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Abstract

Recent accounts of probability in the many worlds interpretation of quantum
mechanics are vulnerable due to their dependence on probability theory per
se. For this reason, the many worlds interpretation continues to suffer from
the incoherence and quantitative problems. After discussing various theories of
probability, I discuss the incoherence problem and argue that self-locating prob-
abilities centered in time-extended worlds can solve it. I then discuss and refute
various solutions to the quantitative problem. I argue that the only tenable way
to ground these self-locating probabilities is to identify the mathematical form of
the Born rule as a generic pattern in a time-extended wavefunction, and to dis-
tribute degrees of belief over the region of wavefunction occupied by this pattern.
I then outline a time-symmetric version of quantum mechanics - the Fixed Point
Formulation - which, interpreted within a time-symmetric Everettian framework,
can provide the foundation for a theory of quantum probability.
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1 Introduction and Overview

1.1 Posing the problem

The measurement problem of textbook nonrelativistic quantum mechanics refers to
one of several tensions between the four basic postulates of this theory:

P1 The ontological postulate - physical systems are represented at each moment of
time by a state vector in Hilbert space, |Ψ(t)⟩
P2 The dynamical postulate - the state vector of a system described by Hamiltonian
operator Ĥ evolves unitarily in accordance with the time-dependent Schrödinger
equation between measurements

iℏ
∂ |Ψ(t)⟩
∂t

= Ĥ |Ψ(t)⟩ (1)

P3 The composition postulate - a state composed of distinct parts A and B corre-
sponding to distinct subsystems is a tensor product state in the composite Hilbert
space HA+B = HA ⊗HB
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P4 The statistical postulate - when a measurement takes place at time t, the state
vector ‘collapses’ into one of several possible states {|ϕi⟩} with a probability given
by the Born rule (Born (1926)):

Pr (i, t) = |⟨ϕi |Ψ(t)⟩|2 (2)

The source of conceptual difficulty is usually located in P4. It is easy to see why -
the character of the statistical postulate is quite unlike those of P1-P3, which describe
a physical system evolving in accordance with a deterministic, linear and reversible
dynamical rule. The ontological and dynamical postulates P1, P2 exist in logical
harmony with each other and play analogous roles to those of particle coordinates
and laws of motion, respectively, in Newtonian mechanics. The composition postulate
P3 accounts for perhaps the most peculiar aspect of quantum theory - entanglement
(Schrödinger (1935)). These postulates make no reference whatsoever to the inter-
vention of an ‘observer’. They certainly do not describe a nomologically privileged
observer whose experience can only be explained with a novel law of evolution and
a metaphysical commitment to chance. So it appears that P4 contains both physical
and metaphysical elements which are not present in P1-P3.

We may follow Maudlin (1995) and categorize versions of the measurement problem
by their emphasis on the different clauses in P4:

Firstly, there is the problem of unique outcomes - the unobserved wavefunction
evolves unitarily into a superposition of physically distinct states, but only one of these
is actually observed during measurement.

Secondly, there is the problem of random collapse - the mechanism by which
a distinct state is realized during observation is apparently stochastic, contrary to the
deterministic evolution in time of the unobserved state. This metaphysical inconsis-
tency becomes a logical one if the measurement time is not fixed: in regions of time
where a measurement may have occurred or not, there are two contradictory laws
describing the system evolution (Bell (1990); Rovelli (1998)). Moreover, there is no
direct experimental evidence whatsoever for collapse in nature (Vaidman (1998, 2021,
2012)).

Thirdly, there is the quantitative problem - can the mathematical form of Eq.
(2) be derived from postulatesP1-P3? If not, what additional assumptions can be used
to derive it? What kind of assumption could serve as sufficient grounds for choosing
one derivation over another? One may also ask the question outright: why derive the
Born rule? What can be gleaned from a derivation?

Hartle (2021) has made the case that one should value derivations of the Born mea-
sure to the extent that they tell us about connections in the theory. They should tell
us what are the main ingredients in our fundamental representation of nature, such
that, in an explication of quantum probability, something is learned which enhances
the generalizability of the theory. This is done when strong mathematical assump-
tions are replaced with weaker assumptions, reduced in number or defined in such a
way that they explicate the meaning of the main ingredients of the theory so they find
a comfortable place in our general conception of reality.
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1.2 Realism

Any theory which attempts to reconcile the tensions between P1-P4 must make
explicit basic assumptions about the source of the observed randomness in physics,
and must explain the observed relative frequencies in terms of these assumptions. It
is moreover important to keep in mind that the theoretical framework of quantum
mechanics arose from the need to interpret the statistical data from experiments on
the interaction of matter and light at atomic lengthscales (Shankar (2012)). Histori-
cally, it was the success of this theory in predicting the relative frequencies of outcomes
in those type of experiments which caused it to replace classical mechanics as a cal-
culational tool. Such considerations, in my view, mean that the quantum theory is
obviously realist, in the sense that there is an external world which it represents in
some non-trivial sense via the ontological postulate P1 (Albert (2013)). The reason
for this particular choice of representation has always been its astonishing empirical
success.

There is, moreover, a fundamental conceptual distinction between the ontology of
a physical system and the epistemic situation of an observer who may or may not be
interacting with that system. Metaphysics deals with generic structural aspects of the
world, for instance whether or not the laws of nature are deterministic. It provides a
picture of reality that grounds the truth of propositions that can be made about it,
in the following sense:

Ontology explains experience - our experiences are instantiations of physical
properties on ontological structure.

Since ontology is a representation of reality which explains our experience, and
experience is the source of our knowledge, ontology explains our knowledge. This is
connected to generalizability of our explanatory framework - an ontology which
predicts individual experiences is a more logically parsimonious theory than one which
lists them. As Berenstain (2020) has argued, the underlying representation itself takes
a ‘bird’s-eye’ view of nature, acknowledging the fact that there are many observers
and describing them equivalently. I characterize the latter position as follows:

Neutral realism - quantum mechanics describes reality in a perspective-neutral
way.

There are many competing realist interpretations which replace the basic picture
of a single vector in Hilbert space evolving unitarily.

Some of them modify P1 so that the ontology of the theory contains fundamen-
tal entities besides the wavefunction. This is the route taken by the mechanics of
deBroglie-Bohm (dBB) Bohm (1952), which treats the wavefunction as a field on
high-dimensional space ‘guiding’ the emergent three-dimensional structure of everyday
experience Albert (1996).

Other realist approaches modify the dynamical postulate P2 to explicitly include
a stochastic dynamical element. This is the strategy of physical collapse theories
such as the Ghirardi-Rimini-Weber (GRW) spontaneous collapse theory (Ghirardi
et al. (1986)), the continuous spontaneous localisation theory of Pearle (1989) and the
gravity-induced wavefunction collapse models of Diosi (1987); Penrose (1998). Such
theories involve an explicit metaphysical commitment to indeterminism, as the uni-
tary dynamics of standard quantum theory is replaced by nonlinear dynamics and
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the consequent breakdown of quantum superpositions (Bassi et al. (2013)). However,
both the dBB pilot wave theory and physical collapse theories run into significant,
perhaps insurmountable complications when combined with special relativity (Dürr
et al. (2014); Tumulka (2006)).

1.3 Probability and its observers

In an early discussion of probability in quantum mechanics, Feynman (1951) repeat-
edly emphasized that it was the new calculus of probability which lay at the heart of
quantum physics:

“The new theory asserts that there are experiments for which the exact outcome is fun-
damentally unpredictable, and that in these cases one has to be satisfied with computing
probabilities of various outcomes. But far more fundamental was the discovery that in
nature the laws of combining probabilities were not those of the classical probability theory
of Laplace.”

Reading this, one could be forgiven for viewing the problem of probability in
quantum mechanics as a purely mathematical endeavour, a logic relating “measure-
ments” in abstracto. This is the route taken by the quantum logic program (Pitowsky
(2006)). However there is a huge explanatory gap in theories which use this program
to claim resolution of the measurement problem. Firstly, it suffers from an absence of
truthmakers - external physical structures which explain experience (Huber (2023)).

Secondly, measurements are physical processes, describing sequences of events
which involve transfer of charge, energy and matter between spacetime regions. It
is this material arena that we wish to describe and which ultimately grounds the
quantum theory. Feynman (1951) goes on to make precisely this point:

“We and our measuring instruments are part of Nature and so are in principle described
by an amplitude function satisfying a deterministic equation. Why can I only predict the
probability that a given experiment will lead to a definite result? From whence does the
uncertainty arise?”

Clearly, the Copenhagen orthodoxy was not acceptable to Feynman, who seems
here to require from physics something beyond mere rules of prediction - he is indicat-
ing the possibility of a unified framework that explained the experience of randomness
in an experiment on the basis of a deeper deterministic theory.

It is also clear that, for Feynman, the system-observer separation was not consistent
with a basic realist stance on the content of the theory. As he then goes on to say
(Feynman (1951)):

”The usual separation of observer and observed which is now needed in analyzing mea-
surements in quantum mechanics should not really be necessary, or at least should be even
more thoroughly analyzed.”

The simultaneous treatment of observer and observed is required to formulate
quantum cosmology - a bird’s-eye representation of the universe which can be gen-
eralized to include the outcomes of experiments conducted at all times and spatial
locations (Berenstain (2020)). Attaining this representation is the proper object of
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unification in theoretical physics. Indeed, a bird’s-eye point of view seems to me a nec-
essary prerequisite for any interpretation of quantum mechanics which hopes to survive
unification with general relativity. If there is an indexical element to certain observa-
tions depending on local aspects of a measurement, then this must also be included
in the theory, as well as the rules for translating between different localized points of
view. The broader framework includes them all, and explains them in terms of a plau-
sible interpretation of the laws. In the context of quantum mechanics, Saunders (1993)
and Wallace (2002) contend that this should look like a theory which moves from the
foundational postulates P1-P3 (which are concerned with the bird’s-eye view) and
predict the local experience of observers from them, much like one can use Minkowski
spacetime structure and the Lorentz transformations to predict observations made in
a single foliation of spacetime. There is moreover a logical virtue in theoretical parsi-
mony - the less independent mathematical statements required to reconcile different
theories, the less the number of propositions a unified theory has to be consistent with.

1.4 The MWI

Such considerations lead Everett (1957) to take the view that any observer O who is
physically connected to the system S being measured obeys the same physical laws as
S and therefore O does not possess a nomologically privileged perspective on reality.
O is a lump of physical material interacting with the physical matter in S, and many
different O’s may be having similar experiences. The combined state of system plus
observer is represented by a vector in Hilbert space in accordance with P1 and P3,
and evolved unitarily in accordance with P2, where the observer-system interaction
is included in the Hamiltonian of Eq. (1). The combined state of all subsystems in
the universe is called the universal wavefunction |ΨU ⟩ (Everett (1957, 1973)) - it is
the only object needed to model reality in the theory. Therefore the logical parsimony
of Everett’s formulation is accompanied by a certain parsimony of ontology, which I
henceforth refer to as wavefunction monism (Vaidman (2016); Calosi (2018)).

Without P4, the quantum theory has the same meta-logical structure of classi-
cal mechanics: there is one postulate stating what there is, and another stating how
it changes. It changes unitarily, and there is no non-linear collapse process in the
theory. Thus, Vaidman (2014) argues, determinism is restored to physics. However,
the presence of an interaction term in the Hamiltonian during measurement implies
that the combined S +O state branches into an entangled superposition of wavevec-
tors, each of which describes a distinct physical situation for both the observer and
the system they observe. The interpretative step taken by Everett at this point was
to simply accept what the mathematics is telling us at face value: there are many
versions of the observer which exist on parallel branches of reality (Everett (1957)).
These branches are sometimes called ‘worlds’ - despite disagreement in the literature
about what exactly constitutes a world (Wilson (2012, 2013); Cunningham (2014);
Marchildon (2015)), this formal branching into a superposition of distinct macroscopic
states provides the basic logic underlying the many worlds interpretation (MWI) of
quantum mechanics (Vaidman (2021)).

We can cash out wavefunction monism in two directions:
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Complete neutral realism - every pattern in nature can be mapped to a
structure in the wavefunction in a perspective-neutral way.

The assumption of complete neutral realism is nothing less than the assump-
tion that quantum mechanics is a general framework for the description of nature.
It is impossible, for instance to even begin to start doing quantum cosmology and
constructing theories of quantum gravity without this assumption.

The acceptance of the reality of parallel branches in the wavefunction is not strictly
speaking a consequence of complete neutral realism - one could allow that all enti-
ties in nature are representable in the wavefunction without allowing all structures in
the wavefunction to be representative of reality. The reverse implication must therefore
be specified:

Extensive neutral realism - every structure in the wavefunction can be mapped
to a pattern in nature in a perspective-neutral way.

The type of realism employed in the MWI is the union of complete neutral
realism with extensive neutral realism:

Strong neutral realism - there is a one-to-one mapping between structures in
the wavefunction and patterns in nature which preserves perspective neutrality.

That is to say, discussion of reality or of the wavefunction refers fundamentally
to the same thing. Observers are just parts of reality, and are therefore just parts of
the wavefunction. All moments of time are represented in the wavefunction equiva-
lently, and so therefore are all experiments. In the context of the MWI, wavefunction
monism and strong neutral realism are identical metaphysical theses.

The MWI contains two parts - the core structure of the theory, and a picture
of that structure which makes sense of physical experience (Vaidman (2022)). After
having identified the observer with the observer state, a split in the observer state
implies a split of the observer. This branching process solves the problem of random
collapse - a direct interpretation of unitary evolution without wavepacket reduction
implies a sudden division of the observer into many different ‘centers of subjectivity’
on different branches of the wavefunction distinguished by the different measurement
outcomes (Albert (2010); Wilson (2013)). It also solves the problem of unique out-
comes, effectively by denying that there are unique outcomes - everything which can
occur does occur, but physically distinct occurrences correspond to distinct branches
of the wavefunction. This removes the problem of action at a distance from the theory
- distinct regions of the wavefunction are nonseparable, belonging to a single under-
lying substance - the wavefunction - which grounds the phenomena of our everyday
experience (Miller (2016); Ismael and Schaffer (2020)).

As Saunders (2021b) has pointed out, the MWI must come with an account of
what probabilities are, since it excludes non-unitary evolution from the outset. This
means it must both acknowledge and draw from the centuries-old debate over the
nature of chance. It must also explicate quantum probability in a way that is fit for
the quantum purpose. Two major difficulties emerge for the Everettian account of
probability (Vaidman (2022)):

The incoherence problem
In the MWI, it seems that all outcomes of an experiment occur with probability

1. There does not seem to be a meaning for uncertainty about the future within this
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deterministic framework. However, there is the clear appearance of objective chance
at work in physical systems.

The quantitative problem
This is, as stated above, the problem of justifying or deriving the mathematical

form of the Born probability measure from the structural postulates P1-P3.
There have been many attempts to do this - for a full review of approaches within

different interpretations, see Vaidman (2020). In the context of the MWI, the dominant
argument strategy of recent times stems from the work of Deutsch and Wallace, who
ask us to assign probabilities based on the decisions made by a rational agent in a
quantum universe (Deutsch (1999); Wallace (2012)). Derivations of the Born measure
based on the exploitation of physical symmetries in quantum systems can be found in
Vaidman (2012); McQueen and Vaidman (2019); Short (2023), and an argument from
a different kind of epistemic symmetry is used for the same purpose in Carroll and
Sebens (2014); Sebens and Carroll (2018). More generally, Barrett (2017) makes the
case that in any version of the MWI, one has a ”special obligation” to make explicit
the auxiliary assumptions regarding probabilities, precisely because of the lack of any
probabilistic element within the pure unitary mechanics of wavefunctions.

The MWI is an interpretation which follows a monistic representation of reality by
the wavefunction. The structure of the universal wavefunction is assumed to be in one-
to-one correspondence with the structure of the universe, a bird’s-eye map of reality
which can be brought to bear on the local experience of an observer on a particular
wavefunction branch, explaining their experience. In his emphasis on cosmological
support for wavefunction realism, Everett was followed by DeWitt (1970) and Susskind
(2016), amongst others. However, there are several different versions of wavefunction
realism within the MWI, depending on which essential aspects of reality are included in
the specification of the theory (Chen (2019)). These include formulations which treat
|ΨU ⟩ as an aggregation of decoherent time-extended histories (Saunders et al. (2010);
Saunders (2021b)) and the spacetime state realism of Wallace and Timpson (2010)
which constructs |ΨU ⟩ from connected regions of spacetime. It also includes the novel
reductionist program of Carroll and Singh (2019) which attempts the derivation of
spacetime structure from abstract Hilbert space structure alone. Each of these versions
of the MWI includes a version of the postulates P1-P3. However they all retain the
core characteristics of those postulates and the Everettian picture of nature - realism
about a single highly-structured vector in Hilbert space evolving unitarily.

Because of its logical simplicity, Blackshaw (2023) argues that a direct realist take
on the core quantum theory is generalizable to quantum theories that go beyond
nonrelativistic quantum mechanics - the basic structure of unitary evolution of vectors
in Hilbert space is the basis for the formulation of quantum field theory (QFT). Wallace
has strongly made the point that the MWI is the only viable interpretation of QFT
as practiced by particle physicists and cosmologists currently on the table (Wallace
(2020)).
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1.5 Time in quantum mechanics

One area of investigation in quantum foundations, which is not often mentioned in
discussions of the measurement problem, is the nature of time itself. In textbook for-
mulations of the theory, time enters as a background parameter in postulate P2. This
is in contrast to spatial coordinates, which enter as dynamical variables represented
by Hermitian operators. The incompatibility between the Newtonian concept of time
in quantum mechanics and the dynamical time of general relativity is referred to as
the ‘problem of time’ (Anderson (2012)).

With this in mind, recent years have seen much work devoted to the development
of an alternative treatment of time in quantum mechanics. In particular, several works
(Giovannetti et al. (2015); Maccone and Sacha (2020); Höhn et al. (2021)) develop
a dynamical and relational notion of time, going back to an original suggestion by
Page and Wootters (1983) in which quantum dynamics emerge from the correlations
between spatially distinct subsystems of the universe. This methodology can be charac-
terized as an ‘all-at-once’ approach (Adlam (2022a)), since it starts with the imposition
of global constraints in the form of one (or more) atemporal Wheeler-DeWitt equations
satisfied by the universal wavefunction (DeWitt (1967)).

Another alternative to the standard approach to quantum time is to introduce more
than one temporal degree of freedom. An example of this is seen in the two-state vec-
tor formalism (TSVF) (Aharonov et al. (1964); Aharonov and Vaidman (1991, 2008);
Cohen and Aharonov (2017)), which was generalized to the multiple-time approach
to quantum theory (Vaidman (1987); Aharonov et al. (2009)). The multiple-time
approach has been demonstrated to be equivalent to the process matrix formulation in
Silva et al. (2017), and to other multiple time formalisms in Nowakowski et al. (2018).
It was also recently extended by Aharonov et al. (2014) to the idea of treating each
instant of time as a ‘new universe’. One can also view the treatment of each time point
in a quantum measurement as a label on a distinct subspace of a larger time-extended
system. In the ‘each time a new universe’ (ETNU) philosophy both chronological and
anti-chronological influences propagate along extended ‘bricks’ of time. This idea was
developed further and generalized so that all times are treated equivalently in the
recently-developed fixed point formulation (FPF) of Ridley (2023), which implements
a fully time-symmetric model within an ‘all-at-once’ approach. Within the FPF, the
ETNU idea is implemented at each time and each time orientation on the Keldysh
time contour (Keldysh (1964)). Events in time are modelled as ‘sources’ and ‘sinks’
for regions of the wavefunction in their future and past on this contour. The FPF was
recently shown to resolve some of the causal loop paradoxes which plague dynami-
cal retrocausal models of quantum mechanics, and to resolve conceptual issues with
the TSVF (Ridley and Adlam (2025)). As part of a small (but growing) literature
on retrocausal ‘all-at-once’ models (Wharton (2015); Wharton and Argaman (2020);
Adlam (2022b); Maghsoudi and Taheri Khorramabadi (2024)), the FPF takes a step
in the direction of merging the two alternatives to Newtonian time described above.

The novel structures involved in the FPF and the multiple-time formalism do
not introduce new ontological types, nor do they alter the core unitary structure of
quantum dynamics - they just apply the composition postulate P3 directly to the
times involved in a quantum measurement. They provide promising new avenues for
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arguments relating the structure of the core ontology of quantum theory to quantum
probability.

1.6 Overview of this work

This paper provides an overview of the puzzle of quantum probability in the MWI, and
proposes a novel solution to it. Section 2 discusses the inherent conceptual problems
with the concept of probability itself, with particular focus on equivocation norms.
Borrowing from traditional concepts of physical probability, I argue that a particular
type of equivocation is suitable for the assignment of quantum probabilities. In Section
3, I provide an overview of proposed solutions to the incoherence problem, and argue
that the concept of overlapping worlds within the consistent histories approach supplies
the most useful solution to this problem. I also summarize and evaluate the most
successful attempts to resolve the quantitative problem to date. In Section 4, I argue
that it is possible to ground a rule with the same operational content as P4 in terms
of a time-symmetric framework which is operationally equivalent to P1-P3, even if
P4 in the form stated is not included as a postulate in the theory. That is to say,
the predictive content of quantum mechanics is all present in an objective physical
structure - the universal wavefunction - and the wavefunction contains structures over
which we should directly distribute our degrees of belief.

2 What is probability?

In discussions of probability in the MWI, it is often presumed that the notion of
probability itself is uncontroversial, and has somehow been sorted out by philosophers
and mathematicians. But, as Papineau (2010) emphasizes, there are real problems
in the foundations of probability which make no reference to quantum mechanics.
These problems often infiltrate and undermine discussions of probability in quantum
mechanics. So before discussing solutions to the problems with probability in the MWI,
it is useful to clarify which notion of probability is fit for this purpose.

2.1 The epistemic/physical distinction

The ontology of probability comes in one of two kinds: in epistemic theories, proba-
bilities are subjective degrees of belief, whereas in physical theories probabilities are
conceived as objective chances (Carnap (1945); Hacking (2006)).

In the epistemic case, the ontology of probabilities is strictly mind-dependent, and
so the concept of the probability of a proposition is often cashed out in terms of the
betting odds that an agent would be willing to accept in a fair bet on the truth of that
proposition (Ramsey (1926)). Rules which make numerical assignments of epistemic
probabilities are normative in nature - they prescribe the degrees of belief that a
rational agent ought to have about some proposition. This is the basic position of the
various Bayesian interpretations of probability, which then go on to disagree heavily
about which rules for assigning degrees of belief are rationally required (Williamson
(2010); Eagle (2010)).
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In the case of physical objective chances, the theory of probability is descriptive in
nature, referring to facts about the structure of the world. Physical theories of proba-
bility include various frequentist interpretations going back to von Mises (1939), which
identify relative frequencies accumulated over sequences of measurements with the
objective chances. They also include the idea of probability as a physical ‘propensity’
or intrinsic chancy disposition of the world (Popper (1959); Giere (1973)). In propen-
sity theories, frequencies may be used to confirm an assignment of objective chance,
but they cannot be identified with it. Instead, the chances are conceived in opposition
to determinism, as unavoidably random features of reality.

In order to make good predictions about quantum systems, we therefore need rules
connecting epistemic and physical states, i.e. which must identify facts about the state
of the world that inform the assignment of rational degrees of belief. Following the
terminology of Strevens (1999), I refer to such rules as coordination principles. One
famous example of a coordination principle is the Principal Principle of Lewis (1980):

Principal Principle - degrees of belief of a rational agent should be set equal to
the objective chances.

According to Lewis, the chance is a function of time, and has no dependence upon
the language or evidence of any agent. The existence of the objective chance function
is a metaphysical thesis which accounts for the rationality of any action, expressed
in terms of rationally assigned betting rates. This is an attractive thesis compared to
other physical theories of probability. For instance, frequentists provide no incentive
to the gambler who wishes to maximize his pay-off in the short-term. Rather, betting
in accordance with objective chance in the long-run is a special application of the
principle that one should always bet in accordance with the objective chance.

2.2 Equivocation norms

It is common practice, especially amongst quantum information theorists, to take the
above as a complete summary of the substantial differences in the meaning of proba-
bility. The duality between subjective and objective probabilities has lead directly to
the ‘Janus-faced’ ontology of the wavefunction discussed by modern no-go theorems
(Pusey et al. (2012); Colbeck and Renner (2012); Leifer (2014)), which posit an under-
lying physical ‘ontic state’ λ uniquely determining the wavefunction. The quantum
theory is then called ψ-ontic if the wavefunction can be shown to uniquely determine
the ontic state, and ψ-epistemic if distinct quantum states are compatible with the
same ontic state (Spekkens (2007); Harrigan and Spekkens (2010)). The conceptual
debt of this approach to the distinction between epistemic and physical probabilities
in the philosophy of probability is clear.

But the real roots of the modern theory of probability lie in the classical theory,
developed in the years 1650-1800 by the likes of Cardano, Pascal, Bernouilli, Leibniz,
and culminating in the work of Laplace, whose probability theory Feynman was refer-
ring to in contradistinction to quantum probabilities (Hacking (2006)). In the papers
published by these early modern thinkers there is a recurring tendency to associate
probability with notions of weighted possibility. Hacking (1971) points out that the
concept of possibility used in these theories also had a dualistic character - it some-
times referred to an epistemic notion, at other times to possibility as the ‘ease’ with
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which physical states came into being. Yet the distinction between these different types
of possibility is usually forgotten and the classical theory is characterized purely in
terms of the following rule, due to de Laplace (1812):

Principle of Indifference - assign all possibilities an equal degree of belief when
one has insufficient reason to do otherwise.

This is an example of an equivocation norm - it tells a rational agent to equivocate
their degrees of belief across a set of possible, but in some sense equally realizable
outcomes in an experiment (Williamson (2010)). It can be motivated by a type of
epistemic conservatism: one should not privilege any possibility over any other unless
one has evidence to the contrary - spreading out your degrees of belief symmetrically
automatically eliminates unjustified bias.

However, there is a huge difference between assigning equal degrees of possibility
on the basis of ignorance, and choosing your equipossible outcomes on the basis of
positive information about a physical symmetry intrinsic to a system whose outcomes
are unpredictable. In the latter case, there is much more going on than counting and
combinatorics. A tossed die is a complex physical system which can land in one of a set
of six physically equivalent macroscopic states. These states are physically equivalent
because the set of individual outcomes corresponding to a small continuous range of
initial conditions will contain each of the six sides face-up an equal number of times.
This set of circumstances was called microconstancy by Strevens (1999).

For the purposes of this work, I merely note that in a physical system, ‘equal
possibilities’ are directly explained by physical symmetries. They are explained by
facts about the world, not facts about our ignorance, and it is only when one possesses
such relevant facts about a physical system that one can equivocate over its possible
states. Moreover, when such facts are available, we can replace the principle of
indifference with a more empirically-based coordination principle:

Principle of calibrated indifference - assign equivocal degrees of belief over
the physical possibilities in a dynamical system when the system contains a relevant
structural symmetry with respect to these possibilities.

Setting aside for now, exactly what structural symmetries are ‘relevant’, this type
of coordination principle is quite different in nature to the Principal Principle. Whereas
the latter seems to involve a metaphysical commitment to objective chance, there is
no such commitment here. There is instead a commitment to distributing degrees of
belief in accordance with the symmetries of the underlying physical system, which
are present regardless of whether or not the system is observed. On this account, we
should commit to the following type of inference:

Physical Structure −→ Rational Degrees of Belief (3)

By ‘Physical Structure’, I refer to lawlike structural types which find a comfortable
place in the ontology of our physical theories, not to instances of structure in the
spatiotemporal organization of material objects. The inference (3) is the fundamental
implication which underlies any statistical scientific model, bar none. We should be
suspicious of probability assignments, especially those invoked in physics, which reverse
the direction of this implication.
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The source of an observer’s uncertainty may simply lie in a combination of extreme
initial condition sensitivity and uncontrollable initial conditions, as in the case of a
classical coin toss (Strevens (1999)). For instance, objective probabilities in the dBB
theory are attributed to uncertainty in the initial conditions of the system, and are
therefore much closer in character to the microconstant view of classical statistical
mechanics, as measures placed over trajectories corresponding to different initial con-
ditions. In collapse-based interpretations of quantum mechanics, there appears to be
a distinctly quantum type of objective chance, in which complete control of a system
does not yield predictivity of a single-outcome measurement (Brown and Ben Porath
(2020)). I discuss the type of probabilities which can appear in the MWI in the next
section, but for now simply note that they cannot be the objective chances of physical
collapse theories or the initial-condition uncertainties imposed by dBB.

It is sometimes argued that the implication from structure to degrees of belief
ought to be augmented by an additional calibration norm. This is the position of
Objective Bayesianism, which argues that, even if physical structure underdetermines
the rational degrees of belief, i.e. if a randomization process is not sufficient to justify
a unique probability assignment, then we should be maximally equivocal over the pos-
sibilities (Williamson (2010)). This is formalized in the Maximum Entropy Principle
(MEP), which instructs rational agents to assign those probabilities to a set of pos-
sibilities which maximize the Shannon entropy, subject to constraints. This approach
to probability assignment was championed by Jaynes (1957), who argued that it
sufficed for an explanation of the probabilities in statistical mechanics. However, equiv-
ocation without knowledge of the relevant physical symmetries can be a dangerous
business. Indeed, there exists an entire class of ‘Bertrand-style’ paradoxes (Bertrand
(1907)) in which applications of the uniform Lebesgue measure imply assignments of
different probabilities to the same regions of an outcome space when the outcome
space is re-parameterized. Jaynes devised extensions of the MEP which imposed fur-
ther symmetry conditions on the probability measure (Jaynes (1973)) to tackle the
Bertrand-style paradoxes. But he turned out to be ultimately unsuccessful in assign-
ing a unique measure with this strategy in all cases - see (Van Fraassen (1989)) for a
full account. Thus it seems one should avoid, as van Fraassen puts it,

”the siren melody of empirical probabilities determined a priori on the basis of pure
symmetry considerations”

Instead, an observer should practice indifference only if it is calibrated by the fun-
damental physical structure they are carrying out observations with respect to. Recent
work on Maximum Entropy approaches to Bertrand-style paradoxes emphasizes that
the accurate implementation of physical constraints is the missing ingredient for the
completion of the Objective Bayesian program (Parker and Jeynes (2023)). On this
account, rational observers should choose to distribute their beliefs with respect to
physical aspects of a system which are equally possible for that observer, in the sense
that the observer does not know in which part of the system they (or their mea-
surement apparatus) are located. These possibilities could be construed to make up
the total region of reality which is consistent with the experience of the observer, in
the sense of being outcomes that their best physical theory allows them to consis-
tently reach from their present state. If this is the source of their uncertainty, then
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the quantity to distribute our beliefs over, or to normalize probability assignments by,
is surely the total region of accessible reality itself, where ‘accessibility’ here refers to
consistency with any physical constraints imposed on that region. Within the MWI,
in accordance with wavefunction monism, reality is represented by |ΨU ⟩ directly.
We can envisage cutting reality up into equally-sized pieces, or units of wavefunc-
tion. Different branches of the universal wavefunction may contain more or less of this
basic substance. Reality has different-sized parts; all branches occur, but some occur
more than others. Thus, the principle of calibrated indifference in this context is
indifference with respect to units of wavefunction. We further refine this principle
in the next Section with a view to producing an operational concept of probability in
the many worlds setting.

3 What is probability in many worlds?

In the Introduction, as in most discussions of probability in many worlds approaches
to quantum mechanics, two major problems were posed: the incoherence problem
and the quantitative problem. In this section I discuss solutions to both.

There is a broad division between two kinds of Everettian strategies for answering
the latter question:

Probability-first - the concept of probability directs us to modify the formal
rules of quantum mechanics, and add whatever structure is needed to account for the
needs of the best theory of probability.

Structure-first - the core theory is all contained in the ontological and dynamical
postulates and these imply the structure which calibrates degrees of belief.

In other words, we can either assume some notion of probability and try to extract
the Born rule from this notion by applying a criterion for rational degrees of belief
in the quantum context, or we can take the quantum theory as primitive and locate
structures described by the Born measure within that theory.

On the probability-first approach, the Born rule is an explication of some pre-
theoretical notion of probability which is imposed from outside the core theory. This
has both formal and ontological implications for quantum mechanics - for instance, if
you are a propensity theorist then you may look for some concept of real objective
chance, or something which can ‘play the role’ of chances in the MWI (Saunders et al.
(2010); Papineau (2010)).

In structure-first approaches, the Born rule is not an explication of probability,
but an explication of that part of the core quantum theory which looks like the Born
rule. That is to say, structures with the form of Eq. (2) have a definite place in
the ontology of the theory, which is wavefunction-based, and are explicated in the
theoretical terminology of the core theory. If the core theory does not contain some
structure which is the Born measure, one might decide to simply add the Born measure
by hand, under some reasonable interpretation of its meaning (Vaidman (2020)). But
we should also reserve the option to modify the core theory so that this structure
appears automatically in descriptions of measurement processes. If, moreover, this
can be done without modifying the character of the core theory, so that it is still a
theory about states in Hilbert space evolving unitarily, one might start to trust the
new formulation.
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3.1 The incoherence problem

3.1.1 Stochastic illusions

The MWI is a deterministic interpretation of quantum theory, and therefore it rules
out objective physical chances resulting from random dynamics. However, observers in
a quantum measurement may still have uncertainty about the future - somebody who
carries out a photon detection experiment does not know where a given photon will
land, although it will land somewhere. The problem of reconciling uncertainty about
the future with deterministic unitary dynamics of the universal wavefunction is the
incoherence problem, and it has been viewed as a particularly pernicious problem
for the MWI (Dawid and Thébault (2015); Barrett (2017)).

The incoherence problem is not just the problem of accounting for probability
within a deterministic theory. Given an initial condition distribution, the dBB the-
ory is also deterministic with respect to time evolution, although the initial state of
the system represents an epistemic constraint. In the MWI, there is no uncertainty
in initial conditions or in the subsequent dynamics of the system, so it is very dif-
ficult to account for any recognizable notion of probability. It is in this sense that
probability itself was called an ‘illusion’ by Vaidman in the context of the MWI -
there is no account of physical probability available that can be directly imported
from other branches of science to describe the probabilities of worlds in |ΨU ⟩ (Vaid-
man (1998, 2021, 2012); Groisman et al. (2013); Vaidman (2014, 2020, 2022)). The
quantum state is completely determined at all times in the past, present and future.
Therefore, Vaidman’s idea can actually be separated into two illusions:

1. The illusion of uncertain preparation - there is static indeterminism in the
specification of the wavefunction at any time.

2. The illusion of chance - there can be dynamical indeterminism in the temporal
evolution of the wavefunction.

In other words, since neither static nor dynamical indeterminism is present in the
postulates P1-P3, they cannot explain probability in quantum mechanics. The dBB
theory falls victim to the illusion of uncertain preparation and physical collapse
theories fall victim to the illusion of chance. In what follows, I attempt to rescue
a concept of probability in the MWI which bears ancestral similarity to the classical
approach.

3.1.2 Self-locating uncertainty

As Wilson (2013) has pointed out, the incoherence problem rests on a ‘one model one
world’ assumption: truth about the future of the world must refer to all branches of
the wavefunction taken together. But this is not so - a proposition can be indexical
- true in one world, or one set of world-branches, but not in the global collection of
branches making up the complete wavefunction. Actuality itself, for branch-limited
observers, is indexical - a proposition such as ‘this world is one of many’ can only be
true when truth is ‘centered’ on a specific branch of the wavefunction, i.e. its truth
depends on the location at which it is asserted (Wilhelm (2021, 2022, 2023)). Such self-
locating propositions have the peculiar quality of being true by virtue of the centered
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nature of the proposition, but they also require that the referent of the proposition
is objectively situated within a larger structure. So the truth value of the proposition
depends upon where it is uttered, but also upon objective structural facts relating all
such locations on a map of reality.

It is possible to possess self-locating uncertainty - uncertainty about the truth
of a self-locating proposition in which the source of uncertainty is the self-location
itself. Several authors have claimed that it is uncertainty with respect to a ‘center’
at which the proposition is true which can provide the source of uncertainty in the
MWI (Vaidman (1998, 2014); Wilson (2012, 2013); Saunders et al. (2010); Sebens and
Carroll (2018); McQueen and Vaidman (2019)). This type of probability is epistemic
but objectively grounded - it derives from a lack of knowledge regarding location
within the real objective branching structure of the wavefunction.

More formally, if observer O assigns finite self-locating probability Pr (P ) to some
property P , then there is at least one world in the wavefunction in which P is
instantiated and O is uncertain whether or not they exist in some such world.

The truth of propositions (and therefore the accuracy of self-locating uncertainties)
may also be time-indexical (Builes (2020)). The relativization of truth to time, and
the possibility of distinct epistemic centers located at different times, supplies an
important case of self-locating uncertainty. Answers to problems involving this type
of self-locating uncertainty usually hinge on acceptance of an indexical version of the
principal of indifference due to Lewis (2001):

Center indifference - given an uncentered possible state of affairs containing
some number of epistemic centers, rational degrees of belief are distributed evenly
across those centers.

In the case of temporal self-locating uncertainty, the enumeration of epistemic cen-
ters is tightly connected to the metaphysics of time itself (Builes (2019)). Specifically,
on a presentist conception of time, the uncentered ‘stage’ consists in three-
dimensional space at a single instant - it is impossible to apply center indifference
with respect to time on this view, although other types of self-locating uncertainty
are possible. On an eternalist view of time, all times in the past, present and
future are equally real and epistemic centers can be distributed anywhere in the four-
dimensional space-time manifold. The latter picture is standard amongst cosmologists,
and so Everettian worlds are sometimes replaced by talk of spacetime world-tubes,
or branches of |ΨU ⟩ which are extended in time (Wallace (2002)). We also note here
the existence of theoretical (Taylor et al. (2004); Adlam (2018)) and experimental
(Megidish et al. (2013); Cotler et al. (2017)) work demonstrating the feasibility of
entanglement in time, whereby it is demonstrated that particles which have no tem-
poral coexistence share non-classical interdependence. Thus, I come down firmly on
the side of eternalism.

If it is to represent all of reality, and if we subscribe to the eternalist viewpoint
such that reality includes all times, then the universal wavefunction must represent
all times, and is therefore a time-extended object. To consider |ΨU ⟩ in its entirety
requires us to move to an atemporal, block universe picture of reality (Stoica (2021)).
Probabilities must therefore be defined over time-extended regions of the wavefunc-
tion, which we can think of as broken down into very small time-extended units of
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wavefunction serving as the epistemic centers described above. The principle of
calibrated indifference that was developed at the end of Section 2.2 is therefore
upgraded to center indifference with respect to units of wavefunction.

3.1.3 Overlapping vs divergent worlds

We now come to the peculiar time-dependent process of branching. Fig. 1 (a) represents
the wavefunction prepared in state |ψ⟩ at t1 which splits into two worlds described by
the states |a⟩ and |b⟩ before being measured at time t2. Both worlds form parts of a
single branching wavefunction. For an observer part of the initial state, Oψ, whose part
of the wavefunction also experiences this splitting process, a very unusual metaphysical
scenario arises. For they seem to be located, more or less unaltered, in every branch!
So how can it make sense to talk about their uncertainty of self-location? They seem
to have temporal parts on the single pre-branching ‘trunk’ of the wavefunction and on
each of the post-branching descendant worlds. Moreover, if we try to relativize identity
to branches, obtaining two post-branching observers Oa, Ob, it appears that these
two individuals share the temporal part Oψ prior to the branching. They are called
overlapping persons - identities which at certain times are numerically identical with
one another, and which have identical memories of those times when they overlap.
Such ‘transworld identities’ make it very difficult to maintain ordinary beliefs about
the future - it is hard to account for our everyday single-world experience if we are
continually undergoing splitting in this sense.

One response to the problem of future beliefs is to restrict situations of genuine
self-locating uncertainty to post-measurement pre-observation uncertainty. This is the
position advocated by Vaidman, who argues that the splitting of the universe is a
physical event that fundamentally alters the epistemic situation for an observer in the
universe (Vaidman (2012)). On Vaidman’s account, assignments of self-locating uncer-
tainty can only be made at certain times - a rational agent should have no uncertainty
about the future, but if they know that other branches exist parallel to their own
branch now, they may have epistemic uncertainty regarding which branch they are in.
In this sense, assignments of rational degrees of belief are inherently tied to the objec-
tive branching structure of |ΨU ⟩. The illusion of chance comes about by a physical
process in which new ‘centers of subjectivity’, all with identical memories of the past,
come into existence every time there is a genuine branching in the wavefunction (Albert
(2010); Vaidman (2012); Groisman et al. (2013); Vaidman (2014)). The real source of
uncertainty lies in the multiplicity of observers post-measurement, which did not exist
prior to the measurement being carried out. This is a case of branch-indexicalism cou-
pled to time-indexicalism with regard to identity. The two post-branching observers
Oa and Ob in Fig. 1 (a) are numerically distinct from Oψ, but share enough properties
over time to function as the same observer in each world-branch.

This notion of pre-observation post-measurement self-locating uncertainty was crit-
icized as coming ‘too late in the game’ by Albert (2010). Even if identity is in some
sense intrinsically time-indexical, the actual experience of an observer is that of conti-
nuity between their pre- and post-measurement selves. Moreover, there is a practical
objection - probabilities in quantum mechanics are indeed used to predict the future -
it is natural to be uncertain about what will be observed in a single-case experiment.
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(a) Overlapping worlds with new observers Oa
and Ob coming into existence after branching.

(b) Diverging worlds with world-indexed time-
extended observers having temporal parts Oψ
at t1 and Oa at t2 on the upper branch, and
Oψ at t1 and Oa at t2 on the lower branch.

Fig. 1

Perhaps most problematically on this account, a large burden is placed on the
sudden emergence of new personal identities when a branching process occurs (Cun-
ningham (2014); Marchildon (2015)). If the probabilities of quantum mechanics depend
upon the existence of entities like this, and can only be expressed from the perspective
of such entities, then the MWI veers dangerously close to a subjectivist privileged per-
spective account of statistical prediction, which is precisely the kind of account that
it was constructed to avoid. On this understanding, it becomes very difficult to avoid
the conclusion of Albert (2010):

“those uncertainties have nothing whatever to do with objective metaphysical features of
the world”.

In the parlance of Section 2.2, it becomes much more difficult to identify the
objective physical structure which grounds rational belief assignment, and therefore
much more difficult to uphold the implication in Eq. (3). If it is maintained on this
picture that the new epistemic centers which appear during the measurement are
metaphysically primitive, then we find ourselves in the strange situation whereby an
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agent can freely choose to split the world (and themselves) into numerically distinct,
but similar entities, such that the time they choose to do the measurement becomes
ontologically significant for the entire universe. For such an agent, this seems like a
privileged point of view indeed!

Fortunately, Lewis (1976) identified an alternative notion of branching identity
which makes more sense of ordinary belief assignments about the future. Instead of a
single branching process, we can understand the process in Fig. 1 (a) as a set of two
processes occurring in parallel in mutually exclusive worlds, as illustrated in Fig. 1 (b).
In this case the identity of the observers Oa, Ob, is said to be diverging - they may have
been indistinguishable prior to the measurement, but they were numerically distinct.
If they possess identical physical properties at times prior to the measurement time,
this means that instantiations of those properties are of identical type, not identical
tokens of the same type of property - all their properties were identical except for that
of branch location (Wilson (2012)).

The formalism of quantum mechanics itself does not distinguish between the
diverging and overlapping pictures, although the diverging picture is closer in spirit
to approaches such as the path integral formalism or the consistent histories approach
(discussed in Section 3.1.4). But recent years have seen authors such as Wallace, Saun-
ders and Wilson all come down on the side of the divergence model on the basis of
purely metaphysical considerations (Saunders and Wallace (2008); Wallace (2012);
Wilson (2013)).

First of all, it is easy to see how divergence makes sense of our ordinary beliefs
about the future. In Fig. 1 (b) it is illustrated how each observer is always located in a
single world on a single time-extended branch of the wavefunction. They have genuine
uncertainty about what they will observe (and which observer they are), and so when
they perform the measurement they record one of the outcomes |a⟩, |b⟩ which resolves
their self-locating uncertainty. Hedden (2015) has argued that any involvement of a
theory of personal identity over time in an account of truth-assignments is problematic
- in the many worlds framework, assignments of self-locating probability by an observer
in one of the worlds seem to rely on that observer surviving the measurement itself. But
why should the predictions of quantum mechanics have anything to do with personal
identity whatsoever? Why does an electron care about my survival? The answer, of
course, is that it does not. Lewis (2007) strongly makes this point in his discussion
of the branching process - the deep structure of nature does not distinguish between
accounts of personal identity over time. An account of personal identity, no matter how
conceptually satisfying, has no bearing on the deeper mechanics which should explain
a fundamental physical probabilistic law. The Born rule is just this kind of law.

I therefore follow Saunders and Wallace (2008), and shift the source of self-locating
uncertainty, the loci of our epistemic centers, from observers in worlds to worlds them-
selves, which are just regions of the wavefunction. On this understanding, it is the
real physical structure of many parallel diverging world-tubes, which may be indis-
tinguishable at certain times, which justifies the pre-measurement uncertainty of an
observer.
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In addition, the diverging worlds picture contains no intrinsic metaphysical
difference between past and future - worlds are not created at the whim of an exper-
imentalist, and observers within each parallel world exist in an intuitive single-world
manner, from cradle-to-grave (Deutsch (1985)). That they can do so also depends
on the emergence of quasiclassical world branches which admit stable orthogonal
macrosopic states over time. Wallace (2012) has argued extensively for the emergence
of such structures via decoherence as an automatic outcome of the axioms of quantum
mechanics. Moreover, recent numerical work by Strasberg et al. (2024) confirms the
picture of classical worlds emerging from the quantum state for a large class of model
Hamiltonians.

We now consider the observer in the branching structure of Fig. 1. This observer is a
macroscopic object living in a world governed, for all practical purposes, by the familiar
laws of classical mechanics, chemistry and biology. The structures which this observer
finds useful are emergent from the underlying microscopic physics, enabling them
to understand their experience with the minimum number of coarse-grained degrees
of freedom. These structures are objective consequences of the underlying physics -
they typically arise from the spatial locality of particle interactions and the rapid
destruction of interference between macroscopic degrees of freedom via decoherence
(Riedel et al. (2016); Strasberg and Schindler (2023)). The objects of experience may
therefore be instantiated in the wavefunction as trajectories through an appropriately
coarse-grained property space, indexed by time.

3.1.4 Decoherent histories

Trajectories through property space is precisely the picture described by the deco-
herent histories formulation of quantum theory (Gell-Mann and Hartle (1993, 1994,
1996); Saunders (1995)), which offers a natural extension of the MWI to entire tem-
poral regions (Wallace (2012)). In this formulation, the ‘observer’ as distinct from the
system is not required. What is required is a collection of sequences of physical proper-
ties, or histories, which are mutually exclusive and run parallel to each other in time.
Observers located in different histories tell different stories about the physical prop-
erties of their world - there are times at which they do not agree on the value of all
physical observables. To be precise, in the consistent histories formulation of quantum
mechanics, single time quantum states are replaced with sequences of states

α ≡ [αN , . . . , α1] (4)

where αi denotes a configuration of the system at time ti in some coarse-grained,
time-localized Hilbert space Hti , and there is some time ordering t0 < . . . < tN . Given
the initial preparation in state |ψ1⟩ at time t1, the probability to measure α2 at the
subsequent time t2 is given by the Born rule

p (α2 (t2) ;ψ1 (t1)) = |⟨α2|U (t2, t1) |ψ1⟩|2 (5)

where we introduce the unitary time propagator implied by the time-dependent
Schrödinger equation in Eq. (1), with chronological time-ordering imposed by the
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operator T̂:

U (tb, ta) = T̂

[
exp

[
− i

ℏ

∫ tb

ta

dτĤ (τ)

]]
(6)

the propagator provides a mapping between local-time Hilbert spaces, U (tb, ta) :
Hta → Htb spanned by the appropriate coarse-grained bases.

The expression (5) can also be written in terms of a projection onto α2 in the
Heisenberg representation

Pαk
(t1) = U† (tk, t0) |αk⟩ ⟨αk|U (tk, t0) , (7)

with initial density operator ρ1 = |ψ1⟩ ⟨ψ1|:

p (α2 (t2) ;ψ1 (t1)) = Tr[Pα2
(t2) ρ1Pα2

(t2)] (8)

This can be generalized so that the history sequence in Eq. (8) is represented as an
ordered sequence of projections, giving the probability of a history:

p (α;ψ1 (t1)) = Tr[PαN
(tN ) . . . Pα2

(t2) ρ1Pα2
(t2) . . . PαN

(tN )] (9)

It is common to re-express this in terms of the so-called history operator:

Cα ≡ [PαN
(tN ) , . . . , Pα2

(t2)] (10)

with respect to which ‘record states’ are defined (Gell-Mann and Hartle (1993); Wal-
lace (2012)), providing a wavefunction-based representation of the histories of entire
wavefunction branches

|α⟩ ≡ Cα |ψ1⟩ (11)

and the probabilistic weights of histories are reformulated in terms of the decoherence
functional:

p (α;ψ1 (t1)) = D (α, α) ≡ ⟨ψ1|C†
αCα |ψ1⟩ (12)

The record states in Eq. (11) exist in a tensor product history space of N time-local
Hilbert spaces, each of which is a copy of the physical Hilbert space (Isham and Linden
(1995))

HH ≡ HtN ⊗ . . .⊗Ht1 (13)

i.e. the composition postulate P3 is applied to instants of time themselves. HH is said
to be a decoherent history space iff for all α, β ∈ HH D (α, β) = 0 iff α ̸= β, the
condition for decoherence between any pair of histories in the space (Wallace (2012);
Riedel et al. (2016)). Each decoherent history in the space evolves in parallel with
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every other, establishing the simultaneous existence of non-overlapping quasi-classical
branches. The universal wavefunction |ΨU ⟩ is then some linear combination of the |α⟩;
a time-extended object.

The objective existence of each history, on a bird’s-eye view of the wavefunction, is
sufficient grounds for making an assignment of self-locating uncertainty for an observer
localized to one history (Wallace (2012)). A macroscopic individual can commit to
the proposition that they are in one trajectory, because they exist at many points in
time but cannot possess mutually exclusive values of their physical properties at the
same time. This is not a hidden variables theory - the observer cannot predict the
outcome of a measurement in the future of their branch. However, their branch future
is determinate in the sense that, on an atemporal, bird’s-eye view of the universal
wavefunction, it is fixed in place. In this sense, it has the same metaphysical status as
their past and so the consistent histories framework fits naturally into the eternalist
view of spacetime as a four-dimensional manifold. Indeed, if unification is the ultimate
goal, it must.

In the strict interpretation implied by wavefunction monism, the multiple-time
structure |ΨU ⟩ is identified with a branching universe. An observer located in a single
branch can extract all the features of their experience from it. The macroscopic objects
of their experience are patterns which supervene on this structure, and their stability
in time derives from the stability of this structure in time. So one should look to this
structure for an explanation of the probability measure defined over a history. In his
discussion of emergent branching structures, Wallace (2010a) appears to make this
connection:

“The existence of this branching is a robust (albeit emergent) feature of reality; so
is the mod-square amplitude for any macroscopically described history.”

Given this notion of emergent mod-square amplitudes, one could be forgiven for
expecting such structures to require no further formal support or argumentation.
Indeed, if we accept wavefunction monism, then any ‘feature of reality’ is just a
feature of the wavefunction: it must be visible in a bird’s-eye map of the universe, and
therefore in each multiple-time history state. So it is fair to ask the question: which
emergent structure of the wavefunction is the mod-square amplitude? As Lewis (2009)
correctly points out, there is no such structure, emergent or otherwise, in the standard
MWI.

If such structure cannot be seen directly in our formalism it may be that the mathe-
matical formalism is lacking some structural and which therefore must be incorporated
into the structural postulates of quantum theory from the outset. This strategy is logi-
cally minimal, physically maximal - it grounds the mathematical theory of probability
in physical ontology (Ridley (2023)).

3.2 The quantitative problem

There have been many different attempted solutions to the quantitative problem of
probability in the MWI. In his original paper, Everett thought that the Born probabil-
ity measure could be attached to branches in a straightforward way via some additional
constraints on probabilities (Everett (1957)). However, upon closer inspection, these
constraints prove to be rather strong axioms which it is impossible to motivate from
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the quantum theory alone. They include, for instance, the requirement that the prob-
ability measure be a unique function of the modulus of the wavefunction, a condition
which has no counterpart in classical probability theory.

Since Everett, there have been several attempts to derive the Born measure as
a probabilistic measure over worlds. They typically involve the proposal of rational-
ity constraints on degrees of belief in a universe described by the postulates P1-P3
(Deutsch (1999); Wallace (2012); Sebens and Carroll (2018)). Said strategies have
come under increasing scrutiny (Vaidman (2020)), as they seem to involve the deriva-
tion of a physical law from constraints on ‘rationality’. This is very suspicious. Why
should nature care about what is deemed ‘rational’? The answer, of course, is that it
does not. This type of argumentation reverses the implication in Eq. (3), and therefore
cannot answer the question that has been posed in this paper.

Take the Deutsch-Wallace theorem (Wallace (2010b)). This is a decision-theoretical
argument showing that, if an agent acts in accordance with a set of ‘rationality’ axioms
in an Everettian multiverse, then they will act as if the Born rule is true. Setting aside
the validity of the derivation (Mandolesi (2020)), the axiom choice is not compelling
because (i) it is not clear that said axioms are all true or even consistent with one
another - see Mandolesi (2019) for a devastating critique - and (ii) the axioms are not
motivated by structural physical facts.

I would like to ask how, exactly, the mod-squared amplitude measure is related
to the postulates P1-P3, or to an equivalent formulation of ontology and dynamics.
This is just the answer to the question posed in Section 2.2, of how to derive rational
degrees of belief from physical structure. It is also in keeping with Hartle’s stipulation
that one should prefer the derivation which reveals connections between elements of
the theory.

3.2.1 Branch counting

As Everett’s ideas were popularized in the 1970s, there were attempts to address the
quantitative problem of the MWI through the principle of indifference applied
to the number of wavefunction branches - branch counting arguments were made
(DeWitt (1970)) and discredited (Kent (1990); Araújo (2019)). The idea of branch
counting has recently seen some resurgence, with Saunders (2021a) proposing an alter-
native version of the branch-counting rule motivated by analogies with Boltzmannian
statistical mechanics.

Since the branching process is the cause of multiple observers possessing uncer-
tainty in their self-location, the branch number might seem like the relevant physical
quantity to equivocate over. But, as discussed in Section 2.2, ignorance between a set
of distinguishable possibilities has no bearing whatsoever on the way you should dis-
tribute your beliefs over them. Rather, one should look for a principle of calibrated
indifference - what we are indifferent with respect to must have a specific kind of
physical meaning. Saunders (2021a) appears to recognize this and so proposes a rule
that sets branches (modelled as quasi-classical histories within the decoherent histo-
ries formalism) with equal amplitudes equal to the same probabilities. This principle
is a step in the right direction, but still insufficient for the logically reductionist task
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at hand. It does not follow from either Saunders’ frequentist conception of probability
or from the core postulates of quantum mechanics.

The principle we seek must refer to what is in some sense equally physically realized,
and in general wavefunction branches differ with respect to the proportion of the
wavefunction they occupy. In the next section, I move from the notion that branches
are equally realized to the idea that they come with different ‘thicknesses’, which
directly equate to this relative proportion.

3.2.2 The measure of existence

Since in the MWI everything which is realizable is realized on a different wavefunction
branch, and together all branches make up the sum total of reality, I may state the
principle of calibrated indifference as indifference between branches which occupy
the same amount of reality. This is the basic intuition behind the simplest account of
the Born measure in the context of the MWI: Vaidman’s concept of the measure of
existence. According to Vaidman, to resolve the quantitative problem of the MWI
we must add at least one mathematical postulate about the relative size of worlds. To
define this measure, Vaidman makes a decomposition of the universe into the different
worlds that are possible for the observer:

|ΨU⟩ = Σαi |ψworld i⟩ (14)

Then the measure of existence of world i is postulated to have the value |αi|2. On
this account, the introduction of a probability law in the MWI is simpler than P4, as
it omits collapse and links a physical property of the universal wavefunction directly
to a rational belief assignment (Tappenden (2011)):

Born-Vaidman rule
The rational degree of belief in an outcome of a quantum experiment is proportional

to the total measure of existence of all worlds with that outcome.
The Born-Vaidman rule does not argue deductively from constraints on rational

degrees of belief to theoretical predictions. Vaidman (2020) instead makes the meta-
argument that such constraints are an unnecessary complication because the logically
parsimonious formulation is to postulate the mathematical form of the Born measure
outright. Whereas this cannot be considered a derivation of rational degrees of belief
from the underlying sub-structure of reality, it at least does not reverse the implication
in Eq. (3), i.e. it gives a non-rigorous account of the physical property - the measure of
existence - which characterizes rational belief assignments over wavefunction branches
(Groisman et al. (2013)). On this account, the objective nature of this sub-structure is
confirmed directly by observed relative frequencies (McQueen and Vaidman (2019)).

Scientific practice proceeds on the assumption that stable probability densities
exist in nature, for instance in the decay rates of unstable isotopes (Maudlin (2007);
Wallace (2012)). The confirmation of the Born measure from frequencies has been
brought into question by Albert (2010), due to the existence of “maverick” worlds in
which Born rule statistics fail. But an experimentalist in a maverick world can always
look to consistent natural phenomena in their world, such as the rates of nuclear
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decay or the fact that the sky is blue (McQueen and Vaidman (2019)), which are
direct predictions of the Born rule. These features of the world confirm the Born rule
independently of an individual run of measurements.

The Born-Vaidman rule for the measure of existence, was supplemented by an
argument in Vaidman (2012) and further developed in McQueen and Vaidman (2019),
which appealed to a physical symmetry principle - measurements performed on two
physically identical spatial locations must yield the same results - and to the principle
of local supervenience - whatever an observer experiences in a region of spacetime
depends only on the physical description of that region.

However, this symmetry argument rests upon the truth of empirical facts that are
not contained in the postulates P1-P3 of quantum mechanics (Blackshaw (2023)), but
which have to be established separately. It is therefore not a logically clean axiomatic
derivation. More problematically for this approach, in most cases quantum states with
equal amplitudes do not correspond to spatially interchangeable outcomes, so this
argument for the Born rule is not a general proof.

Moreover, a concept of an existence measure does not address the logical question
of whether the mathematical probability law can be derived, or the physical question
of which aspect of the wavefunction the existence measure can be identified with.
Intuitively, a measure of existence is a measure of the amount of total reality possessed
by a branch of the wavefunction. So first of all, this concept must be precisified.

The Born measure should reflect a symmetry in the wavefunction which is precisely
the equal amount of reality possessed by equally-sized regions of the wavefunction.
If regions of the wavefunction have equal sizes, then they have equal probabilities,
because the latter are set equal to the former. This is the strongest possible precisifica-
tion of the Born-Vaidman rule, and it puts the onus firmly on P1-P3 with no further
rationality constraints involving the “siren melody” that van Fraassen warned of.

We now turn to arguably the most ‘quantum’ incarnation of this siren melody.

3.2.3 Envariance

There is a remarkable formal similarity between the leading strategies for a derivation
of the Born rule in the MWI. As Drezet (2021) has made clear, they all utilize a partic-
ular form of the principle of indifference, but instead of applying it to branches, it is
applied to symmetries of composite states under operations performed on subsystems
of the composite system. This particular symmetry, known as entanglement-assisted
invariance or envariance, was first made explicit in connection with derivations of the
Born measure by Zurek (2003b), although Zurek does not completely subscribe to the
MWI (Zurek (2018, 2022)). I therefore focus on the argument of Zurek.

Suppose one has a composite system made up of subsystems A and B, repre-
sented by states in the Hilbert spaces HA and HB . These subsystems may refer to a
microscopic system and its environment, or to a system plus its observer, or to some
partition into system, environment and observer, or, in decision-theoretical parlance,
to the outcome and reward subspaces.

We consider a generic entangled state |ΨAB⟩ ∈ HA ⊗HB in terms of orthonormal
bases {|ai⟩} and {|bi⟩} spanning the Hilbert space of each subsystem, expressed as a
Schmidt decomposition:
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|ΨAB⟩ =
N∑
k=1

αk |ak⟩ |bk⟩ (15)

In Zurek’s original formulation, A represents the system of interest, whereas B
represents the environment of the system (Zurek (2003b)). Envariance is precisely
defined as follows:

|ΨAB⟩ is envariant with respect to the transformation UA which acts solely on A
if and only if there exists a corresponding transformation UB acting solely on the B
subsystem which returns the transformed system to its initial state, i.e. when

UB (UA |ΨAB⟩) = |ΨAB⟩ , (16)

where UA ≡ UA ⊗ IB and UB ≡ IA ⊗ UB act only on the A and B subspaces,
respectively. The argument of Zurek (and indeed of all symmetry-based derivations of
the Born rule) begins with the consideration of a maximally entangled base case, in
which the amplitudes of all terms in the superposition are equal

∣∣ΨAB〉 = C

N∑
k=1

eiϕk |ak⟩ |bk⟩ (17)

Here, C is a real-valued constant. Zurek goes on to argue in two steps, firstly
that all states in a decomposition with the form in Eq. (17) must have the same
probability, and secondly that entangled states with unequal coefficients of the form
in Eq. (15) can always be reduced to the symmetric case of equal coefficients - the
so-called ‘coarse-graining’ step.

The derivation of Zurek (2003b) relies on several assumptions, termed ‘quantum
facts’, which do not assume the Born rule. These facts apply to the completely deco-
hered state in Eq. (15), in which A ≡ S is assumed to represent the system of interest
and B ≡ E represents the environment. In particular, it is assumed (i) the state of
S alone uniquely determines the probabilities of measurement outcomes on S (ii) the
state of the larger S+E composite system determines the state of S (Zurek (2007)) and
(iii) Laplace’s Principle of Indifference applies to an observer in the environment
considering system states that are equivalent up to a permutation.

Setting aside the validity of the coarse-graining step, I object to the strategy chosen
by Zurek in the equal-amplitude case. It is not clear what Zurek’s probabilities are,
although they are assumed to be properties which supervene on quantum states. They
serve to play the role of objective chances, and they are confirmed by frequencies, but
where do they originate? What is the precise nature of the connection, on Zurek’s
view, between the ontology and the chances? Zurek recognizes that this is a problem
and attempts to answer it thus (Zurek (2022)):

”We emphasize that in contrast to many other approaches to both classical and quantum
probability, our envariant derivation is based not on a subjective assessment of an observer,
but on an objective, experimentally verifiable symmetry of entangled states.”

Thus, Zurek advocates for a kind of equivocation which is ‘backed-up’ by the
properties of entangled states. There is an element of objectivity in his argument -
he uses quantum ‘facts’ to formulate it. But these are facts about probabilities, not
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states. They do not follow from postulates P1-P3. The only possible justification for
these facts is that they are true for the relative frequencies observed on subsystems in
nature - a topic of current experimental inquiry (Deffner (2017)).

Here, an Everettian should object that Zurek’s probabilities would not be visible
to a hypothetical observer with a bird’s-eye view on nature, standing external to the
wavefunction. From that vantage point, So although his derivation is structure-first
in nature, it is not clear which structures in the ontology are the probabilities. The
probabilities are not included in the core theory. One could pursue Zurek’s argument
strategy in a much simpler way, and use the ‘quantum fact’ that equal-amplitude states
are equiprobable as the foundation for his derivation. One must, as Ismael (2009)
has argued, specify what quantum probabilities are as part of the specification of the
quantum theory itself.

In the next Section I build on the work done so far to develop a concept of quantum
probability which would be apparent both to a bird’s-eye observer who is party to the
evolution of every wavefunction branch, and to a branch-localized observer which uses
this property of branches to calibrate their degrees of belief.

4 The fixed-point formulation

I have argued that the ubiquity of the Born measure in nature deserves an explanation
which is deeply grounded in ontology and dynamics. In other words, a structure-first
derivation of the Born rule is necessary. In order to tighten the connection between
representational models and probabilities, I argued in Section 2 for a principle of
calibrated indifference which asserts that we should distribute our beliefs with
respect to units of wavefunction. I extended this analysis in Section 3, arguing
that the epistemic situation of an observer located somewhere in this wavefunction
is one of self-locating uncertainty - they do not know in which bit of wavefunction a
measurement will turn out to locate them in. In addition, observers are identified with
entire time-extended histories, or diverging worlds, bundled together in the universal
wavefunction. Of course, for a hypothetical bird’s-eye observer, there is no uncertainty
regarding the unfolding of the wavefunction - the incoherence problem does not
exist for them. But for any branch-localized observer, there is justifiable self-locating
uncertainty regarding which branch they are on.

The ontological postulate is intimately connected to the statistical postulate, in
the following sense:

Individual measurements supervene on the ontology. A self-locating data point is
an ontic sample.

Probability theories seek to assign rational degrees of belief to propositions about
the world. They are designed to tell us the degrees of belief we ought to have. The
weakest sense in which one can derive an ‘ought’ from an ‘is’ is the following:

One ought to believe in what is the case.
What then, can be said about degrees of belief? Can something be true about the

world, to a degree?
On the face of it, this doesn’t seem plausible. However, in statements which refer

to statistics of physical measurements, it can be true that the proposition A is true
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in a proportion x of those measurements. Since those measurements are direct instan-
tiations of the underlying ontology, and wavefunction monism is true, there is a
meaningful notion of a degree of belief about the truth of A. It is true in a proportion
of wavefunction equal to x.

I therefore put forward the following explication of center indifference with
respect to units of wavefunction, which has its roots in the classical approach to
probability discussed in Section 2.2:

Definition 1 (Quantum probability) In a temporal region of the wavefunc-
tion defined by some set of constraints, process A has probability p(A) = x if
and only if A occurs in a fraction x of the total available wavefunction.

The only information an observer can glean which is relevant to their problem of
self-location is the specification of boundary constraints which delineate their region
of the wavefunction. To satisfy the implication in Eq. (3), I now make the normative
assertion that a rational observer should set their self-location uncertainty equal to the
quantum probability. There are no further constraints on rational degrees of belief.

4.1 Event symmetry and representational models

Our physical theories should contain more than the bare minimum required for cal-
culations of data sets - they should, to the best of our knowledge, be representational
of reality itself. In practice this means that, in addition to logical and ontological par-
simony, we wish to encode true facts about reality into our representational models
(Ridley and Adlam (2025)). Moreover, we should accept at face value what the model
is telling us if it reduces the number of independent mathematical propositions (or
more pertinently, types of proposition) in our core physical theory, whilst retaining
predictive power.

In Section 1.5 I noted that, in the standard approach to quantum mechanics, time
is not a dynamical variable. Rather, it is treated as a background parameter of the
theory. This way of viewing time stands in stark contrast with the picture of relativistic
spacetime theories, in which time is treated as one coordinate in a unified spacetime
geometry. The geometric concept of time is eternalist - it includes all moments, or
spacetime events, in all relativistic reference frames (Horwitz et al. (1988)).

Recent work suggests that, rather than building a general-relativistic theory of
quantum mechanics in the usual language of quantum systems, efforts should be refo-
cused on a quantum theory which retains the event-based ontology of general relativity
(Maccone (2019); Giovannetti et al. (2023)). For that to be possible, one must formal-
ize the notion of an event within quantum mechanics. And one should do so in a way
which retains the core properties of an event in spacetime theories. I now enumerate
two of those properties:
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Definition 2 (Future-Past Symmetry) - from a single event ⟨x, t⟩, the
future and past lightcones extend symmetrically. Regardless of what is taken to
be the ‘true’ direction of time, there is an identical constraint on those events
in the future and past of ⟨x, t⟩, which is just the point where all world lines
⟨⟨x1, t1⟩ , . . . , ⟨x, t⟩ , . . . , ⟨xN , tN ⟩⟩ connecting N spacetime points to ⟨x, t⟩ cross.

The presence of the event ⟨x, t⟩ in a sequence is a boundary condition which
constrains the other events that can be observed in sequence. From the bird’s-
eye, atemporal view of the entire spacetime, it can be viewed as a source/sink for
forwards-time directed processes in the future/past lightcones, and a sink/source for
backwards-time directed processes in the future/past lightcones: Events correspond
to crossing points of world lines which constrain the future and past. In conventional
special relativity there is retrocausality in the sense that an event constrains what is
possible in the future and past of that event, and does so symmetrically.

Definition 3 (Event Symmetry) - the fundamental description of nature is
independent of event location.

Event symmetry is a desirable property of any representational model of reality.
Just as strong neutral realism requires there be no privileged observers, so there
should be no privileged spacetime points. This principle is developed and argued for
at length in Ridley and Adlam (2025).

4.2 Fixed points on the Keldysh contour

In the Keldysh formulation of dynamics, each instant of time corresponds to two time
orientations, and it is not possible to neglect the forwards or backwards part of the
time propagation in the ‘future’ or ‘past’ of some measurement time t without losing
essential physical information. In this way there is no way to distinguish between the
two directions of propagation, or between different instants of time, such that both
Future-Past Symmetry and Event Symmetry are automatically respected.

In the 1960s, it was independently noticed by Schwinger and Keldysh that quantum
statistical expectation values are products of pairs of amplitudes describing processes
with opposite time orientations (Schwinger (1961); Keldysh (1964)). This lead them
to formulate many-body perturbation theory (MBPT) on a generalized time-contour
composed of two copies of the time domain [t1, t2], as shown in Fig. 2. In this figure,
forwards-time propagation is given in terms of times tf on the ‘upper’ branch Cf
running from t1 to t2, and backwards-time propagation is described on the ‘lower’

branch Cb running from t2 to t1, with corresponding time labels t
f/b
1 and t

f/b
2 for the

forwards/backwards-orientated time branch. The full Keldysh time contour, shown in
Fig. 2, is the direct sum of the two branches C = Cf⊕Cb (Stefanucci and Van Leeuwen
(2025)).

At this point, one can implement the ETNU philosophy discussed in Section 1.5
at every point on the Keldysh contour, i.e. the state space of the system is replicated
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Fig. 2: The Keldysh time contour in the time interval [t1, t2].

at each time and at each time orientation, extending the state spaces found in the
consistent histories framework or the multiple-time state formalism. This is done by
assigning a distinct Hilbert space to each contour time, Hα

ti , where α ∈ {f, b} denotes
the upper or lower branch of C. Then, denoting contour position by the variable z,
one can define a Fock-like space of events, which is one of the primary desiderata
stipulated by Maccone (2019) for a quantum theory of events:

Definition 4 (Contour Space)

HC = C⊕
∞⊕

Nt=1

Nt⊗
i=1

∫ ⊕

C

Hzidzi (18)

= C⊕
∫ ⊕

C

Hz1dz1 ⊕
∫ ⊕

C

Hz1 ⊗Hz2dz1dz2 ⊕ . . . (19)

In Eq. (18), the symbol
∫ ⊕
C

denotes a direct integral over all times on C (Wils
(1970)). The universal wavefunction is defined on HC in a representation-independent
way, as a summation over 0-time, 1-time, 2-time...structures:

Ontological postulate

|ΨU ⟩ = |0⟩+
∞
Σ

Nt=1

Nt

⊗
i=1

∫
C

|ψi⟩ dzi (20)

Given an ordering of Nt times tNt > tNt−1 > ... > t1, there are two corresponding
causal orderings, one on each branch of C ≡ Cb ⊕ Cf :

tfNt
>C tfNt−1 >C . . . >C tf1 (21)

tbNt
<C tbNt−1 <C . . . <C tb1 (22)
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where the contour-ordering notation >C , <C is introduced as in Stefanucci and
Van Leeuwen (2025). This is the main innovation of the Keldysh contour: order-
ing in time is distinct from causal ordering, since causal influences propagate in the
antichronological direction on the lower branch Cb.

Each of the Nt times in a history possesses two associated Hilbert spaces for the
f and b components. Hence, the universal wavefunction has 2Nt temporal degrees of
freedom and is a member of the following subspace of HC :

HC (Nt) = Hb
tNt

⊗Hf
tNt

⊗ . . .⊗Hb
t1 ⊗Hf

t1 (23)

A wavefunction in this space is not defined at a single fixed ‘present’, but at a
sequence of moments with oppositely oriented temporal parts acting as ‘source’ or
‘sink’ states for processes on the branches Cf and Cb.

I now introduce the second core postulate, encoding the transfer of physical
information between states defined on C:

Dynamical postulate
The time derivative of the wavefunction at each point on C is given by the
TDSE:

iℏ∂tα |Ψα (tα)⟩ = Ĥα (tα) |Ψα (tα)⟩ (24)

For all closed quantum systems the Hamiltonian operator is branch-independent,
i.e. it takes on values on the upper/lower branches which are equal for the same phys-
ical time, Ĥb

(
tb
)
= Ĥf

(
tf
)
, and thus the dynamics respects time symmetry. For

simplicity, indices on time arguments can therefore be dropped, |Ψα (tα)⟩ ≡ |Ψα (t)⟩.
The TDSE in Eq. (24) leads to a unitary mapping Uα (t2, t1) : Hα

t1 7→ Hα
t2 between

the Hilbert spaces of different times on a single branch |Ψα (t2)⟩ = Uα (t2, t1) |Ψα (t1)⟩,
where Uα (t2, t1) ≡ Uα (tα2 , t

α
1 ) has the form (Stefanucci and Van Leeuwen (2025))

Uα (t2, t1) = T̂C exp

[
− i

ℏ

∫ tα2

tα1

dτĤα (τ)

]
(25)

and T̂C orders operators chronologically (latest to the left) on Cf , and anti-
chronologically on Cb. Note the formal similarity with Eq. (6) in the consistent histories
approach.

We now formalize the notion of a fixed point in Contour Space, which corresponds
to the intuitive notion of an event as a point in time at which distinct quantum
histories coincide.

Definition 6 (Fixed Point)

A fixed point at time t is a temporal part of the wavefunction in the Hb
t ⊗Hf

t

subspace, with equal f and b parts.
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Fig. 3: A single fixed point on the Keldysh contour.

Note that this definition allows for the retention of Future-Past Symmetry.
Given a preparation of the state |ψ⟩ of a system at some time t1, all quantum histories
in |ΨU ⟩ consistent with this preparation are constrained regardless of the contour
branch. So there is a fixed point state at t1, which is denoted:

JψKt1 ≡
∣∣ψb (t1)〉⊗ ∣∣ψf (t1)〉 (26)

This corresponds to an event in which the state is specified at t1 (or a time-indexed
projection, in the consistent histories language). The fixed point state connects to and
constrains other points on C in both time directions, in accordance with Eq. (24).
It is represented on C in Fig. 3: the forward-directed part of the fixed point defined
at t constrains times occurring ‘later’ than tf on Cf , and the backward-directed part
constrains times occurring ‘later’ than tb on Cb. Each fixed point is connected to four
temporal regions: it acts as a ‘source’ of wavefunction in both time directions (the
thick black arrows on Fig. 3), and a ‘sink’ for parts of the wavefunction constrained
by times lying ‘earlier’ on C (dashed lines on Fig. 3). Thus, for a full description of a
measurement connecting times across the region [t1, t2] at least two fixed points are
required, Nt ≥ 2 in Eq. (20). A quantum history sequence is defined in these terms:

Definition 7 (Quantum history)
A quantum history hk extending across the time range [t1, t2] is a product state
constructed from a sequence k = ⟨k1, ..., kNt⟩ of Nt ≥ 2 fixed points

hk =
Nt

⊗
i=1

JψkiKti (27)

connected by unitary mappings and bounded by fixed points at t1 and t2.

In Eq. (27), each ki in a history hk ranges over a complete basis set spanning Hα
ti .

To allow us to apply the usual rules of probabilistic reasoning to quantum histories, we
define a family of quantum histories FH by imposing the consistency condition that
any pair of histories in a family {|hk⟩} must be mutually orthogonal in the Keldysh
space (although they may coincide at specific times):

⟨hl |hk⟩ = δkl, (28)
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where k ̸= l if JψkiKti ̸= JψliKti for at least one value of i ∈ [1, ..., Nt]. Note that the
consistency condition Eq. (28) prevents the overlap of histories composed of different
numbers of times Nt.

It is important to note that the universal wavefunction is not a superposition
of histories, because the histories in a given family do not form a complete basis.
Rather, they define the region of the universal wavefunction which is accessible to
the observer when the observer is constrained by a sequence of Nt projections or
strong measurements, and therefore which is relevant for assignments of self-locating
probabilities.

I have not defined families of histories with respect to a decoherence functional.
This is intentional, but may come under criticism from those who appeal to deco-
herence theory in order to define a preferred quasi-classical basis for time-extended
history states (Gell-Mann and Hartle (1993); Zurek (1993); Gell-Mann and Hartle
(1996); Zurek (2003a)). In my view, the decoherence program can only take us so far
in describing the emergence of classical phenomena. No less relevant to this question
are (i) the huge advances being currently made in condensed matter physics, materials
science and theoretical chemistry, where highly detailed predictive multiscale models
connecting the quantum many-body problem to macroscopic observables are under
constant investigation (Stefanucci and Van Leeuwen (2025)), and (ii) the development
of increasingly faster algorithms implemented on both classical (Schleder et al. (2019))
and quantum (Bauer et al. (2020)) computing architectures for simulating real mate-
rials based on the models in (i). This constructive, multi-disciplinary effort offers at
least a partial solution to the emergence and characterization of stable classical worlds,
held together by spatially local interactions.

The fixed point model of an event treats events as constraints obeying Future-
Past Symmetry, in that they act as both a source and a sink for both the future
and past. In this sense, histories composed of fixed points exhibit retrocausality, but
without the clean separation into future and past-oriented influences that is seen, for
instance, in the TSVF. This model exhibits ‘all-at-once’ retrocausality, in the sense
that there is mutual causation between parts of the wavefunction located on the upper
and lower branches of the Keldysh contour. The forwards and backwards oriented
temporal parts of the wavefunction are inseparable components of the ontology.

4.3 The Born rule replaced with the Vaidman rule

Following the terminology of Vaidman (1998), the measure of existence of a history is
now defined as the relative size of the wavefunction region occupied by that history.
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Definition 8 (Measure of existence)
The measure of existence m (hk) of a quantum history hk containing Nt fixed
points in the time range [t1, t2], is the ratio of the integral of the wavefunction
△Ψk along this history, to that of all histories

m (hk) =
△Ψk∑

k′
△Ψk’

(29)

consistent with the fixed point constraints.

Fixed point constraints are imposed by taking the inner product of the integrated
wavefunction with the ‘sink’ state defined at the upper limits of the 2(Nt−1) segment
integrals. Definition 8 gives precise meaning to the fraction of wavefunction connecting
distinct events, and therefore (by Definition 1) a foundation for quantum probability:

Statistical postulate (Vaidman rule) The quantum probability of a quan-
tum history is equal to its measure of existence in the universal wavefunction.

No explicit formula has yet been assumed for the measure of existence. The Vaid-
man rule is a conceptual postulate, which is weaker than postulating the mathematical
form of the Born measure outright, but which is sufficiently operational to allow for
a derivation of the Born rule in what follows. It also encodes a very tight connec-
tion between ontology and probability which gives physical meaning to the latter, in
accordance with Hartle’s criterion for a derivation (Hartle (2021)).

I emphasize that the notion of quantum probability presented in this statistical
postulate is a precisification of the idea, developed at length in Sections 2.2 and 3.1.2,
that rational degrees of belief should respect center indifference with respect to
units of wavefunction. One might object that, on face value, the Vaidman rule is
not framed as a normative constraint on rational degrees of belief, but as a descriptive
connection between ‘quantum probability’ and regions of reality. However, the rational
imperative is present in the notion of ‘probability’ developed at length above, and in
the discussion which opens Section 4: if wavefunction monism is true, then our
degree of belief in x should equal the proportion of accessible reality in which x is true.
I will now derive the mathematical form of quantum probability from the Vaidman
rule.

Consider a generic Nt time sequence, t1 < t2 < ... < tNt , at which there are Nt
fixed points. Some subset of these at times ti1 , ti2 , ..., tiSt

of cardinality St < Nt corre-
sponding to fixed points at which the wavefunction is known; these act as constraints
on the quantum histories considered in the evaluation of Eq. (29). For ease of notation,
assume the multiple-time state to be given by a member of some complete basis

Ψ = JϕiNt
KtNt

⊗ ...⊗ Jϕi1Kt1 ≡ h (Nt) (30)
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where Ψ ≡ Ψ(tbNt
, tfNt

, ..., tb1, t
f
1 ) is a multiple-time function defined on C. Next,

vary Ψ across the temporal interval [t1, tNt ] along C:

dΨ =
∂Ψ

∂tf1
dtf1 +

Nt−1∑
i=2

(
∂Ψ

∂tfi
dtfi +

∂Ψ

∂tbi
dtbi

)
+

∂Ψ

∂tbNt

dtbNt
(31)

The total change in wavefunction is then computed by taking the line integral
along the following path on C

(
tbNt

, tfNt
, ..., tb1, t

f
1

)
→
(
tbNt

, tfNt
, ..., tb1, t

f
2

)
→ ...→

(
tbNt−1, t

f
Nt
, ..., tb1, t

f
2

)
, (32)

shifting each time by one step in the forwards direction on Cf , and then by one
step backwards on the lower branch Cb. The total change in wavefunction DΨ along
this path is given explicitly by

DΨ =

tf2∫
tf1

∂Ψ

∂x

(
tbNt

, ..., x
)
dx+ ...+

tfi+1∫
tfi

∂Ψ

∂x

(
tbNt

, ..., tbi , x, ..., t
f
2

)
dx

+...+

tfNt∫
tfNt−1

∂Ψ

∂x

(
tbNt

, x, ..., tf2

)
dx+

tbNt−1∫
tbNt

∂Ψ

∂x

(
x, ..., tf2

)
dx

+...+

tbi−1∫
tbi

∂Ψ

∂x

(
tbNt−1, ..., x, t

f
i+1, ..., t

f
2

)
dx+ ...+

tb1∫
tb2

∂Ψ

∂x

(
tbNt−1, ..., x, t

f
2

)
dx, (33)

where the integral bounds and arguments of the integrands follow the sequence in
Eq. (32). Each term in Eq. (33) is then evaluated explicitly as follows:

DΨ = U
(
tf2 , t

f
1

)
Ψ−Ψ+ ...+ U

(
tfi+1, t

f
i

)
...U

(
tf2 , t

f
1

)
Ψ− U

(
tfi , t

f
i−1

)
...U

(
tf2 , t

f
1

)
Ψ

+...+ U
(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ− U

(
tfNt−1, t

f
Nt−2

)
...U

(
tf2 , t

f
1

)
Ψ

+U
(
tbNt−1, t

b
Nt

)
U
(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ− U

(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ

+...+ U
(
tbi−1, t

b
i

)
...U

(
tbNt−1, t

b
Nt

)
U
(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ

−U
(
tbi , t

b
i+1

)
...U

(
tbNt−1, t

b
Nt

)
U
(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ

+...+ U
(
tb1, t

b
2

)
...U

(
tbNt−1, t

b
Nt

)
U
(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ

−U
(
tb2, t

b
3

)
...U

(
tbNt−1, t

b
Nt

)
U
(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ. (34)

35



After cancellations, this expression simplifies to

DΨ = U
(
tb1, t

b
2

)
...U

(
tbNt−1, t

b
Nt

)
U
(
tfNt

, tfNt−1

)
...U

(
tf2 , t

f
1

)
Ψ−Ψ. (35)

We then impose the boundary conditions at the ‘upper’ end of the line integral by
taking the inner product of DΨ with

∣∣∣ϕbiNt−1
(tNt−1)

〉 ∣∣∣ϕfiNt
(tNt

)
〉
...
∣∣∣ϕbik−1

(tk−1)
〉 ∣∣∣ϕfik+1

(tk+1)
〉
...
∣∣ϕbi1 (t1)〉 ∣∣∣ϕfi2 (t2)〉 ,

(36)
and using the fact that

〈
ϕαik (tk)

∣∣ ϕαik (tl)〉 = δkl. Dropping branch indices from the
resulting scalar product gives

△Ψ =
∣∣〈ϕiNt−1

(tNt−1)
∣∣U (tNt−1, tNt

)
∣∣ϕiNt

(tNt
)
〉
... ⟨ϕi1 (t1)|U (t1, t2) |ϕi2 (t2)⟩

∣∣2 ,
(37)

which is then substituted into Eq. (29) to obtain the measure of existence for the
Nt-time quantum history:

m (h (Nt)) =
△Ψ∑

ik1
...ikNt−St

△Ψ
(
...ik1 ...ikNt−St

...
) (38)

In the denominator, we sum over all histories consistent with the St fixed point
constraints. To see that Eq. (38) is equivalent to the Born rule, simply take the
case of Nt = 2, St = 1, with the state known at time t1. The normalization is∑
i2

|⟨ϕi1 (t1)|U (t1, t2) |ϕi2 (t2)⟩|
2
= 1, so that the measure of existence is just

m (h (2)) = |⟨ϕi1 (t1)|U (t1, t2) |ϕi2 (t2)⟩|
2
, (39)

which is the Born rule. Thus the factor of 2 in the exponent of the probability law
is a direct result of the integration along two branches of the Keldysh contour. The
same can be demonstrated for measurements involving pre- and post-selection, as was
proven in Ridley (2023).

It is now worth taking a moment to compare the approach described here to other
attempts at a derivation in the literature.

First of all, this derivation does not rely on a partitioning of the universe into
spatial subsystems and associated quantum ‘facts’, so it is more general than the
approach of Zurek (2003b, 2005).

Moreover, the FPF obtains the mathematical form of the Born rule from local
temporal constraints applied to the universal wavefunction in an event-symmetric way:
it does not rely on specially chosen initial conditions, unlike approaches to probability
in Bohmian mechanics which add the quantum equilibrium hypothesis to the core
postulates (Dürr et al. (1992)); neither does it require specially-selected final conditions
of the universe to explain observed statistics (Aharonov et al. (2017)).

The FPF does not modify the Schrödinger equation to impose collapse dynamically
and then reconstruct the Born rule from a phenomenologically imposed rate-of-collapse
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parameter (Bassi et al. (2023)); rather the local dynamical maps are linear and uni-
tary. This again makes the FPF a more general (and generalizable) approach, as such
dynamical collapse is not present in general relativity. It furthermore contains no ele-
ment of dynamical randomness, and in this respect is consistent with deterministic
relativistic theories.

Adlam has recently mounted a critique of the concept of the measure of existence,
in Chapter 6 of Adlam (2025). There, Adlam quotes the Vaidman rule as an example of
merely ”calling the mod-squared amplitude a ‘measure of existence” (Adlam (2025)).
But this is a straw-man argument when applied to the Vaidman rule. It might be that
Adlam’s critique holds for the Born-Vaidman rule, which does, as discussed in Section
3.2.2 indeed postulate the mod-squared amplitude form of the measure of existence
directly. The Vaidman rule does not do this, but instead gives a way to calculate the
mod-square amplitude probabilities given the temporal structure of the FPF.

4.4 Many retrocausal worlds

We now come to a very rich picture of observable reality, which may be visualized
as a network of fixed points constraining what can be observed in their future and
their past. To fix ideas, I consider a toy model of a constrained region of the universe
composed of a superposition of the following set of histories:{

JcKt2 , JdKt2
}
⊗ JψKt ⊗

{
JaKt1 , JbKt1

}
(40)

which exist in the Hilbert space

Hb
t2 ⊗Hf

t2 ⊗Hb
t ⊗Hf

t ⊗Hb
t1 ⊗Hf

t1 (41)

where the fixed point states comprising the histories correspond to macroscopic
states of the universe. This model is illustrated schematically in Fig. 4 (a). Here, the
fixed point JψKt at the intermediate time t ∈ [t1, t2] serves as a node for two branches
in the future of t and two branches in its past. Each connected pair of fixed points
can be thought of as conjoined by a separate Keldysh contour, since each pairing is
achieved via two branch channels. From here on, I represent connected fixed points
graphically using the compressed schematic in Fig. 4 (b), and I refer to such objects
as quantum history segments.

We interpret this picture literally - in accordance with extensive neutral real-
ism, all histories are simultaneously realized. What does this mean for the epistemic
situation of an observer Oψ who observes the state to be |ψ⟩ at time t? They seem to
genuinely exist at the spacetime crossroads, with two pasts and two futures. From a
bird’s-eye view, they seem to have converged to the present moment from two distinct
observers in the past, and apparently they are about to split into two new versions of
themselves. This leads to new types of question: in addition to uncertainty about the
future, how can they not have uncertainty about their past? Should they not have a
recollection of their distinct past selves?

At this point, I draw upon the work done in Section 3.1.3. We must decide whether
to identify the observer with their temporal parts, or with entire temporally-extended
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(a) Schematic representation of the toy model considered in
Eq. (40).

(b) Compressed graphical rep-
resentation of a two-time chan-
nel connecting the pair of fixed
points JψKt1 and JϕKt2 .

Fig. 4

histories. The bird’s-eye view is shown in Fig 5 (a). A corresponding account of per-
sonal identity should be given, which makes sense of belief assignments about the
future of Oψ, and which can be reconciled with their experience of the past.

If I simply identify observer Oψ with its temporal part at t, then that person exists
in distinct overlapping worlds both in the past and the future of t. I refer to this as
the Many Overlapping Retrocausal Worlds (MORW) view.

The second possibility is illustrated in Fig. 5 (b). Here, worlds are diverging in the
past of t but overlapping in its future. The notion of personal identity employed here
is equivalent to two universes in the standard forwards-time MWI with overlapping
worlds. I refer to this as the Many Many Worlds Future (MMWF) view.

We can also consider the case shown in Fig. 5 (c), where worlds are overlapping in
the past of t but diverging in its future. This corresponds to two worlds in which the
observer at times later than t is a spacetime world-tube with memory of two different
pasts. I refer to this as the Many Many Worlds Past (MMWP) view.

Finally, I come to the decomposition in Fig. 5 (d), which represents the model as
a bundle of four separate histories, in each of which the observer is identified with
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(a) Overlapping worlds in the future and past of t.

(b) Overlapping worlds in the future of t, diverging worlds in the past of t.

(c) Diverging worlds in the future of t, overlapping worlds in the past of t.

(d) Diverging worlds in the future and past of t.

Fig. 5: Formally equivalent decompositions of the toy universe specified in Eq. (40).

their entire spacetime world-tube. This I refer to as the Many Diverging Retrocausal
Worlds (MDRW) view.

We can see that all the decompositions in Fig. 5 are physically equivalent by con-
sidering the measure of existence for the entire toy model, which is the normalization
factor for measures of individual histories. It can be decomposed as

m (|ΨU ⟩) =
(
|⟨a|U (t1, t) |ψ⟩|2 + |⟨b|U (t1, t) |ψ⟩|2

)(
|⟨ψ|U (t, t2) |c⟩|2 + |⟨ψ|U (t, t2) |d⟩|2

)
(42)

i.e. all branches in the past glued to all branches in the future of t, corresponding
to the MORW view shown in Fig. 5 (a). We can also decompose it as a sum of single
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quantum history segments in the past of t glued to both future segments, in the
MMWF view shown in Fig. 5 (b):

m (|ΨU ⟩) = |⟨a|U (t1, t) |ψ⟩|2
(
|⟨ψ|U (t, t2) |c⟩|2 + |⟨ψ|U (t, t2) |d⟩|2

)
(43)

+ |⟨b|U (t1, t) |ψ⟩|2
(
|⟨ψ|U (t, t2) |c⟩|2 + |⟨ψ|U (t, t2) |d⟩|2

)
Likewise, one can decomposem (|ΨU ⟩) as a sum of single quantum history segments

in the future of t glued to both past segments, in the MMWP view shown in Fig. 5 (c):

m (|ΨU ⟩) =
(
|⟨a|U (t1, t) |ψ⟩|2 + |⟨b|U (t1, t) |ψ⟩|2

)
|⟨ψ|U (t, t2) |c⟩|2 (44)

+
(
|⟨a|U (t1, t) |ψ⟩|2 + |⟨b|U (t1, t) |ψ⟩|2

)
|⟨ψ|U (t, t2) |d⟩|2

Finally, the total measure of existence can be decomposed as the sum of existence
measures of the four quantum histories taken separately, in the MDRW view shown
in Fig. 5 (d):

m (|ΨU ⟩) = |⟨a|U (t1, t) |ψ⟩ ⟨ψ|U (t, t2) |c⟩|2 + |⟨a|U (t1, t) |ψ⟩ ⟨ψ|U (t, t2) |d⟩|2 (45)

+ |⟨b|U (t1, t) |ψ⟩ ⟨ψ|U (t, t2) |c⟩|2 + |⟨b|U (t1, t) |ψ⟩ ⟨ψ|U (t, t2) |d⟩|2

We see, as a general rule, that quantum history segments that are simultaneous in
time contribute additively to the measure of existence; consecutive quantum history
segments are multiplied.

On the MORW view, the experience of an observer described by this toy model
is indeed unlike that of any person who has ever conducted an experiment, and they
should have records of their multiple pasts. Since in practice they do not, I rule out
this view. The MMWP view can be ruled out for the same reasons. The MMWF
(and the MMWP) view divides the time contour into ‘past’ and ‘future’ regions, in
which different concepts of personal identity obtain. Here, we can apply Future-Past
Symmetry at the metaphysical level - there is no reason why our fundamental concept
of what an observer is should be dependent on an arbitrary slicing of the universe into
past, present and future.

This leaves us with the MDRW viewpoint. The toy model is really just a bundle of
histories which have an identical temporal part at t. Just as the incoherence problem
has a solution with indexicalism, so too do the problems with backwards branching -
there are four copies of observer Oψ at time t, each localized to a distinct quantum
history, or world-tube, with a distinct pair of quantum history segments in the future
and past and distinct weighting assigned to the whole history. Each of these observers
only has records of a single past observation at t1, and they have genuine uncertainty
regarding the outcome of the measurement they will perform at time t2. There is
an objective grounding for indexical uncertainty about which world-tube they are in,
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where world-tubes are conceived of as a sequence of physical states running in parallel
through the time-extended quantum state, but not overlapping with other world-tubes.
Retrocausality therefore seems to be easier to stomach with divergence/indexicalism
than with branching/fission.

As shown in Eqs. (42)-(45), the formalism does not distinguish between the
MORW, MMWF, MMWP and MDRW pictures. However, the MDRW interpretation
seems most plausible to us given its intuitive characterization of personal identity. In
the real universe, the universal wavefunction contains huge numbers of distinct space-
time world-tubes, bundled together but taking different paths through its enormous
network structure. These world-tubes may cross each other in the sense that they
share fixed points. A history containing one fixed point need not be identified with
all the other histories which share it. And their size relative to that of other quantum
histories in the bundle is given by the Born measure. So as an individual observer who
knows quantum mechanics, and in particular the FPF, they know they are identified
with an entire history and they can compute the amount of reality which is allocated
to each history.

That this is the structure explaining the Born rule should now seem rather more
persuasive - no further calculations or formal rules are required to compute the relative
size of a quantum history. In accordance with the Vaidman rule, an observer simply
needs to add up all the parts of the wavefunction which comprise their history and
assume that their measurements are a statistical sample across the entire structure.

This is the deep lesson - the FPF, suitably interpreted with the MDRW view,
allows us to do quantum mechanics with three bird’s-eye postulates - the ontological,
dynamical and composition postulates, and one local constraint on rational degrees
of belief. So the Born measure does not need to be postulated separately as if it
came from nowhere. It is very clear which physical property it corresponds to in the
wavefunction. The wavefunction is positively drowning in Born measure. And we are
rationally impelled to distribute degrees of belief over units of wavefunction.

I have argued in Sections 2 and 3 for a tightening of the connection between
probability and ontology. Within the FPF, the mathematical structure of the Born
rule does not have to be postulated or derived from auxiliary assumptions, rather it
follows from the definition of probability, ontology and two-time dynamics.

5 Conclusions

In this paper, I have surveyed the major problems with understanding probability in
the MWI, both at the conceptual and structural level.

The conceptual work has two components. Firstly, I have argued that there is an
historical precedent for a notion of probability as the relative proportion of physical
reality. This embeds probability within the ontology of the theory, and satisfies the
criterion that degrees of belief should be determined by physical structure, and not
the other way around. Secondly, I have identified reasons why the divergence theory
of identity is preferable to the branching view within the MWI, and that it is possible
to make sense of self-locating probability based on the diverging worlds view.
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At the structural level, I have argued that existing attempts to formally derive
the Born measure within the MWI are unsatisfactory. The alternative strategy in the
literature, of simply postulating the Born rule outright, gives us no insight into the
physical origin of quantum probability. For this reason, and drawing upon independent
arguments for the introduction of event symmetry into the quantum theory, I have
argued for a modification of the ontic and dynamical content of quantum mechanics
which tightens the connection between this structure and the physical meaning of the
Born rule, thereby satisfying Hartle’s criterion for a derivation (Hartle (2021)). This
strategy also lends operational meaning to the concept of a measure of existence,
which is calculated to yield the Born measure and its generalizations. Furthermore, I
have interpreted this formalism within an Everettian framework in which backwards
branching is permitted, arguing that the concept of probability can be understood
within this framework if we adopt the MDRW interpretation.

I am optimistic that the ideas contained in this work can be connected to many
open research questions, some of which I sketch here:

1. Can the concept of quantum probability as wavefunction fractions be shown to
reproduce statistical mechanical probabilities under the appropriate conditions?
This seems highly plausible given recent work on thermalization and generalized
Gibbs ensembles in many body systems (Langen et al. (2015)).

2. Can an effective thermodynamic arrow of time be shown to emerge from the ‘mutual
causation’ picture of the FPF?

3. The time-local fixed-point constraints serve as crossing points for large numbers of
simultaneous histories. Can this fact be related to energy-time uncertainty?

4. Can the multiple-time, retrocausal model developed here satisfy new criteria for
lawhood (Adlam (2022a,b)) in all-at-once retrocausal theories?

5. Can the unitary, retrocausal resolution of the measurement problem be extended
to relativistic systems?

Bearing all these questions in mind, and especially the last one, I would finally
like to comment on the generalizability of the approach described here - the FPF
renders quantum mechanics conceptually compatible with general relativity, since it
retains determinism, an all-at-once block universe picture and a formal concept of an
event. It also allows for the derivation of the Born rule. The price to pay for these
striking advantages is the existence of many retrocausal worlds, bundled together in
the universal wavefunction.
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