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1. Introduction

The task of quantizing general relativity raises serious questions about the
meaning of the present formulation and interpretation of quantum mechanics
when applied to so fundamental a structure as the space-time geometry itself.
This paper seeks to clarify the foundations of quantum mechanics. It presents
a reformulation of quantum theory in a form believed suitable for application
to general relativity.

The aim is not to deny or contradict the conventional formulation of
quantum theory, which has demonstrated its usefulness in an overwhelming
variety of problems, but rather to supply a new, more general and complete
formulation, from which the conventional interpretation can be deduced.

The relationship of this new formulation to the older formulation is there-
fore that of a metatheory to a theory, that is, it is an underlying theory in
which the nature and consistency, as well as the realm of applicability, of the
older theory can be investigated and clarified.

∗Thesis submitted to Princeton University March 1, 1957 in partial fulfillment of the
requirements for the Ph.D. degree. An earlier draft dated January, 1956 was circulated
to several physicists whose comments were helpful. Professor Niels Bohr, Dr. H. J. Groe-
newald, Dr. Aage Peterson, Dr. A. Stern, and Professor L. Rosenfeld are free of any
responsibility, but they are warmly thanked for the useful objections that they raised.
Most particular thanks are due to Professor John A. Wheeler for his continued guidance
and encouragement. Appreciation is also expressed to the National Science Foundation
for fellowship support.

†Present address: Weapons Systems Evaluation Group, The Pentagon, Washing-
ton, D. C.
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Jeff Barrett
Note
A version of the much longer earlier thesis draft that Everett reports having circulated in 1956 was subsequently published in the DeWitt and Graham (eds.) (1973, 3--140) anthology as `Theory of the Universal Wave Function'.

In the short thesis as defended, Everett mentions that the comments he received on the long draft version of his thesis ``were helpful in the most difficult task of finding the right words to attach to the individual constructs of the present rather straightforward mathematical machinery'' then adds that ``it would be too much to hope that the revised wording avoids every misunderstanding or ambiguity.'' (1957a, title page)

The choice of words is, of course, closely connected to the question of  interpretation. For his part, while Everett tried several very different ways of talking about the correlation model of pure wave mechanics in preliminary drafts of the thesis, correspondence, and conversation, does does not seem especially committed to any particular choice of words or interpretation. Indeed, Everett was repeatedly frustrated that the particular words he chose to describe the structure of pure wave mechanics seemed to matter so much to his readers. Throughout, it is the structure of the formal mathematical model of pure wave mechanics that Everett took to be significant, and he was largely indifferent with respect to how one described the structure.

It was, however, important to Everett that among the ways one might talk about the structure, the model of pure wave mechanics supported much of the sort of talk one was used to using in describing physical systems in the standard collapse formulation of quantum mechanics. Indeed, one might argue that Everett's deduction of the standard collapse theory from pure wave mechanics consisted in precisely his argument that one could use most of the standard way of talking in the no-collapse theory if one allowed oneself reference to relative states. See Brett Bevers thesis.

The short, redacted thesis, however, differs in more than just Everett's choice of words. Most significantly, it is \emph{much} shorter, and gives as its main goal providing a formulation of quantum mechanics that is suitable for general relativity. Quantum cosmology was a particular concern of John Wheeler, Everett's thesis advisor.


Jeff Barrett
Note
Rather than pursue an traditional academic position, Everett accepted a job as a defense analyst. This gave him the opportunity to apply his interests in game theory, decision theory, and computer modeling to concrete problems. He never served in a traditional academic position.

Jeff Barrett
Note
This is a revised version of the short thesis (1957a) that Everett defended in partial fulfillment of the requirements for his Ph.D. in Physics at Princeton University. The title of the version of the thesis that he defended was \emph{On the Foundations of Quantum Mechanics}.

The revised version was subsequently published as ' ``Relative State'' Formulation of Quantum Mechanics' in {\em Reviews of Modern Physics\/} 29: 454--62.


Jeff Barrett
Note
The explicit goal is to provide a formulation of quantum mechanics that is suitable for application to general relativity. It is taken as sufficient to achieving this goal that one eliminate the external-internal or, better, the measuring apparatus-object system distinction found in the Copenhagen formulation of quantum mechanics. While this distinction corresponds roughly to the measurer-measured distinction found in the standard collapse theory, the correspondence is only a rough one since the standard theory says nothing that would prevent one from applying the theory to self-measurement.



Jeff Barrett
Note
While Everett himself does not fully respect these distinctions, it is helpful to distinguish between pure wave mechanics, the mathematical model of pure wave mechanics, and the relative-state formulation of quantum mechanics mechanics. Pure wave mechanics is the standard collapse formulation of quantum mechanics without the collapse dynamics. The mathematical model is a formal model that represents the state and dynamics of the global isolated system, its subsystems, and the correlations between subsystems predicted by pure wave mechanics. The relative-state formulation might then be thought of as pure wave mechanics together with the notion of relative states. The relative-state formulation provides Everett with a natural way to talk about the correlation structure that interprets pure wave mechanics and hence a natural way to talk about physical systems.

When Everett refers to the present accepted formulation of quantum mechanics, he often fails to distinguish between between the external observation formulation, which seems to most closely describe the Bohr Copenhagen formulation, and the standard von Neumann-Dirac collapse formulation of quantum mechanics. That said, whenever Everett needs to say something precise about the currently accepted formulation of quantum mechanics, he always takes the standard collapse formulation as his model.

In either case, while Everett does not want to be seen as directly attacking conventional quantum theory or Bohr, Everett reports that he is presenting not just a reinterpretation of quantum mechanics but a new physical theory. The new theory is supposed to allow one to deduce the old theory, or at least part of it, wherever the old theory is properly applicable. Exactly what the new theory is, what can be deduced from it, and how the deduction works are central questions in the interpretation of Everett's project.



The new theory is not based on any radical departure from the conven-
tional one. The special postulates in the old theory which deal with obser-
vation are omitted in the new theory. The altered theory thereby acquires a
new character. It has to be analyzed in and for itself before any identification
becomes possible between the quantities of the theory and the properties of
the world of experience. The identification, when made, leads back to the
omitted postulates of the conventional theory that deal with observation, but
in a manner which clarifies their role and logical position.

We begin with a brief discussion of the conventional formulation, and
some of the reasons which motivate one to seek a modification.

2. Realm of Applicability of the Conventional

or “External Observation” Formulation of

Quantum Mechanics

We take the conventional or “external observation” formulation of quantum
mechanics to be essentially the following1: A physical system is completely
described by a state function ψ, which is an element of a Hilbert space,
and which furthermore gives information only to the extent of specifying the
probabilities of the results of various observations which can be made on the
system by external observers. There are two fundamentally different ways in
which the state function can change:

Process 1 : The discontinuous change brought about by the observation
of a quantity with eigenstates φ1, φ2, · · · , in which the state ψ will be
changed to the state φj with probability |(ψ, φj)|2.

Process 2 : The continuous, deterministic change of state of an isolated
system with time according to a wave equation ∂ψ/∂t = Aψ, where A
is a linear operator.

This formulation describes a wealth of experience. No experimental evidence
is known which contradicts it.

1We use the terminology and notation of J. von Neumann, Mathematical Foundations of
Quantum Mechnanics, translated by R. T. Beyer (Princeton University Press, Princeton,
1955).
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Jeff Barrett
Note
In the abstract to the thesis as defended Everett says, ``The new theory results from the conventional formulation by \emph{omitting} the special postulates concerned with external observation. In their place a concept of `relativity of states' is developed for treating and interpreting the quantum description of isolated systems within which observation processes can occur'' (1957a, abstract). While Everett arguably keeps most of the content of the standard interpretation of states, the so-called eigenvalue-eigenstate link, the introduction of relative states might be thought of as a revision of this interpretational principle by adding the notion of relative states. Concerning what Everett keeps, there is reason to suppose that (1) if a system is not in an eigenstate of an observable, Everett does not take it to have an absolute determinate value for the observable, (2) he does not take a subsystem in an entangled superposition to possess any absolute well-defined state of its own, and (3) if a system is in an eigenstate of an observable, he does allow one to assign an absolute determinate value.

Pure wave mechanics might be understood then as the standard collapse theory without the collapse postulate but with a modified interpretational principle that allows for determinate \emph{relative} states and properties for subsystems when the standard eigenvalue-eigenstate link does not allow for a well-defined state at all.

Jeff Barrett
Note
The methodological suggestion is that one first describes the structure of pure wave mechanics, then one finds quantities in the structure that correspond to experience. On this view, Everett's deduction of the empirical predictions of the conventional theory is more a matter of finding a way to identify the predictions of the conventional theory with something in the structure of the new theory. This methodological view is further described and motivated in the second appendix to the long dissertation.


Jeff Barrett
Note
Rather than simply deducing the collapse postulate from the postulates of pure wave mechanics, Everett's strategy is to show how to identify elements of the mathematical model of pure wave mechanics with our experience in such a way that our experience, so modeled, would be characterized by the omitted postulates.


Jeff Barrett
Note
Since pure wave mechanics is characterized in contrast to the conventional theory, Everett's understanding of the conventional theory is relevant to his understanding the precise content of pure wave mechanics.

Jeff Barrett
Note
As Everett indicates, his description of the standard or conventional formulation of quantum mechanics closely follows John von Neumann's formulation of the theory in  {\em Mathematische Grundlagen der Quantenmechanik}, Springer: Berlin (1932) as translated and reprinted in {\em Mathematical Foundations of Quantum Mechanics}, Princeton University Press, Princeton, translated by R.\  Beyer (1955).  For his part, von Neumann took his formulation of quantum mechanics to be the accepted theory as reported by physicists such as P.A.M. Dirac, but in a mathematically more careful form. Everett here identifies the conventional theory with the von Neumann-Dirac formulation of quantum mechanics.

Again, it is not at all clear that this is the same theory as Bohr's Copenhagen interpretation of quantum mechanics. There is good reason to suppose that very few physicists ever really understood what Bohr's position was; indeed, it is difficult to find a single, unambiguous statement anywhere in the literature of what the Copenhagen interpretation was. It was the von Neumann-Dirac collapse formulation that made it into the textbooks, and in at least this sense was the formulation that held the allegiance of the physics community. Closer to home for Everett, Eugene Wigner was explicit in his endorsement of the von Neumann-Dirac collapse theory. Wigner's advocacy of the collapse theory led to his infamous proposal (1961) that it is apprehension by a \emph{conscious} mind that leads to the the physical collapse of the quantum mechanical state.




Not all conceivable situations fit the framework of this mathematical for-
mulation. Consider for example an isolated system consisting of an observer
or measuring apparatus, plus an object system. Can the change with time of
the state of the total system be described by Process 2? If so, then it would
appear that no discontinuous probabilistic process like Process 1 can take
place. If not, we are forced to admit that systems which contain observers
are not subject to the same kind of quantum-mechanical description as we
admit for all other physical systems. The question cannot be ruled out as
lying in the domain of psychology. Much of the discussion of “observers” in
quantum mechanics has to do with photoelectric cells, photographic plates,
and similar devices where a mechanistic attitude can hardly be contested. For
the following one can limit himself to this class of problems, if he is unwilling
to consider observers in the more familiar sense on the same mechanistic level
of analysis.

What mixture of Process 1 and 2 of the conventional formulation is to be
applied to the case where only an approximate measure is effected; that is,
where an apparatus or observer interacts only weakly and for a limited time
with an object system? In this case of an approximate measurement a proper
theory must specify (1) the new state of the object system that corresponds
to any particular reading of the apparatus and (2) the probability with which
this reading will occur. von Neumann showed how to treat a special class of
approximate measurements by the method of projection operators.2 How-
ever, a general treatment of all approximate measurements by the method of
projections operators can be shown (Sec. 4) to be impossible.

How is one to apply the conventional formulation of quantum mechanics
to the space-time geometry itself? The issue becomes especially acute in the
case of a closed universe.3 There is no place to stand outside the system
to observe it. There is nothing outside it to produce transitions from one
state to another. Even the familiar concept of a proper state of the energy
is completely inapplicable. In the derivation of the law of conservation of
energy, one defines the total energy by way of an integral extended over a
surface large enough to include all parts of the system and their interactions.4

But in a closed space, when a surface is made to include more and more of

2Reference 1, Chap. 4, Sec. 4.
3See A. Einstein, The Meaning of Relativity (Princeton University Press, Princeton,

1950), third edition, p. 107.
4L. Landau and E. Lifshitz, The Classical Theory of Fields, translated by M. Hamer-

mesh (Addison-Wesley Press, Cambridge, 1951), p. 343.
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Jeff Barrett
Note
In this and the following paragraphs, Everett describes three conceptual problems with the standard formulation of quantum mechanics. It is unclear how to apply the theory systematically (i) to physical systems containing observers, (ii) in the context of approximate measurements, and (iii) to general relativity. Problem (i) is the traditional quantum measurement problem, problem (ii) might be thought of as a more subtle version of the traditional measurement problem, and at least part of problem (iii) is a special case of problem (i). Everett himself considers the three problems to be closely related.

Everett's complaint here is not that the standard theory is false as a description of the physical world but that it has a restricted domain. In particular, the standard theory can only be applied to systems that do not themselves contain observers or measuring devices. It is not an issue of how to properly divide the physical domain from the domain of psychologically descriptions or theories. Rather, the problem is that the standard theory cannot be \emph{consistently} applied to systems that contain physical observers as subsystems. The problem of consistent application is revealed in the context of thought experiments like Wigner's Friend.

Jeff Barrett
Note
This is the basic setup for Wigner's Friend (1961). Wigner later uses this thought experiment to argue that, by an implicit principle of charity, the observer inside the system must be the cause of the collapse. Everett uses essentially the same setup to argue that the standard collapse theory is logically inconsistent unless one stipulates that systems containing observers do not obey the same dynamical laws as any other physical system. But, unlike Wigner, Everett takes observers to be physical systems like any other. This leaves Everett with no option but to conclude that one must drop Process~1 from the theory.


Jeff Barrett
Note
This is a formulation of what has become the standard quantum measurement problem. Everett presents the problem in the context of a cost-benefit model for theory selection. The cost of keeping the standard theory is one of artificially restricting the domain of the theory. One might have a version of the standard theory that works for all physical systems if one had, as Wigner wanted, an unambiguous criterion for which systems cause collapses and which do not. For Everett, however, any such criterion looks ad hoc insofar as he believed he could explain the experience of observers without appeal to an external-internal or measurer-measured distinction.


Jeff Barrett
Note
Providing an account of approximate measurement raises the stakes on the traditional measurement problem. The thought is that if one understood how measurement interactions worked, then one should be able to make sense of approximate measurements.

But while a measuring device might only weakly interact with an object system and hence only approximately correlate its pointer with the physical parameter being measured, it is entirely unclear how to represent such interactions in general by projection operators corresponding to potential collapses, and even if one had such a general representation, one might wonder anew concerning the precise point in the very weak interaction at which at the collapse occur.

More strongly, in the case of von Neumann's model of approximate measurement, Everett will argue in a footnote in section IV that no projection operator can represent the result of the interaction between the measuring device and object system. 


Jeff Barrett
Note
Concerning quantum gravity, while would presumably be a step in the right direction, removing the external-internal distinction is not clearly sufficient to providing a formulation of quantum mechanics suitable for application to general relativity. Insofar as pure wave mechanics allows for superpositions of different matter distributions and insofar as general relativity requires that the geometric structure of spacetime be appropriately related to the distribution of matter, one must presumably be able to understand the superposition of different spacetime structures in order to use pure wave mechanics in the context of general relativity. But spacetime manifolds do not naturally form a linear space where one might represent superpostions. See Wald (1984) for an introduction to this problem. 

There are at least three sub-questions one might ask at this point concerning quantum gravity: (1)~How might one consistently apply one apply Process~1 in a closed universe when the universe is clearly a system that contains observers? (2)~How should one understand and represent linear superpositions of spacetime geometry when spacetime manifolds do not form a natural linear space, and (3)~How should apply Process~2 to the spacetime geometry when there is a clear sense in which it is incoherent to suppose that spacetime geometry evolves in time?

Everett is primarily concerned here with the first of these questions--the one involving the quantum measurement problem. His point is that it is a necessary condition for a satisfactory cosmology that one have a consistent physical account of measurement since measurements in fact occur. An account of measurement is, however, not sufficient for an account of quantum gravitation. While some progress has been made on the other two questions, we still do not have a satisfactory quantum mechanical account of gravitation.




the volume, it ultimately disappears into nothingness. Attempts to define
the total energy for a closed space collapse to the vacuous statement, zero
equals zero.

How are a quantum description of a closed universe, of approximate mea-
surements, and of a system that contains an observer to be made? These
three questions have one feature in common, that they all inquire about the
quantum mechanics that is internal to an isolated system.

No way is evident to apply the conventional formulation of quantum me-
chanics to a system that is not subject to external observation. The whole
interpretive scheme of that formalism rests upon the notion of external obser-
vation. The probabilities of the various possible outcomes of the observation
are prescribed exclusively by Process 1. Without that part of the formalism
there is no means whatever to ascribe a physical interpretation to the con-
ventional machinery. But Process 1 is out of the question for systems not
subject to external observation.5

3. Quantum Mechanics Internal to an Iso-

lated System

This paper proposes to regard pure wave mechanics (Process 2 only) as a
complete theory. It postulates that a wave function that obeys a linear wave
equation everywhere and at all times supplies a complete mathematical model
for every isolated physical system without exception. It further postulates
that every system that is subject to external observation can be regarded as
part of a larger isolated system.

The wave function is taken as the basic physical entity with no a priori
interpretation. Interpretation only comes after an investigation of the logical
structure of the theory. Here as always the theory itself sets the framework
for its interpretation.5

For any interpretation it is necessary to put the mathematical model
of the theory into correspondence with experience. For this purpose it is
necessary to formulate abstract models for observers that can be treated
within the theory itself as physical systems, to consider isolated systems
containing such model observers in interaction with other subsystems, to

5See in particular the discussion of this point by N. Bohr and L. Rosenfeld, Kgl. Danske
Videnskab. Selskab, Mat.-fys. Medd. 12, No. 8 (1933).
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Jeff Barrett
Note
While it is not entirely clear what Everett's point is here, his mention of the problem of making sense of conservation of energy in general relativity is closely related to questions (2) and (3) (in the last note). See L and L reference.

Jeff Barrett
Note
This is Everett's explantation of how he understands the three problems to be related. Perhaps more to the point, one might note that all three problems concern applying quantum mechanics to systems that contain observers as subsystems. There is no systematic way to choose between applying process~1, process~2, or some hybrid combination of the two. The prospect of a hybrid interaction is particularly puzzling in the context of an approximate measurement where one requires an interaction that is simultaneously a weak physical interaction that may have a long duration and a collapse to a final state that is imprecise in precisely the right way.

Jeff Barrett
Note
Since it is Process~1 alone that allows the standard theory to make statistical predictions and since Process~1 can only be used consistently for Everett for systems that do not themselves contain observers, the standard theory cannot be interpreted as making empirical predictions for systems that contain observers.

Jeff Barrett
Note
Pure wave mechanics involves only the linear dynamics (Process~2): there is no distinction between measuring or measured systems and never a collapse of the quantum mechanical state.


Jeff Barrett
Note
The assumption that every system can be regarded as part of a larger system that is isolated is satisfied if there is a universal wave function for all physical systems. This is why Everett elsewhere describes his formulation as the theory of the universal wave function.


Jeff Barrett
Note
In the previous paragraph Everett refers to the wave function as a mathematical model for isolated physical systems. Here he refers to it as a basic physical entity. A conservative reading of this passage might lead one to conclude that while the wave function represents something physical, exactly what it represents can only be determined once one has carefully investigated the logical structure of the theory. The methodological point is that parts of physical theories are properly interpreted only in the context of the entire theory. See the Bohr-Rosenfeld reference.

After considering the structure of pure wave mechanics, Everett's interpretation of the wave function, at least in this paper, is purely in terms of the notion of relative states: the wave function represents the correlation structure that determines relative states and associates them with amplitudes.

Jeff Barrett
Note
The thought is that a physical theory only makes empirical predictions insofar as one can find aspects of the mathematical model of the theory that correspond with experience. This is methodological position that Everett discusses in some detail in the second appendix to the long thesis.



deduce the changes that occur in an observer as a consequence of interaction
with the surrounding subsystems, and to interpret the changes in the familiar
language of experience.

Section 4 investigates representations of the state of a composite system
in terms of states of constituent subsystems. The mathematics leads one
to recognize the concept of the relativity of states, in the following sense: a
constituent subsystem cannot be said to be in any single well-defined state,
independently of the remainder of the composite system. To any arbitrar-
ily chosen state for one subsystem there will correspond a unique relative
state for the remainder of the composite system. This relative state will
usually depend upon the choice of state for the first subsystem. Thus the
state of one subsystem does not have an independent existence, but is fixed
only by the state of the remaining subsystem. In other words, the states
occupied by the subsystems are not independent, but correlated. Such cor-
relations between systems arise whenever systems interact. In the present
formulation all measurements and observation processes are to be regarded
simply as interactions between the physical systems involved—interactions
which produce strong correlations. A simple model for a measurement, due
to von Neumann, is analyzed from this viewpoint.

Section 5 gives an abstract treatment of the problem of observation. This
uses only the superposition principle, and general rules by which composite
system states are formed of subsystem states, in order that the results shall
have the greatest generality and be applicable to any form of quantum theory
for which these principles hold. Deductions are drawn about the state of
the observer relative to the state of the object system. It is found that
experiences of the observer (magnetic tape memory, counter system, etc.)
are in full accord with predictions of the conventional “external observer”
formulation of quantum mechanics, based on Process 1.

Section 6 recapitulates the “relative state” formulation of quantum me-
chanics.

4. Concept of Relative State

We now investigate some consequences of the wave mechanical formalism of
composite systems. If a composite system S, is composed of two subsystems
S1 and S2, with associated Hilbert spaces H1 and H2, then, according to
the usual formalism of composite systems, the Hilbert space for S is taken
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Jeff Barrett
Note
This is one of Everett's most detailed descriptions of how one judges the empirical adequacy, or as he puts it, the \emph{faithfulness} of a physical theory. See also the second appendix to the long thesis.

In order to judge the faithfulness of pure wave mechanics, one must be able to model observers as physical systems within the theory in such a way that at least some of their correlating interactions can be understood as measurements that lead to changes in the physical states of the observers that may, in turn, be expressed in the familiar language of experience. Everett models these physical changes as the production of memory records. The physical theory is faithful if the actual experience of observers can be put into correspondence with such these records, though exactly what is required for correspondence is left open.

One might take Everett's judgement of empirical faithfulness to be analogous to a constructive empiricist's judgement of empirical adequacy. See van Fraassen. While such judgments may seem relatively straightforward, they depend on both what one takes to be a proper construal of our experience in familiar language and on the precise nature of the correspondence with the formal model that one requires. If one, for example, characterizes our experience in statistical aggregate, then the theory may not need to contain any particular records in order to be empirically faithful. Similarly, if one only requires that one be able to find our experience \emph{somewhere} in the formal model, then the theory might be faithful even if it also contains records associated with me that do not correspond to what I take as my actual experience.


Jeff Barrett
Note
The suggestion is that analysis of the mathematical model of pure wave mechanics leads one to recognize the fundamental relativity of states, then relative states provide the desired physical interpretation of the wave function.


Jeff Barrett
Note
That is, there is typically no matter of fact concerning even the quantum-mechanical state of a subsystem. Rather state attributions are typically only possible as \emph{relative states}.

That the subsystem does not have a well-defined absolute state here is a direct consequence of the standard interpretation of states.



Jeff Barrett
Note
The structure of relative states is fully determined by the quantum mechanical correlations between subsystems.


Jeff Barrett
Note
Such correlation are produced by interactions described by the linear dynamics alone.

Jeff Barrett
Note
For Everett, measurements are just interactions that correlate the pointer of the measuring device, or more generally a physical measurement record, with an aspect of the quantum mechanical state of the system being measured. This correlation leads to correlated relative states between the recording system and the system being measured. It is then these relative states that are taken to correspond to experience.


Jeff Barrett
Note
Sensitive to the problems quantizing gravitation and considerations in relativistic quantum field theory, Everett wants a formulation of quantum mechanics sufficiently general in its conceptual structure that it can be reformulated for use in any context in which one can make sense of compost system states formed from subsystem states, linear superpositions, and a linear evolution of states. 


Jeff Barrett
Note
Insofar as an observer's experience supervenes on such physical measurement records, the empirical predictions of pure wave mechanics for relative states will be shown to be ``in full accord'' with the predictions of the standard collapse theory.


Jeff Barrett
Note
It is the relative state formulation of quantum mechanics because it is concept of the relativity of states that provides the interpretation of the wave function.




to be the tensor product of H1 and H2 (written H = H1 ⊗ H2). This has
the consequence that if the sets {ξS1

i } and {ηS2
j } are complete orthonormal

sets of states for S1 and S2, respectively, then the general state of S can be
written as a superposition:

ψS =
∑
i,j

aijξ
S1
i ηS2

j . (1)

From (3.1) [sic] although S is in a definite state ψS, the subsystems S1 and
S2 do not possess anything like definite states independently of one another
(except in the special case where all but one of the aij are zero).

We can, however, for any choice of a state in one subsystem, uniquely
assign a corresponding relative state in the other subsystem. For example,
if we choose ξk as the state for S1, while the composite system S is in the
state ψS given by (3.1) [sic], then the corresponding relative state in S2,
ψ(S2; relξk, S1), will be:

ψ(S2; relξk, S1) = Nk

∑
j

akjη
S2
j (2)

whereNk is a normalization constant. This relative state for ξk is independent
of the choice of basis {ξi} (i 6= k) for the orthogonal complement of ξk, and is
hence determined uniquely by ξk alone. To find the relative state in S2 for an
arbitrary state of S1 therefore, one simply carries out the above procedure
using any pair of bases for S1 and S2 which contains the desired state as
one element of the basis for S1. To find states in S1 relative to states in S2,
interchange S1 and S2 in the procedure.

In the conventional or “external observation” formulation, the relative
state in S2, ψ(S2; relφ, S1), for a state φS1 in S1, gives the conditional prob-
ability distributions for the results of all measurements in S2, given that S1

has been measured and found to be in state φS1—i.e., that φS1 is the eigen-
function of the measurement in S1 corresponding to the observed eigenvalue.

For any choice of basis in S1, {ξi}, it is always possible to represent the
state of S, (1), as a single superposition of pairs of states, each consisting of
a state from the basis {ξi} in S1 and its relative state in S2. Thus, from (2),
(1) can be written in the form:

ψS =
∑

i

1

Ni

ξS1
i ψ(S2; relξi, S1). (3)
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Jeff Barrett
Note
Pure wave mechanics adopts the standard rule for representing composite systems and quantum mechanically independent physical properties. This is rule~5 in the introduction.


Jeff Barrett
Note
Insofar as Everett holds that a system in an entangled state does not have anything like a definite physical state of its own, he is again expressing a commitment to one of the main consequences of the standard eigenvalue-eigenstate link. This is rule~3 in the introduction.

Relative states are supposed to act as a remedy to the indeterminateness of the absolute state. While the subsystem does not have a determinate absolute state, it does have a determinate state relative to the specification of the state of the complement subsystem in the total isolated system.


Jeff Barrett
Note
While Everett is clearly dropping the collapse dynamics from the conventional formulation (rule~4B), the notion of a relative state is clearly an addition to the standard theory. As presented here, Everett accepts a set of direct consequences of the standard interpretation of states, then he interprets correlations as representing relative states that are, in turn, somehow supposed to compensate for the lack of the subsystem having a well-defined absolute state. The relative-state formulation of quantum mechanics provides a way describing the correlation structure of pure wave mechanics.


Jeff Barrett
Note
How one understands the renomalization constant $N_k$ here will depend on how one understands the sense in which Everett can recapture standard quantum probability talk in the relative state formulation. Whatever else may be true, the coefficients $a_{kj}$ do not in general determine the standard quantum probabilities alone since $\sum_j |a_{kj}|^2$ is typically less than one.


Jeff Barrett
Note
More precisely, the relative state of $S_2$ is determined by the global state $\psi^S$ of the composite system $S$ and an arbitrarily chosen relative state $\xi_k$ of $S_1$. The relative state of $S_2$ will typically be different for each choice of state for $S_1$. 


Jeff Barrett
Note
There will also be a set of states of system $S_1$ relative to choices of states for system $S_2$. Given the global state of the composite system, the choice of state for one subsystem uniquely determines the relative state of the other system, but the state of the composite system does not serve to determine even a unique relative state for the two subsystems considered together.


Jeff Barrett
Note
The structure of relative states is fully determined by the quantum-mechanical correlations between specified subsystems. Such correlations are what determine conditional and joint probabilities in the standard theory.




This is an important representation used frequently.
Summarizing: There does not, in general, exist anything like a single

state for one subsystem of a composite system. Subsystems do not possess
states that are independent of the states of the remainder of the system, so
that the subsystem states are generally correlated with one another. One can
arbitrarily choose a state for one subsystem, and be led to the relative state
for the remainder. Thus we are faced with a fundamental relativity of states,
which is implied by the formalism of composite systems. It is meaningless to
ask the absolute state of a subsystem—one can only ask the state relative to
a given state of the remainder of the subsystem

At this point we consider a simple example, due to von Neumann, which
serves as a model of a measurement process. Discussion of this example pre-
pares the ground for the analysis of “observation.” We start with a system
of only one coordinate, q (such as position of a particle), and an apparatus
of one coordinate r (for example the position of a meter needle). Further
suppose that they are initially independent, so that the combined wave func-
tion is ψS+A

0 = φ(q)η(r) where φ(q) is the initial system wave function, and
η(r) is the initial apparatus function. The Hamiltonian is such that the two
systems do not interact except during the interval t = 0 to t = T , during
which time the total Hamiltonian consists only of a simple interaction,

HI = −ih̄q(∂/∂r). (4)

Then the state
ψS+A

t (q, r) = φ(q)η(r − qt) (5)

is a solution of the Schrödinger equation,

ih̄(∂ψS+A
t /∂t) = HIψ

S+A
t , (6)

for the specified initial conditions at time t = 0.
From (5) at time t = T (at which time interaction stops) there is no longer

any definite independent apparatus state, nor any independent system state.
The apparatus therefore does not indicate any definite object-system value,
and nothing like process 1 has occurred.

Nevertheless, we can look upon the total wave function (5) as a superposi-
tion of pairs of subsystem states, each element of which has a definite q value
and a correspondingly displaced apparatus state. Thus after the interaction
the state (5) has the form:

ψS+A
T =

∫
φ(q′)δ(q − q′)η(r − qT )dq′, (7)
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Jeff Barrett
Note
Insofar as Everett's interpretation of the wave function depends only on the relativity of states, his interpretation in no way requires the choice of a preferred basis. There will simply be a different set of associated relative states for the the subsystems for every choice of a complete basis.

Similarly, decoherence considerations are in no way required to make perfectly clear sense of relative states.

Jeff Barrett
Note
Since it is typically correlated with other physical systems, a physical system typically fails to have an independent physical state. Rather, it has a many relative states. These are fully determined by the ways in which it is correlated with other physical systems.


Jeff Barrett
Note
This is the logical structure of the theory that will allow for the interpretation of the wave function.


Jeff Barrett
Note
The standard interpretation of states agrees that it is meaningless to ask the absolute state of a system that is correlated with another. What is being added here is that it does make sense to ask the state of a subsystem relative to the specification of the state of its complement. [should there be a period in the text here?]


Jeff Barrett
Note
The time-dependent Schr\"odinger equation~(6) is a version of the linear deterministic dynamics characterized by Process~2. The interaction described will correlate the particle position being measured with the pointer position of the meter needle that records the result of the measurement interaction.


Jeff Barrett
Note
The particle and measurement pointer positions have simply become correlated by way of Process~2.

Jeff Barrett
Note
This is the model of approximate measurement that Everett promised earlier. here he follows von Neumann (1955) chapter 4, section 4. Part of the point of presenting this is to show that no projection operator, and hence, Everett believes, no collapse, can represent the sort of correlation produced by this type of approximate measurement.



which is a superposition of states ψq′ = δ(q − q′)η(r − qT ). Each of these
elements, ψq′ , of the superposition describes a state in which the system has
the definite value q = q′, and in which the apparatus has a state that is
displaced from its original state by the amount q′T . These elements ψq′ are
then superposed with coefficients φ(q′) to form the total state (7).

Conversely, if we transform to the representation where the apparatus
coordinate is definite, we write (5) as

ψS+A
T =

∫
(1/Nr′)ξr′

(q)δ(r − r′)dr′,

where
ξr′

(q) = Nr′φ(q)η(r′ − qT ) (8)

and

(1/Nr′)2 =

∫
φ∗(q)φ(q)η∗(r′ − qT )η(r′ − qT )dq.

Then the ξr′
(q) are the relative system state functions6 for the apparatus

states δ(r − r′) of definite value r = r′.
If T is sufficiently large, or η(r) sufficiently sharp (near δ(r)), then ξr′

(q) is
nearly δ(q− r′/T ) and the relative system states ξr′

(q) are nearly eigenstates
for the values q = r′/T .

We have seen that (8) is a superposition of states ψr′ , for each of which the
apparatus has recorded a definite value r′, and the system is left in approx-
imately the eigenstate of the measurement corresponding to q = r′/T . The
discontinuous “jump” into an eigenstate is thus only a relative proposition,
dependent upon the mode of decomposition of the total wave function into
the superposition, and relative to a particularly chosen apparatus-coordinate
value. So far as the complete theory is concerned all elements of the super-
position exist simultaneously, and the entire process is quite continuous.

von Neumann’s example is only a special case of a more general situation.
Consider any measuring apparatus interacting with any object system. As

6This example provides a model of an approximate measurement. However, the relative
system states after the interaction ξr′

(q) cannot ordinarily be generated from the original
system state φ by the application of any projection operator, E. Proof: Suppose on
the contrary that ξr′

(q) = NEφ(q) = N ′φ(q)η(r′ − qt), where N,N ′ are normalization
constants. Then

E(NEφ(q)) = NE2φ(q) = N ′′φ(q)η2(r′ − qt)

and E2φ(q) = (N ′′/N)φ(q)η2(r′ − qt). But the condition E2 = E which is necessary for
E to be a projection implies that N ′/N ′′η(q) = η2(q) which is generally false.
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Jeff Barrett
Note
The composite system might be thought of as being is a superposition of correlated pairs of subsystem states, where the pointer position is strongly correlated to the particle position in each of the state pairs. The correlation is not, however, perfect at any finite time. This is one sort of approximate measurement.

Jeff Barrett
Note
Since the particle and pointer positions are strongly correlated, stipulating the position of the pointer determines a corresponding \emph{relative} (approximate) position for the particle.


Jeff Barrett
Note
The evolution of the complete state is clearly continuous and deterministic. Saying that all of the elements of the superposition exist simultaneously represents Everett's commitment to the entire wave function being descriptive of the physical world. Since every particular determinate postmeasurement position of the particle will be a relative fact, Everett refers to the transition or ``jump'' from this relative position not obtaining to this relative position obtaining as a relative proposition. Everett does not claim that there is more than one particle here; rather, he refers to a \emph{single particle} that has multiple relative states determined by specifications of the state of the measuring apparatus. This suggests that relative states might be thought of as an indexical like time. Just as one would say that a single physical system has different states at different times, one might say that a physical system has different states at a time but at different branches. See Saunders time-branch indexicality discussion.


Jeff Barrett
Note
This is the proof that Everett promised earlier that at least some approximate measurements cannot be understood as collapses in any way whatsoever.



a result of the interaction the state of the measuring apparatus is no longer
capable of independent definition. It can be defined only relative to the state
of the object system. In other words, there exists only a correlation between
the two states of the two systems. It seems as if nothing can ever be settled
by such a measurement.

This indefinite behavior seems to be quite at variance with our observa-
tions, since physical objects always appear to us to have definite positions.
Can we reconcile this feature wave mechanical theory built purely on Process
2 with experience, or must the theory be abandoned as untenable? In order
to answer this question we consider the problem of observation itself within
the framework of the theory.

5. Observation

We have the task of making deductions about the appearance of phenomena
to observers which are considered as purely physical systems and are treated
within the theory. To accomplish this it is necessary to identify some present
properties of such an observer with features of the past experience of the
observer. Thus, in order to say that an observer 0 has observed the event α,
it is necessary that the state of 0 has become changed from its former state
to a new state which is dependent upon α.

It will suffice for our purposes to consider the observers to possess memo-
ries (i.e., parts of a relatively permanent nature whose states are in correspon-
dence with past experience of the observers). In order to make deductions
about the past experience of an observer it is sufficient to deduce the present
contents of the memory as it appears within the mathematical model.

As models for observers we can, if we wish, consider automatically func-
tioning machines, possessing sensory apparatus and coupled to recording
devices capable of registering past sensory data and machine configurations.
We can further suppose that the machine is so constructed that its present
actions shall be determined not only by its present sensory data, but by
the contents of its memory as well. Such a machine will then be capable
of performing a sequence of observations (measurements), and furthermore
of deciding upon its future experiments on the basis of past results. If we
consider that current sensory data, as well as machine configuration, is im-
mediately recorded in the memory, then the actions of the machine at a given
instant can be regarded as a function of the memory contents only, and all
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Jeff Barrett
Note
What is characteristic of a measurement interaction is that a physical parameter representing the measurement record becomes correlated with the property of the system being measured. Process~2 entails that the result of such an interaction will typically be an entangled superposition of correlated subsystem states.

The determinate record problem is the problem in understanding such a state as a state where one has a single determinate measurement record or at least why it so seems.

Jeff Barrett
Note
The determinate record problem is naturally thought of as a part of the problem of empirical adequacy. For a theory to be empirical adequate it must presumably predict both that there are determinate measurement records and that these records match, in a appropriate way, what we in fact observe. While he allows for other significant virtues, Everett takes the main aim of a physical theory to be one of agreeing with experience. The larger question then is whether and in what sense pure wave mechanics can be considered to be empirical faithful.


Jeff Barrett
Note
Pure wave mechanics is empirically faithful if our experience can be somehow found in the part of the structure of the mathematical model of the theory that can be taken as characterizing observation.


Jeff Barrett
Note
Whatever other virtues such interpretations of may have, Everett's insistence on deducing appearances for \emph{purely} physical observers is incompatible with interpretations of pure wave mechanics that rely on nonphysical minds such as the single- and many-minds theories. See Albert and Loewer.


Jeff Barrett
Note
These are the particular values of physical measurement records.


Jeff Barrett
Note
The goal is to deduce the predictions of the standard collapse theory as appearances to observers who are themselves treated within the theory. More specifically, as made explicit here, the goal is \emph{to deduce the predictions that standard theory as facts or relative facts concerning sequences of purely physical measurement records.} 




relavant [sic] experience of the machine is contained in the memory.
For such machines we are justified in using such phrases as “the machine

has perceived A” or “the machine is aware of A” if the occurrence of A is
represented in the memory, since the future behavior of the machine will
be based upon the occurrence of A. In fact, all of the customary language
of subjective experience is quite applicable to such machines, and forms the
most natural and useful mode of expression when dealing with their behavior,
as is well known to individuals who work with complex automata.

When dealing with a system representing an observer quantum mechan-
ically we ascribe a state function, ψ0, to it. When the state ψ0 describes an
observer whose memory contains representations of the events A,B, · · · , C
we denote this fact by appending the memory sequence in brackets as a
subscript, writing:

ψ0
[A,B,··· ,C]. (9)

The symbols A,B, · · · , C, which we assume to be ordered time-wise, there-
fore stand for memory configurations which are in correspondence with the
past experience of the observer. These configurations can be regarded as
punches in a paper tape, impressions on a magnetic reel, configurations of a
relay switching circuit, or even configurations of brain cells. We require only
that they be capable of the interpretation “The observer has experienced
the succession of events A,B, · · · , C.” (We sometimes write dots in a mem-
ory sequence, · · ·A,B, · · · , C, to indicate the possible presence of previous
memories which are irrelevant to the case being considered.)

The mathematical model seeks to treat the interaction of such observer
systems with other physical systems (observations), within the framework of
Process 2 wave mechanics, and to deduce the resulting memory configura-
tions, which are then to be interpreted as records of the past experiences of
the observers.

We begin by defining what constitutes a “good” observation. A good
observation of a quantity A, with eigenfunctions φi, for a system S, by an
observer whose initial states is ψ0, consists of an interaction which, in a
specified period of time, transforms each (total) state

ψS+0 = φiψ
0
[...] (10)

into a new state
ψS+0′

= φiψ
0
[...αi]

(11)
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Jeff Barrett
Note
Everett's insistence that the experience, memories, beliefs, deliberations, and actions of agents can be represented purely in terms of physical systems interacting in standard physical ways stands in sharp contrast to Wigner's proposal that it is nonphysical minds that cause quantum-mechanical collapses and are hence responsible for the physical events that generate determinant measurement records. 


Jeff Barrett
Note
Facts, or better relative facts, concerning these sequences of physical records will determine the empirical adequacy of the theory.


Jeff Barrett
Note
The deduction of the subjective experiences of observers is simply the deduction of physical memory configurations resulting from interactions that correlate these physical records the properties of the  physical systems being measured.




where αi characterizes7 the state φi. (The symbol, αi, might stand for a
recording of the eigenvalue, for example.) That is, we require that the system
state, if it is an eigenstate, shall be unchanged, and (2) that the observer
state shall change so as to describe an observer that is “aware” of which
eigenfunction it is; that is, some property is recorded in the memory of the
observer which characterizes φi, such as the eigenvalue. The requirement that
the eigenstates for the system be unchanged is necessary if the observation
is to be significant (repeatable), and the requirement that the observer state
change in a manner which is different for each eigenfunction is necessary if
we are to be able to call the interaction an observation at all. How closely a
general interaction satisfies the definition of a good observation depends upon
(1) the way in which the interaction depends upon the dynamical variables of
the observer system—including memory variables—and upon the dynamical
variables of the object system and (2) the initial state of the observer system.
Given (1) and (2), one can for example solve the wave equation, deduce the
state of the composite system after the end of the interaction, and check
whether an object system that was originally in an eigenstate is left in an
eigenstate, as demanded by the repeatability postulate. This postulate is
satisfied, for example, by the model of von Neumann that has already been
discussed.

From the definition of a good observation we first deduce the result of an
observation upon a system which is not in an eigenstate of the observation.
We know from our definition that the interaction transforms states φiψ

0
[··· ]

into states φiψ
0
[···αi]

. Consequently these solutions of the wave equation can
be superposed to give the final state for the case of an arbitrary initial system
state. Thus if the initial system state is not an eigenstate, but a general state∑

i aiφi, the final total state will have the form:

ψS+0′
=

∑
aiφiψ

0
[···αi]

. (12)

This superposition principle continues to apply in the presence of further
systems which do not interact during the measurement. Thus, if systems
S1, S2, · · · , Sn are present as well as 0, with original states ψS1 , ψS2 , · · · , ψSn ,
and the only interaction during the time of measurement takes place between

7It should be understood that ψ0
[...αi]

is a different state for each i. A more precise
notation would write ψ0

i[...αi]
, but no confusion can arise if we simply let the ψ0

i be indexed
only by the index of the memory configuration symbol.
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Jeff Barrett
Note
A good measurement is one that perfectly correlates the physical record of the measurement result with the physical property of the system being observed without disturbing the state of the system being observed. Indeed, this is a suitable definition of a \emph{perfect} measurement.


Jeff Barrett
Note
While measurement interactions on the von Neumann model do not disturb the state of the object system, such interactions would not fully qualify as good since they do not perfectly correlate the measurement record with the state of the system being measured in a finite time.


Jeff Barrett
Note
That Everett does not take there to be any problem with the situation where the observation is of a system that \emph{is} in an eigenstate of the observation suggests that he accepts the standard interpretation of states that if a system is in an eigenstate of having a property, it determinately (and absolutely) has the property. Of course, otherwise, it will only have the property relative to a specification of the state of the complement system.

Jeff Barrett
Note
This follows from (1) the dispositions of a good measuring device in those cases where the initial state of the object system is an eigenstate of the observable being measured and (2) the fact that process~2 is linear. The result of the linear dynamics on a superposition of eigenstates will be the superposition of the result of the dynamics on each element of the superposition. More generally, the linearity of the dynamics provides a very simple way to calculate the final state if one knows what the dynamics does to each element of a set of states that spans the state space. The eigenstates of a physical observable form an orthonormal basis that spans the relevant state space for describing a measurement of the observable. 



S1 and 0, the measurement will transform the initial total state:

ψS1+S2+···+Sn+0 = ψS1ψS2 · · ·ψSnψ0
[··· ] (13)

into the final state:

ψ′S1+S2+···+Sn+0 =
∑

i

aiφ
S1
i ψ

S2 · · ·ψSnψ0
[···αi]

(14)

where ai = (φS1
i , ψ

S1) and φS1
i are the eigenfunctions of the observation.

Thus we arrive at the general rule for the transformation of total state
functions which describe systems within which observation processes occur:

Rule 1 : The observation of a quantity A, with eigenfunctions φS1
i , in a

system S1 by the observer 0, transforms the total state according to:

ψS1ψS2 · · ·ψSnψ0
[··· ] →

∑
i

aiφ
S1
i ψ

S2 · · ·ψSnψ0
[···αi]

(15)

where
ai = (φS1

i , ψ
S1).

If we next consider a second observation to be made, where our total
state is now a superposition, we can apply Rule 1 separately to each element
of the superposition, since each element separately obeys the wave equation
and behaves independently of the remaining elements, and then superpose
the results to obtain the final solution. We formulate this as:

Rule 2 : Rule 1 may be applied separately to each element of a super-
position of total system states, the results being superposed to obtain
the final total state. Thus, a determination of B, with eigenfunctions
ηS2

j , on S2 by the observer 0 transforms the total state∑
i

aiφ
S1
i ψ

S2 · · ·ψSnψ0
[···αi]

(16)

into the state ∑
i,j

aibjφ
S1
i η

S2
j ψS3 · · ·ψSnψ0

[···αi,βj ]
(17)

where bj = (ηS2
j , ψS2), which follows from the application of Rule 1

to each element φS1
i ψ

S2 · · ·ψSnψ0
[···αi]

, and then superposing the results
with the coefficients ai.
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Jeff Barrett
Note
The presence of other physical systems is irrelevant to any particular measurement interaction if those systems do not interact with the measuring device or the object system.

Jeff Barrett
Note
Just as with rule~1, this rule holds since Process~2 is linear.



These two rules, which follow directly from the superposition principle,
give a convenient method for determining final total states for any number of
observation processes in any combinations. We now seek the interpretation
of such final total states.

Let us consider the simple case of a single observation of a quantity A,
with eigenfunctions φi, in the system S with initial state ψS, by an observer
0 whose initial state is ψ0

[··· ]. The final result is, as we have seen, the super-
position

ψ′S+0 =
∑

i

aiφiψ
0
[···αi]

. (18)

There is no longer any independent system state or observer state, although
the two have become correlated in a one-one manner. However, in each el-
ement of the superposition, φiψ

0
[···αi]

, the object-system state is a particular
eigenstate of the observation, and furthermore the observer-system state de-
scribes the observer as definitely perceiving that particular system state. This
correlation is what allows one to maintain the interpretation that a measure-
ment has been performed.

We now consider a situation where the observer system comes into in-
teraction with the object system for a second time. According to Rule 2 we
arrive at the total state after the second observation:

ψ′′S+0 =
∑

i

aiφiψ
0
[···αi,αi]

. (19)

Again, each element φiψ
0
[···αi,αi]

describes a system eigenstate, but this time
also describes the observer as having obtained the same result for each of
the two observations. Thus for every separate state of the observer in the
final superposition the result of the observation was repeatable, even though
different for different states. The repeatability is a consequence of the fact
that after an observation the relative system state for a particular observer
state is the corresponding eigenstate.

Consider now a different situation. An observer-system 0, with initial
state ψ0

[··· ], measures the same quantity A in a number of separate, identical,

systems which are initially in the same state, ψS1 = ψS2 = · · · = ψSn =∑
i aiφi (where the φi are, as usual, eigenfunctions of A). The initial total

state function is then

ψS1+S2+···+Sn+0
0 = ψS1ψS2 · · ·ψSnψ0

[··· ]. (20)
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Jeff Barrett
Note
It is the linearity of the dynamics, what Everett calls the superposition principle, that is doing all the work.

Jeff Barrett
Note
As entailed by the standard interpretation of states, neither physical system has a determinate physical state of its own in this entangled state.

Jeff Barrett
Note
That he is willing to quantifying over elements of the superposition may be understood as indicating that Everett takes such elements or  later branches to correspond to something determinate in at least the formal model. The state of each subsystem \emph{at a branch} is determined by the relative states of the subsystems, or equivalently, by the correlations between the subsystems.

While it is not entirely clear how how one is supposed to understand this, Everett clearly indicates that it is the correlation \emph{between the measuring device and the object system} that allows one to say that the observer has a definite measurement record and hence observes a definite particular system state at each branch.

Jeff Barrett
Note
The two most significant problems faced by the relative state formulation of pure wave mechanics are (1) explaining determinate records and (2) explaining quantum statistics or probabilities. Here we have Everett's full explanation of determinate records.

It is perhaps first worth noting that it is the observer's state relative to the object system, that is, the correlation between the observer's physical measurement records and the corresponding system states that explains determinate records, not spurious decohering correlations with the environment. Indeed, Everett assumes throughout each of the explanations he presents that the composite system of the measuring device and object system is perfectly from its environment. For Everett, the central notion of relativity of states only makes sense in the context of a composite physical system that can be understood as \emph{perfectly isolated}. That said, there is room for environmental decoherence to plays a role in explaining the dynamical stability of relative records over time. This is, however, a topic that Everett does not treat in any way whatsoever in the short thesis, and only hints at in passing in the long thesis.

The particular claim he makes here can be taken to follow from the standard eigenvalue-eigenstate link alone; that is, one does not need relative states or the notion of a state at a branch to explain why the observer would report that a measurement has determinately been performed as \emph{this} can be inferred from absolute dispositional properties of the global state alone given just the standard interpretation of states. As indicated by the determinate-result property of the bare theory, the composite system is in a perfectly ordinary eigenstate of a measurement having been performed. Indeed, the composite system is in a eigenstate of the observer having the sure-fire disposition of reporting that she has a fully determinate measurement result that corresponds to precisely one of the possible outcomes of measuring the observable at hand. This follows from the fact that a good observer would report just this concerning her experience in each element of the superposition together with the linearity of the dynamics. But as Everett has just indicated, the composite system is not in fact in an eigenstate of the observer having recorded any particular result. On the other hand, the state of the observer can be taken at each branch to be one where she has, as a relative fact, recorded a particular determinate result. It is only with this that one is saying something that goes beyond the standard eigenvalue-eigenstate interpretation of states. It is worth noting that this collection of relative facts together with the linear dynamics entails that the composite state is an eigenstate of the observer reporting that she has a fully determinate measurement record.

That said, there is good reason to suppose that Everett is not appealing to the determinate-result property of the bare theory for the explanation here; Rather, Everett's explanation seems to turn on the relative states of the subsystems not on the absolute state of the composite system. More specifically, it appears that it is the relative states of subsystems at branches alone that is meant to explain \emph{the existence} of determinate measurement records. As suggested above, \emph{the stability or classical behavior of such determinate records over time} will, as in other no-collapse theories like Bohmian mechanics, depend on considerations involving such things as the thermodynamic properties of the systems involved and the possibility of spurious interactions with the environment. Everett hints at such considerations in connection with the issue of the classicality of dispositions in the long thesis.

Jeff Barrett
Note
This follows form the linearity from the dynamics and fact the Everett supposes that the correlations induced by a good measurement are perfect.

Jeff Barrett
Note
That the observer would report that the two results agree in each element of the superposition together with the linear dynamics entails that the composite system is in an eigenstate of the observer reporting that she got the same result for both measurements even those the composite system is not an eigenstate of the observer reporting that she got any particular result for both measurements. This is the repeatability property of the bare theory.

The repeatability result for the bare theory is easily reinterpreted as obtaining for agreement between two or more observers. If a second observer makes an ideal measurement of the same physical property as the first observer, then the two compare their measurement records, they will end up in an eigenstate or reporting that their results agree even though they would not be in an eigenstate of reporting any particular result. And, as relative facts, the observers' results would in fact agree at each branch.

Everett goes further than the standard interpretation of states allows in suggesting that the observer in fact got a determinant result \emph{as a relative state} then got the same determinate result again \emph{at a branch}. The standard interpretation of states says nothing about relative states nor states at branches, nor does it say anything about the conditions under which events at different times might occur \emph{at the same branch}. Curiously, Everett himself has nothing to say concerning the diachronic identity of branches. While his relative state attributions are for sequences of records \emph{at a time}, he talks as if one can make sense of the same branch at different times but he does not explicitly assume this or say how. This may be because he is largely indifferent to metaphysical detail.

In his discussion of an extended sequence of measurements, Everett will claim that it is this repeatability property that explains the appearance to the observer that the system has ``jumped'' into eigenstate of the observable being measured.

Jeff Barrett
Note
The thought experiment is one where one starts with an infinite collection of object systems all somehow in exactly the same physical state and one measures the same physical observable of each in turn and records the results in a sequence of memory registers. Again, Everett is not concerned with how one might start with such a state. Further, he is not worried about physical limitations on conducting a large number of independent measurements, recording the results as separable records, or carrying out calculations on the results without introducing spurious correlations with the environment. The aim of the examples is to probe the structure of the model of pure wave mechanics.

Jeff Barrett
Note
The initial separable state reflects a hypothetical situation that, given pure wave mechanics and what know about how physical systems interact with each other, would virtually never obtain. Moreover, one should never expect a real measurement interaction to perfectly correlate the states of two physical systems. Everett uses such idealized thought experiments to illustrate properties of the formal structure of the theory. One must then translate whatever conclusions one reaches for such experiments to conclusions that hold for more realistic physical situations.




We assume that the measurements are performed on the systems in the order
S1, S2, · · ·Sn. Then the total state after the first measurement is by Rule 1,

ψS1+S2+···+Sn+0
1 =

∑
i

aiφ
S1
i ψ

S2 · · ·ψSnψ0
[···α1

i ] (21)

(where α1
i refers to the first system, S1).

After the second measurement it is, by Rule 2,

ψS1+S2+···+Sn+0
2 =

∑
i,j

aiajφ
S1
i φ

S2
j ψ

S3 · · ·ψSnψ0
[···α1

i ,α2
j ] (22)

and in general, after r measurements have taken place (r ≤ n), Rule 2 gives
the result:

ψr =
∑

i,j,···k

aiaj · · · akφ
S1
i φ

S2
j · · ·φSr

k ψ
Sr+1 · · ·ψSnψ0

[···α1
i ,α2

j ,···αr
k] (23)

We can give this state, ψr, the following interpretation. It consists of a
superposition of states:

ψ′
ij···k = φS1

i φ
S2
j · · ·φSr

k × ψSr+1 · · ·ψSnψ0
[α1

i ,α2
j ,···αr

k] (24)

each of which describes the observer with a definite memory sequence
[α1

i , α
2
j , · · ·αr

k]. Relative to him the (observed) system states are the corre-

sponding eigenfunctions φS1
i , φ

S2
j , · · · , φ

Sr
k , the remaining systems,

Sr+1, · · · , Sn, being unaltered.
A typical element ψ′

ij···k of the final superposition describes a state of af-
fairs wherein the observer has perceived an apparently random sequence of
definite results for the observations. Furthermore the object systems have
been left in the corresponding eigenstates of the observation. At this stage
suppose that a redetermination of an earlier system observation (Sl) takes
place. Then it follows that every element of the resulting final superpo-
sition will describe the observer with a memory configuration of the form
[α1

i , · · ·αl
j, · · ·αr

k, α
l
j] in which the earlier memory coincides with the later—

i.e., the memory states are correlated. It will thus appear to the observer,
as described by a typical element of the superposition, that each initial ob-
servation on a system caused the system to “jump” into an eigenstate in a
random fashion and thereafter remain there for subsequent measurements
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Jeff Barrett
Note
Everett here introduces the notion of a \emph{typical element} of the superposition. The notion of a typical element of a set $S$ is characterized by specifying a measure over the set. A probability measure $\mu$ is a function that assigns a number between zero and one to each subset of $S$ such that for $Q, R \subset S (1) $\mu(S)=1$, (2) $\mu(R)=\mu(\bar{R})$, and (3) if $R \intersect Q=\empty$ then $\mu(R \union Q)=\mu(R)+\mu(Q)). It is also typically supposed that $\mu$ is similarly additive for any countable union of disjoints subsets of $S$.

If one does not explicitly specify a measure, it is typically assumed that one intends a proportional counting measure that assigns to $R \subset S$ the ratio of the number of elements of $R$ to the total number of elements of $S$.

When one says that a sequence is random, one might mean that there is no clear pattern to the sequence that one might exploit to significantly compress the sequence. If Everett means this, then the typicality claim he makes here is true for a broad collection of measures over the terms representing the superposition, including the proportional counting measure.

Exactly what notion of typicality Everett has in mind will matter more later in his discussion of this experiment.

Jeff Barrett
Note
The resultant state is a superposition of states where the observer has a different sequence of measurement records in each. In the determinate-record basis, there is one term corresponding to each possible sequence of measurement results. The coefficient on each of these terms will depend only on the initial state of the object systems and the distribution of the records described by the term.

For each particular specification of a sequence of measurement records for the observer, the systems that the observer has measured will be in corresponding relative states. Again, such relative facts do not themselves require any specification of a preferred basis. 



on the same system. Therefore—disregarding for the moment quantitative
questions of relative frequencies—the probabilistic assertions of Process 1
appear to be valid to the observer described by a typical element of the final
superposition.

We thus arrive at the following picture: Throughout all of a sequence
of observation processes there is only one physical system representing the
observer, yet there is no single unique state of the observer (which follows
from the representations of interacting systems). Nevertheless, there is a
representation in terms of a superposition, each element of which contains
a definite observer state and a corresponding system state. Thus with each
succeeding observation (or interaction), the observer state “branches” into
a number of different states. Each branch represents a different outcome
of the measurement and the corresponding eigenstate for the object-system
state. All branches exist simultaneously in the superposition after any given
sequence of observations.‡

The “trajectory” of the memory configuration of an observer performing
a sequence of measurements is thus not a linear sequence of memory config-
urations, but a branching tree, with all possible outcomes existing simulta-
neously in a final superposition with various coefficients in the mathematical

‡Note added in proof.—In reply to a preprint of this article some correspondents have
raised the question of the “transition from possible to actual,” arguing that in “reality”
there is—as our experience testifies—no such splitting of observer states, so that only one
branch can ever actually exist. Since this point may occur to other readers the following
is offered in explanation.

The whole issue of the transition from “possible” to “actual” is taken care of in the
theory in a very simple way—there is no such transition, nor is such a transition necessary
for the theory to be in accord with our experience. From the viewpoint of the theory all
elements of a superposition (all “branches”) are “actual,” none any more “real” than the
rest. It is unnecessary to suppose that all but one are somehow destroyed, since all the
separate elements of a superposition individually obey the wave equation with complete
indifference to the presence or absence (“actuality” or not) of any other elements. This
total lack of effect of one branch on another also implies that no observer will ever be
aware of any “splitting” process.

Arguments that the world picture presented by this theory is contradicted by experience,
because we are unaware of any branching process, are like the criticism of the Copernican
theory that the mobility of the earth as a real physical fact is incompatible with the
common sense interpretation of nature because we feel no such motion. In both cases the
argument fails when it is shown that the theory itself predicts that our experience will be
what it in fact is. (In the Copernican case the addition of Newtonian physics was required
to be able to show that the earth’s inhabitants would be unaware of any motion of the
earth.)
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Jeff Barrett
Note
This is just the earlier repeatability property in the context of a more complicated experiment.

Jeff Barrett
Note
One might summarize the discussion so far as follows: (1) in every term it will appear that measurements caused ``jumps'' insofar as the observer takes the repeatability of results to be the appearance of a jump and (2) in most terms on a broad range of measures of typicality it will appear as if the sequence of results was randomly determined insofar as every sequence of results will be represented by some term in the superposition and most sequences of results appear to be random.

The discussion up to this point is meant to explain the random and discontinuous appearance of repeatable results in the context of pure wave mechanics. Everett has said nothing yet concerning how one might recover the values of the standard quantum probabilities. That is the qualitative question.

Since the composite state after a finite number of measurements is not an eigenstate of the observer reporting that her measurement records are randomly distributed, appearances after a finite number of measurements cannot be explained by the standard interpretation of states. Rather, such appearances must be explained by typical relative states.

The explanation Everett has in mind must be simple since he provides virtually no elaboration. Given Everett's notion of faithfulness, the explanation of the appearance of random collapse could simply be: for each of a broad collection of measures of typically, a typical relative state where the observer has a determinate outcome for each measurement is one where the relative state of the records appear to be random and repeatable, which is the the sort of empirical evidence that is explained in the standard collapse theory supposing that measurements lead to random discontinuous collapses of the quantum-mechanical state.

Jeff Barrett
Note
This is a clear and explicit stipulation that throughout the measurement interactions there is precisely one physical observer. While the observer has no well-defined determinate state to call her own, she does have perfectly well-defined relative states that are fully determined by the structure of correlations between subsystems.

Jeff Barrett
Note
In one of his most careful interpretational statements, Everett chooses to say that it is the observer's \emph{state} that branches, not the observer. This suggests the introduction of branches as a new physical indexical, not as the introduction of branches as a new type of physical entity. Of course, one might insist on reifying each possible value of the indexical in one's metaphysics in order to interpret branches as splitting physical worlds (in which case, one might be tempted to choose a preferred basis). Or one might simply use such splitting-worlds talk as shorthand for Everett's more careful relative-state talk.

While he was clearly pressed to explain just this point, Everett seems not to have cared much about the metaphysical detail; rather, he shows that he is willing to describe the correlation structure exhibited by the formal model of pure wave mechanics in a variety of ways that suggest rather different metaphysical commitments.

Jeff Barrett
Note
Everett needs to say something like this since if only one branch existed, then he would arguably have simply recapitulated precisely the standard collapse formulation, where the one remaining branch would be the postmeasurement collapsed state.

The long new footnote added in proof to the paper, however, indicates that readers wanted to know more about these branches and that Everett himself felt uncomfortable with this metaphysical assertion.

If one does not like the metaphysical talk of the simultaneous existence of all of the branches, one might weaken the talk slightly by putting this point in terms of truth conditions: the relative states associated with all possible decompositions of the global state of every isolated system are simulataneously true as relative facts.

Jeff Barrett
Note
Two documents were broadly circulated earlier: the long draft thesis and the short thesis that formed the direct basis for this article. here Everett may well have in mind DeWitt's referee comments on the short thesis.

One might suppose that there must be a transition from possible to actual only and that only one branch should be actual for at least two reasons. One is for the sake of direct empirical adequacy: we only see one measurement result in fact realized. This is the worry that Everett seeks to address here. One might also, however, take the very notion of probability to require that only one possibly is actualized. more specifically, one might take a probability to be a measure over various exclusive possibilities being the realized. Insofar as one holds this view of probability, and there is significant evidence that Everett himself does, he holds that pure wave mechanics is quantum mechanics \emph{without probability}.


Jeff Barrett
Note
For Everett, a theory is in accord with our experience if and only if it is empirically faithful as explained in Appendix II of the long thesis.

Jeff Barrett
Note
Everett does not take the branches to represent possible worlds where only one is actual; rather each branch is actual. One way to understand this in terms of truth conditions in the context of his relative-state formulation is that all of the relative facts represented by alternative decompositions of the global state and alternative selection of states for complement subsystems that are associated with a positive coefficients are in fact true as relative facts.

Jeff Barrett
Note
This is the explanation for why the branching process does not conflict with our direct empirical evidence.

While the linear dynamics can be thought of as evolving each of the terms of a superposition as if it were the complete state of the system with the resulting global state being the superposition of the time-evolved terms, what Everett says here is at best misleading. Terms in the superposition can at least in principle interfere with each other; hence, exactly what other terms there are can matter to the evolution of any particular term. This is itself a consequence of the linear dynamics. In the context of the Wigner's Friend, experiment, for example, Wigner's \emph{A}-measurement result will show that the friend is in an entangle superposition of record states. Wigner might then tell the friend the outcome of his \emph{A}-measurement. If so, the friend will know that there is another branch friend. The moral is simply that branches are not, as Everett suggests here, causally closed under the linear dynamics. See Albert how to take a picture of another Everett world and Albert and Barrett on what it takes to be a world.

That said, it would in practice be extremely difficult to re-interfere the friend branches as required by the Wigner's Friends story. The more physical degrees of freedom, the more thermodynamical noise, the more spurious collections with the environment, the more stable the physical records generated by a correlating interaction and the more difficult it would be to observe other Everett branches.

Jeff Barrett
Note
Pure wave mechanics with appropriate thermodynamical assumptions and the characterization of observers as physical systems that interact readily with their environments explains why one should not typically expect to find physical records of the splitting of observers. Insofar as physical records would be required to notice the process, that there are no physical records of splitting, the theory, together with some plausible background assumptions, explains why the splitting process would not be noticed.



model. In any familiar memory device the branching does not continue in-
definitely, but must stop at a point limited by the capacity of the memory.

In order to establish quantitative results, we must put some sort of mea-
sure (weighting) on the elements of a final superposition. This is necessary
to be able to make assertions which hold for almost all of the observer states
described by elements of a superposition. We wish to make quantitative
statements about the relative frequencies of the different possible results of
observation—which are recorded in the memory—for a typical observer state;
but to accomplish this we must have a method for selecting a typical element
from a superposition of orthogonal states.

We therefore seek a general scheme to assign a measure to the elements of
a superposition of orthogonal states

∑
i aiφi. We require a positive function

m of the complex coefficients of the elements of the superposition, so that
m(ai) shall be the measure assigned to the element φi. In order that this gen-
eral scheme be unambiguous we must first require that the states themselves
always be normalized, so that we can distinguish the coefficients from the
states. However, we can still only determine the coefficients, in distinction to
the states, up to an arbitrary phase factor. In order to avoid ambiguities the
function m must therefore be a function of the amplitudes of the coefficients
alone, m(ai) = m(|ai|).

We now impose an additivity requirement. We can regard a subset of the
superposition, say

∑n
i=1 aiφi, as a single element αφ′:

αφ′ =
n∑

i=1

aiφi. (25)

We the demand that the measure assigned to φ′ shall be the sum of the
measures assigned to the φi (i from 1 to n):

m(α) =
n∑

i=1

m(ai). (26)

Then we have already restricted the choice of m to the square amplitude
alone; in other words, we have m(ai) = a∗

i ai, apart from a multiplicative
constant.

To see this, note that the normality of φ′ requires that |α| = (
∑
a∗

i ai)
1
2 .

From our remarks about the dependence of m upon the amplitude alone, we
replace the ai by their amplitudes ui = |ai|. Equation (26) then imposes the
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Jeff Barrett
Note
Rather than a well-ordered list of physical measurement records, the observer is here associated with a branching tree of measurement records. Each branch on the tree is associated with a weight given by the coefficient associated with that branch.

There is no problem understanding branches at a time relative to a choice of basis, but it is unclear how to identify branches over time. See the discussion in the introduction on transtemporal identity.

Jeff Barrett
Note
Everett now turns to the question of the appearance of the standard quantum statistics probability.

Jeff Barrett
Note
Everett explicitly recognizes that one must have a measure over possible selections in order to have a clear notion of typicality.

Jeff Barrett
Note
Rather than claim that pure wave mechanics entails a single canonical measure, Everett presents the situation as one where we use the theory together with a few background assumption to ``seek a general scheme'' for assign a typicality measure to the elements of a superposition. He finds one, but there are others he might have found under a different set of background assumptions. A particularly salient example of a different measure of typicality would have been a simple counting measure where each branch has the same weight.

Jeff Barrett
Note
That the measure be a positive function of the complex-valued coefficients is one of Everett's background assumptions. A simple counting measure would not satisfy this condition.

Jeff Barrett
Note
This is a further background assumption. The grounds for this constraint involve what one Everett believes one might know regarding the renomalized coefficients on the relative state of a subsystem of a composite system. If one could only know the coefficients up to a phase factor, one might take only their squared amplitudes to be significant.

There are, however, quantum-mechanical predictions, such as the Aharonov-Bohm effect, that depend on the precise relative phase of each element of the superposition. Everett would likely not have known of such effects since they were not well-known until after Yakir Aharonov and David Bohm 1959 paper.

Jeff Barrett
Note
This condition is required for $m$ to be a measure over the elements of the superposition.

Jeff Barrett
Note
The claim is that the three specified conditions in the context of pure wave mechanics uniquely determine the norm-squared coefficient measure as a measure of typicality over branches or elements in a superposition. This is Everett's deduction of the standard quantitative statements concerning quantum probabilities.



requirement,

m(α) = m
(∑

a∗
i ai

) 1
2

= m
(∑

u2
i

) 1
2

=
∑

m(ui) =
∑

m(u2
i )

1
2 . (27)

Defining a new function g(x)

g(x) = m(
√
x) (28)

we see that (27) requires that

g
(∑

u2
i

)
=

∑
g(u2

i ). (29)

Thus g is restricted to be linear and necessarily has the form:

g(x) = cx (c constant). (30)

Therefore g(x2) = cx2 = m(
√
x2) = m(x) and we have deduced that m is

restricted to the form

m(ai) = m(ui) = cu2
i = ca∗

i ai. (31)

We have thus shown that the only choice of measure consistent with our
additivity requirement is the square amplitude measure, apart from an arbi-
trary multiplicative constant which may be fixed, if desired, by normalization
requirements. (The requirement that the total measure be unity implies that
this constant is 1.)

The situation here is fully analogous to that of classical statistical me-
chanics, where one puts a measure on trajectories of systems in the phase
space by placing a measure on the phase space itself, and then making as-
sertions (such as ergodicity, quasi-ergodicity, etc.) which hold for “almost
all” trajectories. This notion of “almost all” depends here also upon the
choice of measure, which is in this case taken to be the Lebesgue measure on
the phase space. One could contradict the statements of classical statistical
mechanics by choosing a measure for which only the exceptional trajectories
had nonzero measure. Nevertheless the choice of Lebesgue measure on the
phase space can be justified by the fact that it is the only choice for which
the “conservation of probability” holds, (Liouville’s theorem) and hence the
only choice which makes possible any reasonable statistical deductions at all.

In our case, we wish to make statements about “trajectories” of observers.
However, for us a trajectory is constantly branching (transforming from state
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Jeff Barrett
Note
This is the argument for uniqueness of the measure satisfying the specified constraints. Note that the measure $m$ is unique up to the constant $c$. The constant $c$ can be used as a renormalization factor and set so that $m$ is a probability measure over the elements of the superposition. That does not, however, mean that $m$ is a probability. If one requires that probabilities be measures of possibilities being realized, then $m$ cannot represent a probability even if it satisfies the conditions for being a probability measure insofar as all of the elements are in fact realized.

For his part, Everett only wants to use $m$ as a measure of typicality. While it is unclear what the proper physical understanding of such typicality should be, he clearly has found in the model of the theory a typicality measure of the sort he stipulated that he wanted.

Jeff Barrett
Note
While Everett claims that the situation here is fully analogous to that of classical statistical mechanics, the analogy with classical statistical mechanics is at most partial in at least one significant sense. In both cases one is tempted to claim that there is one and only one canonical measure for the typicality of states: the norm-squared coefficient measure in pure wave mechanics and Lesbesgue or Gibbs measure in classical statistical mechanics. In both cases one appeals both to the structure of theory itself and to plausible-sounding background assumptions to argue for the conclusion. And in both cases, there has been severe and long lasting debate concerning the precise extent to which the privileged measure requires extra-theoretic background assumptions, which are in fact the most plausible, and on what grounds. But, for all its problems (see Albert 1999), the privileged typicality measures in classical mechanics have natural physical interpretations in terms of epistemic probabilities since precisely one classical micro state ever in fact obtains. Understanding the physical significance of Everett's typicality measure is not nearly so straighforward.

Jeff Barrett
Note
The justification that Everett favors for selecting the standard measure in classical statistical mechanics is that, given the classical dynamics, it is the only measure that assigns the same measure to a set of states $S_0$ at time $t_0$ as it does to the time-evolved image of $S_0$ at all other times. This fact captures the intuition that the epistemic probability that one assigns to a particular family of trajectories should not change over time in a deterministic theory. But, of course, this is only true under special circumstances and assuming that one does not learn or forget anything about the actual state of the system. 



to superposition) with each successive measurement. To have a requirement
analogous to the “conservation of probability” in the classical case, we de-
mand that the measure assigned to a trajectory at one time shall equal the
sum of the measures of its separate branches at a later time. This is precisely
the additivity requirement which we imposed and which leads uniquely to
the choice of square-amplitude measure. Our procedure is therefore quite as
justified as that of classical statistical mechanics.

Having deduced that there is a unique measure which will satisfy our re-
quirements, the square-amplitude measure, we continue our deduction. This
measure then assigns to the i, j, · · · kth element of the superposition (24),

φS1
i φ

S2
j · · ·φSr

k ψ
Sr+1 · · ·ψSnψ0

[α1
i ,α2

j ,···αr
k] (32)

the measure (weight)

Mij···k = (aiaj · · · ak)
∗(aiaj · · · ak) (33)

so that the observer state with memory configuration [α1
i , α

2
j , · · · , αr

k] is as-
signed the measure a∗

i aia
∗
jaj · · · a∗

kak = Mij···k. We see immediately that this
is a product measure, namely,

Mij···k = MiMj · · ·Mk (34)

where
Ml = a∗

l al

so that the measure assigned to a particular memory sequence [α1
i , α

2
j , . . . , α

r
k]

is simply the product of the measures for the individual components of the
memory sequence.

There is a direct correspondence of our measure structure to the proba-
bility theory of random sequences. If we regard the Mij···k as probabilities
for the sequences then the sequences are equivalent to the random sequences
which are generated by ascribing to each term the independent probabilities
Ml = a∗

l al. Now probability theory is equivalent to measure theory math-
ematically, so that we can make use of it, while keeping in mind that all
results should be translated back to measure theoretic language.

Thus, in particular, if we consider the sequences to become longer and
longer (more and more observations performed) each memory sequence of
the final superposition will satisfy any given criterion for a randomly gener-
ated sequence, generated by the independent probabilities a∗

l al, except for a
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Jeff Barrett
Note
This is different from Everett's earlier statement of additivity assumption. While the earlier statement involved the additivity of the measure associated with particular elements in a superposition at a time, this statement involves conservation of measure over branches across time. The change may have to do with wanting to tighten the analogy with the justification of the choice of measure in classical thermodynamics.

Jeff Barrett
Note
At some level of description the two justifications are clearly similar, but insofar as the classical justification depends on intuitions concerning ordinary epistemic probability for its plausibility, the analogy fails to hold insofar as one fails to understand ordinary epistemic probabilities in pure wave mechanics. The problem, of course, is that there is nothing to be uncertain of in pure wave mechanics and every possibility is actual.

Jeff Barrett
Note
Given the care that he had devoted to this point, Everett was clearly frustrated with the fact that readers such as Graham failed to understand that typicality can be defined with respect to any measure. On the other hand, that Graham considered the counting measure to be the obvious natural measure here serves to undermine Everett's argument that the unique natural measure of typicality over branches is given my the norm-squared coefficient measure.

Jeff Barrett
Note
This means that the measure assigned to a term in the superposition is equal to the probability that the standard formulation of quantum mechanics would assign to the memory sequence associated with that term if one supposes that there are no collapses of the states until one checks the memory sequence.

Jeff Barrett
Note
The reason that Everett insists that all results be translated back to measure theoretic language is that there are, strictly speaking, no probabilities in pure wave mechanics; rather, the measure derived above provides \emph{a standard of typicality} for elements in the superposition and hence for relative facts.



set of total measure which tends toward zero as the number of observations
becomes unlimited. Hence all averages of functions over any memory se-
quence, including the special case of frequencies, can be computed from the
probabilities a∗

i ai, except for a set of memory sequences of measure zero. We
have therefore shown that the statistical assertions of Process 1 will appear
to be valid to the observer, in almost all elements of the superposition (24),
in the limit as the number of observations goes to infinity.

While we have so far considered only sequences of observations of the
same quantity upon identical systems, the result is equally true for arbitrary
sequences of observations, as may be verified by writing more general se-
quences of measurements, and applying Rules 1 and 2 in the same manner
as presented here.

We can therefore summarize the situation when the sequence of obser-
vations is arbitrary, when these observations are made upon the same or
different systems in any order, and when the number of observations of each
quantity in each system is very large, with the following result:

Except for a set of memory sequences of measure nearly zero,
the averages of any functions over a memory sequence can be cal-
culated approximately by the use of the independent probabilities
given by Process 1 for each initial observation, on a system, and
by the use of the usual transition probabilities for succeeding ob-
servations upon the same system. In the limit, as the number of
all types of observations goes to infinity the calculation is exact,
and the exceptional set has measure zero.

This prescription for the calculation of averages over memory sequences
by probabilities assigned to individual elements is precisely that of the con-
ventional “external observation” theory (Process 1). Moreover, these predic-
tions hold for almost all memory sequences. Therefore all predictions of the
usual theory will appear to be valid to the observer in amost [sic] all observer
states.

In particular, the uncertainty principle is never violated since the latest
measurement upon a system supplies all possible information about the rel-
ative system state, so that there is no direct correlation between any earlier
results of observation on the system, and the succeeding observation. Any
observation of a quantity B, between two successive observations of quantity
A (all on the same system) will destroy the one-one correspondence between
the earlier and later memory states for the result of A. Thus for alternating
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Jeff Barrett
Note
This is true for any standard of \emph{random sequence} for which the limit of the ratio of length-$n$ random memory sequences to the total number of length-$n$ memory sequences goes to zero as $n$ gets large since the product measure associated with each term goes to zero. See Barrett (1999, limiting properties of the bare theory).

Jeff Barrett
Note
More precisely, as the number of measurements gets large, the limit of the sum of the norm-squared coefficient measure associated with those elements of the superposition where the relative frequencies differ from those predicted by the standard collapse theory by more than $\epsilon$ goes to zero for all $\epsilon>0$. And, for any large enough finite number of measurements, a typical element of the superposition written in the determinate-record basis will exhibit measurement records that closely accord with the standard quantum statistics. But the significance of these facts concerning the formal correlation structure depends on precisely how one understands the observer and exactly what the elements in the superposition are supposed to represent.

On the bare theory, where there is only one observer, no relative-states, and no splitting of any sort, the limiting properties indicate the propensities of an idealized to report the standard quantum statistics in the limit as the number of observations gets large. In an interpretation of pure wave mechanics where there is a splitting process that generates multiple copies of the observer, one for each term in the state written in the determinate-memory-sequence basis, the limiting properties indicate the statistical properties of a typical observer selected in the norm-squared coefficient measure. In order to get any emprical predictions from the theory, one must then suppose \emph{as a principle of one's theory} that it is this standard of typicality that is relevant to successful empirical prediction.


Jeff Barrett
Note
It is easy to show that the limiting properties hold for any collection of observables on any collection of physical states as long as there is no finite upper bound to the number of times each of the observables is measured of a system in each of the states.

Jeff Barrett
Note
Here Everett extends the claim to averages for any function over a memory sequence. This is his most general statement of the limiting properties of pure wave mechanics. Regardless of how one understands these properties, Everett has found a clear sense in which the correlation model of pure wave mechanics contains within its structure a measure that is closely related to the probability measure that shows up in Process~1 of the standard collapse theory.

Jeff Barrett
Note
The claim here concerns most relative states of a \emph{single} observer. That is, Everett takes it as sufficient to deducing the standard statistical predictions of quantum mechanics that one show that almost all (in the norm-squared coefficient measure) relative states that describe an observer as having a determinate sequence of measurement records also describe those records as being distributed by the standard quantum statistics. There are no random, chance events in the theory and there is no appeal to epistemic probabilities. Rather, the deduction simply involves the statistical properties of a typical memory sequence in a precisely specified sense of typical. How to best understand the formal limiting properties of the model of pure wave mechanics remains open.



observations of different quantities there are fundamental limitations upon
the correlations between memory states for the same observed quantity, these
limitations expressing the content of the uncertainty principle.

As a final step one may investigate the consequences of allowing several
observer systems to interact with (observe) the same object system, as well
as to interact with one another (communicate). The latter interaction can be
treated simply as an interaction which correlates parts of the memory con-
figuration of one observer with another. When these observer systems are
investigated, in the same manner as we have already presented in this section
using Rules 1 and 2, one finds that in all elements of the final superposition:

1. When several observers have separately observed the same quantity in
the object system and then communicated the results to one another they find
that they are in agreement. This agreement persists even when an observer
performs his observation after the result has been communicated to him by
another observer who has performed the observation.

2. Let one observer perform an observation of a quantity A in the ob-
ject system, then let a second perform an observation of a quantity B in
this object system which does not commute with A, and finally let the first
observer repeat his observation of A. Then the memory system of the first
observer will not in general show the same result for both observations. The
intervening observation by the other observer of the non-commuting quan-
tity B prevents the possibility of any one to one correlation between the two
observations of A.

3. Consider the case where the states of two object systems are corre-
lated, but where the two systems do not interact. Let one observer perform
a specified observation on the first system, then let another observer perform
an observation on the second system, and finally let the first observer repeat
his observation. Then it is found that the first observer always gets the same
result both times, and the observation by the second observer has no effect
whatsoever on the outcome of the first’s observations. Fictitious paradoxes
like that of Einstein, Podolsky, and Rosen8 which are concerned with such
correlated, noninteracting systems are easily investigated and clarified in the
present scheme.

8Einstein, Podolsky, and Rosen, Phys. Rev. 47, 777 (1935). For a thorough discussion
of the physics of observation, see the chapter by N. Bohr in Albert Einstein, Philosopher-
Scientist (The Library of Living Philosophers, Inc., Evanston, 1949).
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Jeff Barrett
Note
This short paragraph is an implicit reference to Everett's extended discussion of approximate measurement, uncertainty, and information in the long thesis. There are at least two ways one might make sense of sequences of measurements: as claims about the statistical properties of record-sequences at a time and as claims about what would happen in a particular branch over time. What Everett says here can be interpreted either way, but the second option requires that one is able to track the identity of a branch across time, which, again, is not something that Everett explicitly addresses.

Jeff Barrett
Note
Communication between observers for Everett is nothing more than an interaction that induces a physical correlation between the records of one observe and the other. Everett's general claim here follows from properties of the correlation structure that models pure wave mechanics.

Jeff Barrett
Note
This corresponds to the agreement property of the bare theory.

Jeff Barrett
Note
That is, there will be some terms in the superposition at a time (or branches across time, insofar as one can identify diachronic branches with synchronic memory configurations) where the first observer's first and second measurement results fail to agree.

Jeff Barrett
Note
While he seems to side with Bohr against Einstein in this passage, Everett believed that pure wave mechanics would reconcile the positions of Bohr and Einstein. See the short paper on probability.

There is a sense in which what Everett says here is true of pure wave mechanics, but this is only because every possible result is realized as a relative fact for each of the EPR observers and because precisely how one is to understand the branches is left open. If each EPR observer somehow got only one result, then the theory would, like the standard collapse theory or a hidden-variable theory like Bohmian mechanics, be incompatible with the constraints of relativity insofar as the first observer's result determines the second observer's result. Or if one understands branches as splitting worlds, then the measurement of the first observer splits the world for both, but insofar as there can be no physical matter of fact concerning which of two space-like separated observations occurred first, the resultant theory would be  incompatible with the constraints of special relativity (since one could ask which of the two observers split the world). This, by the way, provides a very good reason for one not to understand the splitting of observer states as a physical process that involves the splitting of the physical world. Specifying the conditions under which such a split would occur (which would amount to choosing a preferred basis) would be precisely as difficult as specifying the conditions under which a collapse of the quantum-mechanical state would occur in the standard collapse theory.



Many further combinations of several observers and systems can be stud-
ied within the present framework. The results of the present “relative state”
formalism agree with those of the conventional “external observation” for-
malism in all those cases where that familiar machinery is applicable.

In conclusion, the continuous evolution of the state function of a com-
posite system with time gives a complete mathematical model for processes
that involve an idealized observer. When interaction occurs, the result of
the evolution in time is a superposition of states, each element of which as-
signs a different state to the memory of the observer. Judged by the state of
the memory in almost all of the observer states, the probabilistic conclusion
[sic] of the usual “external observation” formulation of quantum theory are
valid. In other words, pure Process 2 wave mechanics, without any initial
probability assertions, leads to all the probability concepts of the familiar
formalism.

6. Discussion

The theory based on pure wave mechanics is a conceptually simple, causal
theory, which gives predictions in accord with experience. It constitutes a
framework in which one can investigate in detail, mathematically, and in a
logically consistent manner a number of sometimes puzzling subjects, such
as the measuring process itself and the interrelationship of several observers.
Objections have been raised in the past to the conventional or “external
observation” formulation of quantum theory on the grounds that its proba-
bilistic features are postulated in advance instead of being derived from the
theory itself. We believe that the present “relative-state” formulation meets
this objection, while retaining all of the content of the standard formulation.

While our theory ultimately justifies the use of the probabilistic interpre-
tation as an aid to making practical predications, it forms a broader frame in
which to understand the consistency of that interpretation. In this respect
it can be said to form a metatheory for the standard theory. It transcends
the usual “external observation” formulation, however, in its ability to deal
logically with questions of imperfect observation and approximate measure-
ment.

The “relative state” formulation will apply to all forms of quantum me-
chanics which maintain the superposition principle. It may therefore prove a
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Jeff Barrett
Note
Everett does not consider the difference between a collapse theory and pure wave mechanics in the context of a Wigner's Friend experiment. Either he did not understand what was at stake here empirically, or here he is identifying ``the external observation'' formulation with something closer to Bohr's Coppenhagen interpretation, which was perhaps vague enough that one might have taken it to make the same empirical predictions as pure wave mechanics for $A$-type measurements.

Jeff Barrett
Note
One can represent idealized observers in the formal model of pure wave mechanics.

Jeff Barrett
Note
This is true insofar as such probabilistic conclusions are understood as assertions concerning the statistical properties of sequences of measurement records in the memory of an idealized observer at a time.

Jeff Barrett
Note
While this is clearly an overstatement, Everett has shown that the standard statistical properties of empirical records in quantum mechanics hold for most relative records states in the norm-squared measure of most. He has then found a parameter in the model of pure wave mechanics is closely associated with the representation of ideal observers in the model and that covaries with standard quantum probabilities. Indeed, it is arguably precisely this that constitutes his deduction of the standard quantum probabilities in pure wave mechanics. 

Jeff Barrett
Note
That is, the relative-state theory is simple and deterministic (hence probability-free for Everett).

This is the first place that Everett mentions the \emph{predictions} of pure wave mechanics. From what he says, it must be that he is taking the predictions of the theory to be typical record sequences in the specified special sense of typical. If so, this is a principle that one would have to add to the relative state formulation for it to make statistical predictions. One would have to add this as a principle insofar as Everett's measure of typicality is not in fact uniquely determined from the theory alone or together with independently accepted physical conditions.

Jeff Barrett
Note
The probabilistic features, or more precisely the standard statistical expectations of quantum mechanics wherever it makes coherent predictions, are derived from pure wave mechanics together with the specification of a measure of typicality and an (implicit) stipulation that one should expect to see a typical sequence of memory records.

Under such assumptions, the relative-state formulation allows one to capture most of the standard talk of quantum probabilities without there being any probabilities in the theory.

While there is a sense in which the content of the standard theory can be found in the correlation structure of relative states, many of the concrete predictions of the standard theory are simply false in pure wave mechanics: that there is precisely one absolute record state after a measurement, that there are random collapses of the state, that Wigner's Friend is not in an eigenstate of the $A$-observable, etc.

Jeff Barrett
Note
Pure wave mechanics alone does not justify the use of anything for practical predictions. Everett has shown that one can find a parameter that covaries with the usual quantum probabilities in the correlation model of pure wave mechanics. One may, if one wishes, then use this parameter to regiment one's practical expectations. But the pure wave mechanics alone does not recommend doing so nor does it even indicate what would go wrong if one failed to do so.

Jeff Barrett
Note
The claims made in this section go well beyond what has been argued in the paper so far. One might seek to bridge the gap between what Everett has shown formally and what he claims here by reinterpretations the claims here to mesh with what he has in fact accomplished. Or one might take the project as presented earlier in the paper to be incomplete and seek to fill in the details so as to support the conclusions of this section.

Jeff Barrett
Note
While he does not explain here how the the theory handles approximate measurement, this is a main theme in the long thesis.

Jeff Barrett
Note
The generality of the theory is significant for Everett. One of the primary virtues of the relative-state formulation is that it is suitable as a foundation for engineering future theories. See the long thesis appendix II.

Everett is not committed to the details of a Hilbert space representation of states. All he requires is that there be a linear space where a linear dynamics can be taken to hold.



fruitful framework for the quantization of general relativity. The formalism
invites one to construct the formal theory first, and to supply the statistical
interpretation later. This method should be particularly useful for inter-
preting quantized unified field theories where there is no question of ever
isolating observers and object systems. They all are represented in a single
structure, the field. Any interpretative rules can probably only be deduced
in and through the theory itself.

Aside from any possible practical advantages of the theory, it remains
a matter of intellectual interest that the statistical assertions of the usual
interpretation do not have the status of independent hypotheses, but are
deducible (in the present sense) from the pure wave mechanics that starts
completely free of statistical postulates.
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Jeff Barrett
Note
The main requirement is that one be able to find a linear space to represent superpositions of mass-energy distributions and gravitational states.

Jeff Barrett
Note
The methodology is to study the properties of the theory that follow from the linearity of the space and the dynamics alone, then introduce a statistical interpretation later. The should presumably follow the present model where one introduces a measure of typicality, then stipulates that one should expect typical physical measurement records.

Jeff Barrett
Note
When applied to field theory, Everett envisions the theory describing the superposition of a single field. One of the puzzles here will be to identify subsystems that might represent idealized observers in such a structure. While this would require rather more subtlety than Everett discussion of observation here, one strategy might be to take local field states to represent physical measurement records.

The record observable in a field theory would, of course, be nothing like the position of a pointer on a measuring device.

Jeff Barrett
Note
That much of the statistical structure of standard quantum mechanics can be found in the correlation model of pure wave mechanics is clearly is a matter of  intellectual interest. Further, it makes the specification of Process~1 in the standard theory look at least somewhat redundant.

If one does not take the relative-state formulation to be entirely adequate, then one would presumably still want to make use of the suggestive structural properties of pure wave mechanics to explain the statistical features of quantum mechanics without adding something to the theory that is already there in the present sense.

Note that the deduction of probabilities in the present sense is meant to be analogous to the deduction of probabilities in classical statistical mechanics. While Everett might have found such a suggestion intriguing, the deduction here does not involve Gleason's theorem, considerations of rationality, caring measures, or such; rather, it turns solely on the limiting properties of typical relative records in the norm-squared measure of typically in idealized sequences of linear measurements in the model of pure wave mechanics.


