the quantum system he happens to be contemplating. And one shouldn’t think of a quantum state 
in that way either—one shouldn’t think of it as a property of the quantum system to which it is assigned. Take the 
source of the paradox away, we say, and the paradox itself will go away. 
Jim Hartle already put it fairly crisply in a 1968 paper:’ (Chris Fuchs, 2011)

‘A quantum-mechanical state being a summary of the observers’ information about an individual physical system 
changes both by dynamical laws, and whenever the observer acquires new information about the system through 
the process of measurement. The existence of two laws for the evolution of the state vector becomes problematical 
only if it is believed that the state vector is an objective property of the system. If, however, the state of a system
is defined as a list of [experimental] propositions together with their [probabilities of occurrence], it is not surprising 
that after a measurement the state must be changed to be in accord with [any] new information. The “reduction of 
the wave packet” does take place in the consciousness of the observer, not because of any unique physical process 
which takes place there, but only because the state is a construct of the observer and not an objective property of 
the physical system.’ (Jim Hartle, 1968)

‘The quantum measurement problem is just a Scheinproblem (pseudoproblem) that arises if one does not realize 
that quantum states represent information.’ (Anton Zeilinger)  

Effectively refuted e.g. in books by GianCarlo Ghirardi and by David Wallace (I think)





A fresh start on the measurement problem
• Though grounded in genius and tradition (Heisenberg, von Neumann, …):  two-step way of 

looking at the measurement process (and hence separation into “small” and “big” 
measurement problems) is wrong: big problem should be solved directly, before it is too late!


• Direct solution of “big” problem leaves nothing to interfere so “small” problem disappears 


• Doctrine of Classical Concepts, correctly describes application of quantum theory to 
experimental physics: quantum object are seen through classical glasses” (dismiss rest of 
Copenhagen, i.e. two-step analysis of measurement, unanalyzable collaps, QBism)


• In particular: classical description of apparatus defines measurement on QM object by 
describing apparatus classically, whilst classical physics should also be a limit of QM.         
This puts measurement in conceptual and mathematical context of (asymptotic) Emergence


• This by no means avoids the measurement problem: it is the classical description of the 
apparatus that poses the problem in its harshest way (as a mathematically precise problem 
about the relationship between theories) sharing flavor of informal versions (e.g. Schrödinger) 


• Navigating between Scylla and Charybdis, reason for potential disaster (i.e. classical 
description of Schrödinger’s Cat) is also key to (potential) solution within unitary QM!  




What is Emergence? The British Emergentists

• John Stuart Mill (1843):

“All organised bodies are composed of parts, but the phenomena of life,                                                 
which result from the juxtaposition of those parts in a certain manner,                                                   
bear no analogy to any of the effects which would be produced by the                                              
action of the component substances considered as mere physical agents.                                                          
It is certain that no mere summing up of the separate actions of those                                                
elements will ever amount to the action of the living body itself.” 

                                            (emphasis added) 

• C.D. (Charlie Dunbar) Broad (1925):

“The characteristic behaviour of the whole could not, even in theory, be                                         
deduced from the most complete knowledge of the behaviour of its                                             
components, taken separately or in other combinations, and of their                                                                
proportions and arrangements in this whole. (...)                                                                                      
This is what I understand by the ‘Theory of Emergence’.                                                                            
I cannot give a conclusive example of it, since it is a matter of                                              
controversy whether it actually applies to anything.” (emphasis added) 



Anti-Reductionist (“Strong”) Emergence
• “The concept of emergence has been used to characterize certain phenomena as ‘novel’, and this not 

merely in the psychological sense of being unexpected, but in the theoretical sense of being 
unexplainable, or unpredictable, on the basis of information concerning the spatial parts or other 
constituents of the systems in which the phenomena occur, and which in this context are often 
referred to as ‘wholes’.”    (Hempel & Oppenheim, 1965)      

• “Strongly emergent phenomena are, in principle, not derivable from the laws or organizing principles 
for their constituents, or even from an exhaustive knowledge about their constituents.” 

(John Templeton Foundation, 2012, What We Fund: the Physics of Emergence)


• “Some higher-level theory H bears predictive/explanatory emergence with respect to a lower-level  
theory L if L cannot replace H, if H cannot be derived from L, or if L cannot be shown to be 
isomorphic to H.”  (Silberstein, 2002);   “L is explanatory insufficient”,  “H is ineliminable”


H = higher-level theory = phenomenological theory = reduced theory


L  = lower-level theory = fundamental theory = reducing theory


Higher-level theory H is typically idealization (often: limiting case) of lower-level theory L:


L = Quantum Mechanics (QM) of finite systems, H = Classical Mechanics


L = Quantum Statistical Mechanics (QSM) in finite volume, H = Thermodynamics




Asymptotic Emergence = 1 + 2 + 3 

1) Higher-level theory H is limiting case of lower-level (‘fundamental’) theory L 

  H = Classical Mechanics as ℏ → 0 limit of L = Quantum Mechanics


  H = Thermodynamics as N→ ∞ limit of  L = QSM for N < ∞


  H = Quantum Statistical Mechanics at N = ∞ as N→ ∞ limit of  L = QSM for N < ∞


2) H is defined and understood by itself (i.e. without its guise as a limit of L) 

3) H taken by itself has some ‘novel’ feature(s) inexplicable from L 
 (e.g., because L does not have any property inducing the novel feature in the limit)


Measurement Problem is a special case of (the threat of) Asymptotic Emergence: 

Outcomes of measurements on L = Quantum (Statistical) Mechanics are defined in        
H = Classical Mechanics or Thermodynamics but do not seem to be induced by L 
(which induces Schrödinger Cat states rather than pure states in H, see below) 



Asymptotic Emergence and Reality
Asymptotic Emergence cannot exist because it violates link between theory & reality:


Real physical systems are supposed to be described by L (rather than by H) 

Yet they have ‘novel’ emergent feature claimed to be intrinsic to H (and denied to L)

So L fails to describe real systems (although these should fall within its scope) 


Link theory-reality is guarded by two guiding principles in philosophy of science:


•  Earman’s Principle (2004) 
‘While idealizations are useful and, perhaps, even essential to progress in physics,      
a sound principle of interpretation would seem to be that no effect can be counted    
as  a genuine physical effect if it disappears when the idealizations are removed.’ 


• ‘Butterfield’s Principle’ (2011) describes what should be the case instead: 
‘there is a weaker, yet still vivid, novel and robust behaviour that occurs before we   
get to the limit, i.e. for finite N. And it is this weaker behaviour which is physically real.’ 


So if measurement problem were insoluble, QM would violate these principles also




Reductionist Emergence

Local interactions often do determine                                                                                              
new and unexpected behavior:


• Slime Mold, Ant Hills


• Brains


• Cities



The real “big” measurement problem (as I see it)

Problem is rooted in the need for a dual classical-quantum description of the apparatus:

Problem of classical outcomes. The following assumptions are contradictory: 

(a) Outcomes of measurements on quantum systems are pure classical states (Bohr)
(b) Classical states arise in limiting regime(s) of quantum physics (N → ∞, ℏ → 0)*

(c) Quantum states are dynamically unaffected by (i.e. stable under) this limit

The contradiction (and hence the measurement problem as I see it) being that:

 Typical post-measurement apparatus states (such as Schrödinger Cat            
superpositions),  which are pure quantum states, yield mixed classical states in 
corresponding classical description of apparatus (i.e. in classical limit)

whose ignorance interpretation would violate Earman & Butterfield principles                                            
and hence link between theory and reality) as explained by Leggett

* “limiting regime” includes truncation of quantum observables to small set of          
macroscopic or semiclassical ones; ℏ → 0 shorthand for e.g. ℏν/kT → 0 or ℏ  /2m → 0 2



Intermezzo: Linearity of dynamics

Assumption: “The wave-function always evolves linearly (e.g., by the Schrödinger equation)”


Absent in my formulation of measurement problem, since it is unnecessary to derive  
problems with Schrödinger Cat states, and also it is a very bad counterfactual assumption:


    If |C>⊗|1> ⟼ |D>⊗|1> and |C>⊗|2> ⟼ |L>⊗|2>  under the same dynamics 

    then |C>⊗(|1>+|2>) ⟼ |D>|1>+|L>⊗|2> again under the same dynamics 

We will see that precisely in measurement situations tiny perturbations of dynamics         
(which are practically unavoidable!) can have very great impact on macroscopic states, so   
the assumption that three different states can be prepared for exactly the same dynamics is: 


‘a particularly pure metaphysical curiosity that is to say, a curiosity so pure as to be utterly 
lacking in any ulterior motive, since the answer could not conceivably make any noticeable 
difference to the way the world went.’                                 

      (Daniel Dennett, “I could not have done otherwise, so what?” J. of Philosophy, 1984)


Originally following: ’So if anyone at all is interested in the question of whether one could have 
done otherwise in exactly  the same circumstances (and internal state) this will have to be (…)’



Mathematical language: operator algebras
• Quantum-mechanical observables form non-commutative algebra of (linear) 

operators on some Hilbert space (allow also non-self-adjoint operators)


• Classical observables form commutative algebra of functions 


Copenhagen Interpretation suggests studying non-commutative operator 
algebras through commutative ones (which is also interesting mathematically)


• Technical formalism: C*-algebras (Gelfand & Naimark, 1943, inspired by von 
Neumann’s “rings of operators” and Gelfand’s commutative Banach algebras):


• Abstractly: Complex associative algebra with involution and at the same 
time Banach space, in which ||ab|| ≤ ||a|| ||b|| and ||a*a|| =||a|| 


• Concretely: norm-closed, *-closed subalgebras of B(H) for Hilbert space H


• Commutative case: always C0(X) for some locally compact space X

2



Niels Bohr (1885-1962) John von Neumann (1903-1957)



C*-algebraic notion of a state

• von Neumann (1932) for B(H), Segal (1947) for general (unital) C*-algebras A  


state := linear map ω: A → ℂ such that ω(1A) =1 and ω(a*a) ≧ 0 for all a


state pure if ω ≠ tω1 + (1-t)ω2 for t∈(0,1) and ω1 ≠ ω2 (states on A: convex set)


• Finite-dimensional Hilbert space H: any state on B(H) given by           
density operator ρ (i.e. ρ ≧0, Tr(ρ)=1)  through ω(a) = Tr(ρa) 


   Pure states given by unit vectors ψ i.e. ω(a) = < ψ, a ψ >  (OK!) 


• Infinite-dimensional H: normal (pure) states as above; in addition there are    
singular states (“eigenstates” for continuous spectrum e.g. |x> or |p> )


• Phase space X: states on C0(X) given by probability measures on X (Riesz) 
(classical statistical mechanics), pure states are given by evaluation maps 
ωx(f) = f(x), for each x ∈ X, and hence correspond to points of X (OK!)




Classical two-state apparatus (c-bit) 
• Particle moving in one (linear) dimension, phase space ℝ


• Hamiltonian h(p,q) = (p /2m)+V(q) with double well potential V(x) = λ(x  - a  ) 


•  h has ℤ2 symmetry: h(p,q) = h(p, -q)


• Ground state(s): point(s)  (p0,q0) ∈ ℝ  minimizing h


• Degenerate solution:  (p0 = 0, q0 = ± a) related by broken ℤ2 symmetry


• Regard points in phase space as probability measures μ± on ℝ  (μ±({(0,±a)}) =1)                                   


• Each ground state μ±  is pure i.e. no nontrivial convex sum (= physical) 

• Associated ℤ2 invariant state μ0 = ½(μ+ + μ_ ) is mixed (= unphysical)
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Quantum apparatus (qubit)

• Hilbert space L (ℝ) 


• Double well potential V(x) = λ(x  - a  )   as multiplication operator 

• Hamiltonian Hℏ = (1/2m)(-iℏd/dx)  +V(x) is Schrödinger operator (unbounded)


• Hamiltonian has ℤ2 symmetry: unitary PΨ(x) = Ψ(-x); PHℏP* = Hℏ 


• Ground state: Hℏ Ψℏ = E0 Ψℏ  with lowest eigenvalue E0 of Hℏ, || Ψℏ|| = 1


• Ground state is unique (i.e. E0 non-degenerate) hence ℤ2 invariant: PΨℏ = Ψℏ 

• Ground state in limit ℏ → 0 will model Schrödinger Cat state 

QM ground state does not break symmetry whereas CM ground states do
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Experimental realizations of double well

• ‘Superconducting circuit coupled to mechanical motion of a lithium-
decorated monolayer graphene sheet driven to ground state via 
optomechanical sideband cooling’ (Abdi et al, 2016)


• Bose-Josephson junctions (Spehner, 2015)


• Space experiment in 2025? (MAQRO)


• Many cryogenic realizations (alas at N<10) of analogous spin chains, e.g. 
quantum Ising model or Curie-Weisz model (both of which have similar 
Schrödinger Cat ground states but now in spin configuration space)



(Ground) states: from quantum to classical

In asymptotic emergence: need to follow states as parameter changes 

• (pure) Quantum state = unit vector Ψℏ in Hilbert space, here 


• Classical state = probability measure μ on phase space, here 


Quantum state Ψℏ defines probability measure μℏ in two steps:  

1. Classical observable defines quantum observable via quantization map 


2. Probability measure μℏ  on phase space defined by


      May now ask about (weak) limit of μℏ as ℏ → 0, e.g. for ground state Ψℏ 
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Classical limit of double well as Schrödinger’s Cat
• Quantum wave-function Ψℏ ☞ probability measure μℏ on phase space ℝ    

•  μℏ  converges to mixed classical state μ0 = ½(μ+ + μ_ ) as ℏ → 0 

μ± = Dirac measure concentrated at classical ground states (p0 = 0, q0 = ± a) 

Mathematical model of Schrödinger’s Cat: classical description μ0 of         
quantum ground state Ψℏ of double well potential fails to be either μ+ or μ_                    
Ignorance interpretation of classical probabilities false by Leggett’s argument


μℏ=0.01
μℏ=1
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The first excited state in quantum mechanics
Quantum ground state of double well potential is “almost degenerate”as ℏ → 0


• Energy difference  Δ


                                     are localized (singly peaked) states, up to exp(-1/ℏ)                             


Converge to (pointwise) localized pure (physical) classical ground states ψ±
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Localization of probability measures
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Probability measure on 
phase space induced by 
localized eigenstate


Convergence as ℏ → 0 is 
to classical ground state             


          (p0 = 0, q0 = -a)   


of double well potential,   
as it should be! 



The flea on Schrödinger’s Cat
How to get from ground state               to one of                                                 ?


• Lowest two energy eigenstates are governed by effective Hamiltonian


For example, ground state of H0 is 


• Asymmetric perturbations of potential V enter as diagonal terms δ± in H0:


• ΔE ~ exp(-1/ħ): perturbations δ± dominate H0  as ℏ → 0 ⇒ (unless δ+ = δ_):


     Ground state of perturbed Hamiltonian shifts to        (with correct limit)    
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Jona-Lasinio, Martinelli, & Scoppola (1981) 
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Dynamical Localization (adiabatic perturbation δ_(t))





Solving the “big” measurement problem?

• The problem arises because of the classical description of a quantum system         
(which is necessary according to standard Copenhagen Interpretation of QM)


• In that case pure quantum states may have unacceptable mixed classical states as a 
limit, which physically ought to “collapse” to exactly one of the terms in the mixture 

 ⇒ What is needed is collapse in QM, but effective in limit ℏ → 0 (or N → ∞) only,           

     and not too effective either to enable mesoscopic Schrödinger’s Cat states


“Flea on Schrödinger’s Cat”: as ℏ → 0, tiny asymmetric perturbations of HDW  localize the 
doubly peaked (i.e. symmetric) ground state of HDW  (Jona-Lasinio,et al, CMP 1981)         

This yields at least static collapse of wave-function as ℏ → 0, whereas for “large” ℏ  

such perturbations accomplish almost nothing (as indeed they shouldn’t!) 

 Exactly and only where Schrödinger Cat states become a threat to classical physics & 
common sense, namely as ℏ → 0, such states collapse under the tiniest perturbations!


Similarly for: quantum Ising model (N →∞), quantum Curie-Weisz Model (N →∞)



Some open questions and worries
• Where does the “flea” perturbation come from? 

Environment (relic of old decoherence thought)? Experimental imperfection? Gravity?


• Is the “flea” perturbation deterministic (Bohm-ish) or stochastic (GRW-ish)? 
Should be settled by answering previous question and should also settle non-locality worries 

• Is the mechanism dynamically viable? 

Previous analysis was static: dynamics of flea and ensuing collapse (movie) not understood


• Is the mechanism experimentally testable? 
 	 Is it empirically distinguishable from decoherence plus Copenhagen or GRW collapse? 

	 Or is the flea empirically like a Bohmian hidden variable?


• Is the mechanism universal? Or is it a ‘case study gambit’? 

“trying to support a general conclusion by describing examples that have the required features, 
though in fact the examples are not typical, so that the general conclusion, that all or most 
examples have the features, does not follow.” (Butterfield, 2011)

• Can flea mechanism be extended to unequal Born probabilities and >2 outcomes?



Future work

• Research so far modeled only the apparatus; this had led to questions:


•  What is actually being measured, the—absent—object or the flea?


• Collapse times are too long (come from tunneling which is slow as ℏ → 0 


• Need to look at models with an object-apparatus coupling and possibly also 
apparatus-environment coupling (if only to speed up collapse), such as:


Spehner & Haake (2008): N-body system coupled to heat bath, N → ∞


Allahverdyan, Balian, Nieuwenhuizen (2013), spin chain coupled to phonons


• Experimental tests (if only of prediction collapse/no collapse, depending on H)



Epilogue

‘The basic thesis of this book is that there is no quantum measurement problem’                 

(David Wallace, The Emergent Multiverse: Quantum Theory According to the Everett 
Interpretation, 2012)


‘Working out that something is a dissolvable pseudo-issue can be really hard work—just look at 
the difficulties that Einstein had thinking about general covariance, or that people thinking 
about black holes had thinking about the coordinate singularity on the event horizon. 
Something can be a serious roadblock until the conceptual insight that lets us dissolve it. (…) 

Maybe the thing I should say is that it’s not an easily dissolvable pseudo-issue! 
The measurement problem maybe ought to be called the macroreality problem—how can 
quantum mechanics be reconciled with observed macroscopic reality? It’s not at all obvious  
that it can.  I think if you think hard about it (…) you can basically establish that it can. But that 
took a lot of hard work by a lot of people. And if it turns out all to fall apart for some reason, 
then I’d go right back to thinking of the measurement problem as a roadblock.’ (2011)


