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Abstract 

 

 

 
 

Everettians often claim that their approach is nothing more than quantum mechanics 

with unitary time evolution. This thesis focuses on Everettian Quantum Mechanics (EQM) over 

other interpretations because it can apply more broadly to the whole of quantum physics. 

However, EQM is only a viable interpretation if it can explain probability as well as branching. 

The probability problem is one of the biggest obstacles to EQM and the popular solution via 

decision theory faces significant problems. Here, other solutions are analysed and found to 

recover probability but at the price of additional postulates to EQM. Looking beyond decision 

theory, these different approaches also help resolve problems relating to decoherence and 

probability. The importance of probability in quantum physics requires Everettians to admit 

new principles if they can be physically motivated. This does have the consequence of making 

EQM more than just quantum mechanics with unitary dynamics but allows it to be consistent.  

Questions of branching and a preferred basis require a more rigorous approach using 

quantum field theory (QFT). An Everettian Quantum Field Theory (EQFT) requires the 

branching formalism and decoherence to carry across to QFT. While the framework is available, 

the interpretational jump to multiple branches can only be grounded in metaphysical claims 

beyond standard quantum theory. Analysis of possible ontologies from which to build the 

emergent structure of branches raises many questions for Everettians with no clear solution. 
Overall, EQFT is an option available for scientific realists, but it is wrong to claim that it just 

takes the physics as it is. 
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Chapter 1  
 

 

The Quantum Formalism 

 

 

 

 

 

1.1 Introduction 
 

This thesis explores the viability of Everettian Quantum Mechanics (EQM) from the perspective 

of a naturalist and scientific realist. Everettians often claim that to accept quantum mechanics is 

to accept EQM, because EQM is nothing more than making explicit that unitary time evolution is 

universal. Based on this starting point they claim a large number of benefits over other 

interpretations. This thesis tests this starting assumption, analysing in detail the probability 

problem and ultimately assessing Everettian Quantum Field Theory (EQFT). It should be no 

surprise that EQM requires additional metaphysics from the offset. Everettians need to retain 

the empirical content of standard textbook quantum mechanics but attempt to do so with only 

unitary dynamics. Since the standard framework involves unitary quantum mechanics and the 

collapse postulate, the former will never be equivalent to the textbook formulation. Therefore, 

Everettians must supplement their interpretation in order to maintain its viability.  

Naturalism places the practice of science at the centre of metaphysics and therefore, any 

philosophical stance ought to follow from the success of a scientific theory. This is particularly 

important in relation to quantum physics, where the existence of the measurement problem has 

at times pushed discussion into the purely philosophical realm. While there are issues that 

cannot be currently resolved by the physics, philosophical considerations must still prioritise 

the physics they are trying to champion. Regarding scientific realism, due to the measurement 
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problem and other apparent inconsistencies between quantum theory and the macroscopic 

world, there is a longstanding debate about what it means to be a realist about quantum theory. 

There are various realist interpretations of quantum theory that all claim to solve the 

measurement problem. While often the dialectic focuses on interplay between these approaches 

and the apparent problem of underdetermination, that is challenged here. Pushing against the 

common trend in the literature and following a move by David Wallace, it is shown that there is 

no problem of underdetermination. Instead, EQM possesses more empirical virtues over the 

other standard views, because it is applicable to the full range of quantum physics. 

Placing physics first means looking at the entirety of quantum theory. This incorporates 

quantum mechanics [here taken to be the textbook postulate-based formalism], relativistic 

approaches and quantum field theory (QFT). Due to the complexity of QFT as well as many 

commonalities, the focus in philosophical discussions remains on quantum mechanics. This 

thesis contends with these different aspects. At times, quantum mechanics is sufficient to 

investigate certain issues, but it is always important to remember that a fully viable 

interpretation has to fit within QFT as well. This chapter brings into focus the key physics 

involved as well as considering the putative underdetermination problem. It is argued that 

Everettians have an advantage over other approaches by not changing the physics. However, for 

this advantage to be realised, EQM must be a viable option in the first place. Chapter 2 

introduces EQM, starting with a historical outline that sets up the motivations from its very 

conception. While modern EQM is quite far removed from Everett’s original idea, there are still 

important lessons to be learned from the historical overview.  

One of the main objections to EQM is the probability problem which is introduced in chapter 

3. Often the focus does not extend beyond determinism when in fact the non-unique outcomes 

within EQM play the deciding factor. Chapter 3 also defines the different parts of the probability 

problem and briefly analyses the epistemic problem and how confirmation works for EQM. 

While this is not a main focus for the thesis, any concerns about a lack of confirmation of EQM 

must be addressed if it is to be a viable approach. Although there is no novel success that can be 

linked to EQM, it is shown that since EQM does not change the physics then evidence for 

quantum theory does not undermine the interpretation. 

The bulk of the focus on probability here is on the quantitative problem. It is this aspect that 

intersects with the physics most and Everettians need to recover the key probabilistic concepts, 

especially the Born rule. A large class of modern Everettians use decision theory to solve the 

probability problem and this allows them to place the issue of probability in the realm of 

rational action and avoid needing any alterations to the physics or dynamics which would go 

against the view that EQM is just quantum mechanics or unitary time evolution. However, 
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chapter 4 shows that decision theory is an untenable approach and therefore Everettians have 

to use other solutions. Since the decision-theoretic approach has dominated discussion on 

probability in EQM, other solutions have not been given as much attention. But this imbalance is 

readjusted in chapter 4 where three different solutions are analysed: Vaidman’s self-locating 

uncertainty, Sebens and Carroll’s approach and Zurek’s envariance. The better options involve 

additional principles that are not purely related to rational action. This might appear to be a nail 

in the coffin for the Everettian view as it adds additional assumptions, and it is no longer the 

case that it is just physics as is. However, if we weigh up the need to understand probability 

then adding assumptions that are physically motivated still benefits the approach since there 

are other advantages to EQM.  

Chapter 5 extends the discussion of probability to incorporate the issue of decoherence and 

branching. Again, decision theory is found to be an inappropriate solution but even more 

importantly this pushes us more towards Zurek’s approach over Vaidman’s. This is in part due 

to Zurek being very explicit in trying to avoid probability that seems to be inherent in 

decoherence when approaching envariance. Taking a step back, it is clear that part of the reason 

we should move away from decision theory is the vital role probability does play in quantum 

physics and if an Everettian interpretation is ever to be viable it must be able to interpret 

probability. However, probability in quantum physics is not just the Born rule. Chapter 6 looks 

at probability more widely, first by digging into the role of the Born rule historically and 

conceptually. It becomes clear that while the Born rule is very important, other probabilistic 

notions exist such as probability amplitudes, quantum statistics and uncertainty relations. But 

probability current is interesting from an Everettian perspective as it represents something that 

appears local and has a conservation law which could offer a way to approach probability from 

a different angle.  

Returning to the motivation of sticking closely to physics, chapter 7 brings back wider 

quantum theory and in particular QFT. I begin by analysing some key conceptual issues in QFT 

that are in the background for EQFT. This involves understanding the shift in thinking about 

scientific realism with the inclusion of effective field theories and a divide in ontological 

approaches using particles or field.  

This brings us to chapter 8 and the specification of EQFT. The discussion of the probability 

problem focuses on quantum mechanics, and this is possible because the mechanisms for it are 

essentially unchanged when moving to QFT. However, the issue of branching is brought into the 

foreground and chapter 8 explores whether the account of branching by decoherence in EQM 

can be carried over to EQFT. It is shown that this move introduces a new problem for 

Everettians of multiple branching structures, due to no single preferred basis being selected. 
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Thus, while Everettian approaches do not change the physics, more is required to justify 

speaking about branches. This leads to the question of whether it is worth being an Everettian 

over a over a quietist realist approach, where discussion of fundamental ontological 

commitments is delayed until physics progresses further. The thesis concludes that since EQM 

must involve more than merely unitary dynamics, both in recovering probability and in 

justifying branching, it is not the case that a realist approach to quantum theory is necessarily 

Everettian. 

There are a number of novel ideas presented in this thesis. First, the historic approach to 

EQM in chapter 2 is often overlooked despite it providing key insights into why one should be 

an Everettian. The thesis also brings new angles to looking at the probability problem, both in 

how it is understood and in the solutions. Chapters 4 and 5 analyse non-decision theory 

approaches that are not part of mainstream EQM and ultimately advocate that additional 

physically motivated principles are needed to understand probability. While discussions of 

probability are often reduced to looking at the Born rule, chapter 6 offers unique insight into 

where probability enters quantum theory historically and how there are a variety of 

probabilistic concepts. Finally, chapter 8 engages with EQFT in a way that is not done anywhere 

in the literature. I directly test whether EQFT is an advantageous position to hold and conclude 

that it cannot use the catch phrase of it just being the physics as is. 

 

1.2 Mathematical Introduction 

 

Having laid out the central claims of this thesis, this section now introduces some of the basic 

formalism of quantum physics that is used throughout. Much of this work is based on textbooks 

and for more detailed explanations, see the references (Adlam, 2021; Desai, 2012; Sudbery, 

1986; Zettili, 2009).  

 

 1.2.1 Hilbert Space 

A quantum state of a system is a vector in Hilbert space (ℋ), which is a complex vector space 

with an inner product. It is also separable and complete. The dimension of the Hilbert space 

(and any vector space) is given by the maximum number of linearly independent vectors that 

span the space. Thus, any vector in an N-dimensional vector space can be expanded as a linear 

combination of scalars and vectors: 
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𝑉 = ∑ 𝑎𝑖𝜙𝑖

𝑁

𝑖=1

 

 -where 𝑎𝑖  are scalars and 𝜙𝑖are the vectors 

A basis can be defined for a vector space by finding a minimal set of linearly 

independent vectors spanning the space, where each vector is then called a basis vector. It is 

convenient to take an orthonormal basis, where the vectors are unit vectors with an inner 

product equal to zero. 

 

 1.2.2 Operators 

Quantum physics uses the linear algebra of operators of which there are three main kinds: 

unitary, projection and Hermitian. An operator (�̂�) transforms a ket (or bra) into another ket 

(or bra), i.e. it transforms a quantum state into another one: 

�̂�|𝜓⟩ = |𝜓′⟩ 

An operator is linear if it follows the typical linearity rules: 

�̂�(𝑎|𝜓⟩) = 𝑎�̂�|𝜓⟩ 

�̂�(𝑎|𝜓⟩ + 𝑏|𝜙⟩) = 𝑎�̂�|𝜓⟩ + 𝑏�̂�|𝜙⟩ 

In quantum mechanics, Hermitian operators play a special role (see postulates below). A 

Hermitian operator is one where the operator is equal to its adjoint: 

�̂� = �̂�† 

 

 1.2.3 Commutation relations and the Uncertainty Principle 

In general, the product of two operators is not commutative, i.e. �̂��̂� ≠ �̂��̂�. Using this, one can 

define the commutator of two operators as: 

[�̂�, �̂�] = �̂��̂� − �̂��̂� 

And the anti-commutator: 

{�̂�, �̂�} = �̂��̂� + �̂��̂� 

If two operators do commute, then we have that [�̂�, �̂�] = 0.  

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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The commutative properties of operators are especially important in quantum physics 

as they set up specific commutation relations between different quantities and also link to the 

Uncertainty Principle. Heisenberg (1927) initially used the Uncertainty Principle to link 

measurements of position and momentum, drawing conclusions about the limitations on our 

ability to access quantum systems. However, there is a more general approach through 

commutative algebra and ordinary statistical definitions. We define the expectation of an 

operator as: 〈�̂�〉. This means using basic statistics and operator properties, we can find that: 

Δ�̂� = �̂� − 〈�̂�〉    𝑎𝑛𝑑   (Δ�̂�)
2

= 〈�̂�2〉 − 〈�̂�〉2 

Working through these definitions and linking to specific states, we find the inequality 

when dealing with two operators to be: 

〈(∆�̂�)
2

〉 〈(∆�̂�)
2

〉 ≥ |〈∆�̂�∆�̂�〉|
2

 

And this can be transformed into: 

Δ𝐴Δ𝐵 ≥
1

2
|〈[�̂�, �̂�]〉| 

These equations can then be used to find the original Uncertainty Principle regarding 

position (𝑥) and momentum (𝑝𝑥): 

∆𝑥∆𝑝𝑥 ≥
ℏ

2
 

 -where ℏ is Planck’s constant (h) divided by 2π 

But, by outlining the general derivation, this allows for many different uncertainty 

relations or commutation relations to be found between a variety of variables.  

 

 1.2.4 Eigenstates and eigenvalues 

If the action of an operator on a state vector returns the vector with a scale factor, i.e. �̂�|𝜓⟩ =

𝑎|𝜓⟩, then that specific vector is called an eigenstate (or eigenvector). The scalar (a) is the 

corresponding eigenvalue and for Hermitian operators, these are real. The set of eigenstates for 

a specific operator forms a complete basis. Eigenvalues correspond to physical quantities and 

measurement outcomes and so provide us the link to the empirical predictions of quantum 

mechanics. Projection operators are used when making a measurement and map the quantum 

state onto the observed eigenstate.  

 

(8) 

(9) 

(10) 

(11) 
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1.3 Formalism of Quantum Mechanics 

The above section outlines briefly some of the key mathematical tools needed in quantum 

mechanics but only briefly introduced key concepts like the uncertainty relations. Now, the 

details of quantum mechanics are outlined beginning with the postulates. 

 

 1.3.1 Postulates of Quantum Mechanics 

While postulates or axioms are not always best served to capture a physics theory, quantum 

mechanics is often presented in textbooks using them (Dimock, 2011; Levin, 2002; Zettili, 

2009). Here five postulates are used, although many sources order and number them 

differently. 

Postulate 1: the quantum state of a system is described by a vector in Hilbert space (up 

to a normalisation factor) 

It is common to describe these systems also using a wavefunction (ψ). Typically, ψ 

assumes a position basis but it is used more generally to describe any quantum system with any 

basis. The historic context of the wavefunction stems from Schrödinger’s wave mechanics. 

Postulate 2: physical measurement quantities O correspond to Hermitian operators �̂� 

Postulate 3: the result of a measurement of an observable O must be one of the 

corresponding eigenvalues, following the equation:  �̂�|𝜓⟩ = 𝑎|𝜓⟩ 

Postulate 4a: when measuring a quantity, the probability of obtaining one of the 

eigenvalues is given by the relevant mod squared rule: 

 Discrete (nondegenerate) systems: 𝑃(𝑎) = |⟨𝑎|𝜓⟩|2 

There are similar rules for degenerate systems and also for continuous spectra. This 

postulate essentially gives us the Born rule. The Born rule is a key probabilistic rule linking the 

quantum mechanical formalism to measurement outcomes. It is a central part of much of the 

discussion and is outlined in more detail in chapter 6. 

Postulate 4b: after measurement, the state of a system is in the eigenstate 

corresponding to the observed eigenvalue 

This postulate is better known as the projection or collapse postulate, and it is one of the 

main parts of the measurement problem. It represents a disjoint in the dynamics of quantum 

mechanics, compared to postulate 5, and has historic links to Von Neumann’s formalism of 

quantum mechanics (Von Neumann, 1955). 
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Postulate 5: the time evolution of the quantum state is described by the time-

dependent Schrödinger equation: 

𝑖ℏ
𝜕

𝜕𝑡
|𝜓(𝑡)⟩ = �̂�|𝜓(𝑡)⟩ 

 

 1.3.2 Superposition 

A key aspect of quantum physics involves the linear algebra fundamental to the theory and how 

it sets up the superposition principle. The principle states that a system does not need to be 

described by a single vector (or eigenstate) but can be described by a linear combination, or 

superposition, of them. For example, taking a system with a quantum state ψ, it can be described 

in terms of the linear combination of various eigenstates: 

|𝜓⟩ = 𝑎|𝜙1⟩ + 𝑏|𝜙2⟩ + 𝑐|𝜙3⟩ … 

When a quantum system is in a superposition, the probability of the state being in one 

eigenstate after measurement is given by the Born rule: 

𝑃(𝜙1) = |𝑎|2 

Further, the collapse postulate tells us that after measurement, the quantum state 

‘collapses’ or changes from the superposition to being in that specific eigenstate: 

|𝜓⟩ = 𝑎|𝜙1⟩ + 𝑏|𝜙2⟩ + 𝑐|𝜙3⟩ … → |𝜓⟩ = 𝑎|𝜙1⟩ 

 

 1.3.3 Pure versus Mixed states 

So far, we have only been dealing with what is actually called a pure state in quantum 

mechanics. A pure state can be represented by a single wavefunction (or a single ket). However, 

there are also mixed states, which are defined in terms of pure states.  

There are two kinds of mixed states: proper and improper mixtures. Both of these are 

mathematically equivalent but are interpreted differently. Proper mixtures represent classical 

probability distributions over possible pure states, where the probabilities are representative of 

an observer’s ignorance. Improper mixtures cannot be linked to classical probabilities and have 

no single pure state that can describe any of the elements involved. We will return to these 

distinctions when discussing decoherence in chapter 5.  

 

(12) 

(13) 

(14) 



9 
 

 1.3.4 Density matrices 

A consistent way to describe all types of states, both pure and mixed, is through a density matrix 

or operator. We define a density matrix (ρ) as: 

𝜌 = ∑ 𝑐𝑖|𝜓𝑖⟩⟨𝜓𝑖|

𝑖

 

Density matrices are also Hermitian and can offer an alternate way to define what a pure 

state is. In this instance, a pure state is one that satisfies the condition: 𝜌 = 𝜌2 

If we take a measurement of an observable (A) with operator �̂�, the expectation value 

can also be defined using the density matrix and a quantity called the trace: 

〈𝐴〉 = ∑ 𝑐𝑖⟨𝜓𝑖|𝐴|𝜓𝑖⟩

𝑖

= ∑ 𝑇𝑟(𝑐𝑖

𝑖

|𝜓𝑖⟩⟨𝜓𝑖|𝐴) = 𝑇𝑟(𝜌𝐴) 

 -where the trace (Tr) is: ⟨𝛼|𝐴|𝛼⟩ = 𝑇𝑟(𝐴𝑃𝛼) 

 

 1.3.5 Entanglement 

The notation above has all been for single quantum systems but obviously most of the time one 

deals with multiple systems(such as particle states) interacting with each other. A unique 

feature of quantum physics is the phenomenon of quantum entanglement. Entanglement occurs 

when two or more particles have their states dependent on one another and it is not basis 

dependent. Certain quantum systems can be written as products of other states: 

|Φ⟩ = |𝜙1⟩ ⊗ |𝜙2⟩ 

However, an entangled system cannot be factorised into different product states. A 

famous example is the singlet state between two spin-1/2 particles: 

|𝜓⟩ =
1

√2
(|↑⟩1|↓⟩2 − |↓⟩1|↑⟩2) 

The combined system has a total spin of zero so the spin of one particle ‘determines’ the 

spin of the other.1 

 
1 The nature of this ‘determination’ is highly controversial and much debated. It is closely linked with Bell’s 

theorem and the idea of hidden variables. For a minimal formalism of quantum mechanics, it is sufficient to 

say that if one measures particle 1 to have spin up, then all measurements of particle 2 will give spin down. 

However, no further analysis of the correlation can be made without a move towards a specific interpretation. 

(15) 

(16) 

(17) 

(18) 
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1.4 Foundational Issues in Quantum Physics 

 

 1.4.1 The Measurement Problem 

The quantum measurement problem is an umbrella term under which many issues are placed. 

And how many authors define the problem leads directly to how they solve it. Therefore, it is 

hard to give a straightforward answer to what it is, especially without pre-empting a specific 

solution. However, there are key elements to the problem. The measurement problem 

incorporates (Bacciagaluppi, 2013, p.141-9): 

1. The lack of a precise boundary between a quantum system and the external world 

2. The disparity between quantum (micro) indefiniteness and macro definiteness 

3. How quantum mechanics could be applied to the process of measurement 

4. Application of quantum mechanics to the universe  

5. The problem of measurement being observer-centric 

This breakdown of the measurement problem by Bacciagaluppi pinpoints the main 

elements often addressed when discussing it. There are also other ways it is presented. Maudlin 

(1995) introduces a trilemma such that the three statements (completeness, linear Schrödinger 

evolution, definite outcomes) cannot all be true for any interpretation. Pitowsky (2006) splits 

the problem into a ‘big’ and ‘small’ problem. The ‘big’ problem is about explaining how there are 

definite outcomes to experiments, and so closely matches with one fork of Maudlin’s trilemma. 

The ‘small’ problem asks how we can account for the classical world we observe, similar to 

number 2 above (Bub and Pitowsky, 2010). All these different ways of breaking down the 

quantum measurement problem are useful for focusing in on one particularly aspect. However, 

the overarching problem relates to the quantum-classical divide: ultimately, how do we get 

from the way quantum mechanics describes the micro-level to the way things appear to us on 

the macro-level? 

 

 1.4.2 Interpretations of Quantum Mechanics 

The measurement problem pushes philosophers and physicists to try and interpret quantum 

theory to bridge the gap between the formalism and observed world. Historically, the 

prevalence of Bohr’s philosophy led to the orthodox and Copenhagen approaches being gospel 

(Bacciagaluppi, 2013). Here, the two are separated out, despite often being linked, because 
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there are differences between the two. And these differences could even be explicated further 

for each physicist. Here, I take the Copenhagen approach to be Bohr’s (1976) views that roughly 

correspond to: 

 

Copenhagen Approach (Bohr) 

1. Quantum mechanics is complete (in the sense of no hidden variables) 

2. Correspondence principle 

3. Quantum-classical cut 

4. Born’s statistical interpretation 

5. Complementarity 

6. Classical concepts are indispensable 

7. Ψ doesn’t represent a real physical state 

 

In comparison, the orthodoxy followed from work by Heisenberg, Dirac, Pauli and maybe 

most notably Von Neumann: 

 

Orthodox or Textbook Quantum Mechanics 

• Accepts 1, 2, 3 and 4 

• No mention of 5 and 6 

• Denies 7- Ψ somehow physical as have additional collapse postulate 

 

As stated, this is a rough outline of the orthodox approach and even some of the named 

physicists might disagree on points in certain papers. 

Despite the apparent victory of orthodoxy and Bohr, new interpretations started to become 

more prevalent from the 1950s onwards. This was in part due to the wider influence in 

philosophy of scientific realism and a growing apathy with the positivist mindset, a view which 

closely ties with Bohr’s quantum theory. There are numerous interpretations now, but the three 

main ones, which link nicely with Maudlin’s trilemma, are: Bohmian mechanics, Collapse 

theories and Everettian Quantum Mechanics.  

Everettian Quantum Mechanics (EQM) is an interpretation stemming from the work of Hugh 

Everett III (Everett 1957). He posited a change from ordinary quantum mechanics by taking the 
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basic unitary evolution of the quantum wavefunction as all there was. At its essence, EQM takes 

quantum physics as it is, without any additional physics (Wallace 2012a). EQM is the focus of 

much of this thesis and as such requires a more detailed outline, which is laid out in chapter 2. 

Bohmian mechanics stems from David Bohm’s (1952) hidden variable theory, as well as 

elements from de Broglie’s (1928) pilot wave approach. As a hidden variable interpretation, 

Bohmian mechanics takes quantum mechanics to be incomplete, with the hidden variable being 

particle positions (Passon, 2018). The approach involves certain basic principles: a full state 

description of the wavefunction and particle configuration, the Schrödinger equation for wave 

dynamics and a guidance equation outlining how particles move (Barrett, 1999; Maudlin, 2019). 

Also, many Bohmians have an additional premise, the equilibrium hypothesis, that sets out the 

probability distribution of the particle states (Passon, 2018). As an interpretation, Bohmian 

mechanics is deterministic and relates back to classical ontology by focusing on particles.2 

Collapse theories can be split into spontaneous collapse theories and those caused by 

coupling. The former is often epitomised by the Ghirardi, Rimini and Weber (1986) or GRW 

approach. A famous example of the latter where some coupling dynamics causes collapse is the 

Diósi-Penrose theory involving gravity (Diósi, 1987; Penrose, 1996). Theories like GRW 

supplement unitary dynamics with stochastic terms that specify a random chance that a 

collapse event will occur (Maudlin, 2019). Thus, Schrödinger dynamics are altered, making it a 

question whether collapse models are equivalent to orthodox quantum mechanics (Friebe, 

2018). Collapse theories are in principle testable and potentially diverge from ordinary 

quantum results. Nevertheless, it is necessary that these approaches reproduce the data we 

already have, and as such, in certain regimes collapse models are empirically equivalent. 

Fundamentally, in altering the unitary dynamics and taking collapse as a physical process, GRW 

and others are indeterministic theories.  

These quick introductions to three interpretations merely scratch the surface of what they 

each say. Further, this is not an exhaustive list of solutions offered to the measurement problem. 

But for our purposes here, a dialectic is often set up, pitting these three approaches against each 

other. 

 

 
2 There is a vast literature on primitive ontology and how it relates to interpretations such as Bohmian 

mechanics. It is not a focus in this thesis but see Allori et al. (2008), Allori (2013, 2015) and Oldofredi (2022) for 

more details. 
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1.5 The Problem of Underdetermination  

 

The background to quantum physics above left us on the note of the measurement problem and 

the different interpretations given to solve it. The focus was on the main three interpretations: 

EQM, Bohmian Mechanics and Collapse Theories (mainly GRW). Many discussions comparing 

the three interpretations begin by weighing up the virtues of each assuming they begin on some 

kind of equal footing. It will be shown here that there is no problem of underdetermination at 

all, as two of the interpretations fail to apply to the full scope of quantum theory. 

 

1.5.1 Underdetermination in Science 

The problem of underdetermination is often discussed regarding the philosophy of science. 

However, exactly what this problem is and what underdetermination even means is quite 

complex. Historically, Duhem (1914) pointed out that there is a problem of theory confirmation 

because one cannot test a hypothesis in isolation. Quine (1951) took this notion and extended it 

to the whole of logic. It should be clear that neither of these arguments deal with 

underdetermination, yet often discussions refer to either Duhem or Quine. This in part is due to 

many concepts being placed under the banner of underdetermination.  

In general, there are two areas where there can be underdetermination. First, we can 

have a problem of underdetermination of theory choice (Lauden and Leplin, 1991). This 

normally occurs in science when there are competing theories explaining the same evidence at 

that time, but often this problem is resolved by new evidence being discovered. For example, 

discussions of the age of the earth and origins of the continents at times involved multiple 

theories that could not be evidentially distinguished. However, later discoveries showed that 

one theory was superior to the others. There can also be a problem of underdetermination of 

interpretations when a theory has been chosen. French (2011) refers to this as metaphysical 

underdetermination since deciding between interpretations is not based on empirical findings, 

but rather on a metaphysical basis.  

Within these problems of underdetermination, philosophers also distinguish between 

different levels or degrees of the problem. A common distinction is between strong and weak 

underdetermination, but others refer instead to transient versus permanent (Sklar, 1975). 

Strong underdetermination refers to an in principle underdetermination that cannot be solved 

by any future evidence. On the other hand, weak underdetermination is relative to a specific 

time or a scope (Earman, 1993; Laudan, 1990). While philosophers often use these broad 
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definitions, at the heart of much discussion on underdetermination is the notion of empirical 

equivalence. Thus, strongly underdetermined theories are strongly empirically equivalent, such 

that all predictions of one theory are the same as all the predictions of the other. Weak empirical 

equivalence is harder to define. It can be characterised as when theories make the same 

predictions about the actual world but not necessarily about all possible worlds (Hoefer and 

Rosenberg, 1994). This could mean that future science changes our understanding of the actual 

world to favour one theory. However, this definition does not match up perfectly with weak 

underdetermination due to a specific regime. Further, different authors have different 

definitions of strong and weak empirical equivalence (Johannesson, 2020). Some philosophers 

think it is a requirement of any underdetermination that the focus is on a global theory (Hoefer 

and Rosenberg, 1994; Van Fraassen, 1980). This would mean that ‘weak’ underdetermination is 

not underdetermination at all. 

Hoefer and Rosenberg (1994) distinguish between underdetermination due to the 

concept of empirical equivalence and holism which focuses on testing hypotheses. They argue 

that in many cases philosophers claim there is underdetermination when in fact it is a local 

problem that is closer to holism and Duhem’s thesis on theory testing. Holism grows on 

Duhem’s work and focuses on “when our inability to test hypotheses in isolation leaves us 

underdetermined in our response to a failed prediction or disconfirming evidence” (Stanford, 

2021). Stanford distinguishes this with contrastive approaches that mirror Hoefer and 

Rosenberg’s underdetermination by evidence. How varied one takes underdetermination 

decides whether there can be multiple levels to the problem. While Hoefer and Rosenberg make 

good arguments for a very narrow definition, here value is found in taking a broader outlook. 

Since our current theories are far from the final approach, we do not have a currently global 

theory, which Hoefer and Rosenberg do acknowledge. However, since so many philosophers are 

discussing underdetermination in relation to our current theories, it is worth defining an actual 

way underdetermination could occur (without us having the final theory). 

Philosophers also debate about the extent of the problem of underdetermination. Van 

Fraassen (1980) takes a strong stance that an empirically equivalent theory can always be 

found and so there is underdetermination throughout science. On the other end of the spectrum, 

Laudan and Leplin (1991) think that too much significance has been placed on supposed 

problems of underdetermination and there are clear objections to different examples. They 

argue that it is not clear that every theory has an empirically equivalent different theory and 

that even if this did arise, this does not guarantee these two theories will not be distinguishable 

using evidence. Of course, there are many with views somewhere in between as well. Hoefer 

and Rosenberg (1994) see global underdetermination as a possible future problem but use their 
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necessary conditions to show this is not widespread. Though for them, underdetermination only 

applies to systems of the world when there is a high level of empirical adequacy. Earman (1993) 

also acknowledges the threat underdetermination could pose but thinks this instead means we 

should question the reliability of our inductive methods.  

Accepting underdetermination, how do philosophers typically try and solve the 

problem? The standard approach when one cannot use scientific criteria is to look at the extra-

empirical virtues, sometimes just called theoretical virtues (Kuhn, 1977). These virtues are 

characteristics like simplicity, elegance or explanatory power. These differ from the standard 

empirical virtues, such as scope, predictive power and accuracy for example. Obviously, in cases 

of underdetermination the central idea is that all the empirical virtues are the same: the 

theories explain the same range of phenomena and give the same predictions. Thus, 

underdetermination pushes us to consider non-scientific values such as the aesthetics of the 

theories.  

There is one topic relating to underdetermination that I have not mentioned so far, and 

in fact is what leads to so much discussion of underdetermination, and it is realism. The rough 

connection is that if we have a situation where two theories are empirically equivalent and so 

underdetermined, then how can we be a scientific realist about them (Worrall, 2011)? This type 

of dilemma occurs because typically scientific realists use arguments such as the no-miracles 

argument to believe in the entities described by our best theories (Boyd, 1989; Psillos, 1999; 

Putnam, 1975). However, there is only really a problem for the realist if a true case of strong 

underdetermination occurs (Laudan and Leplin, 1991; Worrall, 2011). That is there must be two 

theories that will always in principle give the same predictions yet have a very different 

worldview. This scenario should mean that the realist must regard one theory as equally as 

good as the other and yet the actual description of the world in both is different. As already 

briefly stated above, the existence of actual cases of underdetermination and the prevalence 

empirically equivalent theories is up for debate. 

 

1.5.2 Underdetermination in Quantum Mechanics 

There is widespread belief that there is a problem of underdetermination in quantum 

mechanics. For example, Callender (2020, p.62) states “Quantum underdetermination is the real 

deal”. And there are many other papers, some very recent, that look at this supposed problem of 

underdetermination in quantum mechanics (Acuna, 2021; Dieks, 2017; Egg, 2021; Hoefer, 

2020). In relation to the types of underdetermination discussed above, the problem here is one 

of interpretation. There is an accepted textbook version of quantum mechanics but still a debate 
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about how to interpret it. Much of the discussion centres on the realist interpretations since 

underdetermination is more problematic for realists than it is for operationalists. The main 

three approaches are EQM, Bohmian mechanics and collapse theories.3 And it is true that at first 

glance it seems that we have a real example of underdetermination. Bohmian mechanics and 

EQM have essentially been built to completely reproduce the quantum statistics and so it 

appears like they are empirically equivalent and therefore, that there is no empirical test that 

can distinguish between them. Collapse theories are different in that they only approximately 

reproduce standard quantum mechanics due to how the theory is changed.  

Bohmian mechanics and collapse theories both revise standard quantum mechanics and 

so they should not strictly be called interpretations. Rather they are different research 

programs that happen to reproduce the same statistics. Therefore, this opens the question of 

whether this is a case of true empirical equivalency or if the modifications to standard quantum 

theory also come with different prediction, thus breaking any underdetermination. In the case 

of Bohmian mechanics, the modifications are such that in the limited quantum mechanical 

regime there are not different results and so Bohmian mechanics is a different theory but 

without any different predictions. It is worth noting that there are many different approaches to 

Bohmian mechanics and while the standard version relies heavily on this exact empirical 

equivalence, Valentini (1991a, b) interprets the quantum equilibrium hypothesis very 

differently. So, it seems that what we have is a standard version of quantum mechanics which 

can be interpreted as EQM plus two other research programs. 

Collapse models actively change the basic formalism and predict different results in 

certain setups. This means future tests and evidence could support or disprove different 

models. Bohmian mechanics also changes the fundamental formalism by introducing hidden 

variables. However, its predictions are the same as for standard quantum mechanics by design. 

Arguably this weakens Bohm theory since we must rely on philosophical arguments to advocate 

for it, such as theoretical virtues, yet at the same time the modifications added do nothing to the 

actual science. This makes the hidden variables seem like an ad hoc addition and should make 

us question why one would ever pick Bohmian mechanics over other interpretations. Ladyman 

(2019) also gives several arguments showing that adopting Bohmian mechanics causes more 

 
3 While these three approaches to quantum theory have received the most attention, there are many other 

options as well. Alternatives include quantum information theories, modal interpretations, relational quantum 

mechanics and various epistemic approaches. Often debates around underdetermination ignore the wider 

scope and so here the focus is on the three ‘naïve’ realist interpretations. However, it is important to note that 

other options exist. 
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problems for scientific realists. Therefore, even putting aside issues of underdetermination, 

Bohm theory has problems as a viable alternative. But the problem becomes even more 

confused if we continue to play into there being some underdetermination. Several advocates 

for EQM argue that Bohmian mechanics just is EQM in disguise (Deutsch, 1996; Lewis, 2016). 

And Cordero (1999) even argues the same for collapse models. Therefore, it might not even be 

right to separate out three broadly realist approaches.  

One way to approach a circumstance of underdetermination is via weighing up different 

theoretical virtues. For example, Bohmian mechanics is often lauded as having very good 

explanatory power, especially over EQM. However, it is possible to look at one theoretical virtue 

and show that it is both an advantage and disadvantage for each interpretation. Advocates for 

different interpretations also try and claim that other approaches are inconsistent. This is an 

odd dialectic within the literature. It is common to see discussions about the problems of 

underdetermination but on the other hand certain interpretations are said to be wrong. This 

latter type of objection is commonly used against EQM where the probability problem makes it 

incoherent (Saunders et al., 2010). Clearly if there is an issue of underdetermination all the 

approaches must be consistent and somewhat empirically equivalent. This section shows that it 

is oversimplifying the situation to claim there is underdetermination because ultimately many 

of the standard approaches modify quantum mechanics and so are different theories. However, 

there is bigger reason why there is no true underdetermination, and it is due to the difference 

between ‘quantum mechanics’ and ‘quantum physics’. 

 

1.5.3 The Case from Quantum Physics 

There is a growing trend in the philosophy of physics that focuses on broader quantum physics 

rather than merely quantum mechanics (Wallace 2020a). Specifically, quantum mechanics deals 

exclusively with N-particle non-relativistic quantum theory and so excludes all quantum field 

theories (QFTs) and relativistic approaches. Wallace (preprint) argues that taking this more 

complete view of quantum theory drastically changes any underdetermination. Above, I have 

argued that even within the limited quantum mechanical domain, it is not clear that there is 

underdetermination. However, this argument is strengthened by looking at relativistic QFT. In 

particular, there is no fully worked version of Bohmian mechanics or collapse theories within 

relativistic (interacting) QFT.  

Bohmian mechanics does not translate easily to relativistic approaches due to the theory 

not being Lorentz invariant. The particle configurations (i.e. the hidden variables) play too 

crucial a role in the theory and these rely on simultaneous particle positions defined by the 
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evolution of the guiding equation. This is strongly non-local and seems to be a barrier for any 

relativistic Bohm theory. There have been some attempts at extending Bohmian mechanics, but 

all of these are still very limited or do not fully solve the problem. For example, Dürr et al. 

(1999) have a toy model where additional Lorentz invariant structure is added to the Bohmian 

model. This does help with the locality problem but involves adding in superfluous structure, 

which is unmotivated. Bohm and Hiley (1993) worked on a limited theory with a single particle 

described by the Dirac equation. Since the Dirac equation is a basic element of relativistic 

approaches, it was meant to offer a first step to a fully formed relativistic Bohm theory. 

However, this has happened, and only very limited (and at times problematic) toy models have 

been developed. Goldstein and Tumulka (2003) take a different approach by having a model 

where opposite arrows of time are exploited to reconcile the nonlocality of Bohm with the 

required Lorentz invariance. Further, even putting relativistic concerns aside, Bohmian 

mechanics also naturally does not extend to QFTs. Typically, QFTs require a description of the 

creation and annihilation of particles, central to much of particle physics. However, this is not 

easily obtained in the Bohmian picture. Moreover, there is an ongoing debate about whether 

QFT leads us to having fields being the fundamental entities, and if this is true, this is not 

obviously reconcilable with the Bohmian approach (see chapter 7).  

There are also problems for collapse models extending to these domains (Ghirardi and 

Bassi, 2020). These are not the same as for Bohm theory and in fact Ghirardi, Grassi & Pearle 

(1990) argue that a standard collapse model, CSL, has the right properties to extend to the 

relativistic domain. However, one common problem relates to the white character of the 

stochastic noise used in many collapse models to get the random localisations. These types of 

models struggle with normalisation problems, on top of those already present in QFT (Bassi and 

Ghirardi, 2007). There have been attempts to formulate a collapse theory with non-white noise, 

but this has just been in the non-relativistic domain (Bassi and Ghirardi, 2002; Diosi, 1990). 

There has been progress but no actual model yet. Tumulka (2006) has formed a successful 

relativistic GRW type theory but only for non-interacting particles. The general consensus from 

advocates of collapse models is positive, but with no actual model, any other approach that 

succeeds here should automatically be favoured. Wallace (preprint) argues that there is a 

general reason why the Bohmian and collapse theories do not extend to QFTs. He terms these 

approaches modificatory ones since they change part of quantum mechanics, and this involves 

defining some microphysical and macrophysical degrees of freedom to solve the measurement 

problem. However, the nature of QFT is that the microphysical level is not directly related to the 

description at the macroscopic scale and so trying to enforce a certain rubric onto QFT, fails to 

recognise how QFT works.  
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Regarding EQM, the claim is made by Everettians that it naturally extends to relativistic 

QFTs (Wallace, 2020a; Wilson, 2020). This is because they define EQM as just being the physics 

of quantum theory as is, and so this would equally apply for all quantum physics. There are 

certainly merits to this. EQM takes seriously unitary dynamics that remains central to QFTs and 

does not require any changes to the basic structure (i.e. adding in hidden variables or new 

laws). Therefore, it appears that EQM is able to apply in the broader regime. It is worth noting 

here that most Everettian-style approaches have this advantage and this is not specific to the 

typical many-worlds picture. This does not mean though that EQM automatically is the best 

interpretation as there are theories beyond these three approaches (see footnote 3). Therefore, 

even if one subscribes to underdetermination in this context, coming to solution would require 

analysing every quantum interpretation (from information theory to Quantum Bayesianism) 

and checking to see if there was complete empirical equivalence in each case. Nevertheless, it is 

still useful for realists to recognise how common connections between Bohmian mechanics, 

collapse theories and EQM break down once the scope of underdetermination is broadened to 

the entirety of quantum theory. 

Taking this brief look at the relativistic domain and QFTs completely removes any 

question about underdetermination. The different approaches are no longer empirically 

equivalent since some cannot explain the observations of, for example, particle physics. And it is 

not even easy to separate out specifically quantum mechanical aspects that rely on no field-

theoretic ideas that could show a weaker version of underdetermination. Any discussion of 

electrons requires QED which is a field theory and so Bohmian’s and collapse theorists cannot 

describe simple scenarios involving them. Moreover, if one wants to argue that in a (very) 

limited regime, there is weak underdetermination, this then has implications for our more 

general understanding of underdetermination. If it is true that Bohmian mechanics, collapse 

models and EQM are underdetermined within quantum mechanics, it is also true that 

Newtonian mechanics and General Relativity are underdetermined at speeds much less than c. 

The latter claim seems to be using a very different form of underdetermination to what is 

typically meant and yet there are authors arguing for the former statement. 

At this point EQM seems to ‘beat’ the other interpretations if one is to take seriously the 

entirety of quantum physics. However, that is assuming that EQM itself is a viable option and 

this is the focus of much of the rest of the thesis. Despite arguing that we should use the full 

scope of quantum theory, I first focus purely on quantum mechanics. The reason for this is 

outlined later and is in short because for certain conceptual discussions EQM does not 

distinguish between quantum mechanics and RQFT. But to discuss the viability of EQM, one 

needs to know exactly what EQM is, which is the topic of chapter 2. 



20 
 

 

  



21 
 

 

 

 

Chapter 2 
 

 

Everettian Quantum Mechanics 

 

 

 

 

 

2.1 Introduction 
 

Everettian Quantum Mechanics (EQM) has a clear advantage over other interpretations due to 

its application to wider quantum theories. Since most of the thesis focuses on exploring the 

viability of EQM, it is worth outlining exactly what the interpretation says. Historically, EQM 

stems from unhappiness with the orthodox approach to quantum mechanics. While modern-day 

EQM is now quite different from the original formulation (in part due to new physics like 

decoherence), Everett’s work offers insights into what a many worlds view brings to the table. 

Further, many of the current problems faced by Everettians were discussed by Everett himself, 

and other key early contributors like DeWitt and Graham. In this chapter, the history of 

Everett’s approach is explained, looking at the motivations for his views and drawing links to 

current issues we discuss in relation to EQM. Then in section 2.3, I outline the core concepts of 

modern EQM. This provides a basis for the rest of the thesis and introduces two key problems: 

the probability problem and the preferred basis problem.  
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2.2 Everett’s Quantum Theory 
 

In 1957, when Hugh Everett III first published his ground-breaking PhD, quantum mechanics 

was over 25 years old.4 The mathematical formalism based on wavefunctions and vectors in 

Hilbert space was extremely successful, and yet there were still questions about its 

interpretation. Generally, quantum mechanics was based on two processes outlined by Von 

Neumann (1955). Process 1 is the reduction or collapse of the wavefunction and is used for the 

measurement process. Process 2 is the unitary transformation of the Schrödinger equation 

describing the quantum state when no measurement is taking place. Here, the ‘conventional’ 

approach is taken to incorporate these key aspects. The name ‘conventional’ is used by Everett 

and his contemporaries, and so that is the terminology used here. In general, the approach is 

now referred to as the orthodox approach.  

Despite apparent agreement on using the conventional approach, there were problems 

with it, which were what Everett focused on (Barrett and Byrne, 2012). In fact, Everett notes in 

his unpublished long thesis that there “…has been expressed lately a great deal of dissatisfaction 

with the present form of quantum theory…” (Everett, 1956, p.110). Everett explicitly states 

some of the problems facing this conventional approach in this long thesis. First, a paradox 

appears when there is more than one observer (linked to Wigner’s friend paradox; Wigner, 

1961). Secondly, there are problems with how to define measuring devices and observers, 

which are essential to the approach. Process 1 only takes place when a measurement occurs. 

Therefore, it is vital for the interpretation that a precise definition of measurement, observation 

and apparatuses is given. This was a major problem facing the conventional approach as it 

seemed especially hard to define what counted as a measuring device. Following this, Everett 

thinks that process 1 violates the principle of psycho-physical parallelism because of how it 

treats observers as special.5 If observation is special such that it causes a change from process 2 

to process 1, then it seems that observers are physical systems that obey different laws from 

other physical systems, which breaks the principle. This problem is one of the main motivations 

of Everett’s theory since he bases much of his work on a general definition of an observer 

subject only to process 2. 

 
4 For a detailed historical outline of Everett and his work see Barrett and Byrne (eds.) (2012) and Barrett (1999) 

5 Everett uses this phrase himself, following Von Neumann (1955). It is not quite the correct phrase and what 

Everett is referring to is just a violation of physicalism. Here, we use Everett’s terminology to stay true to the 

history but note the misconception. 
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DeWitt (1970) thinks that most of the problems with the conventional approach centre 

around describing observation. In orthodox quantum mechanics, when a measurement occurs 

the mathematical formalism states that the measuring apparatus interacts with the system it is 

measuring. This forms an entangled state such that it appears both the system and apparatus 

are not in a definite state. For example, take the measurement of electrons’ spin by an apparatus 

(A). Before the measurement, the initial state of the electrons is: 

|Ψ0⟩ = 𝑐1|𝜓↑⟩ + 𝑐2|𝜓↓⟩ 

 -where unspecified coefficients (c)  

There are two possible options, either spin up or down. After the measurement, the 

initial state transforms into: 

|Ψ1⟩ = 𝑐1|𝜓↑⟩|𝐴↑⟩ + 𝑐2|𝜓↓⟩|𝐴↓⟩ 

This describes a situation where the apparatus is no longer in a definite state. Von 

Neumann (1955) identified a catastrophe of infinite regression following on from this. If 

another apparatus is used to try and measure the first, this also becomes part of the 

entanglement, and this will continue. Thus, there seems to be no way to verify mathematically 

that an apparatus is in a single state without introducing something new. Since we never 

observe naturally occurring macroscopic entanglements, the conventional approach posits that 

an observation causes the wavefunction to collapse into only one of the final states (either up or 

down). However, as Graham (1970) claims, there is no evidence of process 1 taking place, 

besides the lack of macroscopic entangled states. Collapse is added a priori to the conventional 

approach, to explain how the formalism could align with our experience. Its mechanism, along 

with the probabilities assigned (defined by the coefficients in the equations and using the Born 

rule), do not follow from the ordinary quantum dynamics (i.e. process 2). Thus, they are 

imposed on the theory and “adjusted to suit convenience” (DeWitt, 1971, p. 177). DeWitt feels 

this solution to measurement is non-scientific. Thus, this solution is not from the science but 

from metaphysics and is merely disguised as physics. Taking away collapse leads to the 

question of how the superposition that occurs in the mathematics after measurement can be 

reconciled with our experience of only observing a single result. 

The conventional approach also struggles with approximate measurement according to 

Everett (1957) (Barrett, 1999). Process 1 deals with exact measurements and process 2 with 

the absence of measurement. An approximate measurement, however, is when an observer only 

weakly interacts with a system for a finite time. Taking the conventional method, the only way 

to deal with an approximate measurement seems to be to take some combination of process 1 

(1) 

(2) 
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and 2. But this seems to be an unanswerable question: how much probability (from process 1) 

should we add to some amount of determinism (from process 2)? This is a central part of 

Everett’s published thesis (1957) where he shows in detail how his relative state approach can 

account for all types of measurement-like events.6 

It is important to note that, the discussion of the ‘conventional’ approach in Everett’s 

final PhD is different to the above (Everett, 1957). Due to the significance of the approach in the 

academic community, Wheeler (Everett’s supervisor) advised him to tone down his criticism of 

the interpretation. Instead, Everett frames his argument in relation to General Relativity. He 

asks how conventional quantum mechanics could apply to the entire universe? He argues this 

new formulation is better suited to applying to General Relativity, rather than focusing on the 

inherent problems in the conventional approach. In fact, Everett presents this new method as 

not contradicting or denying the conventional one but gives a more general theory from which 

conventional quantum mechanics can be deduced.  

While not openly opposing the conventional view, Everett does state three problems it faces: 

1. Observers are different from ordinary physical systems 

2. It cannot deal with approximate measurements 

3. It does not apply to space-time geometry 

Everett identifies a link between all these problems based on the focus of an external 

observer looking in at an isolated system. Therefore, he sets his approach apart by looking from 

within a closed system. Von Neumann’s process 1 is only applicable for an external observer 

and thus Everett builds his theory solely on process 2. Everett also worries that the 

conventional approach merely postulates the probabilities defined by the Born rule and used 

for measurements. 

Wheeler (1957) takes an even more conservative approach when assessing Everett’s 

published thesis. He claims that the ‘conventional’ approach is derived from Everett’s wave 

mechanics, but that both the old and new methods are useful in their own way. He explicitly 

states that the dualism of the conventional theory, whereby there is a quantum and classical 

realm, is a positive and that it is logically consistent. Thus, Everett’s relative state formulation is 

just taking a different approach, dropping all classical concepts. He even states that “it does not 

seek to supplant the conventional eternal observer formulation, but to give a new and 

independent foundation for that formulation” (p.464). 

 
6 Everett seems to predict work done on the effect of weak measurements in quantum mechanics a decade or 

so later in work by Mensky, Belavkin and others. 
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After outlining the problems convention faces, Everett (1956) defines five different 

approaches that provide solutions. He separates out the popular interpretation (essentially the 

conventional approach above) from the Copenhagen or Bohr’s own approach. The popular 

approach, he argues, is only valid with one observer (i.e. solipsism) since it cannot cope with 

multiple observes. Bohr’s approach is better than the conventional interpretation, but Everett 

argues it relies too heavily on the classical. Thus, it has a ‘dualism’ whereby reality is purely 

classical and yet there is mathematical quantum realm. Everett briefly discusses Bohmian 

mechanics, but quickly dismisses it since he argues his wave mechanics is simpler since it 

requires only the wavefunction and not the particle. The next approach Everett criticises is what 

he calls the stochastic theory, which posits that nature is fundamentally stochastic and process 

1 is a natural physical process (this is similar to current collapse models). He worries that this is 

prominent only because it is indeterministic, and thus follows from philosophical trends of 

positivism and operationalism. The final approach is his own, which he of course argues is 

superior because it is logically consistent and avoids all the problems facing convention. 

 

2.2.1 Universal Wave Mechanics and Relative-State Formulation 

Since Everett wishes to start anew without any of the problems arising from measurement, he 

must begin by focusing only on process 2. The key step Everett takes is to see the state functions 

themselves as fundamental entities, allowing a state function for the universe to be defined 

(Barrett and Byrne, 2012). This would be a universal wavefunction, which evolves via the 

Schrödinger equation (process 2). Therefore, Everett initially calls his approach the ‘theory of 

the universal wavefunction’, which is the name of his unpublished long thesis (Everett, 1956). 

Differing from convention, Everett also omits all postulates relating to observation (including 

process 1). However, he tries to avoid the pitfalls of the conventional approach by precisely 

defining both observers and measuring devices. Observers, he states, are just physical systems 

or in other words, automatically functioning machines possessing recording devices (Everett, 

1957). Measuring devices are also only physical systems but which also contain some form of 

recording device. For observers, this recording is our memory and Everett later uses this 

connection to reality to examine an observer’s subjective experience 

In this approach, a measurement process is a correlation-inducing interaction between 

subsystems of a single isolated system. Everett uses the concept of information from Shannon 

(1948) to mathematically define interactions and correlations (Everett, 1956). Information 

theory allows Everett to have a quantitative measure of how two variables are correlated 

(Everett, 1955b). For example, if variables X and Y are correlated, we will learn something about 

the Y variable when we are told information about the X variable. In the long thesis, Everett 
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acknowledges that he relies on probabilistic language to first define these concepts. This would 

make his later arguments circular if they rely on probability inputs in order to derive it. 

However, he claims to later use definitions free of these, to have a valid derivation of 

probability.  

While Everett uses the term correlation, in actuality he is referring to quantum 

entanglement (Everett, 2012). These correlations are central to his approach and are important 

in maintaining consistency between multiple observers. However, the correlations importantly 

lead to his notion of relativity between states. Taking a composite system composed of 

observer+object, Everett (1956) states that one subsystem cannot be defined independently of 

the rest because it is correlated with all the others. In fact, he argues it is meaningless to talk 

about the absolute state of a subsystem and one must instead talk of the state relative to the rest 

of the system. It is this relativity between states that leads to Everett eventually calling his 

approach the “relative-state” formulation of quantum mechanics in his final thesis (Everett, 

1957). 

After an interaction, the correlations between the observer+object lead to a 

superposition, as is normal in the conventional theory. However, Everett interprets this 

differently by taking the mathematics at face value. The superposition gives multiple observer 

states paired with the corresponding result. Thus, each element contains a definite observer 

state and a definite relative object-system state. Everett deduces therefore, that every element of 

this superposition describes an observer in a definite state who perceives a definite (but 

generally different) outcome. It is this interpretation of superpositions that leads to the famous 

branching nature of EQM. So far, pure wave mechanics has given a relative description of states 

based on a fundamental universal wavefunction. Rather than trying to change the mathematics 

of the entangled state via process 1, Everett embraces it and makes it central to his approach. 

Thus, measurement becomes nothing more than a type of interaction that leads to correlations 

between systems. By changing what measurement is and focusing instead on correlations, 

Everett is also able to incorporate a wider range of measurement-like events in his theory. In 

particular, he can describe the effects of approximate measurements (Everett, 1957). With these 

inexact measurements, imperfect correlations are formed, and these can be tracked within the 

wave mechanics of the Schrödinger equation, to find a means to apply probabilities to different 

outcomes. 

To further mirror our experience of measurement though, Everett also demonstrates 

the apparent irreversibility of measurement processes. Everett achieves this by having the 

different elements of the superposition non-interacting (Everett, 1956). Thus, an observer in 

one element is limited in what she can learn about the entire state function of the universe. This 
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prevents an observer who has measured a particle as having spin up from learning that it has 

spin down somewhere else in the wavefunction. Further, returning to the memory of observers 

defined as recording devices, Everett is able to show that these are consistent for multiple 

measurements. He also explicitly explores the instances when multiple observers make 

measurements and shows that using his theory, results are consistent between observers when 

they communicate. Pairing together his branching interpretation of the superposition, Everett 

describes memory as “not a linear sequence of memory configurations, but a branching tree, 

with all possible outcomes existing simultaneously in a final superposition with various 

coefficients in the mathematical model” (Everett, 1957, p.460).  

In 1970, Neill Graham wrote his PhD on Everett’s work. Graham claims that Everett’s 

view hinges on his interpretation of superpositions of classically describable states. For Graham, 

only when an isolated quantum system interacts with a classical system is there any branching 

due to the superposition. This is because it is the apparently classical nature of each 

superposition element that allows for it to be real in its own right. Everett is trying to recover 

our experience of only observing one result after measurement. Therefore, if each part of the 

superposition must match our experience, Graham argues that it must seem classical. Thus, 

correlations between purely quantum systems do not achieve this. In fact, he uses many close 

analogies to classical physics throughout his PhD. These play an important role in normalising 

some of the mathematics and concepts being discussed. By drawing similarities between the 

methods Everett utilises and classical physics, Graham is trying to reduce the weirdness that 

accompanies a theory with multiple branches. This is particularly important for him because he 

goes into much more detail about the nature of branching. In particular, he expands on Everett’s 

idea that different elements of the superposition are non-interacting by saying they are ‘parallel’ 

worlds. Graham explicitly defines what is meant by ‘parallel’ worlds as: “worlds [that] develop 

independently of each other according to the same physical laws” (Graham, 1970, p.19). This is 

justified by the linearity of the Schrödinger equation and is therefore a consequence of the 

superposition principle. Graham argues this is an advantage as it means that the principle is 

central to EQM despite often being problematic to other interpretations. 

DeWitt (1970, 1971), Graham’s doctoral supervisor, showed a lot of interest in Everett’s 

approach, partly due to its application to the universe. DeWitt examines what he calls the 

Everett-Wheeler-Graham (EWG) interpretation, based on the work of all three. He outlines it 

starting with the basic quantum mechanical elements of a vector in Hilbert space, a set of 

dynamical equations for a set of operators that act on the Hilbert space and a set of 

commutation relations. To this, DeWitt argues that EWG have an additional postulate of 
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complexity: the world must be sufficiently complicated that it be decomposable into systems 

and apparatuses. Or in more detail, the key parts of Everett’s approach are that: 

1. The formalism of quantum mechanics is sufficient; no metaphysics needs to be added 

2. It is unnecessary to introduce external observers or a classical realm 

3. It makes sense to talk about the state vector of the entire universe 

4. The state vector never collapses, so the universe is deterministic 

5. Measuring instruments are inessential to the foundations of quantum mechanics 

6. The statistical interpretation need not be imposed a priori 

Before moving on to probability, it is also worth noting that Cooper and van Vechten (1969) 

published a similar approach without any knowledge of Everett’s work. They also suggest 

retaining all branches of the wavefunction but define probability in a different way. Further, 

they focus on the quantum mechanical consequences for the mind, arguing that it is governed by 

the Schrödinger equation and thus that there is nothing special about cognition. 

 

2.2.2 Everett’s Interpretation of Probability 

In a short paper, Everett (1955a) discusses the measurement problem in quantum mechanics. 

He formulates the problem as a conflict between objective and subjective probabilities.7 In his 

thesis, he instead focuses on state attributions, but this paper shows that Everett was thinking 

about the different aspects of probability and the roles they play. He questions whether 

subjective probabilities are not invariant between observers. He argues that process 1 leads 

more naturally to subjective probabilities, which is why conventional approaches struggle with 

multiple observers.  

The reason Everett can do away with the problematic wavefunction collapse is because 

he claims he is able to deduce the probabilistic assertions of process 1 as subjective 

appearances to observers (Barrett and Byrne, 2012). Everett argues that an observer described 

by one element of a superposition will perceive an apparently random sequence of definite 

results. Thus, “the probabilistic assertions of Process 1 appear to be valid to the observer 

described by a typical element of the final superposition” (Everett, 1956, p.70). Further, 

repeating the same measurement on a system (if the system is typically stable) will yield the 

same result, showing repeatability. This repeatability is also seen in consistent memories. When 

successive measurements are taken, Everett ensures that the new memory is consistent with 

 
7 Everett uses the terminology of objective versus subjective. In fact, what he is often referring to is closer to 

an ontic-epistemic divide. 
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the previous one, but not with the entire memory of measurement. Instead, relative state 

systems are completely determined by the last observation. In standing apart from the 

conventional approach, Everett specifically shows the compatibility between multiple observers 

taking measurements. Communication between observers is defined as an interaction that 

correlates the different memory sequences of the observers. 

Quantitatively, Everett defines a measure across the superposition elements based on 

the square amplitude that he argues are analogous to conventional probabilities. It is not 

entirely clear what this measure is, as while Everett defines it mathematically, he does not 

provide a clear interpretation of what it represents physically. However, he does claim that it is 

the only available measure within his theory (Everett, 1956). By using the square-amplitude 

measure, Everett proves that the ordinary probabilistic assertions of the conventional theory 

hold true for almost all observers in the superposition. Only almost because of the existence of 

maverick worlds. Everett does not go into detail about these low-amplitude branches, but he 

states that as the number of branches goes to infinity, these become an extremely small 

proportion. Overall, Everett does not go into lots of detail into how he recovers probability. But 

he nevertheless asserts that his theory shows that our subjective experience is probabilistic. 

The nature of the probabilities defined is not straight forward. While at first glance, they should 

be subjective probabilities, they are not solely based on an observer’s ignorance. Instead, they 

arise from values in the superposition because of observers not being able to access other parts 

of it. Therefore, to our subjective experience, they seem like objective probabilities, that can be 

experimentally measured. However, since the overall theory is not probabilistic at all, this is an 

illusion we experience in our own reality. 

DeWitt and Graham take a different approach to probability using relative frequency. 

DeWitt (1970) defines a measure by saying that if observers make sequences of measurements 

these will apparently yield chance-based results based on the frequency of each result 

occurring. These are then shown to match the Born weights to remain consistent with current 

data. DeWitt does concede that this uses a non-physical probability since it is defined as a 

measure of a subspace in Hilbert space, rather than being based on physical space. Graham 

(1973) analyses Everett’s approach more closely and provides a more detailed frequency-based 

alternative. He terms Everett’s method a one-step method and offers a supposedly better two-

step method. Graham’s two step method is to, first, have the apparatus measure the relative 

frequency with which a given event occurs in a collection of independent, identically prepared 

systems. Then, after the interaction with the system, the apparatus is “read” by another one (or 

an observer). The second measurement result shows that the relative frequency matches the 

Born rule in most Everett worlds. The mathematics of the approach requires defining relative 
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frequency as an observable represented by a Hermitian operator. Then, different ensembles are 

shown to emerge which leads to the derivation of the Born rule (Graham, 1970). Graham does 

also seem to use the trace and density matrix, which are probabilistic tools, but he claims (like 

Everett) that these are only used in the set-up and not the actual derivation. The result is that 

the ensemble states are approximately the eigenstates of the relative frequency operator. This 

approximation improves as the number of worlds increases. Then the corresponding eigenvalue 

is the relative frequency of the Born rule. The reason Graham does not use the same approach to 

probability as Everett is because he thinks there are problems with the defined measure. He 

worries that the measure does not have a clear physical meaning and so clouds the derivation of 

probability. A frequency-based method does rely on an assumption about the standard 

deviation and mean values, but Graham tries to show that this assumption is valid as the 

number of worlds is very large. He worries that Everett’s probability theory is too vague and 

does not provide a connection between the relative frequency in a world and the expected 

relative frequency (given by the Born rule).  

To demonstrate the problems Everett faces, Graham (1973) counts the number of 

worlds that display different values for the probability and concludes that there are way too 

many that show conflicting results to the Born rule. This is a similar argument to modern-day 

criticisms of maverick worlds. However, while Graham seems to show a flaw in Everett’s own 

probability, bis proposed solution also has problems. He uses relative frequency along with a 

notion of counting worlds which has fallen out of favour due to the rise of decoherence theory 

(see later discussions). Further, even with Graham’s approach the use of counting branches 

always leads to issues of many maverick worlds and a question of the adequacy of Born 

statistics.  

 

2.2.3 Consequences and Problems 

  2.2.3.1 Branching 

One of the most important consequences of Everett’s approach is the branching that arises from 

the universal wavefunction. It is also this branching nature that leads to many critiques of the 

theory. In early work, Everett makes it very clear that he does think there is a physical splitting 

of observers. Using a metaphor with an amoeba he reinforces the concept of what branching 

would mean for a thinking system with the capability of making memories. Using the amoeba 

(although a sophisticated one!) Everett distinguishes between the apparently probabilistic 

splitting world of the amoeba and the overarching deterministic universe as seen by an 

experimenter looking at the amoeba. He even uses the term “life tree” to describe the branching 
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process (Everett, 1955c, p.68). However, this radical description of branching is toned down in 

the final thesis due to Wheeler. Wheeler’s notes on Everett’s work show an uneasiness with the 

idea of branching. He writes an X next to many of Everett’s references to branching or splitting 

and tries to reinforce more conservative notions relating to possibilities instead (Everett, 1955c, 

p.67). This is particularly clear in his paper assessing Everett’s theory, where he continually 

uses the term possibility in relation to the reality of different superposition elements rather 

than actual branching (Wheeler, 1957). Probably partly due to Wheeler’s reluctance to accept 

branching, Everett also seems to struggle with the language he uses, especially in his long thesis 

(Everett, 1956). While he does use terms such as branching, he uses it inconsistently, sometimes 

talking of splitting or merely mentioning the simultaneous reality of the different elements of 

the superposition. Further, he himself recognises the difficulties involved in using ordinary 

language to describe branching in a note in his long thesis (Everett, 1956, p.68). Everett claims 

that before the observation there is a single observer and a single observer state. However, 

afterwards, there are many different observer states but, since it is describing the same system, 

Everett claims that these are all the same observer. These ideas link with recent discussion of 

branching persons in work by Saunders and Wallace (2008a and 2008b). 

In the published short thesis however, Everett (1957) openly acknowledges some 

worries over his branching concept, namely a transition from possible to actual. He states that 

critics worry that in fact there is only one branch, and that Everett is confusing the different 

possibilities available with definite actualities. However, he responds firmly that all elements of 

the superposition are equally real and that this does not contradict experience. Instead, each 

element is indifferent to all the others, implying that “no observer will ever be aware of any 

“splitting” process” (p.460 note). Further, Everett claims that any objections that pure wave 

mechanics describes processes (i.e. branching) that are not experienced are superfluous. He 

compares this situation with the historical arguments against Copernicanism and a heliocentric 

universe. If the theory predicts that our experience remains what it is, then it does not matter if 

it also predicts the Earth is travelling at tremendous speeds or we are constantly splitting. This 

note added into the published thesis shows that Everett is confident in the reality of his 

branching structure. He is committed to it being physically real and reiterates that branching 

does not contradict experience. This is an important insight in Everett’s own views. Since he did 

not publish any work after his thesis, it is less clear what he really thought his theory was 

saying. But it is clear from his comments that while he is happy to tone down the consequences 

in the main body of the work (probably for Wheeler’s sake) he is nonetheless steadfast in his 

claim that the theory leads to branching. 
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Unlike Everett, DeWitt is not worried about applying the theory to the whole universe 

and outrightly describing a physical splitting process. He names the approach the ‘Many-

Worlds’ or ‘Many-Universes’ interpretation and argues that the theory leads to a “stupendous 

number of branches” (DeWitt, 1970, p.33). In fact, DeWitt even acknowledges the vast amount 

of branching that must take place, stating that “every quantum transition taking place on every 

star, in every galaxy, in every remote corner of the universe is splitting our local world on earth 

into myriads of copies of itself” (1970, p.33). Graham (1970) has a similar view of branching, 

also describing worlds as physically splitting. He makes the claim that this splitting occurs at the 

instant the state of the system and apparatus cease to be simply classical with respect to the 

apparatus variable. He requires a classical state to be entangled with a quantum one to lead to 

branching, and thus argues branching occurs at the instance this entanglement takes place. 

Nowadays decoherence theory is used to explain branching and thus it is on the decoherence 

time scale that this splitting occurs (Schlosshauer, 2019). In some ways, decoherence describes 

the opposite to what Graham does, with branching happening when the composite system 

becomes quasi-classical. Nevertheless, Graham does recognise that this is a very short timescale 

and one that is linked with entanglement. 

Generally, DeWitt and Graham’s approach to branching mirrors the modern day 

understanding of EQM. While branching is still criticised especially due to the potentially 

infinite number of them, it is now inextricably linked to Everett’s theory. It is interesting though, 

that while Everett is happy to argue that branching is a real physical process, he never extends 

this to a splitting world. It could be that he saw the process as being more similar to the later 

work on the Many Minds interpretation, where it is observers (specifically their minds) that 

branch rather than the whole world as advocated by DeWitt (Albert and Loewer, 1988; 

Lockwood, 1989, 1996).  

DeWitt (1970) focuses on a consequence of ubiquitous branching, maverick worlds. 

Maverick worlds, or today ‘low amplitude’ worlds, represent branches of the wavefunction 

where experimental results do not confirm quantum mechanics (Wallace, 2012a). Instead, 

agents in these worlds can disconfirm it via experiments. These apparently counterintuitive 

worlds exist because, as Everett states, all parts of the superposition are equally real. However, 

they have been argued to contradict the apparent success of EQM. How can a theory be correct if 

it predicts worlds will exist where the theory itself will be disproved? DeWitt is the first person 

to overtly use the phrase ‘maverick world’ and acknowledge that even possibilities that 

contradict the Born rule occur in the multiple universes. However, he argues that if the universe 
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is finite (which he seems to think it is) then the number of branches is finite. Therefore, it would 

be unlikely that any maverick worlds exist.8 

 

  2.2.3.2 The Preferred Basis Problem 

Besides the probability problem, the other big issue for Everettians is the preferred basis 

problem. This is the problem that the mathematical formalism does not specify a basis for the 

superposition into which it is decomposed (Wallace, 2012a). However, one is always chosen 

that leads to the existence of worlds like the one we observe. The problem is then how to justify 

the chosen basis, especially when the theory is meant to explain reality relying only on the basis. 

Everett does make some allusion to this in his thesis but takes a rather different stance. Everett 

(1957) argues that the discontinuous jumps described in process 1 are dependent on how the 

wavefunction is decomposed. He claims that in pure wave mechanics all elements of the 

superposition exist simultaneously and so there is no concern about jumps or a reliance on a 

decomposition. This shows an understanding of the preferred basis problem. However, Everett 

is placing the problem in orthodoxy and does not seem to see it as an issue for his approach. 

This is significantly different from current work, which instead places the larger proportion of 

the concern in EQM.  

Graham (1970) also investigates the issue of preferred basis and claims to provide an 

answer. He argues that simple classical states (i.e. single ones) form a preferred set because 

they are the only states of the classical system that can be interpreted by giving a unique value 

to each observable. Therefore, Graham is providing an answer to the problem by assuming that 

the theory must explain the world we experience. This argument is similar to the qualitative 

argument that since we experience trees and dogs etc. any basis must include these objects in 

them to tally with our experience [see Wallace, 2010, discussion on the need for macroscopic 

descriptions]. Nowadays, the preferred basis problem is solved using decoherence, although 

critics have pointed out problems with using this theory since it involves probabilistic concepts 

(Schlosshauer, 2019). While Everett and Graham do briefly mention the preferred basis 

problem, it is not a central part of their discussions. It has become more prominent since then, 

although there are those like Papineau (2010) who also argue it is a problem for the orthodox 

view. 

 
8 This way of thinking has problems though as DeWitt is using probability (in his unlikely) that is separate to his 

understanding of branches existing. All Everettian branches ‘exist’ for DeWitt even if there are a finite number 

and thus trying to deny maverick ones via a chance statement is returning to single-world reasoning. 
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  2.2.3.3 Wider Philosophical Issues 

Everett’s theory based on pure wave mechanics leads to a very different world view. As stated, 

Everett wants pure wave mechanics to treat observation entirely within the theory rather than 

treating it as special or separate (Everett, 1957). However, this leads him to acknowledge that 

the advantages of the theory disregarding process 1 comes with the price of the “abandonment 

of the concept of the uniqueness of the observer” (Everett, 1955c, p.69). There is no longer a 

single world but a full branching structure and the theory must explain how this method aligns 

with our everyday experience (DeWitt, 1971). This chapter has already touched on this in 

relation to branching. But to re-emphasise it, DeWitt builds off Everett’s definition of observers 

to explain why we do not experience the splits that occur in the theory. One problem Everett 

found with the conventional approach was its violation of the principle of psycho-physical 

parallelism, and so, he defines observers to retain this. Thus, observers are physical systems 

that must obey the normal laws of quantum mechanics. These do not allow observers to 

experience splits, since all that is recorded are measurements from within the observer’s 

branching history. The philosophical consequences of this definition of observers could be 

interesting. It is possible that only certain models of agents will be compatible with this 

Everettian model, especially in relation to how they propagate through branching. This issue is 

not explored further here but shows an important point of discussion for work on the 

philosophy of EQM. 

The advantage of Everett’s theory is that it avoids the pitfalls of the conventional 

approach. However, DeWitt (1970) points out that a weakness is that it predicts the same 

results. This means that its differences come down to philosophical stances rather than physical 

evidence. Everett (1956) addresses this issue in philosophy in an appendix. He distinguishes the 

formal part of a theory from the interpretational part and claims that sometimes models from 

longstanding theories (like classical physics) become entrenched in our understanding of 

reality. Everett then discusses two different types of predictions: those about known 

phenomena, and those about new phenomena. In this appendix, Everett does not reference his 

work and the wider quantum field directly. However, he has thought about these philosophical 

issues when writing his method. While his approach does not seem to provide any new 

evidence, it is in some ways a simpler theory than the conventional one, since it requires no 

additions. However, it does lose this simplicity in using an infinity of parallel worlds to explain 

the existence of just one observed world (Graham, 1970). 

Despite relying on radical branching and many worlds, Everett’s approach does have 

other benefits. Interestingly, Everett employs a naïve realism about his theory such that there is 



35 
 

a direct correspondence between the formalism and reality. This in some ways makes 

interpreting the theory easier and helps remove any confusion. DeWitt is attracted to Everett’s 

theory because it is deterministic. He wonders if “the solution to the dilemma of indeterminism 

[could] be a universe in which all possible outcomes of an experiment actually occur” (DeWitt, 

1970, p.30).  Everett himself claims his theory is “objectively continuous and causal, while 

subjectively discontinuous and probabilistic” (Everett, 1956, p.9). He sees this as helping to 

bridge the gap between Einstein’s concerns about quantum mechanics and Bohr’s views on its 

probabilistic nature. Everett refers to Einstein’s objection to quantum mechanics as being based 

on the fact that observation changes physical systems. He argues his theory shows instead that 

it is “not so much the system which is affected by an observation as the observer, who becomes 

correlated to the system” (Everett, 1956, p.116). The theory is deterministic overall but 

maintains a probabilistic nature at the subjective level. Or, following DeWitt (1971), the 

universe is deterministic but our own local part of it is indeterministic.  

Wheeler takes a more conservative approach to interpreting Everett’s method. He 

claims that pure wave mechanics has no interpretation beyond the relativity of states (Wheeler, 

1957). While it provides useful grounds to approach quantising the universe, it does not provide 

a deeper interpretation to counter the orthodox view. This understanding of Everett was widely 

accepted at the time, and it was not until DeWitt and Graham’s work in the later 1960s and 

1970s that the interpretation became about branching worlds. In fact, DeWitt concludes “the 

mathematical formalism of [Everett’s] quantum theory is capable of yielding its own 

interpretation” (DeWitt, 1971, p.168). Currently, this is considered a central part to EQM. Many 

proponents argue this is its best feature and objections can be answered purely using this 

formalism. However, the radical nature of Everett’s theory has always been its greatest obstacle. 

Graham (1970) concludes that because of its extreme nature, EQM will only be accepted when 

all other possibilities are excluded. DeWitt makes the more measured argument that it is the 

“most bizarre and at the same time one of the most straightforward interpretations” (DeWitt, 

1971, p.167). 

 

2.3 From Genesis to Success: Modern EQM 
 

Current versions of EQM are quite different from Everett’s theory, but the core components 

remain. David Wallace describes EQM as “a contingent physical postulate that the state of the 

universe is faithfully represented by a unitary evolving quantum state” along with “an a priori 

claim that if the quantum state is interpreted realistically, it must be understood as describing a 
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multiplicity of approximately classical, approximately non-interacting regions which look a lot 

like the ‘classical world’’’ (2012a, p.38). The popularity of EQM has grown since Everett’s day in 

part because of the way it focuses on the mathematical formalism of wave mechanics. By 

removing the collapse of the wavefunction and denying unique outcomes, the quantum 

measurement problem is solved (or avoided).  

For this thesis, EQM will be defined minimally first so that not only does it encompass many 

‘types’ of quantum theories but also so that it encompasses the varieties of Everettian 

approaches that are advocated. Therefore, EQM consists of: 

1. An overarching approach to Ψ as a real object9 

2. A universal wavefunction Ψ: S1S2… 

3. A definition of relative states gives some subsystem So and a basis for Ψ 

4. All time evolution of Ψ is unitary (via the Schrödinger equation) 

Sub-conclusion: in general, there are no unique outcomes 

5. People are observers in the sense of being systems like So 

Conclusion: there are multiple copies of people and no unique outcomes for standard 

examples of measurement 

This template applies to most Everettians but there are some more specific views that are 

worth articulating here. The first is Oxonian Everettianism (OEQM) which will be taken as the 

standard approach to EQM. It stems from seminal work by Saunders, Deutsch, Wallace and 

others, and reignited attention to Everett’s views in the 1990s. At its hearts, OEQM involves the 

above key principles plus the addition of decoherence to explain the emergence of branches. 

Most of the time OEQM is also taken to include a decision-theoretic approach to probability, 

which will be discussed in detail in chapters 3 and 4. Much of the focus here (and throughout 

the literature) is on Wallace’s (2012a) detailed elaboration of OEQM + decision theory. Wallace 

provides the best full outline of EQM and as such, his view is often taken as the very definition of 

the interpretation. While I will engage with much of his work, I will explore Everettian views 

that differ.  

The current literature identifies several central problems with EQM often aimed at either its 

ontology, preferred bases or understanding of probability. Issues surrounding the absurdity of a 

 
9 This is commonly how Everettians view Ψ, as an ontological object, however this is not strictly necessary. 

Relational quantum mechanics is an example of an Everettian-type interpretation that does not have an ontic 

Ψ, although it is very different to modern EQM (see Laudisa and Rovelli, 2021). 
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multiverse, or the violation of parsimony are not directly relevant for this discussion but worth 

noting as large areas of criticism focus on it and any complete interpretation will need to 

address them.10  

By taking only unitary time evolution to be universal, EQM removes the collapse of the wave 

function which is used to explain measurement. Therefore, the dynamics are entirely based on 

the deterministic evolution of the Schrödinger equation. In ordinary quantum theory, an 

addition is needed. Take an electron with definite x-spin and pass it through a Stern Gerlach 

experiment to determine its z-spin. The wavefunction of the system beforehand gives a 

superposition of the possibilities of up and down in the z-direction. However, once the 

measurement has taken place, the electron will be found to either have spin-up or spin-down, 

not a superposition of both. Therefore, it seems that measurement has altered the dynamics by 

‘collapsing’ the otherwise unitarily evolving wavefunction onto one eigenstate corresponding to 

the experimental outcome (Albert, 1994). To explain this jump and to quantify it, a 

measurement or probability (or even sometimes collapse) postulate is added. It explains how 

on measurement, a system jumps from the deterministic wave dynamics given by the 

Schrödinger equation to a specific eigenvalue (or outcome). The Born rule is used to calculate 

the probabilities associated with each eigenvalue, which is the mod-square of the amplitude. 

EQM does not include a probability postulate. Instead, it states that when there is a 

superposition of multiple outcomes, the world branches into many worlds such that all 

outcomes occur (Wallace, 2012a). Therefore, in the electron example, the world would branch 

when the z-spin was measured. The electron will have spin up and spin down, but in separate 

worlds. However, by not including a probability postulate, Everettians have no obvious method 

to approaching probability, hence a probability problem. Further, since all outcomes of an 

experiment occur, it seems that an agent pre-measurement should assign probability 1 to each 

outcome. At this point, it is worth asking whether Everettians even need probability. If purely 

using unitary dynamics is enough to retain the mathematical theory, why is a probabilistic 

interpretation needed? The problem comes from looking at measurements once more. Taking 

the same electron as above, a physicist facing the electron about to enter the Stern-Gerlach 

apparatus wants a physical theory through which she can predict the outcome of the 

experiment. Further, when she carries out multiple measurements on electrons, she wants the 

data she collects to support a theory. EQM predicts that our physicist will ‘see’ all outcomes 

 
10 For discussion of ontological and metaphysical problems, see Many Worlds? (2010) ed. Saunders, Barret, 

Kent and Wallace, sections 1 and 2. 
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because she will branch with the rest of the world. This is not supported by our everyday 

experience and the theory seems to have lost the ability to be empirically predictive. 

There are several approaches Everettians use to recover the Born rule. Most notably, OEQM 

utilises an altered version of decision theory to argue that it is rational for an agent to act in 

accordance with Born rule probabilities. While the decision-theoretic approach has had the 

most focus, it will be not be assumed to be part of the definition of EQM. Recent work has 

suggested there are fundamental flaws with the program that stem from the use of decision 

theory, and it is not the only approach available for Everettians (Dawid and Thébault, 2014; 

Mandolesi, 2018, 2019). Vaidman (1998, 2012) uses a symmetry-based argument for post-

measurement uncertainty to explain how probabilities can be assigned pre-measurement, 

although he argues that this probability is only an illusion. Further, Zurek’s existential 

interpretation can be applied to EQM where probabilities are derived using envariance (Zurek, 

2003b, 2005). These are alternatives to the Oxonian approach, showing that Everettians are not 

limited to using decision theory. The different approaches to probability, and the probability 

problem itself are the subject of chapters 3 and 4.  

The preferred basis problem (mentioned above) is that since the structure of the worlds 

seems to be based on the description of the quantum state, how does one know which basis to 

write the quantum state in and thus how to define the branches? The most widespread solution 

to the preferred basis problem uses decoherence. Decoherence occurs when a system and the 

environment interact (Wallace, 2010). Due to decoherence, any interference between different 

terms in a superposition becomes negligible, essentially recovering a quasi-classical system. For 

Everettians, decoherence is a process from unitary dynamics, which accounts for the ‘classical’ 

branches or worlds we observe (Wallace, 2010). However, there are problems with this 

approach and Everettians hold a range of views on what the metaphysics of branches should 

actually be (Dawid and Thébault, 2015; Wallace, 2010). Decoherence is discussed in detail in 

chapter 5 and the issues associated with a basis and branching in both chapters 5 and 8. 
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Chapter 3 
 

 

The Probability Problem 

 

 

 

 

 

3.1 Introduction 
 

Probability is central to quantum theory and a common criticism of EQM is that it cannot 

interpret it. However, the reason there is a problem is only discussed briefly as a precursor to 

any answer. This chapter looks at exactly why EQM has a probability problem. The two aspects 

of EQM discussed are determinism and multiple outcomes to experiments. The relationship 

between determinism and probability is the subject of a large literature that is drawn on here to 

argue that in the context of quantum mechanics, and perhaps more generally, a deterministic 

theory can involve probabilities. Section 3.2.2 argues that it is because of the multiple outcomes 

that Everettians face a probability problem and that to answer the problem a new 

understanding of what probability means will be needed. 

Having established the exact basis of the probability problem, it now needs to be fully 

defined. Based on work by Wallace (2003a) and Greaves (2007a) the problem is often split up 

into different parts that can be tackled separately. Thus, there is an incoherence and 

quantitative problem, as well as a practical and epistemic problem. My aim here is to better 

understand what each of these questions is asking and therefore, what is the best way to define 

them. I argue that it is easy to follow Wallace’s set-up with the incoherence and quantitative 

problems, but that Greaves’ epistemic problem still needs to be addressed by Everettians. 
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Section 3.4 explores the epistemic problem further by splitting it into two parts. This allows one 

to show that while EQM is confirmable in terms of ordinary quantum mechanics, it fails to 

provide further predictive success that would set it up as good scientific theory. 

 

3.2 Why is there a Probability Problem? 
 

It is (pretty much) universally acknowledged that there is some probability problem for EQM 

(although some claim it is solved). However, this is not the case for ordinary quantum 

mechanics (although Papineau, 2010, argues differently). Rather it is the differences between 

the two interpretations that leads to the problem. The key differences between ordinary 

quantum mechanics and the Everettian view are that the latter is a deterministic theory 

according to which there are no unique outcomes. In the literature, these two ideas are often 

conflated to explain why there is a probability problem. Here I investigate what these two 

different explanations actually mean for Everettian probability. If we want to be able to solve 

the probability problem, it is important to understand exactly how it comes about. 

 

3.2.1 Determinism versus Indeterminism 

Determinism is often held up as one of the main reasons Everettians struggle with probability. 

But the link between determinism and probability is more complex than often thought. To 

understand how a deterministic picture could be affecting EQM, we first analyse determinism 

generally within physical theories. Then, look more closely at the possible link with probability 

and discuss whether the two are incompatible. Due to focusing on quantum mechanics, this is 

not a full overview of the debates within philosophy and physics.  

Determinism versus indeterminism is a large issue within both philosophy and physics. 

In philosophy, the discussion has been around for hundreds of years with much focus on the 

connection with the free will debate. Here, the focus is on the issue of determinism in physical 

theories and specifically how it relates to probability. EQM is a deterministic theory: if the entire 

wavefunction of the universe is known at a specific point in time, it can be evolved forwards via 

the deterministic Schrödinger equation to find the future state (Wallace, 2012a). Because of this 

supposed link with predictability, determinism is seen as causing the Everettian probability 

problem. However, I show that this assumption is not correct. 

There are many ways to define determinism (and indeterminism). “The world is 

governed by determinism if and only if given a specified way things are at time t, the way things 
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go thereafter is fixed as a matter of natural law” (Hoefer, 2016). Or, “[a] theory is deterministic if 

and only if for any two…objects [that are prescribed certain properties]: if their properties 

match exactly at a given time, then according to the theory, they will match exactly at all future 

times” (Butterfield, 2005). Indeterminism can be described as purely the negative of 

determinism so that an indeterministic theory is one that lacks determinism. Müller, Rumberg 

and Wagner (2019) take a different approach and define indeterminism in the positive (and 

determinism in the negative). Thus, “an indeterministic world provides more than one option 

for how the future can unfold” (p.2). While there is variety in how the terms are defined, the 

general points are the same: deterministic theories evolve in a set way according to laws, such 

that if all relevant variables were known, the future and past could be predicted. Conversely, 

with indeterministic theories, even if the entire state of the universe and all its laws are fixed, 

there are multiple possible futures.  

Most classical physics is traditionally thought of as deterministic. However, quantum 

theory is often thought to contain irreducible stochasticity, or probabilities, suggesting physics 

is in fact indeterministic (Earman, 2007). But these distinctions are not so clear cut. While 

earlier interpretations (especially the Copenhagen one) advocate indeterminism, both the 

Everettian and Bohmian approaches are deterministic (Loewer, 2001). Thus, the choice of 

determinism versus indeterminism in quantum mechanics comes down to interpretational 

choice rather than the mathematical theory (Earman, 1986). In fact, Earman (1986, p.200) 

states that “quantum mechanics is more deterministic than classical mechanics”. This is partly 

because the situation in classical physics is not as straight forward as often thought. When 

examining Newtonian mechanics, Earman concludes that the idea that classical determinism is 

set in stone is false, and there are many examples which contradict the notion. For example, 

arbitrarily fast causal signals and scenarios with multiple-particle collisions can all be shown to 

‘break’ classical determinism (Earman, 1986; Hoefer, 2016). If even classical mechanics is not 

straightforwardly deterministic, the issue of determinism in quantum mechanics is 

unsurprisingly more complex. 

EQM is often contrasted with the standard approach because of its determinism. But 

why is quantum mechanics seen as an indeterministic theory, despite Earman’s statement to the 

contrary? As mentioned, measurement is approached via the collapse of the wavefunction. This 

process assigns probabilities to outcomes using the Born rule and so is seen as containing 

irreducible stochasticity (Earman, 2007). Stochasticity is linked with indeterminism since it 

includes an element of randomness into the dynamics. Thus, if quantum mechanics has these 

probabilities, it must be an indeterministic theory. However, the next section questions this 

assumption and argues that determinism has no bearing on the probability problem.  
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To look more at what the determinism of EQM is ‘doing’, we need to return to 

probability. It is an age-old falsehood that “determinism implies predictability, hence 

unpredictability must imply indeterminism” (Humphreys, 1978, p.99). From this the next step is 

to assume that unpredictability implies probability and thus that indeterministic systems are 

necessarily probabilistic. For example, Popper (1992) and Lewis (1980) argue that if our world 

is deterministic, it cannot contain objective chances. But this is incorrect. It is possible to have a 

deterministic theory that includes probability and an indeterministic one without it (Loewer, 

2001; Werndl, 2009). Perhaps the best example of the former is statistical mechanics.  

Statistical mechanics is used to understand physical observations when there are many 

particles. Thus, it deals with statistical ensembles rather than single states. It focuses on 

macrostates and is ultimately a probabilistic or stochastic theory (Pathria and Beala, 2011). It is 

used as a tool in many areas of physics but notably in trying to understand the success of 

thermodynamics. It helps explain how macroscopic observations, such as heat, arise from the 

microdynamics. The underlying microphysics examined is that of classical mechanics, which is 

deterministic. Therefore, this is an example of a deterministic theory being linked with 

probabilities. For example, take a gas in a cylinder with a moving piston (Redhead, 1995). If the 

piston is moved outwards, our observation is that the gas expands and its temperature 

decreases. At the micro level, this assumes that the molecules of gas are moving in random 

directions, some towards the piston and some away. However, it is plausible that at a given 

time, all the gas molecules could be moving away from the piston thus not losing energy. 

Statistical mechanics introduces a statistical measure over the gas molecules to explain the 

macro-observations (volume increase and temperature decrease) that we observe. Therefore, it 

looks at the molecules as a set, rather than their individual properties.  

Since the underlying theory is deterministic, often these probabilities are argued to be 

epistemic (Redhead, 1995). However, Loewer (2001) argues that this approach is inadequate 

for statistical mechanics. Instead, the probabilities that arise “ground lawfulness of [certain] 

principles” (p.612). No one would claim that the gas cools when it does because of our 

ignorance of the situation. Even though the microdynamics are deterministic, the gas in the 

cylinder cools because of a physical process (the piston moving outwards). If these processes 

are reliant on physical, objective facts, they cannot be purely ignorance based, and instead could 

represent objective chances (Frigg and Hoefer, 2015). However, there are unresolved problems 

with taking an ontic form of probability (i.e. propensities) and applying it to statistical 

mechanics (Frigg and Werndl, 2023). Nevertheless, this is a case in physics where determinism 

and probability interact. 
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There is a crossover here with EQM, where due to all possibilities occurring, it seems 

there cannot be ontic probability. Instead, many push for an epistemic approach such as self-

locating uncertainty. Earman (2007, p.1408) supports that EQM can answer the probability 

problem since within the framework “even if the world is ontologically deterministic, it 

behaves…as if there is an irreducible stochasticity”. However, he argues that this is due to “a 

radical epistemic indeterminism” rather than any objective chance. Notably, Wallace’s approach 

to solving the probability problem uses decision theory and thus relies on a subjective notion of 

probability. My purpose here is not to explore whether EQM can have objective probabilities but 

instead to argue that its determinism does not stop it from having some form of probabilities.  

Ultimately, the age-old connection between indeterminism and probability is false, and a 

theory can be completely deterministic and maintain probabilities. So, where does this leave 

EQM? The lack of understanding of quantum probabilities cannot be down to its deterministic 

nature. Although the probabilities described in a deterministic theory might be of a different 

kind to those in an indeterministic theory, there is no incompatibility between the two concepts. 

Therefore, the root of the probability problem must be some other notion central to EQM: 

multiple outcomes. 

 

3.2.2 Single versus Multiple Outcomes 

A key component of EQM is the branching structure that emerges through the wavefunction 

being reality (Wallace, 2012a). While the nature of branching is still contentious, here the 

important element is that multiple outcomes occur after an experiment. In classical physics, if I 

were to throw a die (biased or unbiased), beforehand I could predict what outcome would occur 

based on probabilities. After I rolled the die, there would be a single result. However, in EQM, 

were the die some quantum system, the world would branch with my experiment, such that 

every outcome would take place in a different world. An Everettian observer facing this 

situation knows with 100% certainty that all outcomes will occur. Therefore, should the 

observer not assign a probability=1 to all outcomes? This is the crux of the issue. Can 

Everettians assign non-trivial (not just 0 and 1) probabilities to outcomes in such a way that 

matches up with our empirical data? 

Ordinary quantum mechanics follows a similar line to classical probability theories. 

Experiments yield one outcome, and the probability postulate can be used prior to experiments 

to make probabilistic predictions. Therefore, while quantum probabilities might hold different 

roles from their classical counterparts, there are similarities. EQM removes one of the central 

assumptions most have about probabilities: that they describe the chances of a certain result 



44 
 

being the single outcome over all other possibilities. To understand whether having multiple 

outcomes is truly causing the probability problem, a step back from quantum mechanics is 

needed. Importantly, does the definition of probability rely on there being a single outcome to 

predict?  

This turns out to be a difficult question to answer. When defining probability, there is no 

explicit statement that there must be a unique outcome, but it is assumed. The Oxford English 

Dictionary gives the mathematical definition of probability: “As a measurable quantity: the 

extent to which a particular event is likely to occur, or a particular situation be the case, as 

measured by the relative frequency of occurrence of events of the same kind in the whole 

course of experience and expressed by a number between 0 and 1” (OED, 2019). Clearly, the 

idea of “a particular event” occurring refers to it being the only outcome. Therefore, it appears 

that our standard understanding of probability does rely on a unique outcome. But is this a 

requirement? Is it possible to redefine probability in terms of multiple outcomes? This is 

essentially at the heart of what all responses to the Everettian probability problem are trying to 

do. Some approaches like the Deutsch-Wallace one and Vaidman’s, are trying to define 

probability through demonstrating a key uncertainty prevalent in Everettian scenarios 

(Deutsch, 1999; Vaidman, 2019; Wallace, 2012a). Others, such as Greaves, Myrvold and 

Papineau, take more radical approaches to redefining probability and question whether it even 

requires any uncertainty (Greaves and Myrvold, 2010; Papineau, 2010). The key issue is that the 

multiple outcomes that occur with branching require us to alter our understanding of 

probability if we wish to answer the probability problem (which is necessary to justify the 

interpretation). And this will not be a simple challenge.  

There is already no consensus on what probability is in the classical context, so bringing 

in quantum mechanics and more specifically multiple outcomes complicates the issue (Gillies, 

2000). Papineau (2010) argues that Everettians are better off. He states that by adding on the 

probability postulate, ordinary quantum mechanics essentially includes probability ad hoc. 

Since progress has been made by some Everettians to derive the Born rule, Papineau thinks this 

goes above and beyond the standard interpretation and thus EQM does not face a probability 

problem: ordinary quantum mechanics has one instead. While there has been progress in 

addressing the probability problem by those mentioned above, no agreement even among 

Everettians has been reached. By analysing different physical theories that are deterministic, 

determinism is not the source of the problem. However, there is no other theory where all 

physical outcomes occur. Therefore, EQM is entering new ground linking probabilities to non-

unique outcomes. [As an aside, it is interesting to note that there is a vast literature discussing 

how to probabilistically understand the success of certain clinical trials when patients exhibit 
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multiple responses, both positive and negative (see for example Thall, Simon and Estey, 1995). 

This is clearly a very different situation to that in EQM since the probabilities are assigned to 

symptoms and humans are not analogous to physical experiments. But it is a situation where 

probability is being used in contexts with multiple outcomes.] 

EQM is unique in positing non-unique outcomes and is also deterministic. However, 

while determinism has often been seen as incompatible with probabilistic descriptions, theories 

such as statistical mechanics show this to be false. Deterministic theories can incorporate 

stochastic elements without undermining their determinism. Further, whether a theory is 

deterministic is even more complex than sometimes thought. Newtonian physics contains 

instances that seem to oppose determinism, despite being the shining example of deterministic 

physics. Interestingly, quantum mechanics at its most fundamental is just the wave dynamics of 

the Schrödinger equation. This is deterministic and as such, quantum theory could offer the best 

chance of finding a deterministic physics. 

By taking unitary quantum mechanics alone, EQM posits that the branching gives 

multiple outcomes to experiments. This sets it apart from any other physical theory and thus 

any definition of probability it uses will be radically different. Although pinpointing exactly why 

the probability problem arises might not help solve it, it is very important to understand what 

exactly in the theory sets it apart. Further, with the problem better defined, work from other 

fields could be used to help redefine probability in the context of branching worlds. 

 

3.3 Defining the Probability Problems 
 

Since the probability problem is one of the major problems EQM faces, there is much discussion 

of it in the literature. However, it is important to recognise whether the different supporters and 

critics are discussing the same issue. To solve the probability problem, a precise definition of 

what the problem actually is, is vital. It is broadly given as, if all outcomes in the Everettian 

picture definitely occur, how can there be any talk of probability in the interpretation (Wallace, 

2012a)? Wallace (2003a) defined two parts to the probability problem, which he named the 

incoherence problem and quantitative problem. This split focuses on the different aspects to the 

problem that might require different solutions. However, there are two difficulties that arise 

from this. First, there are a variety of different ways that the problems are defined, and this can 

lead to confusion. Secondly and most significantly, it is important to investigate whether it is 

even valid to separate the probability problem into two parts. Here, the focus is on the first 
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problem of defining the problem. This is done by analysing various definitions given in the 

literature and comparing how they lead to different approaches to the problem.  

 

3.3.1 Incoherence Problem 

The incoherence problem was first defined as: “how, when every outcome actually occurs, can it 

even make sense to view the result of a measurement as uncertain?” (Wallace, 2003a, p.417). It 

deals directly with the overarching issue of whether an Everettian agent can be uncertain about 

measurement outcomes.  

When focusing on the incoherence problem in the literature, there are a few variations 

on how it is set out. Worth noting, although this is less important here, there are variations on 

the name incoherence. Lewis (2010) calls it the qualitative problem to balance with the 

quantitative problem, and both Baker (2007) and Jansson (2016) use the term coherence 

problem. Since all these authors are still discussing the same problem, the actual name assigned 

does not matter, especially since there is no confusion about what is being discussed. However, 

there are differences in how the question is posed. First, the focus changes between uncertainty 

and probability. Wallace’s initial definition is in terms of uncertainty, but many definitions use 

the term probability instead. For example, Vaidman (2012) asks “how [one can] talk about the 

probability of an outcome in a measurement when all outcomes are actualized” (p.309). Even 

Wallace (2012a, p.40) alters the original statement in favour of “how does talk of probability 

even make sense in the deterministic Everett universe?”. At first it appears unimportant 

whether the term probability or uncertainty is used, but they refer to different concepts. If the 

question focuses on probability, what does this mean for uncertainty? Is the assumption that if 

probability can be defined, uncertainty is as well; or is the assumption that there can be 

probability without uncertainty?  

Wallace (2007) outlines two approaches to the incoherence problem which rely on this 

distinction. Subjective uncertainty follows the line that there is some uncertainty for an 

observer in EQM, and from this uncertainty, probability can be obtained. Instead, objective 

determinism states that there is no uncertainty for an Everettian agent but that probability (or 

something akin to probability) can be recovered. To some extent, how one defines the 

incoherence problem affects how one addresses this issue. In the ordinary understanding of 

probability, uncertainty is closely linked and so if this is not the case for EQM then it needs to be 

made clear. It is important that many papers defining the problem in terms of probability often 

address the question of whether there is uncertainty. But these are slightly different aspects to 

the question. One must answer the question of whether there is uncertainty and then answer 

the question of whether we can recover probability. It might be the case that by assuming some 
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uncertainty, the second answer follows naturally, but if there is no uncertainty something must 

be given to justify probability. For this reason, it is better to define the incoherence problem in 

terms of uncertainty like Wallace originally did. This means that from the start both uncertainty 

and probability will enter the discussion. In fact, Price (2010) claims that in general it is a 

mistake to talk about a probability problem and instead the overarching term should be an 

uncertainty problem.  

The final point of variation in the incoherence problem is nuanced and relates to 

whether the focus is on measurement. If it is, this might be seen as continuing the idea that 

measurement is somehow a special process in quantum mechanics. Jansson (2016, p.46) states 

that the problem is “making sense of ascribing probability at all to outcomes of measurements”. 

This focus on measurement outcomes appears in Wallace’s original definition as well as some 

other definitions (Greaves and Myrvold, 2010). Often this reference is made since an example is 

given to illustrate the problem that revolves around an experiment. But sometimes the problem 

is posed generally. For example, Wallace (2010, p.227) asks how it can “even make sense” to 

discuss probability in the Everett case. Discussion in the literature generally revolves around 

experiments and measurement since they provide easy examples and even those who do not 

directly refer to measurements often use them as tools. Further, there is generally no 

assumption in the literature that measurement is special for an Everettian. Therefore, any 

choice about how to phrase the context of the incoherence problem is more subjective. 

However, it is still better to keep the question as general as possible to have it fully encompass 

all scenarios. Therefore, not linking the problem directly to measurement is the better 

approach. Thus, the best definition of the incoherence problem is: 

Incoherence problem: if every outcome occurs in Everettian quantum mechanics, 

does an agent have any uncertainty about future events? 

This definition is closely tied with Wallace’s original formulation but does a better job of 

capturing the problem than some more recent interpretations. Importantly, it focuses on 

uncertainty rather than probability, the actuality of all outcomes rather than determinism and 

does not directly mention measurement.  

 

3.3.2 Quantitative Problem 

The quantitative problem is the most well-defined part of the probability problem and where 

most of the focus has been. It was originally defined by Wallace (2003a, p.417) in connection 

with the incoherence problem, “why is [the uncertainty of the incoherence problem] quantified 

according to the quantum probability rule (i.e., the Born rule), and not (for instance) some other 
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assignment of probabilities to branches?”. Baker (2007) and Sebens and Carroll (2014) both 

define the problem without any reference to the Born rule. This makes the problem more 

general which is always an advantage. Nevertheless, since our best empirical data so far 

supports the Born rule, it is still the Born rule that must be recovered, and thus nearly every 

other definition does directly mention the Born rule (or the normal quantum probability rule). 

There are further distinctions in phrasing on how the Born rule is discussed. Most 

papers define the problem as how to get the Born rule in the Everettian multiverse but some 

(Lewis, 2007; Price, 2010) instead focus on the negative question of why the Born rule should be 

used in this case. This second question in some ways must be answered anyway as the Born rule 

must be uniquely picked out, like it is in ordinary quantum mechanics. Therefore, any answer to 

the quantitative problem must answer both the positive of how the Born rule, and the negative 

of why not anything else. There are other slight differences in how the quantitative problem is 

defined. For example, some definitions discuss deriving/recovering the Born rule (Greaves, 

2004; Hemmo and Pitowsky, 2007), while others discuss matching/justifying the Born rule 

(Lewis, 2010; Wallace, 2012a). Clearly, each word does have a slightly different meaning with 

deriving being a stronger claim than justifying. My definition aims to be as general as possible 

and thus does not directly refer to a specific rule. 

Quantitative problem: how can uncertainty or probability be quantified in 

Everettian quantum mechanics and what rule is used to quantify it? 

By keeping the definition more general, it encompasses all parts to the problem. First, 

how could quantifying uncertainty/probability occur? Next, what rule is used to quantify it? 

This second part should lead to the Born rule based on our empirical evidence but does not 

presuppose this in the question. Further, in defining what rule is used, the uniqueness of it will 

also come in the solution.  

 

3.3.3 Practical Problem 

The practical problem as stated first by Greaves is: “How are we to rationally act, if we interpret 

quantum mechanics along Everettian lines?” (Greaves, 2007a, p.121). The practical problem is 

nearly always discussed in connection with the epistemic problem, which is seen as the more 

problematic of the two. And it is not as useful a breakdown of the probability problem. Further, 

unlike the other problems discussed here, while different authors define their own practical 

problem, there is very little variation. Therefore, this section focuses on the key elements that 

make up statements of the practical problem. 
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Importantly, most definitions given for the practical problem make some reference to 

decision making or decision theory (Deutsch, 2016; Wallace, 2012a). Others, like Greaves 

(2007a) and Saunders (2010b), who make no explicit mention of decisions, still use language 

based on the rational action of an agent. This is important because the set up for the practical 

problem is reliant on assuming a decision-theoretic approach to probability. It presupposes that 

any discussion of probability will be about how an agent should act when faced with decisions 

about the future. This is due to why the practical problem was set up. Greaves (2004, 2007a) 

wanted to define the problem based on an agent’s action and thus this is a central part to all 

definitions of it. This connection to decision theory weakens the usefulness of the problem since 

it has a narrow focus. Another element often included in the practical problem is a mention of 

the Born rule or a probability rule by which an agent should act (Maudlin, 2019; Wallace, 

2012a). This is not universally done as others, such as Greaves (2007a) and Saunders (2010b), 

pose the question more generally. However, as for the quantitative problem, the Born rule is 

always underlying any discussion. Nevertheless, it is better to pose questions more generally 

and so the practical problem should not directly refer to the Born rule.  

The practical problem is problematic because it comes embedded with decision theory. 

Nevertheless, a good way to define it is to keep it as general as possible. Therefore, while there 

is undoubtably a link with rational action, decision theory should not be explicitly mentioned, 

nor should the Born rule.  

Practical problem: how should an agent rationally act, if we interpret quantum 

mechanics along Everettian lines? 

This definition comes almost directly from Greaves (2007a, p.121) as it encompasses all 

the elements and yet remains as general as possible.  

 

3.3.4 Epistemic Problem 

The epistemic problem is generally less well-defined than the practical problem. In the 

literature, a definition of the problem is given much less often than for other problems and it is 

taken to involve a wide range of supposed problems EQM faces. This vagueness even appears in 

the names used, which (unlike the slight variety for the incoherence problem) give an indication 

of how the problem is seen by a particular author. There are commonly three different names: 

the epistemic problem, evidential problem and the problem of confirmation. The epistemic 

problem is used most since it follows the original formulation by Greaves (2007a). Greaves 

defined the epistemic problem: “how can we justify believing the theory on the basis of our 

empirical evidence, if we interpret quantum mechanics along Everettian lines?” (p.122). Thus, it 
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is linked to the empirical testability of EQM and whether it can be supported by our empirical 

data. The names epistemic and evidential often give quite similar definitions of the problem 

following from Greaves’ line of reasoning. In fact, Maudlin (2019) uses the two names 

interchangeably at one point.  

The use of confirmation in the name is more controversial. Although the name ‘the 

problem of confirmation’ is not always given, confirmation is often the focus of objections to 

EQM (Adlam, 2014; Kent, 2010). But using the term confirmation comes with very specific 

philosophical views. It assumes that scientific methodology aims to produce confirmation of 

theories being true. Putting aside wider intricacies in the debate, it is important to note that 

phrasing the epistemic problem in terms of confirmation presupposes a philosophical stance on 

science broadly. For example, Deutsch (2016) argues against the epistemic problem precisely 

because he argues that scientific methodology is not based on confirmation and thus EQM is still 

testable. One must be careful when defining a problem faced by a theory to not automatically 

assume one form of philosophical reasoning without justification. Therefore, it is not necessarily 

a problem to focus on confirmation but in that case, it should be acknowledged that the reason 

for doing so is based on a stance on general methodology.  

Another variation that appears is on whether the definition directly mentions the Born 

rule or branch-weightings. Specifically linking the epistemic problem to a rule or numerical 

value (eg. Dawid and Thébault, 2015; Kent 2010) assumes that testability of EQM will stem from 

that rule. This is generally a valid assumption since it continues to link the issue of probability 

with testability, but it does narrow the focus. Since probability is almost certainly very different 

in EQM to our everyday notion of it, it might have a very different link with testability. 

Therefore, it is important for Everettians to consider exactly how empirical evidence can be 

found. Deutsch (2016) argues for a very different type of testability (without confirmation) that 

does not rely on probability in the traditional sense. Thus, it is better to keep the epistemic 

question general and separate from the Born rule. Further, it opens critiques that on certain 

branches the Born rule is disconfirmed by evidence, and so it is impossible to support the 

theory since it predicts its disconfirmation in some worlds. This objection due to low-weight 

branches (branches where the very low amplitude outcomes actually occur) is often cited by 

critics and is discussed below (Dawid and Thébault, 2014; Kent 2010).  

Much of my focus on the epistemic problem so far has been on the overall testability of 

the theory. However, an important aspect which is often discussed is how EQM fits into the 

everyday scientific process of predicting or inferring results (Greaves and Myrvold, 2010; 

Wallace, 2012a). For any definition of the epistemic problem, it must include both the question 
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of prediction and testability. The two are closely linked since often correct predictions of 

phenomena by a theory are taken as evidence in support of that theory. Thus: 

Epistemic problem: how can Everettian quantum mechanics be used to make 

predictions and is it empirically testable? 

This form of the question does not directly refer to confirmation, but rather testability, 

and takes a general outlook on how any predictions could be made (i.e. not necessarily be 

deriving the Born rule). In section 3.4, this version of the epistemic problem is broken down 

further. 

 

3.3.5 Discussion of the Probability Problem 

This chapter has set out the best, general definitions for each part of the probability problem, 

allowing for the widest range of solutions. 

Incoherence problem: if every outcome occurs in Everettian quantum mechanics, does 

an agent have any uncertainty about future events? 

Quantitative problem: how can uncertainty or probability be quantified in Everettian 

quantum mechanics and what rule is used to quantify it? 

Practical problem: how should an agent rationally act, if we interpret quantum 

mechanics along Everettian lines? 

Epistemic problem: how can Everettian quantum mechanics be used to make 

predictions and is it empirically testable? 

However, there are some unanswered questions. First, is one approach to splitting the 

probability problem up better than the other? And if so, why? Secondly, is there a way to define 

an overarching probability problem? And finally, and most importantly, is it even plausible to 

split up the probability problem into different parts? 

First, the incoherence-quantitative split is better. This is because the practical problem 

especially assumes a decision-theoretic approach when looking at the quantitative nature of 

probability. However, other approaches are starting to emerge, for example Vaidman’s (1998, 

2012) symmetry-based scheme. Further, since so many problems have been pointed out for the 

decision theory approach it is better to not presuppose it when laying out the question (see 

chapter 4). Nevertheless, the epistemic problem is a valid challenge to EQM. Since it deals with 

testability and prediction, it covers an aspect that the incoherence and quantitative problem do 

not. Therefore, we have three questions that must be addressed. However, the epistemic 
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problem sits apart from the other two so that there is a probability problem (made up of the 

incoherence and quantitative problems) and a separate epistemic problem (looking at the 

practical testability of the theory). 

To address the second question, it is hard to fully encompass all parts of the probability 

problem into one succinct statement. However, the general ideas can be conveyed: if all 

outcomes occur in EQM, how does our notion of uncertainty and probability transform? This 

references the key aspects of the incoherence and quantitative problem but does not include the 

epistemic problem, which is why it sits as a separate problem. Thus, the probability problem is 

in some ways the incoherence problem. It is trying to interpret how an agent can think or talk 

about her future in a branching multiverse.  

The final question is the hardest to approach. Ultimately, the quantitative and 

incoherence problems (as my preferred definitions) are more closely linked than often 

portrayed in the literature. The quantitative problem requires a deeper understanding of 

uncertainty and whether it exists for agents. And this relates to the incoherence problem. 

Separating the two problems does make tackling the quantitative problem possible without a 

solution to the incoherence problem, but the two are fundamentally interconnected. They are 

not two separate problems, but two different aspects of the singular probability problem. And in 

this vein, Price (2010) is right in that we should not be calling it a probability problem but an 

uncertainty problem. The problem must begin with uncertainty, and whether a solution 

eventually discounts it or not, it is central to any approach to probability. In this thesis though, 

the two are kept separate, as the focus is on the quantitative problem. Since a core principle of 

EQM is that it is ‘just’ quantum theory, any attempts to solve the quantitative problem must 

remember this. Therefore, while the incoherence problem might involve many of the deeper 

philosophical issues about probability, EQM’s viability as an interpretation rests on a solution to 

the quantitative problem. Without one, EQM is doomed and thus, it is the focus here.  

 

3.4 The Epistemic Problem 
 

While much of this thesis is concerned with the quantitative problem, the epistemic problem is 

another aspect that Everettians must address. Before moving on, it is worth exploring whether 

EQM is a confirmable interpretation, as if it lacks any link to empirical understanding, this is a 

definite weakness. 
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3.4.1 Confirmation and Evidence in Philosophy of Science 

The epistemic problem focuses on whether EQM can be confirmed by evidence, usually in 

relation to quantum mechanics as a whole. Saunders (2010a, p.28) states: “How then is 

Everettian quantum mechanics to be confirmed or disconfirmed by statistical evidence?”. Here, 

the problem is split into two separate questions, the relational problem and the predictive 

problem. This distinction will help pinpoint how far EQM can be confirmed. The relational 

problem is like the epistemic problem discussed above. It asks whether the evidence supporting 

quantum mechanics can also support EQM. Thus, it places EQM in relation to the wider 

framework of quantum mechanics. Here it is argued that EQM is confirmable by the evidential 

basis and therefore it is rational for an agent to believe in EQM. This problem is a weaker 

question because it assumes from the outset that the agent already believes in EQM and that 

EQM is a consistent theory. Objections focus on maverick worlds and EQM’s ability to recover 

probability.  

The second part of the epistemic problem discussed here is the predictive problem. This 

analyses EQM as an independent theory and looks at whether it has predictive power or even a 

framework for evidence to be examined within. The two questions have been defined partly due 

to wider philosophy of science about confirmation. There are competing thoughts on what 

makes a theory testable and the status of evidence. There is much discussion about whether 

predicting evidence is more useful than accommodating it (Kelly, 2016). Based on these two 

aspects, the problem is split in two. The relational problem asks whether EQM can 

accommodate the existing evidence for quantum mechanics. On the other hand, the predictive 

problem is about novel predictions made by EQM and its broader theoretical structure. Unlike 

the weaker relational problem, EQM does not (currently) meet the predictive problem. 

Approaches like the Greaves-Myrvold one that aim to explain how EQM can understand 

evidence only cause more problems due to the reliance on decision theory. Further, the use of 

decision theory calls into question the link between the ‘probabilities’ used in EQM and the 

empirical truth of events. Thus, while decision theory has provided a means to approach the 

quantitative problem, it opens the door to more issues when looking at the epistemic problem. 

Finally, the main prediction made by EQM is the many worlds structure or multiverse. 

Multiverses are widely used in cosmology as explanations but suffer from a lack of predictive 

power. This means that currently, EQM is a very good explanatory theory for the results of 

quantum mechanics but fails to provide other testable phenomena when it relies on decision 

theory.  
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3.4.2 The Relational Problem 

The epistemic problem facing EQM involves a variety of notions. Wallace (2012a, p.41) states it 

as focusing on “why those quantum probabilities [defined by branch weights] plug into our 

evidence-gaining activities in the usual way.” Adlam (2014, p.21) makes a stronger claim that 

“…in an Everettian context, the experimental evidence that we have available [can] not provide 

empirical confirmation for quantum mechanics...”. And many authors, both proponents and 

opponents of EQM, place the epistemic problem as being about a special problem that EQM 

faces over and above other interpretations. Greaves and Myrvold (2010, p.264) talk about “…a 

prima facie problem for statistical inference” within EQM. While it has been classed as a single 

problem by many authors, here it is split up into two parts. The first can be referred to as the 

relational problem because it focuses on whether EQM is able to explain the key evidence 

associated with quantum mechanics. The relational question is: 

Relational problem: Does coming to believe EQM undermine the existing 

evidential basis of quantum mechanics? 

There are two key components that make up this question. First, what is quantum 

mechanics, and secondly what is the evidence for quantum mechanics. While in some ways the 

first question should be straight forward, this is not the case generally. In foundations of 

physics, quantum mechanics is nearly always associated with a specific interpretation and so 

there is not a consensus about what quantum mechanics is. However, in the physics community 

there is more agreement. In textbooks, quantum mechanics is given an abstract definition based 

on (usually) five postulates, as set out in chapter 1. But, on a broader picture, quantum 

mechanics involves much more than this. Wallace (2020a) describes quantum mechanics as a 

framework of many different (non-fundamental) theories. These include the usual N-particle 

theories but extend to QFTs and even discrete theories. Much current work in quantum 

mechanics focuses on QFT and relativistic QFT. These are often only effective theories and so 

have limited scope (see chapter 7). This makes it hard for interpretations to describe exactly 

what quantum mechanics is. Therefore, an approach will be better off taking a broader view. 

EQM has an advantage here over other interpretations, as pointed out in chapter 1. By largely 

being based on unitary dynamics, EQM can incorporate both the paired down abstract 

postulates (excluding measurement obviously!) and QFTs.  

Before moving on to the evidence for quantum mechanics, it is worth noting that 

consistency in an interpretation is key for confirmation. To discuss what evidence there is for 

quantum mechanics, quantum mechanics itself must be taken to be a consistent theory. This is 

important when looking at other interpretations. Taking the Copenhagen interpretation, for 

example, it is often seen as inconsistent due to issues around measurement and so would be an 
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unviable theory. Therefore, it is often seen as unconfirmable since confirmation relates only to 

consistent theories. In this section, EQM will be assumed to be consistent. However, this is 

somewhat questioned in relation to the discussion later. 

Since we have now established what is meant by quantum mechanics it is worth noting 

what is meant by the evidence for quantum mechanics. The focus will be on evidence that 

physicists take to support the theory. This refers to many parts of the theory’s framework such 

as spectral lines, phase transitions of super-fluids, and calculating heat capacities at low 

temperatures (Wallace, 2020a). Thus, this question asks whether EQM faces a special problem, 

over and above any problem that orthodox quantum mechanics might have. For example, to 

give a picture, take an agent Cristina, who has been given a sleeping pill and wakes up with no 

knowledge of quantum mechanics. If she was given all the current evidence from quantum 

mechanical experiments and observations, along with a detailed description of EQM, would 

Cristina think the evidence confirmed EQM? This is a weak form of the epistemic problem as it is 

not trying to place EQM above any other approaches. Further, because Cristina is only provided 

with the details of EQM, this question does assume its correctness. Therefore, essentially the 

question is focused on those who already think EQM is true.  

 

  3.4.2.1 Unitary Dynamics and the Born rule 

There are two broad objections to the statement that EQM is supported by our current evidence 

for quantum mechanics. The first is that as a theory EQM is empirically invalid because it has no 

understanding of probability (Kent, 2010). This objection links closely with the quantitative and 

incoherence problems, where Everettians try to establish how an illusion of probability can be 

recovered despite the theory predicting all outcomes occur. Hemmo and Pitowsky (2007) argue 

that the evidence based on Born rule statistics cannot support EQM because it predicts that any 

sequence of statistics is possible. This problem can be split into two parts: the problem that 

EQM violates the Born rule and the problem that EQM is unjustified in using the Born rule. To 

answer the first problem, the use of the Born rule in EQM is argued to be merely the best 

convention since it matches ordinary quantum mechanics, rather than a true prediction of 

statistical data in a branching universe. While it is true that EQM predicts that non-Born rule 

statistics will be observed by some Everettian agents, this does not mean EQM cannot be 

supported by evidence based on the Born rule. Below, the second objection based on maverick 

worlds will be discussed, which is closely tied with this objection, but putting that aside, current 

Everettian approaches recover the Born rule as a statistical tool. Therefore, if one assumes EQM 

is true and that these approaches are close to the truth, the evidence supporting ordinary 

quantum mechanics also supports EQM.  
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Hemmo and Pitowsky also question the use of the Born rule in the first place, and in fact 

this is echoed by many critics. However, this is questioning whether EQM can solve the 

quantitative problem rather than the epistemic problem. The two are very closely related but 

the focus here is on the latter. For this first weaker version of the epistemic problem, the focus is 

on whether current evidence could support EQM if one believes EQM is true. Therefore, we are 

taking an Everettian who believes in a consistent version of EQM. This version will use a method 

for recovering the Born rule such as the decision-theoretic approach of Wallace (2012a) or 

Vaidman’s (2012) symmetry-based argument. Therefore, this objection does not show that 

current evidence for quantum mechanics cannot empirically validate EQM.  

Bradley (2017) and Dawid and Thébault (2014) focus instead on the problem of easy 

confirmation. Bradley argues that because EQM predicts all experimental outcomes will occur, 

observing any result will confirm the theory. Dawid and Thébault think this means EQM does 

not allow for disconfirmation. They flip the above question on its head and argue that any data 

that refutes quantum mechanics should also refute EQM. However, this does not happen since, 

as stated above, the theory allows for a vast range of sequences of outcomes to be observed. 

While it is true that some evidence that disconfirms quantum mechanics does not do the same 

for EQM, again the focus here is much less general. Evidence can support more than one theory 

but the theories themselves can be different and potentially predict alternative observations in 

certain scenarios. Here, EQM is still a theory based on the formalism of quantum mechanics. 

However, it includes an interpretational element of that formalism (although some Everettians 

would deny this) which separates it from the orthodox view. Therefore, if EQM can show that 

Born rule statistics are recovered in the branching structure, the same evidence that supports 

quantum mechanics also supports EQM. Further, assuming EQM does recover the Born rule, 

there will still be expected long-run frequencies when repeating experiments. The difference 

here is that the unlikely observations that break these rules will happen, rather than being a 

mere possibility. But, for an agent carrying out experiments, she will still expect to see 

frequencies following the Born rule. 

Wallace (2012a) focuses on a key element of EQM when looking at confirmation: unitary 

dynamics. He argues that current quantum experiments show that unitary dynamics are 

observed at greater complexities. By shielding decoherence, objects much larger than single 

microscopic particles have exhibited quantum effects. In particular, the principle of 

superposition can be tested at increasing scales to see whether unitary quantum mechanics 

breaks down. For example, SQUIDs (super-conducting quantum interference devices) can be 

observed in superpositions despite them being mesoscopic sized molecules (Schlosshauer, 

2009). And the scope for observing superpositions is continually growing. Kovachy et al. (2015) 
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describe an experiment with matter-wave interferometers which allow them to probe quantum 

effects at the macroscopic scale. They use light-pulses to show that a superposition can be 

established between wave packets separated up to 54cm, for 1 second. Further, Fein et al. 

(2019) focus instead on the mass of particles, placing oligo-porphyrins (a type of cyclic organic 

compound) with masses around 25,000amu and comprising of up to 2000 atoms into a 

superposition. These demonstrations of unitary quantum effects lend support to EQM since it is 

solely based on these dynamics. For Wallace (2012a), this is all that is needed to show that EQM 

can be supported by the evidence used to support ordinary quantum mechanics.  

However, opponents point out that this is a weak claim. Most interpretations of 

quantum mechanics include some form of unitary evolution and therefore this cannot support a 

radical theory like EQM. Instead, these kinds of experiments only disconfirm specific collapse 

theories, whose parameters of collapse have been ruled out. EQM argues for universal unitary 

dynamics, and as such, there is a question of whether these lab experiments are even relevant. 

Instead, Everettians should be looking at the entire universe. This is obviously not an easy task. 

Decoherence effects cannot be shielded throughout the universe and therefore it is not possible 

to observe universal unitary evolution. However, the focus here is on the weaker epistemic 

problem from the perspective of an Everettian. In this case, the increase in size of systems 

evolving unitarily does confirm EQM.  

Tappenden (2011) acknowledges a double standard Everettians sometimes face in 

relation to confirmation. He recognises that evidence of a process that is central to a theory, 

helps empirically support that theory. Thus, while EQM is its own theory with different 

predictions to other interpretations, it can be supported by the same evidence. McQueen and 

Vaidman (2019) also focus on the essence of EQM and its testability. They argue that, putting 

aside the issue of many worlds, current Everettian approaches predict Born rule statistics. The 

current evidence for ordinary quantum mechanics shows the success of the Born rule and thus, 

they argue that the same evidence helps confirm EQM. In fact, they claim that since it is other 

interpretations that predict new physical processes (like collapse), the burden of proof should 

be on them rather than EQM. 

Unlike McQueen and Vaidman, the burden of proof should not be placed on other 

interpretations. However, for the purpose of answering the relational problem, EQM giving 

successful Born rule statistics is enough. This does bring up the question of whether EQM really 

can predict using the Born rule, i.e. the quantitative problem (Wallace, 2012a). This is another 

topic entirely and is the focus of chapter 4. But starting with an assumption of a consistent and 

correct Everettian theory, EQM can accommodate and explain the evidence for ordinary 



58 
 

quantum mechanics. This will clearly never be enough for non-Everettians but does show that 

Everettians themselves are not irrational for believing in EQM.   

 

3.4.2.2 Maverick Worlds 

The second class of objections relate to the prediction of maverick worlds. Maverick worlds are 

branches where non-quantum statistics will be observed (Greaves and Myrvold, 2010). There 

are different levels of maverick worlds in EQM (McQueen and Vaidman, 2019). The most 

discussed kind are low-amplitude branches where Born rule statistics are violated, and these 

are the focus of much of the discussion below. However, there are also more extreme 

possibilities such as branches where decoherence breaks down or even branches where there is 

no emergent quasi-classical world. These last two examples are often not discussed because 

their extreme nature is taken to mean that there will be no intelligent life. Low-amplitude 

branches, or non-Born rule maverick worlds, are low amplitude because they violate the 

expected Born rule statistics. Due to EQM taking all parts of the universal wavefunction as true, 

these anomalous branches will happen with certainty (DeWitt, 1970; Wallace, 2012a). The 

problem then is how can evidence from Born rule statistics be used to support a theory that 

predicts in some worlds these statistics will not occur. Maudlin (2019) argues that the existence 

of these maverick branches undermines the approaches that recover the Born rule. One of the 

main approaches used by Everettians is based on decision theory (Wallace, 2012a). This uses 

rationality axioms to explain how agents ought to rationally act. However, as Maudlin points 

out, how can a theory rely on rational action which is not rational in all parts of the multiverse? 

Hemmo and Pitowsky (2007, p.349) make the same point: “if we believe that [EQM] is true, it 

will be utterly irrational for us to adopt the quantum probability rule as our subjective 

probability rule for future action “. 

There are several different responses from Everettians. First, addressing the claim that 

maverick branches undermine the use of rationality axioms, the point of using rationality is that 

the axioms will be rational for different worlds. Unlike physical laws, rationality axioms do not 

need to be the same in all branches, in fact this would probably make them irrational! 

Therefore, while there would still be branches where quantum mechanics and EQM are 

disconfirmed, agents in these worlds will be acting rationally with respect to their branch.  

Everett (1957) argued that the total weight of maverick branches is very low, and they 

can therefore be discounted. However, this only applies in situations where there is a definite, 

non-fuzzy branching structure. Recent work on decoherence suggests this is not true and so a 

different explanation is needed. Wallace (2012a) uses the fuzziness in the emergent branching 
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structure to explain why maverick branches are negligible. He argues that since worlds are 

emergent via some form of coarse graining, at the level we use to define them (as quasi-classical 

worlds) there might be no maverick worlds anyway. He argues that this is especially true if the 

noise from decoherence is large in comparison to the amplitude of these branches. In fact, he 

claims that the total weight of these branches is only around e-25. This type of argument is hard 

to address. It is difficult to know how a different coarse graining level would change the types of 

branches and it is also hard to prove that these are non-existent when dealing with 

quasiclassical worlds. However, there are stronger arguments in favour of EQM. Greaves and 

Myrvold (2010) argue that maverick branches are analogous to anomalous statistical results in 

a chancy single-world. If an agent carried out repeated flips of a coin, it is possible that she will 

toss tails 1000 times, even if the probability of this is very low. Thus, it is possible that 

experimenters in a one-world theory will be misled by anomalous statistical results that lead 

them to lower their credence about correct quantum mechanics. Greaves and Myrvold claim 

that since this is highly unlikely in a single world and that the branches where this occurs are 

very low weight, this is not a severe problem. In the same way that in EQM there will be 

branches in which agents falsify the Born rule, there will be possible worlds in which one-world 

agents also falsify it. Thus, they argue that the only difference here is the focus of the theory. 

While it is true that in our ordinary chance theories, very unlikely sequences of results are 

possible, there is a difference between possible outcomes and actual ones.  

This argument comparing unlikely results in a single world to EQM are strong. It 

demonstrates a double standard that Everettians face due to the radical nature of the theory. 

While actual worlds are different from possible ones, this is linked to how EQM drastically 

changes our worldview and everyday concepts. Tappenden (2000) acknowledges the problems 

associated with maverick worlds but points out that EQM might force us to reinterpret ‘low 

probability’ to refer to actualities instead. The problem with this response is that it can be given 

for any critique of EQM. The theory is so different to our classical worldview that of course it 

will alter ordinary concepts if correct. However, it does not provide a substantial argument for 

accepting maverick branches. To answer the relational problem, Greaves and Myrvold’s solution 

comparing chancy and branching worlds is sufficient. It demonstrates that EQM is not alone in 

facing problems relating to confirmation and that quantum mechanics could be disconfirmed 

incorrectly in a one-world theory due to statistical anomalies.  

Finally, McQueen and Vaidman (2019) offer a unique argument about maverick worlds. 

First, they define the difference between confirming a probability rule (inferring from 

observations) and deducing it (proving it from the theory). They claim that the confirmation of 

EQM is about confirmation and therefore our past records play an important role. However, 
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they also argue that the Born rule is accessible on maverick worlds via different methods. They 

give the example of how the Born rule can be deduced through physics about the sky being blue. 

Many different colour photons come from the Sun to Earth. The frequency of the blue ones 

matches the natural resonant frequency of the atmosphere and so these photons are strongly 

scattered. The photons are also in a superposition of being scattered and undisturbed and so 

when they reach the retina, branching occurs. Seeing that the sky is blue is due to the high 

scattering of blue light and the Born rule is used to connect the probability of absorption with 

this value (McQueen and Vaidman, 2019). Vaidman (2020) also gives an example of white 

artificial light. The light is in fact made up of all different frequencies, but no one reports seeing 

green light. Vaidman explains that this is because the Born rule gives a vanishing probability of 

this occurring and therefore, seeing green light would be a quantum tail. These examples are 

meant to show how the Born rule can be recovered outside traditional quantum experiments. 

If we agree with McQueen and Vaidman, suddenly the only worrying maverick worlds 

are red-sky ones, which they argue could have such different physics rules that intelligent life 

would be completely impossible. These are a more extreme type of low-amplitude worlds that 

could even connect with the maverick branches where decoherence or classical physics fails. 

While it seems that this merely changes the problem from one of maverick worlds to red-sky 

maverick worlds, it does show that evidence for a theory comes from many types of 

observations. Further, this argument throws up an important point about the status of the Born 

rule in quantum mechanics. This is addressed in chapter 6, but the fact remains that maverick 

worlds do not undermine current evidence for quantum mechanics supporting EQM. 

 

3.4.3 The Predictive Problem 

The second part of the epistemic problem looks at EQM as a theory separate from quantum 

mechanics. Here, it is called the predictive problem, as it focuses on potential evidence for EQM 

alone, rather than any evidence supporting quantum mechanics which EQM can explain. 

Predictive problem: Does EQM have predictive power or merely explanatory 

power? 

This differs from the relational question as it focuses on possible evidence coming from 

within EQM rather than whether it effectively accommodates existing evidence. While this does 

look more generally and so will not require an assumption that EQM is correct, this does not 

address whether EQM is better confirmed than other interpretations. Due to the nature of the 

debate about interpretations, it is very hard to ever convince a supporter of a competing theory 
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that another is correct. In this section, wider issues involving confirmation within EQM are 

explored and the possibility of it containing its own method of confirmation is analysed. 

To approach the predictive question, three separate topics are examined. First, the 

method of confirmation based on Bayesian conditionalization by Greaves and Myrvold is 

examined. This supposedly offers a means to use evidence to confirm or disconfirm EQM 

without assuming the correctness of the theory and so is a method to incorporate evidence 

rather than actual evidence itself. As a short tangent to this, Deutsch’s very different approach is 

briefly explored although it is quickly found to be incoherent. Second, a very general objection is 

analysed on whether EQM is even able to connect with truth or make sense of agents. Finally, 

the concept of a multiverse is examined and cosmological evidence for EQM, since it is a key 

prediction separate from the other interpretations of quantum mechanics. 

 

  3.4.3.1 Confirmation using Bayesian Conditionalisation 

Greaves and Myrvold (2010) claim to lay out a Bayesian-based argument for how confirmation 

works for EQM. They adopt typical Bayesian theory and change it so that it applies to a 

branching universe. Importantly, they argue that this approach does not presuppose the 

correctness of EQM. They state that the problem facing Everettians is not about deriving 

probabilities but either ascribing them to experimental outcomes or finding a new alternative 

method to analyse results. This work falls under the decision-theoretic program since it relies 

on the decision theory structure and uses credences. Greaves (2004) defines a quasi-credence 

which is different from a credence because traditionally, credences rely on uncertainty 

(Saunders, 2010b). This is important for Greaves who does not think there is any uncertainty 

present in EQM. And it is a good approach generally for Everettians because it is also accessible 

to those who might argue for uncertainty when addressing the incoherence problem. 

Based on Savage’s axioms and de Finetti’s concept of exchangeability, Greaves and 

Myrvold provide a set of conditions on how an agent will act. The approach relies on maximising 

expected utility, where expected utility is taken to be a weighted average of utilities, 

representing an agent’s degree of belief in different outcomes. Agents have a quasi-credence 

function about outcomes, which they update using Bayesian conditionalisation.  By using de 

Finetti’s representation theorem, an agent is shown to act in the same way as someone who 

believes there is an objective chance of different outcomes. In older papers, Greaves (2004) uses 

the term ‘caring measure’ instead of quasi-credence function, such that an agent should care 

about her future descendants in proportion to their relative amplitude-squared measure. The 

quasi-credence function is preferred as the caring measure presupposes belief in EQM (Greaves 
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and Myrvold, 2010). Greaves and Myrvold define the confirmation-theoretic role of branch 

weights: “If S observes something to which theory T assigned a branch weight higher (lower) 

than the average chance-or-branch-weight assigned to that same event by rival theories, then 

theory T is confirmed (disconfirmed) for S, relative to those theories” (p.270). Central to this 

method, Greaves and Myrvold claim that it is generally applicable to both branching and non-

branching theories. The only difference is that if the theory involves branching, instead of a 

credence based on chances there is a measure of weight attached to branches. This is important 

for Greaves and Myrvold because they want to show the similarities between chance and 

branching theories. They argue that there are few differences and as such, any objections to 

branch theory confirmation is also a problem that chancy theories face. 

However, opponents of EQM have found problems with this approach to confirmation. 

Dawid and Thébault (2014) do not think that Greaves and Myrvold have given a sufficient 

interpretation of branch weights. Branch weights are the equivalent to chances in the approach 

and so need to be somewhat defined in relation to probability or measures of outcomes. The 

idea of branch weights is so foreign to our ordinary understanding of probability that it seems 

to have no connection. However, Everettians claim first that this is a completely different 

worldview and as such will have completely new concepts. Further, proponents like Wallace 

(2012a) or Vaidman (2020) would argue that a definition has been given in the solutions to the 

quantitative problem (see chapter 4). These supposed solutions aim to link the branching 

structure in EQM to the Born rule and general probabilistic statements. The quantitative 

problem is discussed in the next chapter, and this critique relates more broadly to whether EQM 

can understand probability at all. Overall, every part of the probability problem (incoherence, 

quantitative and epistemic) is related to the others and one part cannot be solved without there 

being solutions to the entire problem. Although this section addresses a more general part of 

confirmation where EQM is not assumed to be true, it is easiest to take EQM to be a consistent 

theory to focus instead on issues purely relating to confirmation. 

Dawid and Thébault (2014) point out another problem with the Greaves-Myrvold 

approach. They argue that it involves additional assumptions on top of ordinary quantum 

mechanics and so loses the key feature of EQM that it is just quantum mechanics. Kent (2010) 

also recognises this. While he does see the benefits of the Greaves-Myrvold approach because it 

does not rely on a belief in EQM, he argues Greaves and Myrvold have taken their theory outside 

the realm of Everettian approaches. By introducing additional primitive assumptions, the key 

advantage of EQM is lost and all that is left is an extravagant ontology, even if confirmation 

might be possible. This is a common criticism of many different types of EQM and the decision-

theoretic program. However, it is not completely convincing. While it is true that EQM based 
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solely on the basic formalism of quantum mechanics makes it more appealing, it does have 

other advantages. Vaidman (2018) argues that EQM helps solve many quantum paradoxes and, 

while non-local in a universal sense, it removes action-at-a-distance and is compatible with 

special relativity. The point here is that while additional assumptions go against the core 

Oxonian Everettian approach, others do not stick to this. Importantly, I analyse non-decision 

theory solutions in chapter 4 that also add axioms, yet at the same time avoid other problems. 

Even if EQM becomes a less attractive theory by adding assumptions, it could still be one that is 

confirmable. Therefore, this is a wider problem that Everettians must answer rather than one 

specific to the epistemic problem. However, decision theory does not come without its 

problems. While Greaves and Myrvold use it in an inventive way, there are many problems 

associated with how it recovers the Born rule. Further, as discussed in the next section, using 

decision theory places the emphasis on rational action rather than truth. This in turn causes 

many more problems for Everettians trying to answer the epistemic problem. 

Before moving on, it is worth noting a very different approach to confirmation put 

forward by Deutsch (2016). He claims that the reason EQM seems untestable is because there 

are misconceptions about probability and how experimental testing works. Using ideas from 

Popper, Deutsch focuses on his definition of expectations, without reference to probabilities, 

rather than confirmation. Thus, Deutsch argues that instead it is stochastic theories such as 

collapse interpretations that are untestable. This approach is not very straightforward and has 

many problems. It relies on very specific philosophical views, which are not widely held. 

Bradley (2017) questions Deutsch’s method. He writes that Deutsch claims if theory A says all 

results including a1 will happen, and a1 is observed, theory A does not explain this result. 

Clearly, if this is the case Deutsch is wrong. While theory A will also explain why a1 is not the 

only result, it is still a result that should be expected. Bradley does accept that some of Deutsch’s 

reasoning could be plausible if more explanation is given, but ultimately terms are only vaguely 

defined. 

 

3.4.3.2 Truth and Subjectivity 

Above, the epistemic problem was approached taking EQM to be a consistent theory. In this 

section, that assumption is questioned, in relation to whether EQM is a theory that allows for 

confirmation to even take place.  

A concern about EQM comes from its seemingly apparent lack of link to the truth. Albert 

(2015) argues that the Greaves-Myrvold approach does not provide the correct link needed for 

confirmation. Normally, confirmation looks at the probability of certain evidence E being true 
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(observed) provided some hypothesis H is true. However, Albert worries that using decision 

theory merely shows how an agent should bet based on E if they assume H is true. For Albert, 

betting has nothing to do with the fact of whether E will occur and so this form of confirmation 

has no link to truth. Dawid and Thébault (2014) also point out this problem. They do not think 

that Everettians using decision theory have provided the necessary step from betting on specific 

data being rational to the data being found in experiments. They claim that the predictions 

being made based on betting are purely on a subjective level and so cannot be linked to any 

actual empirical data or used in confirmation. This is an overall problem facing Everettians 

using decision theory. Decision theory’s focus is on rational action and while this is useful for 

describing how rational agents act in branching universes, it does not have an obvious link with 

confirmation. The apparently subjective nature of the probabilities assigned using betting does 

not lend itself to empirical truth. So, how can Everettians respond? 

There are a couple of replies that can be used to try and combat this objection. The first 

class focuses on trying to provide a link between the physical branch weights used like chances 

and rational action. Everettians such as Wallace and Greaves argue that this has been provided 

and that sceptics are not understanding the reasoning presented. But the definitions are not 

exact and are at best vague. Therefore, it is the second class of responses that seems to hold 

more weight. Following from work focusing on uncertainty and the incoherence problem, it is 

widely accepted that in a branching situation an Everettian agent learns self-locating 

information when observing an outcome (Bradley, 2011; Saunders and Wallace, 2008a). This 

new information is linked to the truth about where the agent is and so provides a way to 

confirm facts about the agent’s location. Adlam (2014) recognises the use of self-locating facts 

but argues that these cannot be used to update credences about the truth. She refers to the 

Relevance Limiting Thesis, which states that it is not rational for an agent to update her degree 

of belief in a non-self-locating fact based on learning only evidence about self-locating beliefs 

(Titelbaum, 2008). This is a commonly held belief and follows from Bayesian confirmation since 

self-locating beliefs cannot be dealt with in traditional confirmation theory.  However, work on 

philosophical paradoxes such as the Sleeping Beauty Problem and the Doomsday Argument 

have given rise to new approaches that dismiss the Relevance Limiting Thesis. Titelbaum 

(2008) for example thinks the focus should not be on whether the change is from self-locating 

beliefs but on whether one’s certainty in a claim has changed. Bradley (2012) argues for a 

weaker form of the Relevance Limiting Thesis but thinks that selection effects are also relevant 

in many of these scenarios. In fact, he shows that considering selection effects removes the 

problem of easy confirmation.  
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Self-locating uncertainty as a means to link action to truth in EQM has promise. 

However, there will still be an issue that the ‘probabilities’ dealt with when using decision 

theory are not suitable for empirical verification. Therefore, the only way forward for 

Everettians is to abandon decision theory; an argument I lay out in more detail later in this 

thesis. In fact, using decision theory exacerbates the epistemic problem for EQM. Approaches 

such as those advocated by Zurek (2003b, 2005) and Vaidman (1998, 2012) avoid the problems 

of relying on rationality axioms to provide probability. It is unclear whether these themselves 

are confirmable theories. Vaidman (2012) uses physical axioms along with uncertainty to 

motivate the recovery of the Born rule, which might be testable or at least falsifiable. Zurek also 

relies on physical effects such as einselection. Therefore, these theories should be examined in 

terms of their confirmation and any other novel predictions they may make. 

 

  3.4.3.3 Cosmological Evidence and the Multiverse 

A large part of the Everettian approach to quantum mechanics is the concept that all parts of the 

wavefunction are equally real (Everett, 1957). This has led to the idea of ‘many worlds’ that 

branch in correspondence with the universal wavefunction. The many worlds component of 

EQM is very controversial. It is seen as extravagant or ridiculous by many opponents and yet 

defines the key aspects of how Everettians describe reality. For the discussion here, the 

question revolves around whether the many worlds are a testable prediction within EQM or 

merely a metaphysical concept. Multiverse theories are abundant in physics and cosmology. 

Therefore, there have been many comparisons between cosmological multiverses and the many 

branches in EQM. The focus here is on confirmation and therefore predictability. Multiverses 

across physics are seen to have explanatory power, however, the question is whether they have 

predictive power?  

Tegmark (2010) places EQM within his categories of different level multiverses. He 

claims there are four different levels. Level I is essentially our universe with infinite expansion 

so that there will be in a galaxy far away a human on a planet with the same experience as 

yourself. This happens due to cosmic inflation of the infinite universe so that there are an 

infinite number of Hubble volumes. Level II looks at the cosmological idea of eternal inflation. 

This leads to a stretching multiverse where different ‘bubble’ universes are formed that can 

have different physical parameters. Level III is EQM. In relation to the previous levels, Tegmark 

argues that level III adds no more structure. The difference is in how the multiverse is formed 

and where our ‘doppelgangers’ are (here they are in different quantum branches instead of 

somewhere else in the universe like for level I). Tegmark’s main theory centres around level IV 

multiverses which are where all different possible mathematical structures exist in separate 
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universes. This is a highly contentious claim that will not be discussed here. By laying out a 

simple structure of theories, Tegmark claims that since he feels levels I and II have been 

accepted, level III is not actually that controversial. This is not true. While Tegmark’s level I 

theories are more widely accepted, eternal inflation is not (Smeenk and Ellis, 2017). In 2011, 

observations of the CMBR seemed to maybe offer evidence of different bubble universes 

colliding with our own, but this was shown to be false.  

And part of the problem with multiverses is the wide variety of definitions. There is no 

consensus on what they are or how they are formed and so they appear to occur in many 

different physical theories (Kragh, 2009). For example, Greene defines nine types of 

multiverses, including quantum, and there has even been work by mathematicians such as 

Hamkins into set theoretic multiverses (Holmes, 2017). Each of these different types all face the 

same objection though, that they are untestable and so are not scientific (Smeenk and Ellis, 

2017). Instead of indicating an underlying framework to cosmology, it implies that multiverses 

are useful tools to explain plurality in theories. 

Nevertheless, there are several ways cosmologists claim multiverses can be tested. The 

example above of examining the CMBR is a common thought but has not yielded any results in 

favour of other universes. Another concept based around level II multiverses involves analysing 

potential probability distributions of physical parameters across all universes. That is, looking 

to see what fraction of universes have a certain value for a physical constant (Kragh, 2009). This 

is very hard to do and only works if the multiverse theory has the same physical laws in all 

universes. In relation to quantum mechanics and EQM, this idea has similarities with maverick 

worlds. These would be the less extreme worlds where there are non-Born rule statistics or 

decoherence effects are different. However, this is a controversial solution that has hardly been 

done in practice (the notable exception being Weinberg’s analysis of the cosmological constant). 

It should not be the root that Everettians take to try and justify their use of the multiverse and is 

not directly applicable to EQM anyway. Deutsch (1997) does offer a very different way to test 

the quantum multiverse and so confirm EQM. He argues that quantum computing uses 

information contained in many parallel branches and therefore, successful quantum computers 

would provide proof of EQM. This is not a generally strong response to the epistemic problem 

because it relies on holding a very specific view of how quantum computing works.  

Tied more closely with EQM, Tegmark (2010, p.558) argues that multiverses are “not a 

theory but a prediction of certain theories”. EQM is made up of many parts which lead to the 

hypothesis that there are multiple worlds. Page (2014, p.413) puts it differently: “One cannot 

test scientifically a theory that makes predictions about what is unobservable, but one can test a 

theory that makes use of unobservable entities to explain and predict the observable ones”. For 
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example, Tegmark states that decoherence explains why the parallel worlds are unobservable in 

EQM. Decoherence is testable and has been successfully observed, and therefore Tegmark 

believes that this confirmation of decoherence helps shows that parallel worlds are also 

testable. If decoherence had not been confirmed, this would have falsified EQM. To give an 

example from another theory, Tegmark argues that physicists believe General Relativity is 

confirmable because of experiments such as light bending effects. Black holes are a prediction 

made by General Relativity but are not directly observable. Therefore, Tegmark sees this as an 

instance when observation based on parts of a theory give credence to the unobservable 

phenomenon. While a theory is typically made up of many parts that can be tested separately, 

the example of Black Holes is not a good one. Although they cannot be directly observed, 

indirect effects caused by them can be seen. Returning to EQM, while Everettians like to claim 

that continued observation of unitary dynamics confirms the theory, the many branches 

predicted are still a leap of faith. The many worlds are ‘built in’ to be non-interacting, and 

therefore there are no indirect effects caused by one world on another.  

Wallace (2010) makes a similar argument to Tegmark. He argues that believing in the 

EQM multiverse is no different from believing in the existence of galaxies millions of light years 

away. He claims that some galaxies are only inferred from our best theories and yet physicists 

are all comfortable inferring that a galaxy contains stars and planets etc. Wallace believes that 

the success of EQM means that taking the multiverse to be true is no more extreme than the 

inferences made about galaxies. However, like Tegmark, Wallace is conflating two examples that 

are very different in principle. Our understanding of galaxies comes from many different 

theories in physics which all have separate, yet overlapping, evidential confirmation. Making 

inferences about unobservable distant galaxies is not a stretch when we are able to observe our 

own galaxy and others nearby. In EQM, the many worlds may be posited to have largely similar 

structure to the world we observe but we cannot observe any others at all. Further, it is only 

EQM that predicts a multiverse with many branches and therefore there is not the same 

framework of evidence from very different theories to support it. Wallace’s argument is also 

based on the assumption that EQM is our best explanation of quantum mechanics and that it is 

so far confirmed. Above, it is shown that EQM is confirmable as far as quantum mechanics, but 

that does not make it the best overall explanation. In particular, the decision-theoretic approach 

advocated by Wallace and others has many problems associated with it. 

The general worry about multiverses is that they have great explanatory power but 

almost no predictive power (Halvorsen and Kragh, 2019). The multiverse in EQM has a similar 

problem. Built into the theory is the fact that the different worlds are non-interacting and so 

unobservable. Even though decoherence theory, which is taken to cause this, can be observed, 
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there is no easy way to argue in favour of multiple branches. It is true the multiverse is only part 

of EQM and if other parts of the theory are testable, this could provide support for the whole 

theory. However, EQM it does not provide novel predictions since it is meant to be pure 

quantum mechanics. Other interpretations are empirically testable though (or at least seem to 

be via current standards) and if these are all disproven then EQM might be the main contender. 

But so far, despite being a universal theory of quantum mechanics, EQM has no support from 

any cosmological evidence. 

 

3.5 Conclusion 
 

The probability problem is an issue all Everettians must address. Yet, there is a misconception 

that EQM has this problem because of determinism. Here it is shown this is wrong because it is 

the non-unique outcomes due to branching that do not fit with our intuitions about probability. 

Having established this, it is then important to define the different aspects of the probability 

problem. In the literature often statements about the problem are too restrictive and so here the 

definitions are general, to accommodate a variety of approaches to the solutions. This is 

particularly important when looking at the role of decision theory. The practical problem 

assumes a decision theory solution but the incoherence, quantitative and epistemic problems 

are more generic. The first two are clearly linked and underly whether probability can be 

reconstructed in EQM. The latter is somewhat separate, and thus treated here apart from the 

others.  

EQM is very good at accommodating the evidence currently linked to quantum 

mechanics. The weaker relational question addressed is answered by Everettians showing that 

it can be a consistent explanation for the quantum empirical data so far observed. The 

discussion on the predictive problem is less conclusive. As a stand-alone theory, EQM does not 

obviously provide any testable novel predictions. The main prediction it does make is that of 

many worlds. However, so far physics suggests that multiverses in all varieties are untestable. 

This is not set in stone and conflating different types of multiverses makes it harder to check 

whether they are testable. However, in EQM the branches are built to be non-interacting and so 

physicists are left to test the effect that causes this, namely decoherence. It is also harder to link 

OEQM (with its reliance on decision theory) to truth values when it comes to confirmation. 

Continued work in self-locating beliefs offers a way to potentially update an agent’s credence in 

an outcome occurring, but this is still separate from the fact of whether the evidence actually 

occurs. 



69 
 

Decision theory becomes part of the problem when it comes to solving the epistemic 

problem. It places the focus on the rational action of an agent and her subjective probabilities, 

rather than probabilities based on evidence. Everettians might benefit from exploring further 

non-decision theory approaches such as Vaidman’s and Zurek’s, which are the focus of the next 

chapter. 
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Chapter 4  
 

 

The Quantitative Problem 

 

 

 

 

 

4.1 Introduction 
 

The quantitative problem is one of the biggest obstacles to EQM being a viable interpretation. 

While arguably the incoherence problem is more fundamental in defining any approach to 

uncertainty or probability, without a derivation of the Born rule, EQM cannot even be an 

interpretation of quantum theory. Regarding the incoherence problem, this would be a bigger 

issue if there were no problems with probability in the single world view. And therefore, while 

it is true that branching alters some of the questions relating to probability, it is not the case 

that we have all the answers in our standard world view. However, as in chapter 1, EQM has an 

advantage over other interpretations because it applies to the entirety of quantum physics. But 

this assumes that EQM is a possibility in the first place, an assumption that relies on it having a 

story for probability and the Born rule. 

The main approach to the quantitative problem is the decision-theoretic method 

outlined by Deutsch and Wallace. Here it is summarised but shown to have overwhelming 

problems with the formalism. In fact, one issue relating to circularity with decoherence is left 

for chapter 5. However, just because the Deutsch-Wallace (and other decision theory) 

approaches fail, does not mean EQM cannot accommodate probability. There are alternative 

solutions to the quantitative problem and section 4.3 analyses three others: Vaidman’s self-
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locating uncertainty, Sebens and Carroll’s uncertainty and Zurek’s envariance method. Each of 

these come with their own problems but present alternatives that might avoid issues relating to 

other metaphysical claims.  

 

4.2 The Quantitative Problem 
 

Decision theory tells us how to make rational decisions (Peterson, 2009). There are two types of 

decisions: those under risk where probabilistic outcomes are known, and those under ignorance 

where the probabilities are unknown/non-existent. For decisions under risk, the most accepted 

rule is the principle of maximising expected utility. Using axioms of rationality, an agent’s 

preferences over a set of acts and outcomes can be found. Thus, the higher the expected utility 

of a specific outcome, the higher the preference (Mandolesi, 2018). For decisions under 

uncertainty, Savage’s representation theorem shows that subjective uncertainties can be 

defined instead and still use the principle of maximising expected utility.  

The axioms used in decision theory prescribe how a rational agent should act and how 

she should treat her preferences. For example, often preferences are taken to be transitive such 

that if A is preferred to B, and B is preferred to C, A is preferred to C (Greaves, 2007b). The 

axioms constrain how preferences can be structured but do not determine what the preferences 

are themselves (Wallace, 2002a). The choice of which axioms to use can have a profound effect. 

Some axioms, called rationality axioms (like transitivity and completeness) are nearly always 

used, whereas structural axioms are less intuitive and make stronger claims about preference 

structure (Wallace, 2002a). Taking fewer axioms to constrain an agent is seen as better since it 

requires fewer justifications for why each axiom is a rational assumption. This brief outline of 

decision theory refers to classical decision theory. However, it has since been used to answer 

the quantitative problem in EQM. The key changes that must be made are that in the Everettian 

case, every outcome occurs, so there are no obvious probabilities that can be assigned to 

outcomes. Therefore, one cannot assume probability in the beginning. Deutsch (1999) first 

utilised decision theory regarding EQM and this decision-theoretic approach to probability has 

become a characteristic of OEQM. But there are questions as to its validity. 

 

4.2.1 The Deutsch-Wallace Approach 

Deutsch (1999) uses the fundamental parts of decision theory to show that an agent who 

believes in EQM should act as though her preferences are weighted by the squared amplitudes 
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of the branch weights following the Born rule. To apply decision theory to quantum mechanics, 

Deutsch attaches pay-offs to possible outcomes, or actual outcomes on different branches in the 

Everettian case. Even though every outcome occurs, and the agent effectively receives every 

reward, he shows that it is rational for an agent to value each outcome in accordance with the 

Born rule. Thus, Deutsch’s aim is to essentially derive the Born rule for the Everettian case 

based on non-probabilistic axioms of decision theory, or to derive a ‘tends to’ from a ‘does’ 

(Deutsch, 1999). The axioms Deutsch uses are additivity, substitutability and the zero-sum rule. 

Additivity states that an agent should be indifferent to receiving first a payment of x then one of 

y and receiving a single payment of x+y (Wallace, 2002a). Substitutability claims that an agent 

should be indifferent if part of a composite game is replaced by another part of equal value. And 

finally, the zero-sum rule states that if a game has a payoff x with value V, then if there is a 

payoff -x the value will be -V. Deutsch claims these axioms are natural to assume and thus are 

justified. Using his axioms, he shows that agents must maximise their expected utility like in 

classical decision theory, but where expected utility is based on Born weights. 

Deutsch’s proof thus recovers the required Born rule. However, it is also necessary for 

the quantitative problem to show that using the Born rule is the only rational choice. If there are 

alternative rules available to an agent, the Born rule no longer has the important role it has in 

quantum mechanics. In Deutsch’s proof he does not directly address the issue of 

counterexamples, however, his proof was extended by Wallace (2003a, 2007) to uniquely 

choose the Born rule. Since Wallace’s account is so like Deutsch’s, they are often referred to as 

the Deutsch-Wallace (DW) approach.  

Wallace makes Deutsch’s approach more precise and aims to strengthen the claim that 

the Born rule is the only rational option. In this approach, axioms are split into two different 

kinds: richness axioms (concerning the availability of acts to an agent) and rationality axioms 

(constraining an agent’s preference order) (Wallace, 2010). The richness axioms are reward 

availability, branching availability, erasure and problem continuity. Reward and branching 

availability state that an agent can always be given an award and that systems are prepared in 

arbitrary fashions (Wallace, 2012a). The more complex richness axioms are erasure and 

problem continuity (the latter of which I will mention in accordance with the rationality 

axioms). The erasure axiom means that an agent can ignore facts that are irrelevant to acts and 

rewards. Wallace sees his richness axioms as uncontroversial and natural additions following 

on from classical decision theory. Alongside these, there are six rationality axioms. Ordering and 

diachronic consistency are meant to follow from a classical approach, with ordering 

encompassing completeness and transitivity, and diachronic consistency ruling out conflict 

between an agent and her future descendants (Wallace, 2012a). The other four rationality 
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axioms are specific to EQM: branching indifference, macrostate indifference, state 

supervenience and solution continuity. Solution continuity links with problem continuity to 

ensure that small changes in acts have no effect on an agent’s preferences. State supervenience 

asserts that preferences are not affected by initial states, only the final ones. The two axioms of 

indifference claim that an agent does not care about branching which has no effect on her 

receiving a reward (branching indifference) and she does not care what microstate a system is 

in provided it is part of a specific macrostate (macrostate indifference). This is not an extensive 

discussion of the axioms that Wallace relies on, as there are already detailed accounts elsewhere 

(Wallace, 2012a; Mandolesi, 2018). However, there is sufficient detail here to tackle the subject 

for this thesis. 

With these axioms, Wallace derives some new results: equivalence, nullity and 

dominance (Wallace, 2010). With these, a utility function is defined on the set of rewards such 

that one act is preferred over another if and only if its expected utility is higher, and where the 

utility is calculated with respect to the quantum mechanical weights of the Born rule (Wallace, 

2012). However, Wallace (2007) focuses more on justifying the branching indifference axiom, 

and the equivalence principle which follows directly from it. Branching indifference, as stated, 

entails that an agent is indifferent to extra branching unrelated to reward outcomes and so an 

agent is indifferent to the number of branches (Lewis, 2010). This is an important claim as it 

helps Wallace discount a natural alternative to the Born rule, branch counting, which simply 

states that each branch has equal weighting (Wallace, 2010).  

Initially, Wallace used two approaches to discount branch counting, one relying on 

decoherence and the other on how one understands uncertainty in the Everettian multiverse. 

Wallace (2007) stated that one must subscribe to either the subjective uncertainty (SU) 

viewpoint or the objective determinism (OD) one. If one believes that an agent does have some 

subjective uncertainty, either following Saunders’ (1998) pre-measurement uncertainty or 

Vaidman’s (1998) post measurement uncertainty, SU states that additional branches does not 

add to the uncertainty or alter how an agent acts (Lewis, 2010). There is less of an explanation 

for the OD approach since Wallace subscribes to SU, but importantly, both SU and OD are 

theories related to the incoherence problem and are closely tied with theories of transtemporal 

identity, which are additional metaphysical baggage many Everettians might not wish to 

subscribe to. Thus unsurprisingly, Wallace (2012a) avoids using SU or OD to validate branching 

indifference but instead relies on decoherence. However, there are problems with the 

decoherence picture which could force proponents back to relying on SU and OD.  
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 4.2.2 Objections to the Deutsch-Wallace Approach 

Unsurprisingly, the DW approach faces many objections. These fall into broadly three classes. 

There are objections to the axioms and assumptions used in the proof, objections that focus on 

alternatives to the Born rule and a problem of circularity. The latter problem requires much 

more elaboration due to its close links with decoherence and branching. Thus, it is tackled in 

chapter 5. Nevertheless, it will become clear from the other two problems that the decision-

theoretic approach to probability is severely flawed. 

 

4.2.2.1 Objections to the Axioms 

While many objections to the DW approach focus on deeper problems of circularity or 

irrationality, there are objections to specific parts of the proof and the axioms involved. In fact, 

Mandolesi (2019) argues that the axioms of reward availability, erasure, problem continuity, 

solution continuity, state supervenience and branching indifference are unjustified or lead to 

contradictions. Further, many of the terms used in the proof, such as macrostate and reward, 

are too vague. The proof uses these ambiguities in places to justify an assertion and this leads to 

principles relying on conflicting claims. I will not go into the technical details of Mandolesi’s 

argument here, but the key point is that the DW proof has many internal issues that appear 

unfixable (Mandolesi, 2019).   

Mandolesi takes a broad approach to rejecting the axioms, but others have singled out 

especially problematic ones. Jansson (2016) focuses on the rationality axiom of state 

supervenience. She argues that Wallace fails to convincingly justify it, and more worryingly, that 

it might not be independent of probabilistic claims. State supervenience looks at an agent’s 

preferences between acts and claims they only depend on the physical state of the branch 

(Wallace 2010). Jansson worries that, as a rationality claim, it should be normative but 

discussion from Wallace (2010) and Saunders (2010b) suggests it is a metaphysical claim 

coming from an assumption of physicalism. Therefore, it requires more justification as a 

rationality axiom. However, the more critical objection is that it is dependent on probability. 

Jansson explores what state supervenience is in the one-world case and argues that it relies on 

an agent having some knowledge of probabilistic outcomes. Therefore, if Wallace’s approach 

does not rely on probabilistic claims, state supervenience must be violated.  

Branching indifference is rejected by Lewis (2010) and Dizadji-Bahmani (2015), who 

claim it is irrational. Lewis argues that using SU to justify branching indifference is untenable 

since the uncertainty Wallace requires is not present in EQM. This is directly linked to the 

incoherence problem and thus relying on SU (or even OD) to validate branching indifference 
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requires a more extensive justification that requires reference to further metaphysical claims. 

There is also a worry that Wallace does not effectively discount branch counting and so cannot 

even justify branching indifference as the counter-choice (Dizadji-Bahmani, 2015). These 

objections are mainly based on the appeal to SU, which Wallace has moved away from.  

 

4.2.2.2 Alternatives to the Born rule 

The DW argument relies on the fact that the only option a rational agent has is to act in 

accordance with the Born rule. Therefore, if alternative rules or agent-types are found, it is 

unjustified to claim that the Born rule is the correct approach without additional criteria. 

Branch counting has already been discussed but there are lots of other examples. Some are 

more straight forward, such as the average rule and sum rule suggested by Lewis (2010). Others 

require more complex agents such Albert’s (2010) fatness rule or Finkelstein’s (2009) stoic. 

Wallace (2010, 2012a) discusses many of the counterexamples and argues against them 

generally by stating they violate one of his axioms. For example, the variety rule, curl-up-and-

die rule and fake-state rule all violate an axiom or require more information that the Born rule 

provides. Here a few counterexamples are discussed. The main aim is not to decide whether 

these are crippling counterexamples but more to demonstrate that with the high number of 

alternatives suggested, it seems like the Born rule has not been uniquely justified in the DW 

approach.  

Lewis (2010), when analysing Deutsch’s proof, argues that both the average and sum 

rules are available for an agent. The rules are more straightforward than the Born rule and so 

would seem more practical. However, they do violate the form of additivity that Deutsch uses. 

Nevertheless, Lewis points out that Deutsch’s additivity axiom is far stronger than the claim in 

classical decision theory and thus requires a much stronger justification. The average and sum 

rule fit with the rest of the axioms and to solely justify the Born rule, additional reasoning for 

the additivity axiom is required. Finkelstein (2009) also questions some of the axioms in 

relation to specific counterexamples. Defining an egalitarian agent and an optimist, he shows 

how, despite them both violating Wallace’s diachronic consistency, they otherwise appear 

rational especially when compared to their action in the one-world case. In fact, Finkelstein 

claims that it is normal for us to violate diachronic consistency by having preferences that our 

future selves will not have. While there are axioms violated in these two examples, Finkelstein 

asks us to consider whether these two agents really are irrational or if Wallace’s axioms are 

merely too strong. However, it is Finkelstein’s final agent, the stoic, who provides the greatest 

opposition. The stoic’s preferences for rewards do not follow from preferences for games as all 

games are equally preferred. It can be shown that the stoic does not violate any of the DW 
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axioms, and yet she will not act in accordance with the Born rule (Finkelstein, 2009). The 

example of the stoic is not given in detail and so there could still be a response from Wallace, but 

it acts as a nice example showing that more justification of the Born rule is needed.  

Albert (2010) and Price (2010) also provide counterexamples of rules to follow instead 

of the Born rule. Albert defines a fatness rule, whereby an agent should care more about 

branches where she is fatter since there will more of her on that branch. This is given as a 

ludicrous idea, but it does still require a response. Wallace (2012a) argues that the fatness rule 

violates diachronic consistency since the agent is indifferent to whether she diets but not to 

whether her future selves do. However, there are potential problems with diachronic 

consistency and Albert suggests that a more sophisticated fatness rule could avoid this (Albert, 

2010; Finkelstein 2009). Price (2010) looks at the distributive-justice rule where expected 

utility is not maximised as an agent will act such that none of her descendants will ‘suffer’. This 

rule is also relatively vague, but Wallace (2012a) does provide two responses. First, it is 

possible that the rule could come from an altered utility function such that the Born rule still 

applies. Secondly, the rule violates continuity, which Wallace takes to be a very basic axiom 

coming from classical decision theory. It is not relevant here whether either the fatness rule or 

distributive-justice rule are valid counterexamples. However, the numerous alternatives require 

that the DW proof be examined more closely to ensure it really does imply that the only rational 

choice is the Born rule. 

 

4.2.2.4 Can Decision Theory even be Used? 

The last few sections discussed objections to the specific proof that Deutsch and Wallace 

suggest. However, there are broader arguments against the applicability of the decision-

theoretic method to EQM. In fact, Gill (2005, p.278) states that “we do not accept that the 

behaviour of a rational decision maker should play a role on modelling physical systems”, ruling 

out any appeal to decision theory.  

Kent (2010) sees a couple of problems with using decision theory. Wallace relies heavily 

on Savage’s approach and the axioms he prescribes too. However, Kent points out that these are 

already problematic in the one-world case and by moving to a multiverse one only introduces 

more problems. This could be a serious blow to Everettians who sometimes claim that the 

probability in the multiverse is no worse off than in a non-branching world (Papineau, 2010). If 

the answer to the quantitative problem is definitively weaker than the one-world case, 

Everettians are back at the beginning trying to justify probability again. However, Kent does not 

think that solving the issues surrounding Savage’s approach will fix the problem. He argues that 
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there is a problem with using precise decision theory in the fuzzy ontology of EQM. The 

elements of Wallace’s decision theory, such as agents and branch states, are all necessarily fuzzy 

(due to emergence and decoherence: see chapter 5) but this makes it impossible for an agent to 

have a precise preference order. Kent does not claim that using a precise mathematical model 

within an imprecise ontology cannot be done, but it will require something considerably new 

and different to do it. 

 

4.2.3 The Greaves-Myrvold Approach  

Alongside the Deutsch-Wallace approach there is also a decision-theoretic approach due to 

Greaves and Myrvold. Chapter 3 introduced the Greaves-Myrvold approach in relation to the 

epistemic problem. But it is also a supposed solution to the quantitative problem, and so is 

worth looking at the objections to it as a solution (for details of the method, see sect. 3.4.3.1).  

The approach advocated by Greaves and Myrvold differs slightly from the DW approach. 

The main difference is that Greaves (2007a) does not assume that an agent believes in EQM. 

Therefore, it is in some ways a more general argument but is still based on decision theory and 

rational action. From an outside perspective, the Greaves-Myrvold approach is preferable to the 

DW one since it does not presuppose EQM. This is not an issue for Wallace himself, since he 

motivates EQM via functionalism but with a broader perspective in trying to compare EQM to 

other interpretations, it is important to see how it stands up without assuming its correctness 

from the start. However, as will be discussed, the Greaves-Myrvold approach does not achieve 

what the DW one does in deriving the Born rule. Therefore, while this proof better establishes 

the neutrality of the quantitative problem, it comes at a price. 

 

4.2.3.1 Objections  

Some of the objections to the Greaves-Myrvold approach are the same as already discussed 

regarding the DW account. One can still object to the use of decision theory and the unique use 

of the Born rule (Hemmo and Pitowsky, 2007; Kent, 2010). While Price (2010) sees the 

advantage Greaves and Myrvold have by using OD over SU, he argues that this weakens the role 

of decision rules such that EQM “moves its own decision rule into the realm of ‘mere 

preference’” (Price, 2010, p.389). This follows a trend of claiming that the notion of probability 

(or decision making) is unjustifiable in EQM as it can never have any true meaning and is just 

chosen by proponents. Objections like this seem insurmountable since they will always reject 

any solution presented, but they focus more on the incoherence problem. 
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The main problem the Greaves-Myrvold approach faces is regarding the Born rule. 

Strictly, the approach does not derive it, like the DW one does, but instead takes it as primitive 

using evidence (Greaves, 2004). This means that the account requires the Born rule to be an 

addition to quantum theory, and so it takes away the advantage that EQM is purely unitary 

dynamics (Dawid and Thébault, 2014). This also removes some of the explanatory power the 

Born rule has in quantum mechanics as it is merely ad-hoc. However, Greaves and Myrvold 

argue that this is not quite the case, as the Born rule is used because it is what our evidence says 

should be used (Greaves and Myrvold, 2010). Thus, the Born rule comes from answering the 

epistemic problem rather than the quantitative problem.  

This is an interesting point, but it requires us to ask whether the Greaves-Myrvold 

account answers the quantitative problem? Greaves (2007a) herself looks at probability in 

terms of the practical and epistemic problems, where the practical problem incorporates part of 

the incoherence problem and quantitative problem (see chapter 3). The Greaves-Myrvold 

approach cannot be taken as merely a different form of the DW approach since they are 

answering separate questions. Greaves (2004) uses terminology of person-stages in her original 

formulation using the caring measure, and this incorporates a theory on personal identity. Since 

the practical problem incorporates the incoherence and quantitative problem, it posits a much 

closer bond between the two. This is a problem for the standard Everettian. Greaves is 

indirectly bringing in certain metaphysical commitments as a way of assuming the Born rule 

from the outset. But, if EQM is to be taken seriously, it should not rely on anything related to 

defining persons when explaining probabilistic data.  

 

4.2.4 Conclusion 

The quantitative problem is often posed as a mathematical problem Everettians face to derive 

the Born rule and Oxonian Everettians claim that decision theory has provided the solution. 

However, whether one wants to use the Deutsch-Wallace or Greaves-Myrvold approaches, there 

are fundamental flaws. Further, these attempts at deriving the Born rule require adding 

metaphysical claims about identity or persons. While it is possible for one to approach EQM as 

including a different view on identity, as a physics theory it seems unacceptable to tie 

derivations of probabilistic rules to this kind of reasoning. Not only does it lead us to question 

the common claim that EQM is just quantum mechanics, but it also acts to narrow the 

philosophical advantage EQM has.  

Wallace (2012a) tries to avoid these problems by using decoherence alongside decision 

theory. However, chapter 5 shows that this only condemns decision theory further. Thus, in 
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order to use this approach, one must rely on metaphysical claims and yet relying on 

metaphysical claims calls into question the validity of any derivation of the Born rule. 

 

4.3 Non-Decision Theory Approaches  
 

If decision theory is not an option for Everettians, does that mean that the quantitative problem 

has no solution? In short no, as while OEQM has dominated the literature, there are other 

solutions. Here, three alternatives to the DW approach are analysed. Four features are identified 

to help compare these approaches and link them back to Wallace’s. The key feature of each of 

the three methods is that they do not use decision theory. The approaches are: Vaidman’s 

symmetry argument, Sebens and Carroll’s epistemic approach and Zurek’s envariance method.11 

This chapter argues that the Sebens and Carroll approach is problematic because of its use of a 

purely epistemic principle. As far as possible, physics should not refer to agents in its 

descriptions. This favours Vaidman’s and Zurek’s physically based proofs over any reliance on 

epistemic principles or decision theory. The conclusion is that both approaches have merits, but 

each require more justification of certain axioms or premises assumed.  

To help analyse the approaches, fours questions are identified: 

1. Does the approach use some form of uncertainty? 

2. Are additional axioms defined? 

3. Is there any use of betting or credences? 

4. Does the proof recover the Born rule or an analogue of it? 

A difficulty in analysing methods by different people is in the terminology they use. 

Probability as a concept is already complex due to the many competing definitions within the 

classical world. Further, various people use the same terms to describe different concepts. For 

my purpose here, there are a few terms that are key. Chance (or ontic probability) is an 

objective, mind-independent probability (Eagle, 2019). It is often linked to the physical world in 

that there seems to be chance associated with physical processes such as radioactive decay 

(Handfield, 2012). Thus, chance seems to be a real feature of the world (Mellor, 2005). It is also 

often linked with the idea of possibility (Eagle, 2019). When faced with a physical event (such as 

decay) there are different possible outcomes which are associated with different chances of 

 
11 This is not an exhaustive analysis of all alternative solutions to the Born rule, but these are the ones that 

have received the most attention in the literature besides decision theory. Some different approaches include 

Mandolesi’s quantum fractionalism (2020) and Short’s natural measure of worlds (preprint). 
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occurring. Traditionally, there are two theories of probability that fall under the ontic umbrella: 

the frequency and propensity approaches (Gillies, 2000). Here, the focus is on the wider classes 

of probability and therefore, differences between frequency and propensity are not important. 

However, it is important to note that sometimes objective probability is used to describe 

chance/ontic probability.  

The second class of probability is epistemic probability. Epistemic probability relates to the 

degree of certainty of an event occurring (Gillies, 2000). It is the probability typically used in 

experiments as it is grounded in evidence (Mellor, 2005). Therefore, while it is linked to our 

ignorance of a situation, epistemic probability is still linked with physical processes. Further, 

although it does represent our incomplete knowledge of a situation, it can be objective 

(Saunders, 2005). Epistemic probability can be divided into subjective and objective classes, 

with objective credences (or beliefs) being rational and subjective ones being closer to opinion. 

Different authors use a variety of terminology to distinguish between these overlapping types, 

but here the focus is more on the ontic-epistemic divide. Following the common terminology in 

the EQM literature, ‘credence’ will be used interchangeably with epistemic, but this does not 

differentiate between objective or subjective credences.   

Classically, there have been many attempts to try and find a relationship between chance 

and credences (Handfield, 2012). The most notable link is through Lewis’ (1980) Principal 

Principle. This essentially states that our credence should match chance. For example, when 

faced with flipping a coin, unless we have additional information about its bias, we should 

assume the chance of heads is ½. Therefore, if asked to bet on the outcome, we should set our 

degree of belief that the result will be heads also to ½. Chance “plays the role of an ‘expert’ 

probability function” (Eagle, 2019). To take into account new evidence, Lewis defined a New 

Principle instead. Thus, credence links with chance through the latter guiding the former, and 

epistemic probability is the objective, evidence-based form of subjective credences.  

 

4.3.1 Vaidman’s Self-locating Uncertainty  

Vaidman’s (1998) approach to probability in EQM begins with him analysing a neutron 

interferometer. The experimental set-up is such that, if ordinary quantum mechanics is 

assumed, the results imply a neutron travels down two different trajectories. Quantum 

formalism describes the neutron as a wave instead of a particle to explain this kind of 

phenomenon. However, the set-up can be such that the neutron also acts like a particle. 

Vaidman argues that either the neutron exhibits strange behaviour, or it inhabits two neutron 

worlds. To the neutron (if it were a sentient particle) it only ‘sees’ the world it is in, and so does 
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not know that its twin is in a second world that has an overall effect. While the concept of a 

sentient neutron is odd, it helps demonstrate how branching in EQM would be like for us. If the 

neutron (or us) does not believe in EQM, then it will assign probabilities to outcomes. However, 

if it does believe in EQM, probability is lost since it knows all trajectories are followed in one 

world. In the neutron set-up, the experimenter acts in a position of a God or superman who is all 

seeing. We can observe the larger picture of both neutron worlds and thus also have no concept 

of probability.  

While the experiment with the neutron provides initial evidence for why thinking in 

multiple worlds helps explain quantum behaviour, Vaidman (1998) uses a sleeping pill 

gedanken experiment to show how some form of indexical probability is recovered. Rachel is an 

agent who has set up an automatic quantum experiment. Before the result comes in, she will 

take a sleeping pill to fall asleep in a special chair. Taking the experiment to be a stern Gerlach 

set up where a particle comes out with either spin up or spin down, the outcomes are associated 

with two internally identical rooms. Rachel falls asleep in the up-room. If the result is spin up, 

she will remain in that room and wake up. However, if instead spin down is measured, she will 

be transported to the identical down-room. Therefore, when Rachel wakes up, she is in a state of 

self-locating uncertainty. If she were asked with what probability she think she is in the yes 

room, she is able to give an answer (in this instance, with the simplest set up, equal to ½). It is 

this post-measurement uncertainty that Vaidman exploits to recover the illusion of probability. 

The pre-measurement Rachel is not uncertain about future outcomes; she knows there will be a 

world where she wakes up in the up-room and a world where she wakes up in the down-room. 

But she knows that her descendants will be uncertain and will thus experience epistemic 

probability measures attached to different outcomes. Therefore, Rachel (while herself 

completely certain) can assign epistemic probabilities to future outcomes based on what her 

descendants will experience (Vaidman, 2015).  

So how does Rachel assign values based on her descendants? Vaidman (1998, p.254) 

defines a measure of existence of a world as “the square of the magnitude of the coefficient of 

[the] world in the decomposition of the state of the Universe into the sum of orthogonal states 

(worlds)”. Thus, if a world with an initial measure of x branches, the probability of finding 

oneself in one of the subsequent worlds with a measure xi is equal to xi/x. Interestingly, 

Vaidman (2014, 2015) links this action to betting in a similar way to Deutsch and Wallace. 

Vaidman states that the pre-measurement Rachel, if asked to place a bet based on the outcome 

of the experiment, will bet based on the probabilities her descendants assign to the outcomes. It 

is post-measurement Rachel who is uncertain about the outcome, and it is also post-

measurement Rachel who receives any winnings so the post-measurement uncertainty must 
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inform the pre-measurement self. Therefore, Vaidman (2012) states that the measure of 

existence can be equated to a caring measure such as that used by Greaves (2004). It provides 

the basis for how to behave such that an agent cares about their future descendants. The 

combination of the measure of existence with some sort of behaviour principle means it 

functions as a sort of Born rule. Tappenden (2011) terms this the Born-Vaidman rule since it is 

different to the Born rule in ordinary quantum mechanics. The Born-Vaidman rule is that “the 

probability of self-location of an observer in a particular world is proportional to the measure of 

existence of that world” (Vaidman, 2019, p.102). Based on the discussion so far, three of the key 

features identified in section 4.3.1 have been outlined. Vaidman does rely on uncertainty and 

does use credences to help explain the relevance of this uncertainty. Finally, Vaidman does not 

derive the standard form of the Born rule, but instead an analogue specific to EQM, the Born-

Vaidman rule. 

Albert (2010) and Lewis (2007) argue that the concept of probability Vaidman recovers 

is too late to be useful. That is, because it is a post-measurement uncertainty that is found, this 

cannot be used to define how a pre-measurement agent should act. The ignorance Vaidman 

finds cannot be predictive (Lewis, 2007). Saunders and Wallace (2008a and b) avoid this 

problem by defining a pre-measurement uncertainty, but Vaidman (2019) does not think this is 

tenable. Since in EQM there is only the universal wavefunction, adding in uncertainty 

beforehand is equivalent to introducing something on top of the wavefunction. Instead, 

Vaidman (2012) responds to Albert’s rejection by reinforcing exactly what he defines. While the 

measure of existence does provide a means of assigning epistemic (or even indexical) 

probabilities to future worlds, these are not actually chances. Instead, it is merely an illusion of 

probability. Probability is when there are multiple possible options and only one occurs. In 

EQM, all the options occur and so there is “no intrinsic uncertainty, randomness or objective 

chance” (Vaidman, 2019, p.100). Experiments such as the sleeping pill one demonstrate how an 

ignorance can be recovered for a post-measurement agent and this is what action or betting 

must be based on (Vaidman, 2015). Chance does not exist in the universe but is ‘experienced’ by 

an observer in her own subjective world. Vaidman describes how an observer in such a world 

has a privileged position with respect to probability in comparison to some overarching being 

looking at the branching worlds from above (i.e. the experimenter looking in at the neutron’s 

worlds). To the superman, the observer must be defined in terms of what world she inhabits. 

However, the observer can identify herself with a specific world and thus she experiences the 

probability of different outcomes, which is an illusion to the superman (Vaidman, 1998). Or to 

put it differently, “there is no probabilistic process in Nature: with certainty all possible 

outcomes of a quantum measurement will be realized, but an observer, living by definition in 
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one of the worlds, can consider the question of probability of being located in a particular 

world” (Vaidman, 2020, p.12). 

However, despite Vaidman seemingly defining his probability in a similar way to Wallace 

and Greaves, his ‘derivation’ of the Born rule is very different. I have written derivation in 

inverted commas because Vaidman does not think it is a derivation. In fact, Vaidman (2020) 

states that a derivation of the Born rule is not possible because additional assumptions are 

always needed. Therefore, EQM becomes like other models such as the collapse theories with 

the probability postulate being an add-on. While many Everettians would see this as taking 

away from a key advantage of EQM, Vaidman does not think this. Vaidman uses strong 

symmetry arguments in order to prove the ‘Born-Vaidman rule’ (Tappenden, 2011; Vaidman, 

2020). Defining two additional assumptions, Vaidman sets up a thought experiment where due 

to post-measurement self-locating uncertainty, an agent will use the Born rule as a measure to 

assign probabilities. On the DW approach, he argues that while some of the axioms are 

rationally justified, there is a problem since the proof relies on amplitudes being the key factor 

to focus on (Vaidman, 2020). However, there is no proof given why this is the case, and if one 

was given it would require additional axioms. Therefore, McQueen and Vaidman (2019) define 

two additional axioms to go alongside EQM: 

1. Space has symmetry so one can make assumptions based on equal amplitudes giving 

equal probabilities 

2. There is no superluminal signalling (consistent with Special Relativity) 

Vaidman (2020) argues that these two assumptions should not be controversial and are in 

fact physically motivated. Further, they help with the derivation of the Born-Vaidman rule. Thus, 

referring to feature 2, Vaidman does define physical axioms needed for his proof, setting this 

approach apart from the DW method. Expanding on the simple sleeping pill gedanken 

experiment, McQueen and Vaidman extend it so there are three people in the situation. This 

allows them to use a three-way symmetry between the people to recover the Born rule and a 

probability postulate. 

However, since the basis of this ‘derivation’ relies on post-measurement uncertainty, 

Vaidman and McQueen (2019) discuss a different thought experiment to demonstrate why this 

does not always occur. Olivia is going to undertake a quantum experiment observing the spin of 

a particle after it passes through some Stern Gerlach apparatus. Once she has carried out the 

experiment, she will observe the particle either with spin up or spin down. Olivia has a friend 

Alex who knows that Olivia is going to undertake this experiment. In order to let Alex know 

what the result is, Olivia will write it down in a notebook and place this on Alex’s desk. When 
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Alex walks into the room and sees the notebook, she has not branched. Only when the notebook 

is opened does Alex branch and so this is an example of absent self-locating uncertainty. If 

instead, Olivia places the notebook on the desk at an angle depending on the result up or down, 

when Alex now sees the notebook, she understands that its position does imply a result, but 

does not possess the information to interpret it. This is an example of what Vaidman and 

McQueen call tainted self-locating uncertainty. Alex has branched since she sees the notebook in 

one orientation or another and so it seems there is some uncertainty. However, this uncertainty 

is due to Alex’s ignorance of the correlations between the experimental outcome and the book’s 

orientation. A true example of self-locating uncertainty requires a more extreme set-up. This 

time, Olivia places the notebook in the same position every time, but the entire building is 

rotated left or right depending on whether the result is up or down. Alex has branched since she 

is inside the rotated building, but her two descendants have genuine uncertainty. They cannot 

distinguish between a situation where the building has rotated one way or the other by 

observing the notebook on the table.  

As stated above, Vaidman argues that the Born rule is only recoverable within EQM with the 

addition of other postulates alongside the unitary evolution of the wavefunction. This puts it in 

line with other interpretations such as collapse models which must also posit the probability 

rules in some way. However, adding in any extra assumptions is usually seen as a big blow to 

EQM. It is often heralded that it is just the quantum wavefunction (Wallace, 2012a). But 

Vaidman argues for EQM due to other advantages. Importantly, he argues that EQM is the only 

available route for quantum mechanics if one wants to preserve locality. While entanglement 

still exists and ‘worlds’ are in a sense non-local, EQM removes action-at-a-distance (Vaidman, 

2018). Therefore, it solves Bell’s inequality and the EPR paradox in a very different way, by 

denying the existence of a single outcome (Vaidman, 2015). This idea that EQM has advantages 

over other interpretations from the outset, follows from the dissolving of the 

underdetermination problem in chapter 1. If EQM is the only approach that applies to the whole 

of quantum theory, does it matter that it also has additional axioms?  

Most of the literature analysing Vaidman’s post-measurement uncertainty focuses on the 

theoretical set up rather than the actual derivation. Saunders (2010b) and Wallace (2006a) both 

acknowledge the uncertainty that Vaidman identifies post-measurement, but they question 

whether this is any different from their pre-measurement uncertainty. If before a measurement, 

Rachel knows with certainty that she will be uncertain, is not this just the same as being 

uncertain beforehand (Wallace, 2006a)? While it is true that if an observer really is uncertain 

afterwards then she must eventually learn new information that she does not possess 

beforehand, this does require a judgement on what defines a person. Saunders and Wallace take 
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people to be persistent ‘worms’ through time and therefore, it is possible to argue that 

Vaidman’s uncertainty equates to pre-measurement uncertainty (Saunders and Wallace, 

2008a). However, Vaidman states that he is not taking his theory one step further by declaring a 

metaphysical description of persons (McQueen and Vaidman, 2019). Therefore, a different 

theory of personal identity could refute Saunders and Wallace’s argument. The lack of a 

specified theory on persons has meant that Vaidman’s approach is adopted by very different 

metaphysical views. For example, Zwirn (2020) argues that Vaidman’s formalism can easily fit 

with his convivial solipsism. This is a radical metaphysical position, but it shows the flexibility of 

what Vaidman provides. By keeping his approach focused on the physical, it can be adapted to a 

wide range of broader philosophical views. 

Tappenden (2011, 2017) analyses Vaidman’s approach to the quantitative problem 

extensively, but again within a wider metaphysical picture. He argues that Everettians are 

taking too narrow a view of objective probabilities. Classically, these had to arise from 

stochasticity, but Tappenden (2017) claims that the dendritic structure of the Everettian 

multiverse allows for dendritic probabilities that play the role of objective ones. Therefore, 

taking Vaidman’s method, objective probabilities just become “a relation between the measures 

of existence of branching” (Tappenden, 2017, p.15). In fact, Tappenden states that EQM is 

ultimately just an interpretation of objective probability.  

Greaves (2004) objects to some of the aspects in Vaidman’s approach. She argues that, as 

outlined by McQueen and Vaidman (2019), this form of post-measurement uncertainty is very 

hard to find. Wallace (2006a) echoes this concern by further advocating for pre-measurement 

uncertainty. However, Tappenden (2011) supports Vaidman by stating that the mere possibility 

of instances (such as the true self-locating uncertainty Alex has) means that it is important to 

Everettians. This is still a problem though. It is hard to justify action based on future uncertainty 

that is very rare, but again this goes back to what Vaidman is talking about. His purpose is to 

show that the Born-Vaidman rule emerges because of an illusion of chance. This motivates an 

agent’s actions, but Vaidman does not claim to provide any real chance. Greaves (2004) also 

argues more generally against Vaidman’s use of uncertainty at all. She worries that approaches 

like this that utilise some form of uncertainty elevate the importance of this ignorance as a key 

part of EQM. She states that it is unnecessary and thus an addition on top of the interpretation. 

This line of argument also follows from Papineau (2010) who asserts that attempts to reconcile 

EQM with uncertainty assume that there is a coherent understanding of classical uncertainty. 

Since classical probability and uncertainty are just as muddled, Everettians damage their 

position by trying to find a link. Instead, the way forward should include separating the 

concepts of ignorance and probability. 
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4.3.2 Sebens and Carroll’s Approach 

Sebens and Carroll (2014, 2018) offer a similar approach to Vaidman by focusing on self-

locating uncertainty. Consider an experiment where a single electron has its spin measured in 

the x-direction. Sebens and Carroll (2014) lay out how this process will evolve over time, 

showing the interaction of the electron’s state with the measuring apparatus (A), the 

environment (E) and the observer (O). Initially, the observer, apparatus and environment are in 

a ‘ready’ state (0), such that they are not entangled with the electron (the coefficients have been 

omitted for simplicity): 

|Ψ⟩ = |𝑂𝑜⟩( |↑⟩ + |↓⟩ )|𝐴𝑜⟩|𝐸𝑜⟩ 

                 → |𝑂𝑜⟩( |↑⟩|𝐴↑⟩ + |↓⟩|𝐴↓⟩ )|𝐸𝑜⟩ 

                   → |𝑂𝑜⟩( |↑⟩|𝐴↑⟩|𝐸↑⟩ + |↓⟩|𝐴↓⟩|𝐸↓⟩ ) 

                = |𝑂𝑜⟩|↑⟩|𝐴↑⟩|𝐸↑⟩ + |𝑂𝑜⟩|↓⟩|𝐴↓⟩|𝐸↓⟩ 

                → |𝑂↑⟩|↑⟩|𝐴↑⟩|𝐸↑⟩ + |𝑂↓⟩|↓⟩|𝐴↓⟩|𝐸↓⟩ 

 

Although Sebens and Carroll have made a choice about the order of entanglement 

(starting with the apparatus), the controversial step is that (3) is equal to (4). In their work, (4) 

represents a post-measurement but pre-observation step. Thus, branching and decoherence 

have occurred. Importantly, they state that “in the period between the wave function branching 

via decoherence and an observer registering the outcome of the measurement, that observer 

can know the state of the universe precisely without knowing which branch [she is] on” (2014, 

p.157). This is a radical claim as it suggests that an agent can have branched into two 

descendants, who both share the same quantum state. Because of this period of uncertainty, 

Sebens and Carroll state that this is an instance of post-measurement self-locating uncertainty 

(2018). The next step is to show that a rational agent will assign credences to her descendants 

based on the Born rule.  

Sebens and Carroll (2018) assign epistemic probabilities by analysing the idea of 

indifference, originally defined by Elga (2004). However, the simplest method for EQM to 

incorporate indifference is with branch counting. Branch counting assumes that Everettian 

branches can be counted, but the approximate nature of decoherence that gives rise to 

branches, means this is impossible (Wallace, 2010). This calls into question the validity of 

indifference in the Everettian context. Wallace tries to avoid this pitfall by using one of his 

(1) 

(5) 

(4) 

(3) 

(2) 
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axioms, but Sebens and Carroll feel this is not sufficient. Therefore, in contrast to Deutsch 

(1999) and Wallace (2012a), Sebens and Carroll take an epistemic approach rather than a 

decision-theoretic one to derive the Born rule. Thus, they define an Epistemic Separability 

Principle rather than axioms based on rational action. The Epistemic Separability Principle 

(ESP) states that the probability assigned by an agent post-measurement (but pre-observation) 

should not depend on the state of other parts of the universe (Sebens and Carroll, 2018). In this 

way, it acts to narrow the field of epistemic focus of the agent onto specific systems that are 

directly relevant. In classical scenarios, ESP seems to be assumed in cases where indifference is 

employed (Sebens and Carroll, 2018). Thus, it could provide a means to analyse both quantum 

and classical instances. While ESP is called a principle, it acts as an additional axiom. 

To extend to the quantum realm, Sebens and Carroll define ESP-QM, which specifically 

places it in EQM. Essentially, ESP-QM claims that assigning quantum probabilities does not 

depend on the complete quantum state of the universe but only on the reduced density matrix 

of the agent+detector system (Sebens and Carroll, 2018).12 The way they qualify ESP-QM is 

through an example to counteract branch counting called once-or-twice. Take Iona and Isla who 

both have a spin ½ particle prepared with x-spin up. Iona measures the z-spin of her particle 

but does not look at the result. However, Isla does see the outcome of Iona’s measurement and, 

if the z-spin is up, measures the spin of her particle. Sebens and Carroll (2018) state that 

branching occurs if/when Isla makes a measurement. Therefore, there are three branches: two 

for when Iona’s particle has spin up, and one for when it has spin down. Branch counting would 

make Iona assign 1/3 credence to her particle having spin down, but this contradicts the Born 

rule which assigns ½. By using ESP-QM however, Sebens and Carroll argue that Iona’s 

assignment of credence does not depend on Isla’s measurement and so she should instead 

assign a credence of ½. Thus, ESP-QM acts like a less general ESP and allows Sebens and Carroll 

to derive the Born rule, first by analysing a simple case of two branches with equal amplitude, 

and then two branches with unequal amplitude. They claim that the proof itself shares 

similarities with both Zurek’s (2005) and the DW proof. Sebens and Carroll do use betting and 

credences in their argument (like Wallace). Further, their proof results in the derivation of the 

standard Born rule, rather than an analogue. However, they emphasise that the key points are 

not in the actual proof but in its set up. The importance comes from the claim that “(i) [the 

 
12 While Sebens and Carroll use density matrices, they do claim that the proof can be done using state vectors 

instead. This is important since many argue that density matrices presuppose the Born rule and so using them 

in derivations leads to circularity [see chapter 5]. 
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proof] applies to cases where uncertainty is undeniably present, and (ii) it is based on a single 

well-motivated principle of rationality, ESP” (Sebens and Carroll, 2018, p.43). 

Kent (2015) questions the nature of the uncertainty found post-measurement but pre-

observation. He argues that justification is needed for having an observer branch in (4) yet have 

both descendants in the same quantum state (the ready state). Since it seems like the difference 

between (4) and (3) is merely notational, more is required to link this to an actual physical 

difference. McQueen and Vaidman (2019) also object to this description of branching and 

uncertainty. Since Vaidman’s (1998) approach is seen as similar, it is important that he 

explicitly states where the two methods differ so as to not fall under the same difficulty. 

McQueen and Vaidman argue that the interpretation of (4) is incorrect. If two observers are in 

the exact same quantum state, then there is in fact only one observer (Vaidman, 2020). This 

means that the basis of the uncertainty used by Sebens and Carroll is flawed and so is their 

entire program. Importantly, it invalidates the first claim they make, that the proof applies to 

cases of uncertainty. However, McQueen and Vaidman also object to ESP itself. Broadly, they 

show that it is incompatible with a true derivation of the Born rule from self-locating 

uncertainty. This is because Sebens and Carroll do not use examples where there is self-locating 

uncertainty. Instead, the examples are of absent uncertainty. McQueen and Vaidman do try to 

run the proof using what they see as a true example of uncertainty. While ESP could be linked to 

some form of relativistic causation, since it states only important systems (local) are relevant, it 

still relies on unjustified assumptions (Vaidman, 2019). The result of this is that combining the 

correct example along with ESP fails to derive the Born rule.  

McQueen and Vaidman (2019) also question the branching mechanism used. This is one 

where “branching happens throughout the wave function whenever it happens anywhere” 

(Sebens and Carroll, 2018, p.34). This means that people on Earth are constantly branching due 

to quantum effects in far off galaxies. While Sebens and Carroll understand this is not an 

intuitive claim, McQueen and Vaidman think it has additional problems. Notably, it adds back an 

element of non-locality that EQM usefully avoids. EQM removes action at distance, often seen in 

quantum mechanics, which violates special relativity (Vaidman, 2015). However, if far-off 

branching causes us to branch instantly, then action at a distance is reinserted.  

Tappenden (2017) offers some support to Sebens and Carroll. He argues that ESP is 

justified due to a specific theory on persons: a unitary evolving mind. Thus, (3) is different from 

(4) because the observer’s mind has not branched yet. Further, he sees the approach as being 

one without uncertainty (mirroring Vaidman’s claim) but feels that this can be recovered easily 

enough. McQueen and Vaidman’s criticism of Sebens and Carroll is what makes Tappenden see 

the approaches as different. The key is how persons are defined. Sebens and Carroll do make a 
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metaphysical statement on the importance of the mind in branching situations, which Vaidman 

avoids. This shows that while any approach can be very useful in recovering the Born rule, the 

quantitative problem is intertwined with the whole probability problem. Without an answer to 

the incoherence problem dealing with uncertainty and personal identity, a proof for the 

quantitative problem cannot be complete.  

Dawid and Friederich (2022) focus more on the use of ESP-QM. Sebens and Carroll 

(2018) use this in deriving the Born rule. However, Dawid and Friederich argue both rules are 

incorrect. First, ESP and ESP-QM impose very different guidelines. Taking the once-or-twice 

example, using ESP-QM leads Iona to assigning credence ½ even though she does branch when 

Isla makes a measurement. Ordinary ESP focuses entirely on self-location and therefore, this 

extra branching Iona experiences would affect her assignment. It turns out that the core roles of 

ESP and ESP-QM are different. ESP-QM helps prescribe specific epistemic probabilistic 

weightings that happen to match the Born rule, whereas ESP constrains the self-location 

credences only (Dawid and Friederich, 2022). Therefore, Dawid and Friederich conclude that 

the ESP-QM cannot be a less general form of ESP and so cannot benefit from the plausible 

support ESP has. Secondly, Dawid and Friederich argue that ESP-QM is not a principle of 

reasoning. It is a constraint generated from within EQM, while they take a principle of reasoning 

to span across different scientific theories and be motivated by our general understanding (such 

as a principle of indifference or ESP). Although the proof provided by Sebens and Carroll relying 

on ESP-QM gives interesting insights into how a self-locating aspect could be involved in a fully 

formed realist EQM theory, it cannot offer a physical interpretation of EQM that is consistent 

with the Born rule, due to its misinterpretation of equations (3) and (4), where there is a post-

measurement but pre-observation branching.  

 

4.3.3 Zurek’s Envariance Method 

Zurek (2005, p.23) specifically identifies that a problem facing those trying to understand 

quantum probabilities, is their focus on the “’recovery’ of the classical definition [of] 

probability”. He argues that none of the traditional approaches to classical probability applies in 

quantum mechanics and in fact, classical probability is ill-defined. Therefore, Zurek sets to 

identify the origin of a purely objective quantum probability. His method involves 

entanglement-assisted invariance, or as he calls it envariance (Zurek, 2003a). The central aspect 

to this approach is the quantum symmetry of entangled systems. Since it focuses on entangled 

systems, this work ties very closely with Zurek’s work on decoherence theory and he draws 

from his work on this (especially in relation to einselection) to recover the Born rule.  
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Part of the reason Zurek sees his approach as separate from any other probability 

approach is because of what the probabilities represent. He criticises approaches that want to 

recover some form of classical probability since this is already flawed. Instead, Zurek (2003a, 

2005) defines probability using objective properties of entangled systems. This avoids all 

concepts of uncertainty. Therefore, he hopes to avoid the weakness of using subjective or 

epistemic probability and the artificial nature of frequency approaches (Zurek, 2005). Further, 

in comparison to Gleason’s (1957) theorem (often quoted as providing proof of how quantum 

probabilities could be obtained) Zurek (2003a) sees his definition as much more physical since 

it is reliant on objective properties. Gleason’s theorem deals with measures on Hilbert space, 

but it provides no physical basis for these measures (Zurek, 2005). It helps provide a 

mathematical structure but fails to answer the why (Harris et al., 2016). Therefore, it is unclear 

why an agent should assign probabilities in accordance with the measure. 

To recover the Born rule, Zurek defines the framework he is working in, which is a no-

collapse quantum mechanics (from Zurek, 2005): 

[0] The Universe consists of systems 

[1] A completely known (pure) state of a system S can be represented by a normalised 

vector in its Hilbert space 

[2] A composite pure state of several systems is a vector in the tensor product of the 

constituent Hilbert spaces 

[3] States evolve in accordance with the Schrödinger equation  

This framework provides the basis for the proof. The tools available to Zurek are 

therefore limited to unitary evolution. Zurek (2003a) shows that it is due to the quantum nature 

of systems being entangled with the environment that an ignorance of the system emerges. In 

fact, because an observer can know completely about the composite system of 

system+environment it means she cannot know about the system independently. Envariance is 

a symmetry argument that is purely quantum (it has no classical counterpart). Taking a 

composite system, SE, it can be transformed by some function uS, which only acts on the Hilbert 

space of the system, HS (Zurek, 2003a). This transformation can be undone by a different 

function uE (which only acts on HE), such that the joint system SE remains unchanged. The steps 

of these changes can be mapped: 

𝑢𝐸𝑢𝑆|𝜓𝑆𝐸⟩ = 𝑢𝐸|𝜂𝑆𝐸⟩ = |𝜓𝑆𝐸⟩ 

In (6), the state η is a transformed version of ψ, but the point is that the initial state is 

recovered. Following Zurek’s method, the state ψ is envariant under uS. To carry out the full 

mathematical proof, Zurek expresses entangled states in the Schmidt basis. Using Schmidt 

(6) 
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bases, Zurek shows that they are envariant under different transformations, specifically unitary 

transformations. The full proof Zurek uses to recover the Born rule can be done via a few 

different methods, such as swaps or equal probabilities, but for brevity it is not discussed fully 

here [see Zurek (2003a) or (2005) for the mathematical formalism]. However, regarding the key 

features, Zurek does not use any notion of credence or betting in his proof. Further, he does 

recover the standard form of the Born rule. Zurek uses a method reliant on symmetry, like 

Vaidman’s and Sebens and Carroll. He shows how symmetry in entangled states allows one to 

prove that “equal amplitudes imply equal probabilities” (Zurek, 2010, p.417). This helps him use 

mathematical ‘tricks’ such as swaps in his proof. Swapping lets Zurek switch states and have the 

corresponding probabilities also swap (get relabelled). Since envariance fits with no-collapse 

models, it is important that Zurek continues to avoid any circularity that could come from using 

decoherence (see chapter 5). While he avoids the density matrix in the mathematical formalism, 

Everettians also use decoherence to answer the preferred basis problem. To avoid problems of 

whether the probability problem is more fundamental to the preferred basis one, Zurek has to 

define a basis without appeal to decoherence. It turns out that envariance can also help as “it 

accounts for the loss of the physical significance of local phases”, which means it is effectively 

playing the role of decoherence (Zurek, 2010, p.417).  

Using envariance, Zurek shows that an observer can know the entire global pure state of 

a composite system and that due to this local state having objective symmetries, ontic 

probabilities for the local subsystems are implied. Therefore, “perfect information about the 

whole can be thus used to demonstrate and quantify ignorance about a part” (Zurek, 2005, p.2). 

These probabilities are objective as they are a property of a physical state and share attributes 

with the classical concept of chance. This is in stark contrast with pretty much all other 

approaches to the probability problem. Further, Zurek (2005) argues that through his more 

physical approach ignorance is justified objectively rather than based on subjective knowledge 

(or lack thereof) as it often is. It is important to note that Zurek’s proof of the Born rule based on 

envariance is not specifically for EQM. It is meant to be interpretationally neutral. Zurek 

discusses the proof in the context of EQM and concludes that alongside it, his existential 

interpretation is needed to allow for records to not to contain all outcomes (since an observer 

will see all outcomes in different branches). The existential interpretation includes Zurek’s 

envariance as well as his Quantum Darwinism. The latter is used in his solving the preferred 

basis problem, outlined in chapter 5. 

Fine and Schlosshauer (2005) analyse Zurek’s envariance approach to probability. While 

they generally feel it has many positives, they outline four assumptions that they argue Zurek 

has implicitly assumed (paraphrased from Fine and Schlosshauer 2005, p.199): 
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1. The probability for a particular outcome is identified with the probability for the 

eigenstate of the measured observable with eigenvalue corresponding to the measured 

value (this follows from the eigenvalue-eigenstate link) 

2. Probabilities of a system S entangled with another system E are a function of the local 

properties of S only, which are exclusively determined by the state vector of the 

composite system SE 

3. For a composite state in the Schmidt form (for a bipartite state), the probabilities for the 

system vectors are equal to the probabilities for the environment vectors 

4. Probabilities associated with S entangled with E remain unchanged when certain 

transformations (i.e. envariant ones) are applied that only act on E (and the same vice 

versa) 

This highlights that while Zurek himself does not overtly claim to rely on axioms, his 

approach does use them. Fine and Schlosshauer do not question the validity of assumptions 1 

and 2 but argue they should be more explicitly stated. However, assumptions 3 and 4 do require 

more justification. They argue that the role of 3 is in putting in the meaning of probabilistic 

concepts. While this might seem circular, Fine and Schlosshauer argue that it is impossible to 

end up with probabilities without somehow putting them in (Fine and Schlosshauer, 2005; 

Herbut, 2012). This is not seen as a negative but simply a fact. Fine and Schlosshauer do point 

out a problem with Zurek’s work in needing to define two systems. Since the derivation requires 

a distinction between the system S and some environment (or other system), two systems are 

always needed. This means that the approach is not obviously applicable to cosmology where 

there is only the universe. This shows a clear departure from normal EQM, which is seen as 

better for cosmology because it does not define strict systems. However, Zurek could argue that 

we use probabilities when analysing systems smaller than the universe and thus, for our 

purpose in science, there are always two identifiable systems.  

Barnum (2003) and Caves (2005) also analyse Zurek’s envariance approach following the 

lines of Fine and Schlosshauer. Barnum reformulates the derivation slightly to avoid some 

“pedantic assumptions” which he worries are quite strong claims (Barnum, 2003, p.4). 

Specifically, Zurek’s use of swaps has little justification that Barnum argues is necessary if it is to 

be a fundamental step in the proof. Vaidman (2020) also sees this as a weakness. He thinks that 

while it is plausible for simple initial states, once these are unknown or more complex, there is 

less understanding of what a swapping mechanism does to the overall state. Interestingly, 

Barnum also notes that some of the assumptions Zurek implicitly uses are like those used by 

Deutsch and Wallace. Caves (2005) takes a harder line on Zurek. He argues that assumption 4 

(which he terms environmental noncontextuality) is key to the argument. Envariance follows 
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from this assumption and so masks its importance. Zurek does not provide justification for this 

method and so the approach is at best shaky. Caves also questions how Zurek extends the proof 

for systems with unequal amplitudes. He claims that since Zurek must introduce a third system 

for this situation, all symmetry merits of envariance and entanglement are lost. While these 

authors are right that Zurek needs to better justify and outline his assumptions, the proof is still 

useful. It provides a more physical basis for the Born rule in no-collapse theories that sets it 

apart from most other derivations.  

Sebens and Carroll (2018) briefly discuss Zurek’s approach, since their own proof is similar. 

They argue that while Zurek presents a clear case for why the Born rule is the sole rational 

approach to probability in EQM, it fails to identify what that probability actually is, and how it 

enters into the theory. In other words, they think that Zurek needs a concept like self-locating 

uncertainty to ground probability in the physical world. Sebens and Carroll are approaching the 

problem from a more philosophical angle by wanting to incorporate a proof within a wider 

metaphysical theory. However, this critique somewhat misses the point of Zurek’s argument. 

Zurek is explicitly trying to show that there is local objective ignorance stemming from initial 

global perfect knowledge. If his proof falls short in identifying this ignorance, then it fails. But a 

more subjective uncertainty cannot be introduced without going against the core elements of 

Zurek’s approach 

Mohrhoff (2004) also claims that Zurek does not give a complete description of the 

probabilities. He argues that because Zurek is taking an ontological stance on quantum states 

(because of working within a realist relative-state picture) he cannot derive probability. Instead, 

Zurek merely shows that if quantum states are associated with probability then the Born rule 

holds, but there is no description of how they become associated. Mohrhoff thinks that within 

the wider theory, Zurek needs a description of measurement, which instead leads to some 

operational interpretation (such as Gleason’s). This is because in the existential interpretation, 

records are used to define probabilities. These records are essentially measurement outcomes 

under a different name, and such these need to be defined on top of a no-collapse approach. 

 

4.3.4 Discussion 

The three approaches in this paper all differ from the decision theory method of Deutsch and 

Wallace. Thus, they all stand as alternative approaches to the quantitative problem. The 

Vaidman-McQueen and Sebens-Carroll structures are very similar and share qualities with the 

DW proof. Zurek’s envariance-based derivation is quite different, both in its set-up and its style. 
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In general, a derivation of the Born rule holds more weight if it is observer-independent. Thus, 

the Zurek’s approach has the edge since it is only reliant on physical axioms.  

In the introduction, four features are outlined that can be used to compare these 

interpretations. Zurek’s is unique in not using some form of self-locating uncertainty. Both the 

Vaidman-McQueen and Sebens-Carroll strategy use post-measurement uncertainty. The focus of 

the quantitative problem is probability rather than uncertainty, and therefore uncertainty is not 

a necessary aspect of any solution. However, how uncertainty is viewed is important since it 

addresses the incoherence problem of EQM (Wallace, 2012a). Greaves (2004) and Papineau 

(2010) have argued that Everettians must forego uncertainty when approaching probability, 

and so this lends itself to Zurek’s approach. From an Everettian standpoint, pre-measurement 

versus post-measurement uncertainty makes little difference to the quantitative problem. Both 

have more profound effects on the wider metaphysics but from a physics perspective, neither 

should be preferred. However, the criticisms about Sebens and Carroll show that uncertainty 

can still be incorrectly defined. Vaidman and McQueen thoroughly outline how post-

measurement self-locating uncertainty can arise, however, this view might have implications on 

one’s view of branching. By outlining some form of indexical uncertainty, authors such as 

Vaidman and Wallace are also making an argument about personal identity. To have a 

connection between the post-measurement and pre-measurement agent, this agent must have 

some continuity between the two times. Therefore, while the method of obtaining uncertainty 

can be criticised, its role is much greater than the quantitative problem. 

While many Everettians would see the addition of axioms as going against the core of 

the interpretation, there are arguments to the contrary. Regarding Vaidman’s approach, EQM 

has advantages over other interpretations. Therefore, while an approach that relies solely on 

the unitary Schrödinger equation would be useful, EQM should not stick to this at the expense of 

other problems. Probability is such as vital part of both quantum physics and wider scientific 

practice, that understanding how evidence can be assessed etc. is key for any interpretation. 

Therefore, the additional physical axioms introduced by Vaidman (2012), and Zurek (2003a) do 

not take away from the proofs. The rationality axioms employed by Wallace (2012a) might 

seem attractive, but problems have been outlined with them. Sebens and Carroll focus on an 

epistemic principle, similar to Deutsch and Wallace’s derivation. However, critiques from Kent 

(2015) and Dawid and Friederich (2022) show that ESP is untenable in the Everettian 

framework. With each of these approaches, the most important aspect regarding axioms is that 

they are well justified. Although Zurek (2005), as well as Fine and Schlosshauer (2005), argue 

that the existential interpretation leads to this justification, there are still questions. While some 

have argued this negates the entire derivation, the approach can be re-examined with additional 
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justification given. Vaidman’s axioms also appear uncontroversial since they are based on 

physical properties. However, more could still be done to show that, for example, his symmetry 

assumption applies in a multiverse, where there is an overarching asymmetric branching. 

There are similarities between some of the methods of proof used in each approach. All 

three rely on some sort of symmetry argument (Vaidman, 2020). But Zurek follows more closely 

the formalism from decoherence theory. Alternatively, the Sebens-Carroll and Vaidman-

McQueen methods refer to betting situations. This is similar to the DW proof, as it relies on 

some sort of credence about future events. Zurek’s approach should appeal more to physicists 

since it relies solely on physical principles and is arguably the approach that places physics first. 

Part of the problem with decision theory is that it places physics within the realm of human 

action (Price, 2010). And the worry for EQM, is that by tying probability to a broader approach 

to metaphysics (or identity), this weakens it as a viable interpretation of quantum theory.  

The role of any approach to the quantitative problem is to somehow recover the Born 

rule in the Everettian multiverse. Interestingly, Vaidman instead derives what Tappenden calls 

the ‘Born-Vaidman rule’ (Tappenden, 2011). This rule is specific to the Everettian multiverse 

and does lead us to an interesting question. Should an Everettian solution to the quantitative 

problem recover the Born rule exactly, or an analogue of it? Ultimately, an Everettian needs to 

be able to explain the data from the Born rule as well as all probabilistic concepts in quantum 

theory. An analogue of the Born rule is acceptable, especially if the alterations come from 

moving to a branching picture. However, one must be careful this does not lead to the rule being 

merely an additional axiom. Although EQM can support other axioms, it is not able to 

presuppose the Born rule or probability. 

In general, both Vaidman’s and Zurek’s approaches have merits. The mathematical 

formalism used by Zurek gains support from the success of decoherence theory since there are 

similarities. However, Vaidman’s derivation is remarkably straight-forward and is unabashedly 

working within an Everettian framework, but it is linked to a specific philosophical view of self-

locating uncertainty. Zurek’s views are within a wider existential interpretation which is not 

required for his derivation but motivates it. Further, there are objections to Zurek’s approach, 

which could suggest underlying problems. But envariance still offers a unique physical proof. 

Here, Sebens and Carroll’s approach is rejected as while Tappenden (2017) makes a good point 

that this proof sits within a wider metaphysics on persons, there is still a concern over the way 

branching is outlined.  

Underlying all of this though is another question. While using different axioms and 

methods, all these authors recover the Born rule in some form. Some might claim a stronger 
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derivation compared to other methods where the Born rule is merely picked out as the most 

likely measure in an Everettian world, but it is still there. However, if there are many different 

approaches that all recover probability, maybe there is something in the set-up of EQM that 

naturally leads to it. All the methods corroborate that EQM can still ‘do’ quantum mechanics 

using the Born rule. None of the current methods might be completely correct but they give 

hope to Everettians that one will be found and that there is even a variety of different ways it 

might be reached. We might not be constrained to focusing on one theory of probability (a 

similarity with classical approaches to probability?). However, there is a doubt of whether these 

different approaches are compatible with each other. Kent (2010, p.310) states there are many 

“distinctive and often fundamentally conflicting views on…what precisely an 

Everettian…version of quantum theory entails”. If there are conflicts between approaches, then 

we no longer have many methods advocating EQM but rather contradictory theories. This 

means that we have many different interpretations that need to be analysed as competing. With 

a cursory glance, Vaidman’s approach conflicts with Sebens and Carroll’s despite the close 

similarities, and Vaidman’s is the strongest of the two. It is harder to compare Zurek and 

Vaidman because the methods are very different. However, none of the assumptions overtly 

contradicts the others.  

However, there is another element to this discussion on probability: branching. One of 

the main problems with the decision-theoretic approach is how it interacts with decoherence-

based branching, and in fact almost any understanding of probability will somehow tie into the 

definition of branches. Therefore, to understand whether Everettians have a viable answer to 

the probability problem, decoherence must be analysed, including its role in defining worlds. 

This will be done with a focus on probability as opposed to a preferred basis, which I return to 

in chapter 8. 
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Chapter 5 
 

 

Decoherence, Probability and Branching 

 

 

 

 

 

5.1 Introduction 
 

Decoherence is central to quantum physics. It evolves from the existing unitary dynamics 

formalism and helps address key issues relating to the quantum-classical divide, the 

measurement problem and the preferred basis problem. Since decoherence helps us address 

key difficulties, it is relevant for any interpretation aiming to resolve the measurement problem. 

It can also help with a solution to the measurement problem and yet at the same time causes 

additional issues. For EQM, decoherence seems to offer a lifeline and it affects how Everettians 

approach the preferred basis and probability problems. There is a consensus that the success of 

EQM relies on the success of decoherence (Friebe, 2018; Stapp, 2002; Wilson, 2020). However, 

using decoherence can be a problem for Everettians because outlining branching in terms of 

decoherence theory is incompatible with the use of decision theory. Hence, EQM should rely 

instead on other methods to derive probability considered in chapter 4. The analysis of 

decoherence here helps distinguish further between Vaidman’s and Zurek’s approaches. 

Vaidman’s method might offer a simpler derivation to solve the quantitative problem but 

considering branching and decoherence, Zurek’s is the most defensible. 
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5.2 Decoherence  
 

In classical physics, two waves are said to be coherent if they “are of the same frequency and are 

linked in phase, i.e. the phase difference between the waves…is constant” (Mansfield, and 

O’Sullivan, 2011, p.492). Classically two waves must be coherent to produce an interference 

pattern. In the quantum realm, interference is a general phenomenon. First, because wave-

particle duality in the form of the de Broglie relation means that particles with definite 

momenta exhibit the interference effects seen in classical waves, and second because the 

Superposition Principle extends to all quantum states so that analogous interference effects can 

be observed for other degrees of freedom such as spin. Decoherence can be thought of as simply 

the lack of coherence, such that there is no interference. This happens when the phase relations 

between the components of a superposition do not remain constant over time. As Zeh (1997, 

p.441) describes it, decoherence is the “disappearance of certain phase relations from the states 

of local systems”. 

There are experiments to demonstrate decoherence. A simple case occurs in the two-slit 

experiment. Using a standard set-up, an electron gun fires at two-slits with a detection screen 

behind. If the electrons are left to take any path, an interference pattern is seen on the screen 

even if electrons are fired one at a time, thus they act like interfering waves. However, if any 

method is used to try and detect which slit an electron passes through, the interference pattern 

is lost. The method to detect the electron path leads to the apparatus interacting with the 

electrons and becoming entangled with them so that the phase relations between the path 

states are no longer observable in the system alone. 

More generally, the interference pattern in the two slit experiment disappears not only 

when measurements of which slit the particles go through are made, but whenever the system 

interacts with another system. When this happens the coherence or ‘information’ is spread out 

and is thus missing from the system alone; the phase relations ‘delocalise’ and are therefore not 

completely lost. Zeh (1970, 1973) initially examined the concept of decoherence by recognising 

that “realistic quantum systems are never completely isolated from their environment” 

(Schlosshauer, 2019, p.2). This differs from classical physics where it is possible to neglect 

environmental interference (Schlosshauer and Fine, 2005). As discussed below, the 

‘environment’ needed for decoherence is minimal, and indeed it can occur when part of the 

system leaves it in an otherwise empty environment, so decoherence is ubiquitous.  
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Decoherence theory is a formal mathematical framework which helps describe observed 

phenomena and places decoherence within wider quantum physics. The mathematical theory 

used to describe decoherence effects makes central use of density matrices. Taking a system (S) 

and environment (E), when they interact, they become entangled and so are analysed as a 

composite system SE: 

|Ψ⟩ = ∑ 𝑐𝑛(𝑡)𝑛 |𝑠𝑛⟩ ⊗ |𝑒𝑛(𝑡)⟩  

-where cn represents the phase relations and amplitudes; sn are the different state 

vectors of the system and en are the state vectors of the environment.  

(1) shows this entangled state. Entanglement is what occurs when the system and 

environment interact: they form rapid and strong quantum correlations (Schlosshauer, 2019). 

The result is a composite system, and mathematically there is no pure state of the system 

independently (nor of the environment). This means that the ‘information’ relating to the 

system is no longer just in the system. Rather, it has delocalised into the system+environment 

composite system. As Joos and Zeh (1985, p.224) describe it, “the interference terms still exist, 

but they are not there!”. This is a important point because it means that it is not due to our 

ignorance about the system that we cannot assign it a pure state (Schlosshauer, 2019). Instead, 

the physics does not allow one to be assigned to the system alone. Therefore, decoherence 

processes and entanglement represent physical phenomena rather than epistemic ignorance. To 

analyse the entangled composite system, the density matrix is formed for it, where it is 

calculated from the trace: 

 

𝜌𝑆𝐸 = |Ψ⟩⟨Ψ| = ∑ 𝑐𝑛𝑐𝑛′
∗

𝑛𝑛′
|𝑠𝑛⟩|𝑒𝑛⟩⟨𝑠𝑛′|⟨𝑒𝑛′| 

Density matrices are used as a tool for calculating the probability distribution of a set of 

possible measurement outcomes (Schlosshauer, 2004). However, (2) applies only to the 

composite system SE. The environment seems to act on the system when they become 

entangled. In other words, the environment is continually (indirectly) `measuring’ the system, 

such that information is being transferred from the system to the environment (Schlosshauer, 

2019). To analyse the system independently of the environment, which is what physicists wish 

to do, another operation is needed. Therefore, the reduced density matrix of S is taken from the 

partial trace, which is found by averaging over the degrees of freedom of the environment: 

𝜌𝑆 = 𝑇𝑟𝐸(𝜌𝑆𝐸) = ∑ ⟨𝑒𝑙|𝜌𝑆𝐸|𝑒𝑙⟩
𝑙

= ∑ ∑ 𝑐𝑛𝑐𝑛′
∗

𝑛𝑛′𝑙

|𝑠𝑛⟩⟨𝑠𝑛′|⟨𝑒𝑙|𝑒𝑛⟩⟨𝑒𝑛′|𝑒𝑙⟩ 

(1) 

(3) 

(2) 
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The number of degrees of freedom of the environment is often quoted as a key factor in 

why decoherence occurs, but mathematically, the important aspect is how en rapidly 

approaches orthogonality as time goes on (Schlosshauer and Fine, 2005): 

⟨𝑒𝑛(𝑡)|𝑒𝑛′(𝑡)⟩ → 0   𝑖𝑓  𝑛 ≠ 𝑛′ 

(4) represents this move to orthogonality as a function of time. As a process, 

decoherence is extremely fast and therefore, this condition is approximately reached very 

quickly. Since the presence of interference terms comes from the entanglement of SE, the loss of 

this due to (4) occurring represents the decoherence process taking place. Therefore, the 

visibility of any interference pattern is quantified by the indistinguishability of the energy state 

vectors (Schlosshauer, 2019). Taking the assumption present in (4) and applying it to (3), leads 

to the reduced density matrix of S approaching the diagonal limit: 

𝜌𝑆 = ∑|𝑐𝑛(𝑡)|2

𝑛

|𝑠𝑛⟩⟨𝑠𝑛| 

Essentially, the off-diagonal terms (which involve the environment) are treated as 

negligible, and the system’s definite form is that of a single classical ensemble, rather than an 

entangled state. However, this process need not be exact. The reduced density matrix is only 

approximately equal to (5) when orthogonality is not entirely reached, and thus mathematically 

decoherence can approximately give rise to the diagonal limit. The inexact nature of 

decoherence in general is one of its defining features.  

Decoherence relies solely on unitary quantum mechanics. Entanglement between a 

system and its environment is a completely universal process within quantum theory, taking 

place on very short time scales (Schlosshauer, 2004). Since it relies on unitary dynamics, 

decoherence should in principle be reversible. However, due to the impracticality of applying a 

unitary to the environment, it is irreversible for all practical purposes or FAPP (Schlosshauer 

and Fine, 2005). These uncontrollable environmental degrees of freedom mean that with the 

distribution of coherence into the composite system, one cannot have full observational access 

and thus the reduced density matrix is used. Since this operation averages over the 

environment, this is a non-unitary operation presupposing probability, and thus decoherence is 

essentially irreversible (Schlosshauer and Fine, 2005).  

As mentioned above, the key factor that leads to approximate diagonalisation is (4). 

Often the large number of degrees of freedom in the environment is given as a reason for the 

rapid loss of coherence. But decoherence can still occur for a much smaller ‘environment’. 

Looking at the two-slit experiment again, the interference pattern will be lost even if a single 

photon is fired at the slits to determine which one the electron passes through. Dowker and 

(4) 

(5) 
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Kent (1996) even argue that the CMBR is sufficient to cause decoherence. This demonstrates 

that not only can the environment be very unobtrusive and still cause loss of coherence, it is a 

completely ubiquitous activity across the universe. Further, when fullerene molecules are 

heated and passed through diffraction grating, decoherence effects occur (Hackermüller et al., 

2004). In this instance, heating leads to the internal environment of the system emitting 

radiation. This amounts to an interaction with the environment, and therefore, the molecules 

lose their coherence. What is notable about this example, is that here decoherence is taking 

place because of a system emitting (from its internal environment) something into the (external) 

environment, rather than the traditional environment imposing on the system. Wallace (2012a, 

p.76) explicitly states that the degrees of freedom of both the external and internal environment 

of a system can cause the “suppression of interference”. This means that the size of the 

environment is not the key factor leading to decoherence. Instead, it is any number of degrees of 

freedom (both internal and external). Due to the continued existence of these environments, 

entanglement between a system and its environment leading to decoherence, is a completely 

universal process that is extremely “effective” (Schlosshauer, 2004). For example, if the 

gedanken experiment, Schrödinger’s cat, was successfully carried out such that the cat-in-the-

box system became entangled with its environment, decoherence would occur after around 10-

35s (Wallace, 2012b). 

 

5.2.1 Decoherence in Quantum Mechanics 

There are two key models in decoherence theory: environment-induced decoherence and 

environment-induced superselection (Schlosshauer, 2004). Environment-induced decoherence 

is the specific name given to the main process described above. It is the fast suppression of local 

interference where the coherence is not destroyed but only remains in the composite system. Or 

as Passon (2018, p.206) describes it, “from a coherent superposition (a “pure state”), an 

incoherent (or “decoherent”…) superposition with respect to a uniquely defined basis emerges”. 

This quote refers to the emergence of a basis and relates to the second key process: 

environment-induced superselection or einselection (Zurek, 2003a). Einselection links the 

mathematical theory of decoherence to the preferred basis problem. 

 

5.2.1.1 Einselection 

The process of decoherence approximately removes any interference but it can also be seen to 

“impose a dynamical filter” onto the system (Schlosshauer, 2019, p.9). The result is that certain 

states are less entangled with the environment and so are preferred: decoherence does not treat 
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all quantum superpositions equally (Zurek, 2003a). These ‘preferred’, or ‘pointer’ states are 

more likely to occur since they are stable under interaction with the environment and thus, they 

can be used to form a preferred basis of states. Therefore, quantum interference effects for 

certain quantities are effectively suppressed and are thus observable as quasi-classical states 

(Schlosshauer, 2019). One observable that is in general stable is position. Hence, decoherence 

(approximately) favours or picks out the position basis, which explains why the classical world 

we experience consists of many ‘classical’ trajectories (Passon, 2018). This process by which 

specific quantum states are ‘selected’ and are stable (they retain correlations with the universe 

despite the environment), is known as environment-induced superselection or einselection 

(Zurek, 2003a). In short, einselection is the quantum process where information is selectively 

‘lost’ to the environment. Since this process is quantifiable, the emergence and stability of these 

quasi-classical states can also be quantified.  

Einselection directly links decoherence to the preferred basis problem in quantum 

mechanics. The preferred basis problem occurs because a measured observable from an 

experiment is not normally uniquely defined (Schlosshauer, 2004). Take a Stern Gerlach 

experiment to determine the x-spin of a particle. After the measurement, the state is (Passon, 

2018): 

|Ψ⟩ =
1

√2
(| ↑𝑥⟩|𝑀↑𝑥

⟩ + | ↓𝑥⟩|𝑀↓𝑥
⟩) 

To understand this, an Everettian approach is adopted, since this aligns with the overall 

thesis. In EQM, (6) describes worlds with x-spin up and worlds with x-spin down. Therefore, in 

different worlds, it is the x-spin that has been determined. However, the basis vectors used 

(following Passon, 2018) are arbitrary, and could have focused instead on the z-spin direction. 

This would give a different state: 

|Ψ⟩ =
1

√2
(| ↑𝑧⟩|𝑀↑𝑧

⟩ + | ↓𝑧⟩|𝑀↓𝑧
⟩) 

In this scenario, the z-spin would be defined in different worlds, and the x-spin would 

not be well-defined (Passon, 2018). Since the realities described by (6) and (7) are different, 

there must be a justification for why one basis is chosen over another. This is the preferred 

basis problem.  

Using decoherence by introducing the environment (in a similar way to (1)), gives: 

|Ψ⟩ =
1

√2
(| ↑𝑥⟩|𝑀↑𝑥

⟩|𝑒↑𝑥
⟩ + | ↓𝑥⟩|𝑀↓𝑥

⟩|𝑒↑𝑥
⟩) 

(6) 

(7) 

(8) 
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Importantly, Bub and Elby (1994) proved that this decomposition with three systems is 

unique. This does not provide a full answer to the problem, as the question of which basis still 

needs to be answered. However, with the inclusion of decoherence, Schlosshauer (2005) states 

that the environment plays a dual role in solving the preferred basis problem: it selects a 

preferred basis and guarantees uniqueness (via Bub and Elby’s tridecompositional uniqueness 

theorem). 

However, while decoherence theory ‘removes’ macroscopic superpositions and selects 

preferred bases, it does not explain which of these corresponds to the measurement outcome. 

Or, as Passon (2018) puts it, decoherence solves the preferred basis part of the measurement 

problem, but not the unique outcome part. One still needs to address why only one localised 

state is realised after the local destruction of interference, when the theory allows the 

emergence of an ensemble of individually localised components (Schlosshauer, 2004). Why is 

this stable pointer basis picked and not another one? Nevertheless, einselection has a key 

advantage in its approach to the preferred basis problem since it is motivated dynamically. The 

selection of a basis is on physical grounds, which are importantly observer-free based on the 

system-environment interaction Hamiltonian (Schlosshauer, 2005). Therefore, the first step in 

solving the basis problem can be achieved using decoherence, interpretationally free. Because a 

reliance on interpretation is then needed, it remains unresolved whether decoherence fully 

solves the preferred basis problem or not (Wilson, 2020).  

The process of einselection leads to a selected quasi-classical state. But what is meant by 

quasi-classical? The link between decoherence as a quantum effect and the classical world is 

extremely important, as it helps explain our everyday experiences. 

 

5.2.1.2 Quantum-Classical Transitions 

Since the conception of quantum mechanics, there has been the problem of the quantum-

classical transition (Schlosshauer, 2019).  Notoriously, quantum mechanics describes situations 

that appear to be in superpositions of two disjoint regions, such as an electron being in a 

superposition of being localised around point x and around some significantly distant point y. 

Since we do not observe such scenarios at the macroscopic level (at least outside lab 

experiments), an explanation is needed for why the phenomenon happens in the quantum 

domain but not in the classical. The famous Schrödinger’s cat gedanken experiment is intended 

to show that quantum effects cannot happen in the macroscopic realm. The concept of a cat in a 

superposition of being both dead and alive seems absurd, but it appears to be possible for all the 

particles that we know make up macro-objects (like cats) to be in superpositions. It seems that 
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non-classical quantum states are fragile and thus we do not observe macroscopic 

superpositions (Schlosshauer, 2019). But, where does the transition occur, below which 

quantum effects such as superposition are possible, and above which we obtain the classical 

world? Decoherence has come to provide the most successful answer to this problem. 

Since quantum systems become entangled with their environment, quantum 

interference ‘delocalises’, and the system is approximately in a diagonal form. Thus, 

decoherence effects cause the interference terms to be negligible, as shown in (5). The system 

described by the reduced density matrix appears to be that of an ordinary ‘classical’ system, 

since it contains no superpositions. Therefore, the state of the system after decoherence gives a 

classical outcome. Classical physics is no longer a limiting case of quantum physics: instead, it 

can be studied within the quantum framework as an emergent reality (Joos and Zeh, 1985; Joos, 

2006). The reason the term emergent is used to describe the classical properties after 

decoherence, is that are not a fundamental aspect of the theory. Rather they come about 

because of the effect, and thus ‘emerge’ from the process. Thus, decoherence is incredibly 

important for any interpretation of quantum mechanics. It does not add any additional 

mathematics beyond unitary dynamics, and yet it helps explain why we do not experience 

quantum effects in the macro-world. It both maintains consistency between classical and 

quantum predictions and provides a quantitative account of the so-called quantum-classical 

boundary (Schlosshauer, 2019).  

The role decoherence plays in attaining classicality is very important. Friebe (2018) 

illustrates this by stating that decoherence offers a local physical explanation for the absence of 

macroscopic superpositions. The exact classical nature of the systems is determined by the 

remaining coherence in the system, that is expressed in (5) (Joos and Zeh, 1985). This state is 

reached through the delocalisation of the interference into the environment. Thus, “local 

classical properties have their origin in the nonlocal character of quantum states” (Joos and Zeh, 

1985, p.223). While these effects explain how the macroscopic world appears devoid of 

quantum phenomena, the process of decoherence is inexact. Therefore, the classical state 

achieved in (5) is only partially true and thus, decoherence predicts the existence of a `quasi-

classical’ world. Therefore, if quantum mechanics is correct, there are no exactly classical 

systems (Ballentine, 2008).  

Chaotic systems are an important crossover between classical systems and decoherence 

(Schlosshauer, 2008). These systems are highly sensitive to interference effects and Zurek 

(1998) argues that it is only because of decoherence that they do not contain macroscopically 

observable superpositions. Conversely, if a quantum system is isolated then any chaotic 

dynamics will be suppressed (Berry, 2001). Therefore, chaotic systems exist because quantum 
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systems are not isolated; “’decoherence’ suppresses the quantum suppression of chaos” (Berry, 

2001, p.41). Hyperion, Saturn’s sixteenth moon, is unusual (possibly even unique) in that its 

orbit is chaotic (Wisdom, Pearle and Mignard, 1984). By examining Hyperion using quantum 

mechanics, the mathematical nature of phase-space suggests that by now, scientists should start 

to observe quantum effects in Hyperion, if it were not for decoherence (Berry, 2001). Even just 

our observation of the moon, via photons from the sun, has a quantum effect such that we 

cannot take Hyperion to be an isolated system. The position states (i.e. observations on the 

location) of Hyperion are of the robust nature of pointer states ‘selected’ by decoherence. Zurek 

essentially shows that decoherence is what allows for the quasi-classical nature of macroscopic 

reality. However, his view on Hyperion has been criticised by Wiebe and Ballentine (2005) who 

instead argue that Hyperion would appear classical in nature even without decoherence effects.  

Schlosshauer (2008) agrees with Zurek that decoherence plays a vital role in the lack of 

macroscopic superpositions. He argues that Wiebe and Ballentine’s objection comes from an 

assumption that there is no measurement problem, whereas Zurek is approaching this example 

to try and solve it. While differing views on the measurement problem arise from different 

interpretations (Zurek with a realist vaguely many-world view, and Wiebe and Ballentine with 

an ensemble view), here it is worth noting how a view of the measurement problem affects the 

role decoherence plays. If one believes that the measurement problem does not exist, 

decoherence as a physical effect loses out. There is no longer an issue of a quantum-classical 

divide, since quantum mechanics is merely an operational theory, and thus no longer any need 

to explain why macroscopic superpositions are not observed. That is not to say that 

decoherence theory is not still a useful tool, but this highlights the difference between 

decoherence as a physical phenomenon and as a mathematical theory. Ballentine (2008) argues 

that decoherence effects are important in practical physics, but Schlosshauer and Zurek 

overplay their role in the foundations of quantum mechanics. He argues that, looking at 

Schrödinger’s cat, there is still a question of the observability of macro-scale quantum 

coherence, with or without decoherence. While decoherence might help in eliminating certain 

interference effects in macroscopic systems, these would be too hard to detect anyway.  

It is too simple to say that we do not observe large-scale superpositions because of 

decoherence. In fact, the classical and quantum realms are much more intertwined than initially 

thought. Macroscopic systems are large and complex meaning that it would be hard to detect 

quantum interference anyway, but examples such as superconducting systems show that it is 

sometimes possible to find macro-scale quantum mechanics (Lockwood, 1996). Wiebe and 

Ballentine (2005, p.13) strongly support this claim when discussing Hyperion, stating “it is not 

correct to assert that environmental decoherence is the root cause of the appearance of the 



108 
 

classical world”. Even though it is important to ask how the classical world emerges from the 

quantum, as Berry (2001) points out, it is one we know must have an answer since we 

experience the classical world (it could be that quantum mechanics is false, but either way, we 

know somehow a form of classicality must emerge). Another interesting question though, is 

what kind of quantum behaviour remains, even at scales where normally decoherence effects 

lead to classicality (Berry, 2001)? For example, as mentioned, superconducting quantum 

interference devices (or SQUIDs) contain macroscopic superpositions of the supercurrents 

running through them (Schlosshauer, 2009). The decoherence of these superpositions can be 

observed at the macro-scale, and thus, SQUIDs offer an insight into decoherence at a scale we 

can easily observe. Further, the existence of macroscopic superpositions in SQUIDs continue to 

blur the line between the quantum and classical. 

The role decoherence plays in recovering the classical world we experience is vital. 

Whether it is the only process necessary to explain objective reality (as Schlosshauer and Zurek 

argue) or merely part of the puzzle (as Wiebe and Ballentine think), it shows an inextricable link 

between the quantum and classical. It is in fact due to the strange nature of the quantum world 

that the classical one can emerge. Maudlin (2019, p.58) puts this nicely: “Entanglement and 

decoherence make the world appear less quantum mechanical. But since the cause of the 

decoherence is entanglement… the observable interference disappears because the world is 

more quantum mechanical!”.  

 

5.2.2 Decoherence and the Measurement Problem 

Chapter 1 introduced the measurement problem as a key conceptual problem in quantum 

theory. Decoherence helps us approach the problem because it helps explain the quantum-

classical divide. The theory posits that quasi-classical entities emerge from fundamental unitary 

dynamics. Therefore, on the surface it seems that decoherence solves the measurement 

problem: it provides a solution for why there are no macroscopic superpositions and why the 

macroworld is seemingly classical in nature. 

But, while decoherence explains some of the issues stemming from the measurement 

problem, it cannot supply a complete solution (Schlosshauer, 2004). This is because 

decoherence theory relies on unitary Schrödinger evolution and so cannot be used to explain 

why there might be different types of dynamics, such as wavefunction collapse (Schlosshauer, 

2019). Further, the use of the reduced density matrix assumes the ‘correct’ (i.e. traditional) 

quantum statistics that include the probability postulate and Born rule. Therefore, using 

decoherence to solve the problem is essentially presupposing that collapse physically exists to 
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provide a solution (Schlosshauer and Fine, 2005). Consequently, decoherence must be 

supported by some interpretation. In fact, decoherence can seem to exacerbate the 

measurement problem as it takes a problem traditionally between systems and measuring 

devices and extends it to the whole environment, due to entanglement (Bacciagaluppi, 2020). 

Wallace (2010) argues that a purely decoherence-based solution will also fail because it is too 

strong and too weak at the same time. A solution is too strong because the decoherence process 

is approximate, and this is not what is wanted for physical laws. If all that was needed was 

decoherence, the physical laws would also be inexact. On the other hand, it is too weak since 

decoherence still picks out multiple stable bases, many of which could be non-classical. 

Therefore, while it explains the emergence of classicality it does not give a unique solution.  

 

  5.2.2.1 The Preferred Basis Problem 

The preferred basis problem is a very serious problem for EQM which takes the wavefunction as 

universal. If decoherence can help solve the basis problem, then it offers real support to the 

possibility of a many-worlds approach. Decoherence and EQM are luckily well matched because 

both rely on unitary dynamics (Schlosshauer, 2004). In fact, the predictive success of 

decoherence lends support to the Schrödinger equation being universally applicable 

(Schlosshauer, 2006). Further, since the classical world can be described as emerging from the 

quantum, decoherence helps support a universal quantum theory (Schlosshauer, 2006). 

Bohmian mechanics could also be classed as a no-collapse interpretation here, and so would 

also be subject to the advantages EQM faces. But an advantage for Everettians is, since a key 

component of the interpretation is that it adds no additional structure to quantum mechanics, 

decoherence provides the perfect solution to the preferred basis problem from within the 

existing theory. 

Since a preferred basis is approximately picked out, this affects the nature of what the 

basis can describe (Wilson, 2020). For Everettians, they describe the branches that make up the 

theory. Thus, Wallace (2010, p.67) describes Everettian branching as taking place when a 

process “magnifies microscopic superpositions up to a level where decoherence kicks in”. The 

pointer states that are stable under decoherence provide a “ready-made solution for the 

preferred basis problem” (Sclosshauer, 2019, p.46). The worlds or branches are now not an a 

priori assumption but are defined as dynamically stable quantum states. Further, the worlds 

identified with this basis are temporally extended, which is often seen as a requirement by 

Everettians (Saunders, 1993). But since the process is inexact, branches are not fundamental 

but emergent and quasi-classical in nature (Wallace, 2003b).  
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The nature of what the branches are in EQM has long been an issue. Decoherence 

provides a physical answer from within unitary dynamics. Wallace (2010) argues that this gives 

a vast amount of support to EQM. Further, the theory behind decoherence provides more details 

into how branching works. Not only does it show they are emergent, but it also rules out the 

recombining of branches. Any re-joining of worlds is suppressed because decoherence is 

temporally asymmetric, producing branches for the future but not the past (Wilson, 2020). It 

also helps solve the problem of too many branches, since it removes those that would include 

some non-classical outcomes. However, Maudlin (2019) argues that this comes at the cost of 

maybe having too few branches since they are only approximate. He compares this to Bohmian 

mechanics, where the trajectories described by decoherence are also vague. But he argues that 

here, since not all trajectories give a world, the inexactness of them is not a problem. However, 

there are other problems that Bohmians face with respect to decoherence and trajectories. 

Arguably, Everettians are better off than Bohmians. The branching structure picked out by 

decoherence matches well with that initially thought of for EQM.  

However, since decoherence only leads to an approximate emergence of classicality, the 

use of it to define Everettian branches has been criticised for also making them “conceptually 

approximate” (Dowker and Kent, 1995; Kent, 1990). Wallace (2003b) does not see this as a 

problem. Moreover, he thinks that the fact that decoherence can pick out a basis using purely 

physical means is a bonus, and the consequence of approximate worlds is not a big price to pay. 

Wallace draws a link here with higher-level sciences such as chemistry and biology. No one 

expects these sciences to be explained by precise fundamental definitions in physics, and the 

same is true for emergent worlds (Wilson, 2020). Schlosshauer (2004) also points out that there 

is no reason why we should expect worlds or branches to be exact. Einselection is physically 

motivated from within the theory’s framework, and it is unlikely that a different process 

describing exact worlds will be found. 

 

  5.2.2.2 Decoherence and Probability 

Everettians take decoherence to be the solution to the preferred basis problem. But it has also 

been used in solving the probability problem (Deutsch, 1999; Wallace, 2012a). In short, it 

provides evidence that branch counting cannot occur since the branches are only approximately 

defined. Therefore, simple probability rules involving counting or averaging are unavailable to 

Everettians. This reinforces derivations of the Born rule via other methods including decision 

theory, as advocated by Deutsch and Wallace. However, there is problem with using 

decoherence in the context of deriving probability (Hemmo and Pitowsky, 2007; Dawid and 

Thébault, 2015). The mathematical tool of the density matrix and reduced matrix have a form of 
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probability in-built. The theory uses averaging over degrees of freedom, which is a probabilistic 

concept. Therefore, by using decoherence to help derive probability, it is being put in via a 

premise (Kent, 2010). Hence, critics claim that Everettians cannot use decoherence to justify a 

derivation of the Born rule. 

 

5.3 How Decoherence Stacks the Odds Against Decision Theory 
 

There has been a question over Everettians’ use of decoherence since Zurek (2005). Since then, 

more papers outlining concerns of a circularity have reinforced this problem (Baker, 2007; 

Hemmo and Pitowsky, 2007; Kent, 2010). In a 2015 paper, Dawid and Thébault develop a 

sustained case against the use of decoherence to solve the probability problem and their paper 

is the most comprehensive discussion of this issue. Dawid and Thébault develop in detail the 

argument that decoherence cannot be used as part of a solution to the probability problem 

because it requires probabilistic concepts. They argue that this use of decoherence is circular 

and undercuts any derivation of the Born rule. Further, they state that this circularity makes 

EQM incoherent because the use of decoherence (with its probabilistic reasoning) is much more 

deeply embedded in EQM than initially thought.  

These arguments are considered in the next subsections. However, it is shown that 

while there is truth in the problems of circularity and incoherence all is not lost for Everettians. 

Many of the problems are specifically tied to the use of decision theory within OEQM. Therefore, 

it is this approach to EQM that is challenged, rather than the entire interpretation. Section 

5.3.2.1 briefly explores an argument Everettians could use in the face of circularity, that the 

theory is still consistent. However, as chapter 4 showed, there are alternative solutions to the 

probability problem that might not face this crippling objection.  

 

5.3.1 Decoherence and Circularity  

Dawid and Thébault focus on three arguments: one being the long-standing concern of 

circularity and two new incoherence claims against the approach. Decoherence is a complex 

topic and the mathematical theory used to describe it can quickly become interpretation laden. 

Dawid and Thébault use a specific example of a spin experiment to lay out the key formula. 

Here, I will rely on the formalism introduced above, and refer to any key definitions from there. 

Dawid and Thébault (2015) summarise their description of decoherence as being the 

process that can be defined as: 
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𝐷𝑒𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒: 𝜌𝑆𝐸 ⇒ 𝜌𝑆 

This is an ambiguous statement as there are different ways to interpret it. One could say 

this represents the strong argument that decoherence is the physical transformation shown in 

(9), or the weaker argument that decoherence allows the composite density matrix to be 

modelled by the reduced form (5). Looking at (9), decoherence essentially removes the quantum 

interference between different parts of the quantum state, when the focus is on the subsystem. 

Dawid and Thébault then link the remaining terms in the reduced density matrix to a discrete 

Everettian branching structure. This explanation is too vague to adequately explain what a 

world is and how we can interpret it from the mathematics.  

A key feature of a branch or world is that it evolves effectively independently of any 

others (Wallace, 2012a). When the off-diagonal interference terms are effectively removed by 

decoherence, the remaining states continue to evolve but essentially without any quantum 

interference between them. Wallace (p.88) states that “’branching’ (relative to a given basis) is 

just the absence of interference”. (5) above does show an apparent lack of interference and so 

seems to suggest a natural branching structure. In reality, Everettians define histories within a 

broader decoherent histories formalism in order to explain how branching occurs. From this 

branching structure, various methods are then used by Everettians to either derive or recover 

the Born rule, in answer to the probability problem.  

However, the circularity charge states that the Born rule is actually used in the 

decoherence process giving the branching structure. This is because Everettians need to 

provide an argument for why the off-diagonal terms should be neglected such that (9) 

approximately stands. Dawid and Thébault argue that there are two options: that the smallness 

of the terms means they are negligible or the relative smallness is linked to a robustness of an 

emergent branching structure. The first path is immediately discounted as there is no reason 

why a smallness in the density matrix matches up with a small value in the world. Clearly in 

EQM, small changes can still mean branching and these multiple worlds cannot be discounted as 

merely negligible without any additional evidence. This leaves the second strategy. However, 

Dawid and Thébault argue this leads to the problem of circularity because terms such as ‘robust’ 

or ‘emergent’ need to be grounded in empirical data. They say that Wallace and others discount 

the off-diagonal terms because they have a low Born-weighting, which represents a probability 

measure. Therefore, Everettians use decoherence to help derive the Born rule, but in doing so 

have put it in as an assumption.  

(9) 
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The arguments Dawid and Thébault use can be properly formalised, as they show in 

their paper. Here are the key premises leading to the conclusions of the two incoherence claims 

[using language from Dawid and Thébault (p.1570-1571)]: 

Circularity: Decoherence requires the assumption of the Born rule with respect to a full 

probabilistic understanding of the wavefunction (from Zurek) 

P1: Decoherence must be assumed to understand how an agent makes decisions within 

the branching structure of EQM 

P2: The decision theory approach of EQM requires the “agential perspective” before 

deriving the Born rule 

P3: Decision theory only derives a weak Born rule rather than the general form 

P4: The decision theory approach assumes it is the only method for obtaining the Born 

rule within EQM 

There is a possible answer to the circularity charge, whereby Everettians can accept the 

circularity but claim consistency. And Dawid and Thébault acknowledge this. But they argue 

that the circularity charge is only the basis for the wider issues within EQM. The first problem of 

incoherence extends from circularity and the above premises. In particular, as in premise 3, 

Dawid and Thébault demonstrate that the form of the Born rule recovered within the DW 

decision theory approach is a weaker version of the form used within decoherence theory. This 

is problematic as part of the decision theory program includes the assumption that the only way 

to get probability is via the DW method, i.e. premise 4. Thus, Dawid and Thébault present their 

first claim of incoherence following the four premises: 

Incoherence 1: “The proponent of the [DW] scheme must simultaneously assume: (i) 

that the Born rule provides a probability measure valid with respect to the entire wave 

function in order to appeal to the decoherence effects necessary to establish the 

Everettian ontology; and (ii) that there is no probability measure available whose 

viability extends beyond semi-classical branches which contain (or potentially contain) 

agents” (p.1571) 

An Everettian cannot assume there is a general format of the Born rule over and above 

that used in decision theory as that directly undermines a key part of the decision-theoretic 

approach. This first problem showing incoherence will be discussed more below, but it seems 

that while very problematic for the DW framework and the use of decision theory, it is not tied 

to the broader Everettian approach. Thus, dropping decision theory can solve this problem. 
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There is a second, and more serious, charge of incoherence. The circularity problem 

established that to assume the off-diagonal terms can be neglected, the Born rule must be 

invoked such that then using decoherence to help derive the Born rule is circular. Wallace’s 

response to this is to try and show that the off-diagonal terms and the Born weightings can be 

interpreted without reference to probability. In an interlude discussion with a ‘sceptic’, Wallace 

(2012a, p.254) states that “Lots of dynamical features of the theory [make perturbations that 

are small in Hilbert-space norm ‘slight’]…Ultimately, the Hilbert-space norm is just a natural 

measure of state perturbations in Hilbert space, and that naturalness follows from 

considerations of the microphysical dynamics, independent of higher-level issues of 

probability”. Dawid and Thébault question the interpretation of what Wallace says. They argue 

that Wallace seems to want to connect the dynamical features to empirical structure, but surely 

this still relies on the Born rule. Or if it does not, then Wallace needs to supply a new method of 

relating these features to empirical data without the Born rule. They do acknowledge that 

Wallace could decide to neglect the small contributions of the off-diagonal terms without 

referring to empirical changes, but they worry this violates key practices of science.  

The problem continues because while the off-diagonal terms have a small Born-

weighting, so do branches with very unlikely measurement runs (such as the classical 

equivalent of tossing 1000 heads in a row with a fair coin). These types of branches are not 

ignored by Everettians and play a role in how a rational agent should order her preferences 

within the decision-theoretic model. Thus, the second claim of incoherence becomes: 

Incoherence 2: “In (effectively) eliminating off diagonal elements due to their low Born 

weight the Everettian must either also (effectively) eliminate similarly low weighted 

distinct states and thus subvert their own position or simply apply a principle of 

ontological prejudice, such that coherence effects are eliminated simply on the grounds 

of being coherence effects, irrespective of their Born weighting.” (p.1571) 

Taking the problem of circularity along with the two charges of incoherence, Dawid and 

Thébault conclude that EQM with the DW method is “conceptually incoherent” (p.1578). The 

approach relies on decoherence arguments which include probabilistic concepts that conflict 

with the approaches own understanding of probability. So, what is the Everettian to do? 

 

5.3.2 Consequences for Everettians 

There are various responses that Everettians can make to the arguments above. Further, many 

of the problems only apply for the decision theory approach to EQM. Even if decoherence does 
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undermine this way of solving the probability problem, this does not mean the end of EQM as a 

whole.  

 

5.3.2.1 Arguing for Consistency 

As briefly noted, a response to the circularity problem is to state that this is not a problem as it 

just shows that the theory is consistent. While EQM might somehow employ the Born rule when 

defining branches, if these branches later lead to the derivation of the Born rule, then this shows 

a consistent approach. Consistency, and in some ways more importantly inconsistency, have 

been discussed widely in philosophy of science (Bueno and Vickers, 2014; Meheus, 2002). There 

are many papers arguing that well known theories (e.g. classical electrodynamics) might be 

inconsistent, or that inconsistencies are not actually bad for science [see the special issue of 

Synthese 191, 13 (2014) for detailed discussion of this topic]. In fact, orthodox quantum 

mechanics is often argued to be inconsistent. All of this suggests that EQM being merely 

consistent still puts it at an advantage over other accepted and used theories.  

Within quantum theory, the measurement problem has made it difficult to find fully 

consistent theories. Thus, theories like the orthodox or even Copenhagen view are still used and 

described in textbooks today, though they are not consistent approaches. Therefore, in the 

specific context of quantum theories, being consistent is an important achievement. The fact 

that EQM is merely consistent still places it above many other attempts to understand quantum 

mechanics. Even against other realist interpretations, EQM is applicable to wide ranging 

quantum physics (see chapter 1). Because the measurement problem is so often ignored within 

physics, theories that can solve it have not always been given the credit they deserve in this 

capacity. EQM, while involving radical ontological elements, can very nicely solve, or dissolve it 

(Wallace, 2012a). Therefore, that it is a consistent approach should be a great advantage. 

Even if consistency does not weaken the overall Everettian stance, it still becomes 

untenable due to Dawid and Thébault’s first incoherence claim. The decision-theoretic approach 

advocated by Wallace and others leads to a weakened form of the Born rule. Therefore, the 

theory cannot be consistent if it has different forms of the rule used at varying instances. 

Further, as discussed above, the decision theory method does not allow for alternate probability 

rules over and above the one it derives and therefore a general Born rule cannot be assumed to 

apply outside quasi-classical branches (Dawid and Thébault, 2015). This is why Dawid and 

Thébault claim the approach is incoherent, and their argument shows that any claim of 

consistency fails.  
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  5.3.2.2 Decision Theory: the Problematic Solution 

In their paper, Dawid and Thébault focus specifically on what they call the DWE (or Deutsch-

Wallace-Everett) approach to EQM. This is essentially OEQM, which involves decoherence to 

solve the preferred basis problem and decision theory to solve the probability problem. 

However, OEQM is only one type of EQM. While much of the focus over the last two decades has 

been on the decision-theoretic program, there are other approaches available to Everettians. It 

is important to emphasise the separability of decision theory from EQM because the first 

incoherence claim made by Dawid and Thébault is purely focused on OEQM.  

The decision theoretic approach used by Wallace and Deutsch ‘derives’ a weaker form of 

the Born rule since it is specific to quasi-classical branches. This leads to a concern that the 

theory is incoherent since it is the general version that is utilised in decoherence theory. 

Further, the decision theory program explicitly assumes that the only way for there to be 

probability is via decision theory, and therefore no other type of probability rule can be 

justified. This is a serious problem that OEQM faces, and it undermines the entire program. 

However, this is not the only complaint with the decision-theoretic approach. In chapter 4, I 

pointed out the many problems with specific axioms and the overall method. The incoherence 

claim made by Dawid and Thébault is just another nail in the coffin for OEQM and it is time to 

look elsewhere. But how far does removing decision theory help in responding to worries over 

circularity or incoherence? 

The first incoherence claim is completely dissolved by moving away from OEQM. 

Although, any alternative approach to recovering the Born rule would have to give the general 

form or at least allow for multiple explanations of probability to continue to avoid the claim. The 

charge of circularity still somewhat remains even without decision theory if decoherence is still 

used to define branches, and branches are used in getting probability. However, how far this 

claim goes depends on exactly how probability is recovered. If the approach does not rely on a 

specific definition of branches, then it might not require decoherence. But even if it did, an 

Everettian would be at liberty to return to the consistency argument for this problem. 

The bigger problem is the second incoherence claim and how to solve the preferred 

basis problem. The first part of this claim shows a partial link with decision theory. Dawid and 

Thébault argue that neglecting low Born-weightings to ignore coherence effects should also lead 

to other low Born-weighted worlds to be ignored. However, this is not done and comes into 

conflict with how rational agents order their preferences within the decision-theoretic 

approach. Clearly, if decision theory is abandoned this worry goes away. There is no longer a 

focus on rational action and preference ordering, so this part of the second incoherence claim is 

removed. However, even other strategies generally do not ignore very ‘small’ branches despite 
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neglecting the off-diagonal terms. While this does not lead to an incoherent rationality claim, it 

does still show an inconsistent approach to the concept of low Born-weighted branches. It might 

be that using a principle of ontological prejudice, as mentioned by Dawid and Thébault, is okay. 

There is more acceptance of having additional axioms outside of OEQM anyway, and in fact 

chapter 4 shows this is the only option available to Everettians moving forward. 

However, there is still a problem here that relates to the wider circularity issue. If it 

turns out that a solution to the probability problem does not rely on decoherence, but a solution 

to the preferred basis one does, there is a question of which problem is more primitive. In 

general, both seem separate in that neither is a consequence of the other. However, if to solve 

the preferred basis problem a prior solution is needed to the probability problem, this suggest 

that the latter is more fundamental. Ultimately, if an Everettian wishes to use decoherence 

theory to define the branching structure, the issue of circularity and the second incoherence 

claim remain. 

Decision theory and the wider OEQM program does seem incoherent following the 

problems outlined above. Previous objections relating to axioms or subjective probability have 

not had the same weight in undermining the decision-theoretic program. But with the addition 

of these serious incoherence claims, it should be clear to any Everettian that the only way 

forward is without decision theory.13   

 

  5.3.2.3 Beyond Decision Theory  

The conclusion of chapter 4 is that focusing solely on probability, Vaidman’s and Zurek’s 

methods were the best options for a solution to the probability problem. If the focus is on 

recovering the Born rule, Vaidman’s approach is simpler and thus perhaps preferable. However, 

Dawid and Thébault’s paper shows that it is not possible to consider the probability problem as 

isolated from issues of decoherence and branching. Therefore, the applicability of these 

methods to probability depends on whether they succumb to further circularity or incoherence 

claims.  

Starting with Vaidman (1998, 2020), through defining how an agent can be uncertain 

about where she is in the branching structure, he recovers the Born rule using a simple 

 
13 It is worth noting that Wallace’s EQM stretches beyond OEQM involving his wider philosophy of science and 

functionalist strategy. This is not elaborated on here as the focus is on EQM’s ability to solve the probability 

problem and the status of decision theory. Since the latter is shown to be very problematic this stands 

separate to Wallace’s wider motivations and is still an issue that needs to be addressed. 
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symmetry argument along with two physical axioms. In this way, Vaidman does not rely on 

decoherence to recover probability, but his method does need a definition of branches. 

Vaidman’s answer to the preferred basis problem is less detailed than his probability approach, 

but in short, he does not outrightly use decoherence (Vaidman, 1998). Instead, he advocates for 

a radical stance where worlds are subjectively defined and a measure of existence (which 

corresponds to a Born-weighting) is an objective feature of the theory. This very subjective 

approach to worlds has many problems, and it does not seem to be an advantageous route for 

Everettians to follow. However, Vaidman does show us a way of approaching Everettian 

probability without obvious use of decoherence and decision theory, while maintaining familiar 

concepts like uncertainty. Refocusing on the three objections outlined above, Vaidman’s 

approach does not contain the problems associated with decision theory in incoherence claim 1. 

He offers a novel way to define worlds that does not explicitly use the Born rule and thus seems 

to avoid both the circularity charge and incoherence claim 2. However, as stated, the definition 

of worlds is controversial, and it might be that Vaidman does need to rely on decoherence or 

maybe Zurek’s envariance to explain a preferred basis. 

Zurek (2005) advocates for a very different approach from many other Everettians and 

he explicitly acknowledges the issues of circularity. Thus, his approach makes a point to avoid 

many of the problems pointed out by Dawid and Thébault. While this is closely tied with work 

on decoherence theory, some of which was pioneered by Zurek, he recognises the issue of 

circularity when using decoherence to derive probabilities. Thus, while he uses similar ideas to 

those involved in decoherence, he explicitly avoids all use of the trace or reduced density 

matrix. His proof apparently solves the probability problem for EQM without reference to 

decoherence and therefore avoids circularity and the incoherence claims made by Dawid and 

Thébault.  

Zurek (2005) introduces the existential interpretation by asking how we can analyse an 

observer’s memories. Since persons also branch, their memories would contain multiple results 

to experiments. However, in the existential interpretation, an observer will perceive her 

memory in one of the pointer states. This allows for consistencies in records between different 

observers since pointer states are robust over time. Once an observer’s memory is linked with 

one specific result, she loses the ability to learn about global observables that could give 

information on the universal coherent state. Unlike in classical situations, future predictions can 

be made from current complete global understanding. In these cases, since the memory states of 

an observer are also physical quantum states, they are synonymous with the observer herself, 

i.e. “what the observer knows is inseparable from what the observer is” (Zurek, 2005, p.10). 

Since the existential interpretation helps recover the effects of decoherence (as well as the Born 
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rule), it can explain the emergence of classicality that has become closely tied with decoherence 

theory (Zurek, 1998).  

Quantum Darwinism deals directly with the emergence of classicality and the nature of 

the preferred states. Thus, it is closely tied with einselection and Zurek’s overall approach. 

Einselection helps explain how certain pointer states are picked from the vast number of 

potential states, and these help form the pointer or preferred basis (Zurek, 2005). This comes 

about from a system interacting with the environment such that the information from the 

system is ‘recorded’ in the pointer states. Therefore, this leads to the idea of the ‘Environment as 

witness’ (Ollivier, Poulin and Zurek, 2004). It is through our interaction with the environment 

that we learn more about the information of the system. Since any direct observation of the 

system would disturb it, indirectly measuring it through the environment can provide 

information without distorting it (Zurek, 2010). This is possible because of many redundant 

copies of pointer states that remain to be observed. Since pointer states are stable over time, it 

is possible to learn the imprints of information about the system after a system has evolved. 

Essentially, we use records left in the environment to indirectly learn about a system (Riedel, 

Zurek and Zwolak, 2012). Zurek calls it Darwinism as it conforms to the normal pattern of 

natural selection. Here, reproduction is through the many copies of pointer states that are made. 

These pointer states evolve in a set manner such that later states inherit from previous states. 

The robust nature of certain local states mean they are selected above others by the 

environment. Thus, there are steps that align with reproduction, inheritance and selection 

(Zurek, 2003a). Zurek does point out that there is no analogy with variation since pointer states 

do not mutate in the way that biological cells do. Quantum Darwinism, together with the 

envariance derivation of the Born rule, makes up the existential interpretation that Zurek 

proposes. 

While Zurek’s approach might appear to be the saving grace of EQM, it still faces some 

problems. I outlined specific objections to the envariance approach in chapter 4, but there are 

also potential problems with the wider formalism. Sánchez-Cañizores (2018) argues that Zurek 

relies on the concept of predictability when solving the preferred basis problem. This, he claims, 

relates to epistemic knowledge and how reality is observed by us. Thus, Zurek “cannot account, 

a posteriori, for our subjectively observed preferred basis without assuming, a priori, our 

subjectively observed preferred basis” (Sánchez-Cañizores, 2018, p.281). This critique has 

echoes of Fine and Schlosshauer claiming probability must be put in to get it out. But it also 

seems to change the role that Zurek’s proof can play. Wallace (2012a) sees it as more pragmatic 

than fundamental and Sánchez-Cañizores states that by appealing to predictability, Zurek has 
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put forward an epistemic argument. Sánchez-Cañizores claims that the existential interpretation 

leads to defining a separate classical domain à la Copenhagen interpretation. 

Fields (2013) focuses on the theory of Ollivier-Poulin-Zurek that leads to the concept of the 

environment as a witness. To avoid circularity by appealing to decoherence, Zurek solves the 

preferred basis problem by using envariant symmetry and a continually monitoring 

environment (Zurek, 2005). The probability that Zurek claims to get out is based on analysing 

objective properties in the sense that: ‘‘A property of a physical system is objective when it is:  

1. simultaneously accessible to many observers, 

2. who are able to find out what it is without prior knowledge about the system of interest, 

and 

3. who can arrive at a consensus about it without prior agreement.’’ (Ollivier et al.,2004, p. 1) 

It is through this description of objectivity that Zurek can use Quantum Darwinism instead of 

traditional decoherence theory. However, Fields shows some problems with this definition. 

First, it at times contradicts what he calls decompositional equivalence (DE). This is a symmetry 

in much of physics, whereby the laws are invariant with respect to the choice of decomposition 

of the system (i.e. I can take my system to be a ball or a ball on a book and the laws will not 

change). Alongside DE, there is a common-sense realism about objects where the moon can be 

treated as an object with set boundaries. Traditionally, any sort of objectivity does include DE, 

but this might be a problem for Zurek. The result is that the environment must be a witness to 

everything and so is no longer useful in helping to pick out a basis. If we do want to try and pick 

a basis, then it must be that the environment is favouring certain system decompositions over 

others. This preference does not seem to have any physical basis and so Fields concludes that it 

is a preference defined by us. Clearly if our preferences enter the picture, objectivity does not 

hold. The main point of this objection is that the ‘environment as a witness’ argument used to 

define a preferred basis with Quantum Darwinism, requires a loss of classical objectivity. The 

problem with trying to analyse an objection like Field’s or Sánchez-Cañizores’, is that there is a 

reliance on the classical definition of concepts such as observation, predictability and 

objectivity. While certain notions will remain in the quantum realm, it is so different from the 

classical world, especially when looking at EQM. This makes it hard to both maintain a common-

sense description of e.g. objectivity and argue for how our common-sense knowledge must 

evolve.  

Despite the objections mentioned, Zurek’s approach removes the problems Dawid and 

Thébault see for an Everettian theory. Zurek does not use decoherence at all and so there cannot 

be any question of circularity or even incoherence.  This does not mean the issue is closed and 
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EQM should blindly adopt envariance. There are still unanswered questions about Zurek’s 

methods and how justified his axioms are. If any of these concerns turn out to be valid then 

Everettians will retain some issue of circularity.  

 

5.3.2.4 Beyond the Born Rule 

At the centre of the circularity or incoherence concerns is that decoherence theory relies on the 

Born rule. If this is true, it calls into question whether Everettians facing a probability problem 

can utilise decoherence at all. However, there is a wide range of probabilistic concepts in 

quantum mechanics separate from the Born rule such as expectation values and uncertainty 

relations as discussed in chapter 6. Here, the concern is that Dawid and Thébault are focusing 

on the wrong aspect of decoherence theory. They look at how an Everettian (or really any 

physicist) can argue that the small interference terms are negligible and claim that this requires 

the use of the Born rule. But, prior to this step in the theory, decoherence relies on the use of the 

density matrix. By many definitions, the density matrix describes the statistical state of a pure 

or mixed quantum system (Schlosshauer, 2019).  

In decoherence theory, the density matrix is used as a way of representing the quantum 

system both before and after it becomes entangled with the environment. This notation is 

especially useful because a density matrix is easily devised for both pure and mixed states. The 

subsystems of the entangled state (such as the isolated quantum system being investigated) can 

be further described by a reduced density matrix, which involves taking the partial trace.  Since 

decoherence theory relies on the use of density matrices, it is sometimes defined as a 

probabilistic concept (Anastopoulos, 2000; Bacciagaluppi, 2020). Therefore, neglecting off-

diagonal terms using the Born rule is beside the point if the density matrix itself involves 

probability. And in fact, previous claims of circularity within EQM have identified this as the 

issue (Zurek, 2005). 

While this seemingly makes the problem for Everettians worse, there could be a way 

out. The probability problem in EQM is focused on recovering the Born rule (Wallace, 2012a). If 

the probabilistic concepts in decoherence theory are more general than the Born rule, there is 

no longer a strict circularity. Yes, Everettians still have probability as an input when deriving 

this (although again this depends on the method used), but it is not the exact form that is then 

taken as an output. Further, there is a general belief that it is not possible to derive probability 

without essentially putting it in as a premise (Fine and Schlosshauer, 2005). Decoherence 

theory might offer the means to naturally introduce probabilistic concepts without explicitly 
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requiring the Born rule. Therefore, while probability is not completely derived within EQM, the 

interpretation is still able to avoid problems of circularity. 

There is still the question of how effectively to neglect the off-diagonal terms (once the 

density matrix is formed). Dawid and Thébault maintain that this cannot be done without 

referring to the Born rule. Objections to this claim focus on how different metrics within physics 

can be linked to physical processes without using empirical bases. For example, Araújo (2019) 

argues this is common practice in science and Wallace (2012a) also uses this reasoning. This is 

not a detailed description of how to avoid using the Born rule, but intuitively it does seem 

possible to recognise that the off-diagonal terms are ‘overpowered’ by the diagonal terms. Some 

have agreed with Dawid and Thébault that since in EQM different terms are meant to represent 

worlds, even very small ones surely have an effect. This is an issue of interest for EQM, but it is 

not an incoherence claim that completely undercuts the approach.  

Franklin (preprint) offers an alternative approach to decoherence, side stepping 

probability that might be the solution for Everettians. He directly engages with Dawid and 

Thébault (2015) and argues against their assumption (Z in the paper) that decoherence effects 

need an understanding of the Born rule to be understood when leading to neglecting relatively 

small measures. However, Franklin offers evidence that we can empirically observe 

decoherence effects without reference to probabilities. For this, he refers to the case of 

Hyperion again, where observations of its orbit presume that decoherence has occurred, and yet 

are not reliant on the use of the Born rule. In this, Franklin is not only pushing us to look beyond 

the Born rule but also to evidence for quantum theory that is not definitively probabilistic. It 

might seem that this jump is unmotivated physically, but Franklin draws on ideas of emergence 

in other areas of physics to justify this understanding of branching. Further, even claims of 

decoherence involving averaging can be assuaged by noting how ignoring small amplitudes is 

dynamically driven. And he ties this into wider philosophical work on triangulation of empirical 

understanding and also empirical robustness (e.g. Evans and Thébault, 2020). The next chapter 

explores confirmation of quantum theory without the Born rule, and when viewing the entire 

framework, it is clear that the Born rule is not all there is to probability in quantum physics. 

Returning to the issue of branches, Franklin motivates his Everettian worlds using his sense of 

emergence, and this allows Everettians to use decoherence without any circularity from the 

quantitative problem.  

Before moving on, it is worth returning to the issue of probability within decoherence 

and the use of the density matrix. Decoherence is a complicated subject. It involves both a 

physical process and a complex mathematical theory as outlined above. The theory is used as an 

effective way of modelling the physical effect, but it (obviously) is a model. Therefore, while 
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density matrices invoking probability are used in the model, this does not necessarily mean the 

actual process is probabilistic. This is a tricky argument to pursue as part of a realist 

interpretation (such as EQM) involves identifying objects in a mathematical model with objects 

in the real world. Thus, it is hard to separate the two here. There is also a problem extending the 

use to EQM since density matrices are nearly always defined within orthodox quantum 

mechanics. This is not unique to the density matrix, since the orthodox view came first, and 

therefore many basic quantum concepts are defined based on the core postulates that involve 

measurement. And while there is no clear way to redefine many of these concepts within EQM, 

it is worth noting that notions such as the density matrix are explicitly linked to orthodox views 

of probability (Arve, 2020). In fact, the density matrix can sometimes be described as giving 

classical probabilities alongside quantum ones, where the latter are represented by the 

interference terms (Schlosshauer, 2019).  

Overall, it is unclear whether decoherence can be modelled without any use of 

probabilistic ideas. However, these ideas are introduced in a more general sense than the Born 

rule and there are potentially wider metaphysical claims of emergence that help motivate the 

formalism without the need for probability. This acts to reduce the significance of the claims 

made by Dawid and Thébault. Everettians must acknowledge that probability enters 

decoherence theory, but this does not directly contradict any recovery of the Born rule. Further, 

there are possible arguments that can be explored by Everettians to help their case. 

Understanding exactly how density matrices are utilised, whether they are merely useful 

models or the only possibility and exploring how entrenched basic quantum mechanics is in 

orthodox views could lead to novel Everettian versions of decoherence.  

More broadly, the role of probability in quantum physics requires more attention, 

especially by those claiming to derive it from nothing. And if a derivation is possible along the 

lines of Zurek’s view, then it is important to connect it to the wide range of probabilistic 

concepts in quantum theory, which are the subject of the next chapter. 
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Chapter 6 
 

 

Quantum Probability 

 

 

 

 

 

6.1 Introduction 
 

The last few chapters focus on whether EQM can recover the notion of probability, and in 

particular the Born rule. Probability is seen as a central pillar of quantum physics for several 

reasons. One is that probability is seen as ineliminable from the axioms of the theory and that it 

is different from probability in classical physics. Statistical mechanics is the standard 

comparison. The common understanding of statistical mechanics though is that the 

probabilities are not fundamental and that they are epistemic. This is not universally agreed, 

and it is not important here, but the consensus is that the way probabilities enter quantum 

theory is at a more basic level. Even those that maintain that quantum mechanics is 

deterministic must take on the burden of explaining the probabilistic predictions from the 

theory. 

When recovering and discussing probability in quantum physics, most focus on the Born 

rule from quantum mechanics, and this has been clear in the different approaches to Everettian 

probability. There is good reason for this as the Born rule encapsulates a big part of the 
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probabilities involved in quantum mechanics and is often explicitly formulated in terms of 

measurement. However, there is more to quantum probability than the Born rule, and these 

other aspects are often side-lined. Based on this it is important to make the distinction between 

quantum physics and quantum mechanics. While often in the literature, the latter term is used 

to convey a wide range of concepts, here it is defined as the non-relativistic N-particle approach, 

outlined in chapter 1. Historically, quantum mechanics was invented in the mid-1920s, but 

quantum physics has earlier roots. For example, the discovery of radioactive decay, the Einstein-

Planck relation and Bohr’s atom all come before quantum mechanics. Further, lots of work after 

the 1920s falls more under the heading quantum field theory (QFT) or a relativistic approach. It 

is especially important to make this difference clear when discussing probability because the 

common definition of the Born rule is specific to quantum mechanics.  

 

6.2 The Born Rule 
 

The standard presentation of quantum mechanics is in terms of (normally) five postulates, 

including a probability postulate stating the Born rule. For example, Timpson (2013, p.249) 

defines a general form of the Born rule where the probability p(i) of a measuring outcome i is: 

𝑝(𝑖) = 𝑇𝑟(𝜌𝐸𝑖) 

-where Tr, or the trace, of a matrix is the sum of its diagonal elements; 𝜌 is the density 

operator, which will assign numbers to the operators 𝐸𝑖   

And other examples, without using density matrices, also refer to measurement. Friebe 

(2018) takes the wavefunction for a system as |Ψ⟩ = ∑ 𝑐𝑖|Ψ𝑖⟩𝑖  and from this defines the Born 

rule such that (p.42): 

“In the state |Ψ⟩, the probability of obtaining the outcome 𝜆𝑖 in a measurement of �̂� is 

given by  𝑃𝑟𝑜𝑏|Ψ⟩
�̂� = |⟨Ψ𝑖|Ψ⟩|2 = |𝑐𝑖|2” 

It is worth briefly mentioning the link between the Born rule and Gleason’s theorem. Gleason’s 

theorem (1957) roughly states that on Hilbert spaces with three or more dimensions 

probability measures take of the form of density matrices. Often this is heralded as a derivation 

of the Born rule if non-contextuality is assumed (Earman, 2022). However, Gleason’s theorem is 

much more general as while it states that the probability measure can be found using the trace, 

it does not specify which measure corresponds to a system’s outcomes. This has led to 

statements that Gleason’s theorem provides no physical understanding of quantum probability 

(1) 
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(such as in Zurek, 2005). Nevertheless, Gleason’s theorem provides evidence that the Born rule 

follows nicely from the algebraic structure of the theory and that mathematically quantum 

mechanics is closely interlinked, which is very important for quantum logic and operationalist 

approaches (Fuchs, 2011). Here, the focus remains on the Born rule since that is the rule linked 

to interpretations. 

The Born rule is extremely successful in quantum mechanics in predicting measurement 

outcomes and providing a way to empirically test the theory. However, this has led many to 

overemphasise its role, placing it as the only way to empirically confirm quantum mechanics. 

This is in part due to how ‘quantum mechanics’ is defined. Often the focus is on an axiomatic 

structure or quantum recipe including the probability postulate (Maudlin, 2019). This structure 

is synonymous with how quantum mechanics is taught, discussed in textbooks and presented in 

the philosophy of physics. But this very abstract description of quantum mechanics (owing 

partly to how it was historically developed) has led to claims that the theory does not give us 

any description of the world (Lewis, 2016). The Born rule suffers from interpretative problems 

since it directly refers to measurement without defining what ‘measurement’ is. This has led 

philosophers to question whether there is any empirical content to quantum mechanics 

separate to the Born rule and measurement. But there is more to quantum physics than the 

Born rule. Quantum mechanics only emerged with the work of Heisenberg, Born and Jordan in 

the mid-1920s, but quantum physics and its phenomena were studied and understood since the 

turn of the century.  

 

6.2.1 History of the Born Rule 

Before Born’s 1926 papers, statistics in quantum theory were linked to transition probabilities. 

Explicitly defined by Einstein (1917), these probabilities described the chance of emission or 

absorption of radiation in atoms, without any mention of measurement. In fact, despite 

Einstein’s long-standing unhappiness with the statistical nature of quantum mechanics, he is 

often credited as first introducing probability (Pais, 1986). His work on radiation is cited in 

many later articles dealing with probability and he also helped develop the Bose-Einstein 

statistics. In Heisenberg’s 1927 paper first outlining the uncertainty relations, he credits 

Einstein with the first statistical interpretation of de Broglie waves. In the 1917 paper, Einstein 

defines probabilities of energy states as well as the transition probabilities between states. He 

seems to take inspiration from both statistical mechanics and radioactive emission (von Plato, 

1994). However, even in 1917, before the extent of probability in quantum theory was known, 

Einstein was uneasy with it. He thinks that one of the weaknesses of his theory on quantum 
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radiation is that “it leaves the time and direction of the elementary processes to chance.” 

(Einstein, 1917 [1967, p.76]).  

In the key papers of 1925, outlining the new matrix mechanics, Heisenberg, Born and 

Jordan all examine transition probabilities (Heisenberg, 1925; Born and Jordan, 1925; Born, 

Heisenberg and Jordan, 1925). These transition probabilities were defined as the absolute 

squares of the ‘transition amplitudes’, an idea that was heavily influenced by Einstein’s work. 

When Einstein defined his transition probabilities, he did so by having them be the mod square 

(van der Waerden, 1967). Therefore, when Born and Heisenberg both came across a similar 

relationship, they also made a link to probability. Another influence came from work by 

Kramers, both in conjunction with Bohr and with Heisenberg. It was Kramers (1924a, b) who 

extended Einstein’s work on transitions using Fourier analysis and also defined a rate of 

emission based on transition amplitudes (Darrigol, 1992). Heisenberg and Kramers (1925) 

generalised this approach, defining purely quantum transition amplitudes. The method has very 

close ties with matrix mechanics and so almost definitely influenced Heisenberg’s subsequent 

work. Heisenberg (1925) defined his matrix mechanics transition amplitudes as a quantum 

analogy to the Fourier coefficients (based on Kramers), but in quantum mechanics, based on the 

coordinates q and momenta. While it is clear to us now how this could become the Born rule, 

this was as far as the statistical approach went.  

Schrödinger’s series of papers in 1926 (1926a-f) introduced wave mechanics and then 

showed that it is mathematically equivalent to the new matrix mechanics.14 However, since his 

focus was on returning quantum theory to a more classical form, he does not focus on transition 

probabilities but instead on his new wave equation. Moreover, Schrödinger (1926c) argues that 

wave mechanics is superior to matrix mechanics in comparing macro and micro dynamics 

because it does not focus on transition probabilities and energy levels. Schrödinger concentrates 

on ψ, which he defines as the mechanical field scalar (Schrödinger, 1926e). He also states that 

𝜓�̅� represents the electrical density as a function of space and time (Schrödinger, 1926f). 

Originally, Schrödinger hoped that ψ itself would have a physical reality, but in his final paper 

outlining wave mechanics, he acknowledges that this is impossible since it is a function in 

configuration space rather than real space. This is why he instead focuses on electrical density. 

Schrödinger (1926f) sees 𝜓�̅� as a kind of weight function in configuration space that is linked to 

the electric-space density. This interpretation of 𝜓�̅� is interesting because it shows that others 

 
14 Current analysis of Schrödinger’s papers suggests that in 1926, wave and matrix mechanics were not 

mathematically equivalent, despite the consensus at the time- see Müller 1997a and b for more details. 

Empirical equivalence was also discussed by Schrödinger, but he concluded this did not exist in 1926. 
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besides Born were noticing the importance of the function, where the quantum state is a scalar 

field but with complex numbers. The paper where Schrödinger outlines 𝜓�̅� in detail, was 

published after Born’s first paper and shows how Schrödinger is hoping to reinterpret the 

probability Born sees into a more classical concept. 

In Born’s Nobel Prize speech (1954), he gives a historical description of quantum 

mechanics and how it led him to the Born rule. He emphasises that the Born rule “was not a 

discovery of a new phenomenon but the basis for a new mode of thought in regard to natural 

phenomena” (Born, 1954, p.256). He sees the main parts of quantum physics pre-1920 being 

Planck’s equation, Einstein’s work on light quanta and spectral lines, and Bohr’s atom. He 

acknowledges that in the early 1920s, quantum physics was not changing and came down to 

“the art of guessing correct formulae, which deviate from the classical formulae, yet contain 

them as a limiting case according to the correspondence principle…” (p.258). It was actually 

Born who introduced the term quantum mechanics in the title of one of his papers. The work on 

matrix mechanics, started by Heisenberg in 1925, Born felt was key for the new developments 

in quantum theory. However, he was able to eventually get to the Born rule because of 

Schrödinger’s wave mechanics. He also says he was inspired by Einstein’s move on the duality of 

photons and waves to interpret the square amplitude of an optical wave as a probability 

density. Using this idea and wave mechanics, he asserted the same thing for the wavefunction 

using collision processes to demonstrate this.  

Born’s paper (1926a) introducing what became known as the ‘statistical interpretation’ 

of quantum mechanics investigates collisions using wave mechanics. Interestingly, in the 

introduction, Born states that the quantum formalism up to this point has been “well validated”. 

This suggests there was some form of confirmation of quantum mechanics prior to the 

introduction of the Born rule. Born investigates the elastic scattering of electrons, coming from 

infinity from an atom. In a footnote he acknowledges that “more careful consideration shows 

that the probability is proportional to the square of the quantity”, whereas in the main text it is 

merely the quantity itself, rather than its square. Thus, as Pais (1986, p.257) puts it, a “great 

novelty of physics enters by way of a footnote”. Born’s second paper on the subject, published a 

month later is much more detailed. The important contribution Born made to quantum 

probability in these two papers, is that he no longer attributed probability to a transition. 

Instead, he introduced the concept of the probability of a state (essentially ψ), which was a new 

idea in quantum physics (Pais, 1986). Born also uses the more general formulation, in his 

second paper, that is commonly seen today. He begins with the wave equation and states that an 

arbitrary function ψ(q) may be expanded: 
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𝜓(𝑞) = ∑ 𝑐𝑛𝜓𝑛(𝑞)

𝑛

 

 -where ψn represents the eigenfunctions 

He states that |𝑐𝑛|2 represents the frequency (or probability) of state n occurring, a 

statement that could be found in any physics textbook. This result was important as it was a 

general form of the rule and was not just specific to position, as in Born’s first paper. Born 

(1926b) places this view as a third interpretation of quantum mechanics, where the other two 

are matrix and wave mechanics. For Born, the proponents of matrix mechanics (meaning 

Heisenberg and Jordan) do not think that exact descriptions are possible, showing that there is 

already a push for pure quantum indeterminism in 1926. Schrödinger’s wave mechanics places 

too much emphasis on the wave properties being similar to light for Born, and so is not 

satisfactory (1926b). Therefore, Born’s own view stands apart. He states that his aim is to use a 

wave field described by wave mechanics alongside light quanta that are more closely associated 

with matrix mechanics. Born recognises that his approach does not follow directly from either 

theory. While he uses Schrödinger’s wave formulation, he has a different physical 

interpretation. Heisenberg’s matrix mechanics on the other hand, is much more radical relying 

on new maths and purely focusing on observable phenomena (Heisenberg, 1925). In Born’s 

second paper he does not reference Einstein’s 1917 radiation paper as his influence, as he does 

in his Nobel prize speech. Instead, he references a comment supposedly made by Einstein 

(although no reference is given) about the relationship between the wave field and light quanta. 

Born states that Einstein had been thinking that the waves may be guiding the light quanta in 

the sense of a ‘ghost field’ (Gespensterfeld) (Born, 1926b; Pais, 1986).  

Einstein did not publish work about his idea of a ghost field, but Stachel (1986) thinks it 

might have been a well-known thought of his. In Heisenberg’s 1927 paper, in a footnote he 

acknowledges the influence from (among other things) “…Einstein’s discussion of the 

connection between the wave field and light quantum” (p.173). The only place Einstein seems to 

refer directly to the ghost field is in a letter to Ehrenfest from 11th January 1922 (Buchwald et 

al., 2012, letter 13). However, Stachel (1986) also quotes a letter from Born to Einstein (that is 

not included in the Born-Einstein Letters) supposedly from November 1926. In the letter, Born 

thanks Einstein and says he is happy with his work “since my idea to conceive of the 

Schrödinger wave field as a ghost field in your sense, is constantly proving to be better” (Stachel, 

1986, p.366). While Born got there first in publishing, others seemed to be on similar tracks 

(Pais, 1986). Pais further shows this by arguing that Born’s contribution was not seen as 

significant at the time.  

(2) 
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But even if Born was not always adequately referenced, he was quickly accepted. Born 

(1954) thought that Heisenberg’s uncertainty principle reinforced the statistical interpretation 

and allowed it to be accepted. In the paper, Heisenberg (1927) does acknowledge Born’s work 

as fundamental to probability, but he also states in the abstract that his uncertainty relations 

were “the intrinsic reason for the occurrence of statistical relations in quantum mechanics” 

(p.176). While this is overstepping, the uncertainty relations helped further the cause of the 

probabilistic interpretation. Heisenberg did approach probability differently from Born, 

following work by Dirac and Jordan. Instead of using wave mechanics, Heisenberg uses his own 

matrix mechanics, so that the probability becomes related to a transformation matrix. 

It is unsurprising that Heisenberg uses his own formulation, and the essential definition 

of probability is the same. Heisenberg (1927) does concede that one cannot assume quantum 

mechanics is a statistical theory at this point, but that experimental work seems to be heading to 

that conclusion. The paper ends by talking about causality. The theme of causality and 

determinism crops up in many of the papers from this time. Born (1926a, 1926b) states that the 

classical laws of causality are lost in this new quantum mechanics. Instead of the particles 

following causal laws, the probability amplitudes (and phases), which define the particle motion, 

follow causal laws. This is probably the first indication that quantum mechanics requires two 

very distinct dynamics (Barrett, 1999). In this context, the laws of causality are that knowledge 

of the entire state of a system at one point in time, determines exactly the states of that system 

in future times (Born, 1927). The statistical laws were widely seen to bring forward a 

fundamental indeterminism. However, as Jordan (1927) points out, there is still a deterministic 

principle in quantum mechanics, but it governs probabilities instead. During discussions on the 

change in laws for quantum mechanics, both Born (1926b) and Heisenberg (1927) allude to the 

possibility of interpreting the probabilities as a lack of understanding of the fundamental 

entities, i.e. hidden variables. Heisenberg says one could be tempted to postulate a ‘real’ world 

behind the statistics but concludes: “we want to state explicitly that we believe such 

speculations to be both fruitless and pointless” (p.197). 

Von Neumann (1955) also recognises a distinct shift in quantum theory from 1925. He 

implies that pre-1925 there were still strong reasons to believe in the validity of quantum 

physics but that it was made up of a “conglomeration of essentially different, independent, 

heterogenous and partially contradictory fragments.” (p.6). The main elements Von Neumann 

thinks made up this disparate quantum physics are Bohr’s correspondence principle, the dual 

nature of light and the existence of unquantised and quantised motions. Von Neumann also 

states that the Born rule was the first and simplest example that recognised the statistical 

nature of quantum mechanics. But others helped extend the rule. It was not until Pauli’s 1926 
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paper on gas degeneration and paramagnetism, that a version for many particles was 

introduced, again in a footnote. 

The Born rule brought a different type of probabilistic thinking into quantum mechanics 

by focusing on the probability of a state rather than merely transitions. However, it also seems 

to play another vital role in being presented as a third interpretation, separate from both wave 

and matrix mechanics (Born, 1926b). Born’s view takes inspiration from both approaches and 

uses them to determine his probability rule. While Born does use the mathematical tools of 

wave mechanics, the influence from matrix mechanics on his work is clear. Therefore, physicists 

at the time could have seen the Born rule as a coming together of two seemingly different 

theories. Thus, it seems to me that the Born rule played an important part in supporting and 

reinforcing the equivalence between wave and matrix mechanics and it is the first stand-alone 

quantum concept that is presented in terms of both matrices and wave packets.  

 

6.2.3 Interpreting the Born Rule 

The quantum measurement problem can be broken down in different ways (see chapter 1). As 

stated above, the Born rule is typically connected with the concept of measurement and so it 

appears that it should play a central role in how the measurement problem is approached.  

In 1926 when Born first proposed what became known as the statistical interpretation 

of quantum mechanics, there was no ‘quantum measurement problem’. While quantum 

mechanics had unanswered problems and there was unhappiness from physicists such as 

Einstein, Schrödinger and de Broglie, there was no unified description of how these might arise. 

However, it seems that some of the main problems of quantum mechanics can be captured in 

how the Born rule is interpreted. The measurement problem directly deals with issues 

surrounding measurement in quantum mechanics particularly surrounding the quantum-

classical transition. And, at the heart of quantum measurements, is the use of the Born rule to 

understand and predict quantum probabilities.  

 

  6.2.3.1 The Born Rule and Interpretations 

The interpretation of the Born rule at the start of quantum mechanics was not definitive. 

However, the situation is even more complex today. In many modern-day definitions, the Born 

rule is linked directly to measurement. If instead one takes the view that measurement is not 

integral to the Born rule, it becomes something like (Friebe, 2018, p.44): 

Born rule (sans measurement): |⟨𝜓𝑖|𝜓⟩|2 is the probability that Ô has the value λi 
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This assumes that the system is in a definite state before measurement and that the 

probability is representing our ignorance of this state. This leads to the assumption that 

quantum mechanics is not complete and to a hidden variable interpretation. If instead, one 

takes measurement to be a key concept of the Born rule, then there are problems that arise. In 

the 1920s, physicists did acknowledge the possibility of hidden variables, although the main 

contributors to the statistical interpretation (besides Einstein) felt these were unnecessary. 

However, there was at the time, a general agreement that the probability did not represent our 

ignorance, and that the probability is a fundamental physical entity. Instead, the leaders in the 

Copenhagen movement seemed to lean towards a more operational approach.  

The Born rule can be used to distinguish between different interpretations. If it 

represents ignorance, we have a hidden variable theory or QBism. If instead, it is merely a tool 

for experimental use, we have the instrumentalist version Copenhagen interpretation. The two 

other broad types of approaches to quantum mechanics are EQM and collapse theories. Physical 

collapse theories use a modified version of quantum mechanics from the conventional or 

minimal approach (Friebe, 2018). This includes removing the reliance on measurement and so 

also on the original Born rule. Instead, different probability information is obtained from 

parameters about how different particle numbers collapse over time (Friebe, 2018). Thus, 

collapse theories have definite testable components, which could lead to a violation of the Born 

rule. For EQM, the Born rule is central to the quantitative problem, which is discussed in detail 

in chapter 4.  

Orthodoxy and the Copenhagen interpretation are the starting point for most 

understanding of the Born rule. A key part of both approaches is that the Born rule is taken as a 

fundamental axiom and so is assumed from the start. In general, it is not easy to define the type 

of probability used. Probability is not based on any subjective probability but is also very 

different from the traditional types of objective probability. Thus, it is often seen as a completely 

new type with no classical equivalent (Landsman, 2009). Quantum mechanics is taken as 

fundamentally indeterministic and the Born rule demonstrates this nature. The orthodox 

interpretation (and Copenhagen) faces many criticisms and is generally thought of as 

inconsistent. Therefore, even though it has a straightforward description of quantum 

probability, it is not an overall complete approach  

QBists generally take a subjective Bayesian approach to the Born rule and quantum 

probabilities, and thus, claim that quantum states are also subjective (Timpson, 2013). The Born 

rule becomes motivated by rational action, rather than a fundamental law or axiom of quantum 

mechanics. QBists also reformulate the Born rule so that it is not related to the quantum state 

but instead to credences. Therefore, the Born rule is a way of mapping subjective probabilities 
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(credences) relating to a non-physical quantum state. Putting aside other interpretational 

issues, what QBism offers is a radically different formulation of the Born rule from the norm. 

The formulation faces problems as pointed out by Bacciagaluppi (2014). He states that QBists 

have assumed that probabilities are independent of the experimental procedure, which is an 

assumption carried over from orthodox quantum mechanics. However, Bacciagaluppi argues 

that this is unjustified when the Bayesian-Born rule is taken to be a primitive assumption. It 

seems that while QBism offers a unique approach to the Born rule, it is still problematic, in part 

because of its reliance on subjective probabilities. 

Although most physicists in the 1920s acknowledged the possibility of hidden variables, 

these theories were not taken seriously at the time (the exception being de Broglie before he 

changed his views to match the orthodoxy). Bohmian mechanics is the prime example of a 

hidden variable theory, which has garnered support over the last forty years (see chapter 1). In 

Bohmian mechanics, the quantum equilibrium hypothesis plays the role of the Born rule and 

essentially has the same structure, but is a special case for Bohmian mechanics (Passon, 2018): 

𝜌 = |𝜓|2 

-where ρ is the position distribution of states, ψ is the wavefunction, and the equation 

represents a probability density 

In a similar way to QBism, the probability here is an uncertainty, rather than an 

objective quantity. Bell (1980) describes the probability associated with the approach as 

analogous to the uncertainty or epistemic probability in classical statistical mechanics. Thus, it 

represents an ignorance of the initial conditions of the system. The quantum equilibrium 

hypothesis is sometimes criticised for merely postulating the Born rule, in the same way as 

orthodox quantum mechanics (Passon, 2018). The problem is that the theory is deterministic, 

and the rule is only a special case for equilibrium. There have been attempts to ‘derive’ the Born 

rule within Bohmian mechanics, such as a dynamical relaxation approach and the ‘typicality’ 

approach (Dürr, Goldstein and Zanghὶ 1992; Valentini, 1992, 2020). However, these proofs have 

been criticised for not justifying axioms and essentially being circular for assuming statements 

that directly lead to the Born rule (Callender, 2007). This interpretation also deals with an 

epistemic or ignorance-based probability, which seems to neglect the physical nature of 

probability in quantum mechanics such as in radioactive decay. 

The ensemble interpretation is very different. Instead of completely reworking the Born 

rule or using an epistemic probability, it places the Born rule and the statistical interpretation at 

its centre, adding few other principles (Ballentine, 1970). The view has been extensively worked 

on by Ballentine who claims (along with others) that it is the theory Einstein advocated 

(3) 
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(Ballentine, 2009). In the ensemble interpretation, ψ describes the statistical properties of an 

ensemble of similar systems, rather than the description of an individual system (Ballentine, 

2008). The approach is similar to a relative frequency approach because it involves the idea of 

many repeated measurements (Ballentine, 2009). However, there are problems with the 

ensemble interpretation. By focusing on ensembles and repeated measurements, the approach 

loses the ability to assign probabilities to individual events and systems. This is one of the main 

criticisms of the relative frequency interpretation of probability. Mermin (1998) argues this is a 

big weakness of the ensemble approach. He also argues that the theory is essentially saying that 

there is a subjective ignorance involved, like that in statistical mechanics. While subjective 

probability could be linked to the ensemble approach, it is not often the case. Instead, the focus 

remains on long-run probabilities of ensembles.  

There is a distinction between the Born rule focusing on single-case probabilities and 

long-run frequencies. Landsman (2020) initially interprets the probabilities in the Born rule as 

referring to single-case probabilities but acknowledges that these are empirically tested by 

looking at frequencies. However, there is a longstanding tradition of associating the 

probabilities only with frequencies (Finkelstein, 1965; Graham, 1970). In fact, Hartle (1987) 

argues that quantum probabilities could not represent single events but only infinite ensembles. 

It is somewhat surprising that there is such an established tradition of frequencies since it is 

seen as very problematic in the philosophy of probability (Gillies, 2000; Landsman, 2009). In its 

core definition, the Born rule deals with single-case probabilities. It analyses the probabilistic 

outcomes of a single experiment rather than a prediction of repeated trends. However, the 

results do not change when carrying out practical experiments that rely on repeated 

measurements. Therefore, Landsman (2020) is correct that the Born rule probabilities are a 

crossover between single-case and long-run. Central to this discussion has been a connection 

between the Born rule and confirmation in quantum mechanics. But how central is the Born 

rule to this? In the next section, this is explored, and the question of whether quantum 

mechanics can be confirmed without the Born rule is addressed.  

 

6.2.4 Confirmation and the Born Rule 

  6.2.4.1 Confirmation with the Born Rule 

The Born rule provides the connection between the theoretical quantum formalism and 

measurements values (Harris et. al, 2016). Thus, it is often seen as being a key part of any 

empirical testing in quantum mechanics.  
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The general formulation of the Born rule is based on Von Neumann’s (1955) work, 

specifically his projection postulate. This is where observables are represented by self-adjoint 

operators in Hilbert space and an observable has an orthonormal basis of eigenvectors. Each 

measurement outcome then corresponds to one of these vectors and each eigenvector has a 

scalar factor of an eigenvalue (Holevo, 2001). This is the most basic way in which the Born rule 

could be used to predict experimental outcomes and provide evidence for quantum mechanics. 

However, the measurement process Von Neumann defined is ideal, although he claimed it was 

always in principle possible to carry one out (Redhead, 1987). Wigner (1952) showed that this 

ideal measurement is the exception in most cases, and that in reality physical experiments do 

not comply with Von Neumann’s projection postulate. Wigner demonstrated that ideal 

measurements are only possible with quantities which commute with the conserved quantities 

in the interaction. More recently, methods for joint measurability of non-commuting operators 

have been discussed. These types of measurements have become known as ‘unsharp’ in contrast 

with ‘sharp’ measurements associated with Von Neumann’s projection postulate, and often deal 

with positive operator valued measures, or POVMs (Holevo, 1982; Krips, 1987; Redhead, 1987). 

Continuous or weak measurements also do not fall under the definition of measurement 

required by the normal form of the Born rule (Patel and Kumar, 2017). These more complex 

formalisms involving a generalised Born rule offer ways to test quantum mechanics in more 

realistic scenarios.  

There are also two aspects of testing related to the Born rule. First, there is the testing of 

the rule itself: do the probabilistic predictions of the Born rule match with experimental results? 

The answer: so far, yes. Of course, a new theory of quantum gravity might provide different 

results, but it would still need to explain the current predictive success we have in quantum 

theory. Then there is the question of confirming or testing quantum mechanics itself. For this 

second part, we must ask how far we can take evidence of the success of the Born rule as 

evidence for the whole theory. The Born rule is a fundamental axiom of quantum mechanics and 

so confirming its predictions lends support to the overall approach, but it is important to note 

that there are other aspects to quantum mechanics that are not reliant on the Born rule. These 

show the limitation of the Born rule and demonstrate that quantum mechanical confirmation is 

not solely reliant on this single axiom.  

 

  6.2.4.2 Confirmation without the Born Rule 

The Born rule is a central element in quantum mechanics because it helps in prediction and thus 

confirmation. But can we have confirmation without using the Born rule? This might seem a 

relatively tame statement, but many writers in the foundations of quantum mechanics focus on 
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the Born rule as the only way quantum mechanics is tested. Therefore, different interpretations 

are analysed with this in mind: if they can satisfactorily use the Born rule, they describe a 

confirmable theory. The Born rule does play a very important role, as outlined above, but it is 

not essential to all quantum mechanics confirmation. The easiest way to demonstrate that the 

Born rule is not (necessarily) required, is to look at specific examples, especially before 1926. 

Before Born’s formulation of his statistical approach, or even the concept of a complete 

quantum mechanics, there was still quantum physics.  

The nature of light has long been a topic of discussion in physics. Newtonian and 

Cartesian thinking pushed forwards the notion of the corpuscular theory of light. However, 

important experiments, such as Young’s double slit experiment, reinforced the more popular 

wave-view. Despite wide ranging agreement in science during the 19th century that light was a 

wave, there were still unanswered questions, such as from Hertz’ discovery of the inexplicable 

photoelectric effect in 1887. The event often quoted as a key start to quantum understanding is 

Planck’s examination of black-body radiation and conclusion that electromagnetic waves be 

thought of as packets of energy (Duncan and Janssen, 2019). The next two decades before the 

formulation of quantum mechanics saw definite advances on top of Planck’s work. Einstein 

hypothesised the existence of light quanta to describe the photoelectric effect in 1905. And in 

1924 de Broglie extended this duality of light to a general wave-particle duality. These key 

theoretical events were also supported by experimental evidence. Millikan’s oil drop 

experiment supported the view that light was made up of discrete quanta, as did Compton 

scattering (Millikan, 1916a, 1916b). On the other hand, in 1909, Taylor produced an 

interference pattern from visible light, continuing evidence that light sometimes acts like a 

wave. This brief historical outline importantly shows how quantum descriptions of light were 

developed and confirmed by experiment before the Born rule was even formulated. In 1926, no 

one would have seen the Born rule as a way to finally vindicate the dual nature of light. Instead, 

quantum mechanics brought together duality along with other phenomena and described them 

with one theory, superseding the original explanations.  

A similar story can be told about the development of the quantised atom. Rutherford’s 

1911 scattering experiment discounted the old plum-pudding view. Bohr used Rutherford’s 

results to posit a new picture of the atom with quantised orbits (or energy levels) based on his 

correspondence principle (Bohr, 1913a-c). Sommerfeld then generalised the Bohr atom with 

elliptical orbits and quantised momentum. These theoretical models were tested with 

experiments such as the Franck-Hertz experiment (showing energy levels are quantised) and 

the Stern-Gerlach experiment (supporting the view that angular momentum was quantised). 

The theory of the atom would take centre stage in many developments of quantum mechanics. 
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However, despite being less empirically supported than the dual nature of light, there was a 

clear theory with evidence supporting its claims. And there are still more examples of quantum 

physics being experimentally tested and ‘proven’: radioactive decay; Brownian motion; and 

Einstein’s explanation of the specific heat of solids at low temperatures, confirmed by Nernst.15 

This outline is brief and does not contain all the details of developments in this period. 

However, it shows science from theories to predictions to empirical tests, all without the use of 

the Born rule. Duncan and Janssen (2019, p.259) outline three key areas where quantum 

physics was highly successful: the derivation of the relativistic fine-structure pf hydrogen, the 

interpretation of X-ray multiplets, and the explanation of the Stark effect. These successes all 

follow from work on quanta and atomic structure, and at the time seemed to provide definite 

confirmation of quantum theory. However, as Duncan and Janssen point out, many of these 

successes and those above, were lucky. The theories were generally not complete and ended up 

being supplanted by quantum mechanics, which was able to provide a better and more general 

explanation. Problems arose in particular in relation to the anomalous Zeeman effect and 

analysing multi-electron atoms, such as Helium. Further, experiments such as interference set-

ups with two slits have become hallmark examples of the predictive success of the Born rule. 

Nevertheless, there was quantum physics before the Born rule and the theories were 

able to be experimentally tested. Even though many of the concepts were changed by the new 

quantum mechanics, the experiments carried out were still important. The argument is that the 

Born rule is not essential for all confirmation of quantum mechanics. Born (1926a) stated that 

the old quantum theory had been well-validated. The problem facing quantum physics was a 

lack of unity and a breakdown of theories in certain scenarios. In this way, the Born rule and the 

statistical interpretation played the role of uniting these different aspects under a more unified 

theory.  

Alongside evidence for quantum theory pre-1926, there is experimental evidence for 

quantum mechanics after 1926 that also does not directly rely on the Born rule. Neumaier 

(2019) critiques the traditional Born rule. He identifies that “The two most accurately 

determined observables in the history of quantum physics, namely the anomalous magnetic 

moment of the electron and Lamb shift, are not even q-observables!” (p.229). He goes on to list 

many areas that are outside the domain of the standard Born rule. Of course, this is specific to 

the Born rule of precise, projective measurements found in textbook quantum mechanics. This 

 
15 For more detailed historical analyses of the growth of quantum physics see Duncan and Janssen, 2019; 

Greenberger, Hentschel and Weinert (eds), (2009); Darrigol, 1992; Jammer, 1966; Kuhn, 1978. 
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rule can be extended (as mentioned above) to POVMs and non-exact eigenvalues but clearly 

there is much to quantum physics experimentally that goes beyond it.  

Franklin (preprint) refers to this in discussing his emergent Everettian branches. He 

argues that we have evidence for decoherence effects from observations of e.g. Hyperion which 

do not use the Born rule. Since decoherence is part of quantum theory, this suggests 

confirmation outside the Born rule. Of course, there are still probabilistic ideas here (although 

Franklin pushes against this) and often these ideas come down to the fact that experimental 

data is reliant on a vast number of parameters from across a theory. It seems that the focus on 

the Born rule as a central part of confirmation is because it so easily summarises the key 

probabilistic nature of quantum mechanics. Experiments often deal with probabilities and so a 

connection has been drawn between the two, partly backed up by the fact the physicists do use 

the Born rule to make predictions. However, there are probabilistic concepts in other parts of 

the quantum formalism, some linked to the Born rule and others not. Therefore, while the Born 

rule offers interpretations (like EQM) the obvious link to empirical success, any approach will 

need to be able to incorporate these other notions. 

 

6.3 Probability in Quantum Physics 
 

Since its beginning, it has been clear that quantum physics involves a special use of probability 

over and above that seen in classical physics. And while the Born rule is often the sole focus, it is 

important to look at other probabilistic notions. When making a survey of quantum physics 

textbooks, it quickly becomes clear that one can classify probabilistic notions into different 

categories: probability amplitudes, probability current, statistics and uncertainty relations. In 

this section, these different concepts are introduced to give a survey of quantum probability.  

 

6.3.1 Probability Amplitudes 

A probability amplitude in quantum mechanics is a complex number whose mod square is a 

probability (or sometimes a probability density). They are importantly basis-dependent (they 

are amplitudes of eigenstates) although to a larger extent all probability is basis-dependent. 

Looking at the rules for classical probability, when moving to quantum physics (for non-

entangled states) we maintain the classical multiplication law of probability but for probability 

amplitudes instead. Further, if two or more events are independent, one multiplies their 

respective amplitudes to find the probability of both happening and the addition law is also for 
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probability amplitudes. Thus, it is the amplitudes playing the key role rather than the actual 

probabilities.  

In general, no distinction is made between the probability amplitude and the amplitude 

(versus the phase) of the complex number. This is in part because the probability amplitude is 

mainly discussed in relation to the Born rule, where the mod square function removes the 

effects of a phase relation. However, notable exceptions are interference experiments where 

relative phases are discussed explicitly. For example, looking at a two slit experiment where the 

overall incoming wave has two parts from each slit (following Zettili, 2009, p.22-23): 

|Ψ⟩ = 𝑎|𝜓1⟩ + 𝑏|𝜓2⟩ 

 -where the probability amplitudes are: 𝑎 = 𝐴𝑒𝑖𝜃 and 𝑏 = 𝐵𝑒𝑖𝜙 

If one slit is closed, the contribution on the screen will only come from the wave that can 

pass through. We can calculate the intensity on the screen from the experiments, when only one 

slit is open and when both are open: 

𝐼 = |Ψ|2 and therefore, 𝐼1 = |𝜓1|2 and 𝐼2 = |𝜓2|2 

To calculate the overall intensity, we use the rules so that: 

𝐼 = |𝜓1 + 𝜓2|2 = |𝜓1|2 + |𝜓2|2 + (𝜓1
∗𝜓2 + 𝜓2

∗𝜓1) 

      = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2 cos 𝛿 

 -where δ is the phase difference 

In quantum mechanics the empirical access to systems is via eigenstates and 

eigenvalues, where importantly eigenvalues are commonly taken to represent real objective 

values in the world. However, not all states are simply eigenstates due to the superposition 

principle and when this happens, the only way to access the content is via the Born rule and 

more specifically probability amplitudes. And it is these probability amplitudes that occur 

throughout quantum physics (sometimes under different guises) in scattering experiments, 

Clebsch-Gordon coefficients, perturbation theory, path integrals and quasi-probability functions 

(Zettili, 2009).  Probability amplitudes are often overlooked in quantum mechanics in favour of 

discussion about the Born rule. However, they receive more attention in QFT. Scattering 

amplitudes are probability amplitudes for scattering processes and play a vital role in our 

modern particle physics. In fact, scattering theory has a much older history than quantum 

mechanics, even within quantum physics, because it is closely tied with radioactive decay. 

 

(4) 

(5) 

(6) 
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6.3.2 Radioactive Decay 

Radioactive decay played an important historic role in the foundations of quantum physics. It 

was first discovered in the late 19th century and so predates the introduction of a formalised 

quantum mechanics. While radioactive decay (focused on unstable atoms) helped launch 

quantum mechanics, nowadays decay in physics deals more with subatomic particles. And it is a 

big part of particle physics (or QFT) and how we investigate subatomic reality using particle 

detectors. In the next chapter, I look at the conceptual changes when moving from quantum 

mechanics to QFT, and decay plays a central role in outlining the limitations of quantum 

mechanics.  

Decay rates are analysed using scattering theory and calculating cross sections and 

scattering amplitudes. Often, decay is treated as a resonance of the scattering process and the 

Breit-Wigner distribution is used to find the cross section (Maggiore, 2005; Peskin and 

Schroeder, 1995). Importantly, we have scattering amplitudes, which are used broadly within S-

matrix theory. In scattering experiments, we find how many particles should be coming from a 

certain direction or the number of particles deflected by an angle. This defines the differential 

cross section (dσ(θ,φ)/dΩ) which is “the number of particles scattered into an element of solid 

angle dΩ in the direction (θ,φ) per unit time and incident flux” (Zettilli, 2009, p.617): 

𝑑𝜎(𝜃, 𝜑)

𝑑Ω
=

1

𝐽𝑖𝑛𝑐

𝑑𝑁(𝜃, 𝜑)

𝑑Ω
 

-where Jinc is the incident flux (or incident current density); it is equal to the number of 

incident particles per area per unit time 

Looking at spinless non-relativistic quantum particles, we must include an interaction via 

some form of the Schrödinger equation. If the interaction is time independent, solutions of the 

Schrödinger equation depending on relative distance can be used to calculate the probability 

per unit solid angle per unit time that the particle is scattered into a solid angle dΩ in the 

direction (θ,φ) and this probability is given by the differential cross section dσ/dΩ. We can also 

introduce incident and scattered flux densities: 

𝐽𝑖𝑛𝑐 =
𝑖ℏ

2𝜇
(𝜙𝑖𝑛𝑐∇𝜙𝑖𝑛𝑐

∗ − 𝜙𝑖𝑛𝑐
∗ ∇𝜙𝑖𝑛𝑐) 

𝐽𝑠𝑐 =
𝑖ℏ

2𝜇
(𝜙𝑠𝑐∇𝜙𝑠𝑐

∗ − 𝜙𝑠𝑐
∗ ∇𝜙𝑠𝑐) 

 -where μ is the reduced mass m1m2/(m1+m2) 

(8a) 

(8b) 

(7) 
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Assuming the case where μ behaves like a free particle before collision, it can be 

described as a plane wave: 𝜙𝑖𝑛𝑐(𝑟) = 𝐴𝑒𝑖𝑘0⋅𝑟, where k0 is the wave vector associated with the 

incident particle and A is a normalisation factor. From this, the scattered wave is: 

𝜙𝑠𝑐(𝑟) = 𝐴𝑓(𝜃, 𝜑)
𝑒𝑖𝑘⋅𝑟

𝑟
 

Using expressions for incident and scattering waves, putting them into expressions for 

flux and taking magnitudes of this gives: 

𝐽𝑖𝑛𝑐 = |𝐴|2
ℏ𝑘0

𝜇
           𝐽𝑠𝑐 = |𝐴|2

ℏ𝑘0

𝜇𝑟2
|𝑓(𝜃, 𝜑)|2 

From before we have that: 

𝑑𝑁(𝜃, 𝜑) = 𝐽𝑠𝑐𝑟2𝑑Ω 

Therefore, using this in the equation for the differential cross section gives: 

𝑑𝜎

𝑑Ω
=

1

𝐽𝑖𝑛𝑐

𝑑𝑁

𝑑Ω
=

𝑘

𝑘0
|𝑓(𝜃, 𝜑)|2 

-where f(θ,φ) is the scattering amplitude and for elastic scattering this can be further 

simplified since k0=k 

In QFT, scattering cross sections and amplitudes are used in the context of S-matrix 

theory. Interestingly, we can connect this back to a concept of the conservation of a probability 

current, where it can help show that the S-matrix is unitary.  

  

6.3.3 Density Matrices, Uncertainty Relations and Quantum Statistics 

Before moving on to probability current, lets quickly introduce a few other probabilistic notions 

which are widely used in quantum physics. First is the density matrix, discussed in chapter 5 in 

relation to decoherence. Density matrices are often used to distinguish between pure and mixed 

states. The density matrix uses the tools of the Born rule to calculate probabilities but is used 

more widely in decoherence theory. They can also be used when we analyse systems that are 

entangled. If we were to start with a Bell state (a maximally entangled state of two qubits), we 

can learn about an individual subsystem, i.e. one of the qubits, via the reduced density matrix. 

This gives us a maximally mixed state which cannot seem to be described by a classical mixture 

because it is mixed in all bases. 

Uncertainty relations are another very important aspect of quantum theory, and 

historically play a role in the theory’s probabilistic interpretation. The mathematics linked to 

(9) 

(10) 

(11) 

(12) 
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non-commutative algebra is laid out in chapter 1, but roughly, quantum mechanics denies that 

exact simultaneous values can be assigned to all physical quantities. The original formulation 

was quite specific to experimental measurements:  

𝛿𝑝𝛿𝑞~ℎ        𝛿𝑡𝛿𝐸~ℎ        𝛿𝜔𝛿𝐽~ℎ 

-where w is the angle and J the action 

It was Eddington in 1928 who first termed the Uncertainty principle (Heisenberg himself 

never directly referred to it as a principle). Kennard (1927) gave a more exact formulation, 

similar to what is seen nowadays: 

∆𝜓𝑃∆𝜓𝑄 ≥
ℏ

2
       𝑤ℎ𝑒𝑟𝑒 (∆𝜓𝑃)

2
= 〈𝑃2〉𝜓 − 〈𝑃〉𝜓

2  𝑒𝑡𝑐. 

And Robertson (1929) proved a generalised theorem for all self-adjoint operators A and B: 

∆𝜓𝐴∆𝜓𝐵 ≥
1

2
|〈[𝐴, 𝐵]〉𝜓| 

These statements from Kennard and Robertson are different from Heisenberg’s original 

statement. These are theorems of the formalism whereas the original version was a statement of 

empirical fact. In terms of understanding what the uncertainty relations represent, this is 

closely tied with one’s interpretation of the wavefunction. Operationally, it is possible to link to 

the idea of statistical spread, but often extra meaning is added. Does it express a restriction on 

experiments we can perform on QM systems? Does it express a restriction on the meanings of 

concepts we use to describe QM systems? Are these restrictions ontological ones, or merely 

empirical? The nuances of the uncertainty relations are not a focus here, but they offer a 

distinctive probabilistic element in quantum mechanics (Hilgevoord and Uffink, 2016). 

Some final probabilistic parts of quantum theory are the Fermi-Dirac and Bose-Einstein 

statistics (Zettili, 2009). In some ways these are especially interesting since they can be easily 

compared to probabilities in classical physics, specifically Maxwell-Boltzmann statistics. 

Further, Bose-Einstein statistics were developed before the Born rule, in 1924-5 (Bose, 1924; 

Einstein, 1925). These statistics apply to many identical and indistinguishable particles at 

thermodynamic equilibrium, with Fermi-Dirac being for ones with half-integer spin (fermions) 

and Bose-Einstein being for integer spin (bosons). Quantum statistics gives us important 

consequences for how identity and indistinguishability are discussed in quantum theory and 

need further study to see how the focus on ensembles here changes the overall way probability 

works in quantum physics. 

 

(13) 

(14) 

(15) 
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6.3.4 Probability Current 

There is a long tradition in quantum mechanics of trying to understand the theory in terms of 

probability waves. This view quickly runs into problems, and its conception does not come from 

the Born rule, but from Schrödinger’s wave mechanics and the notion of probability current, J. 

When discussing probability in quantum mechanics, the probability current is often only 

mentioned briefly in textbooks. Yet as a probabilistic concept, the probability current has some 

important features that separate it from the Born rule. The probability current (sometimes 

probability flux) represents a kind of classical flow of probability between local volumes. Linked 

to the probability current is a continuity equation which expresses the local conservation of 

probability. The existence of such a continuity equation provides a connection with classical 

physics, such as electromagnetism, where current density (Jem) is closely analogous to 

probability current. Continuity equations are present throughout physics and describe the 

transport of some quantity. In cases where this quantity is conserved, continuity equations 

represent a strong, local form of a conservation law. The equation can be presented in two 

formats: as an integral in terms of a flux integral, or as a differential in terms of a divergence 

operator. The existence of a continuity equation is important in quantum mechanics because it 

shows a local aspect to the generally non-local theory.  

To derive the probability current, start with the time-dependent Schrödinger equation and 

its complex conjugate: 

𝑖ℏ
𝜕𝜓

𝜕𝑡
= −

ℏ

2𝑚
∇2𝜓 + 𝑉𝜓 

−𝑖ℏ
𝜕𝜓∗

𝜕𝑡
= −

ℏ

2𝑚
∇2𝜓∗ + 𝑉𝜓∗ 

 

Multiply the equation by 𝜓∗and 𝜓 respectively, and subtract both sides giving: 

𝑖ℏ
𝜕(𝜓∗𝜓)

𝜕𝑡
= −

ℏ

2𝑚
(𝜓∗∇2𝜓 − 𝜓∇2𝜓∗) 

This can be rearranged to give a continuity equation in terms of the probability current J:  

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝐽 = 0 

 

   𝜌 = 𝜓∗𝜓 = |𝜓|2     𝐽 =
𝑖ℏ

2𝑚
(𝜓∇𝜓∗ − 𝜓∗∇𝜓) 

(16a) 

(16b) 

(17) 

(18) 

(19a) + (19b) 
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The quantity 𝜌 is defined as the probability density and J is the corresponding probability 

current. (18) is a continuity equation representing the conservation of probability. This 

conservation can also be shown by taking the integral form of (18) and using the divergence 

theorem to give: 

𝜕

𝜕𝑡
∫ |𝜓|2𝑑𝑉 + ∯ 𝐽 ∙ 𝑑𝑆 = 0

𝑜

𝑆

𝑜

𝑉

 

 

 -where S is the boundary of volume V 

In electromagnetism, this shows charge conservation with 𝜌 being the charge density and J 

the current density. Another example of a continuity equation is in fluid mechanics, where it 

focuses on fluid density and flow.  

 

6.3.4.1 The History of Probability Current 

In general, continuity equations deal with the physical flow of a quantity. While in quantum 

mechanics now, J is the probability current, its initial conception by Schrodinger was more in 

line with classical thinking. In 1926 Schrödinger first interpreted his wave equation as relating 

to electricity and charge. This is in part because he first looked at a single electron system, 

which therefore involved a factor of the electron’s charge. From his wave equation, Schrödinger 

identified two possible solutions based on the complex nature of ψ: 

𝜕𝜓

𝜕𝑡
=

ℎ

4𝜋𝑖
(∇2 −

8𝜋2

ℎ2
𝑉)𝜓 

𝜕𝜓∗

𝜕𝑡
= −

ℎ

4𝜋𝑖
(∇2 −

8𝜋2

ℎ2
𝑉)𝜓∗ 

 

Using these equations, he obtained a version of a continuity equation: 

𝜕

𝜕𝑡
(𝜌𝜓𝜓∗) =

ℎ

4𝜋𝑖
∑

𝜕

𝜕𝑞𝑘
[

𝑘

𝜌𝜓∗𝑇𝑝𝑘
(𝑞𝑙 ,

𝜕𝜓

𝜕𝑞𝑙
) − 𝜌𝜓𝑇𝑝𝑘

(𝑞𝑙 ,
𝜕𝜓

𝜕𝑞𝑙
)] 

-where the quantities are based on a many-dimensional, non-Euclidean Laplacian such that 

q is position, p is momentum and T is the kinetic energy 

(20) 

(21a) 

(21b) 

(22) 
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Schrödinger writes that the right-hand side of this equation “is evidently interpreted as the 

current density of the weight-function in configuration space” (1926e, p.122). He then goes on to 

find the continuity equation of the electricity (as he calls it) by finding the equation for the ath 

particle with charge ea and mass ma: 

𝜕

𝜕𝑡
[𝑒𝑎 ∫ 𝜓𝜓∗𝑑𝑥′] =

ℎ𝑒𝑎

4𝜋𝑖𝑚𝑎
∇𝑎 ∙ [∫(𝜓∗∇𝑎𝜓 − 𝜓∇𝑎ψ∗)𝑑𝑥′] 

If one takes the normal definitions for ℏ, 𝜌 and J, and divides each side by ea, this equation 

can be generalised for many particles to the standard continuity equation (18 above). Feynman 

(Feynman, Leighton and Sands, 2015, chapter 21-4) notes that the misinterpretation of ψ with 

current/charge led Schrödinger to a continuity equation like that in electromagnetism. But it 

was with the probabilistic reinterpretation of ψ by Born that eventually led to J being the 

probability current rather than a current density.   

 

6.3.4.2 Probability Current and Interpretations  

In general, J is not discussed in much of the philosophy of physics literature, including work on 

different interpretations. The notable exception is in relation to Bohmian mechanics, which 

actively involves a form of the probability current. Standard Bohmian mechanics involves three 

key parts: the Schrödinger equation, the guidance equation and the quantum equilibrium 

hypothesis (Passon, 2018). Important here is the guidance equation which essentially shows 

how the particle trajectories are ‘guided’ by the wavefunction (in particular its phase). For the 

single particle case, we start by defining the probability current based on classical 

hydrodynamics where J=ρv. Then, taking particle positions Q(t), such that the velocity 𝑣 =
𝑑𝑄

𝑑𝑡
, 

we can define: 

𝑣 =
𝐽

𝜌
        𝑜𝑟        

𝑑𝑄

𝑑𝑡
=

∇𝑆

𝑚
 

-  where S is the phase of the wavefunction, and J has the same definition as for ordinary 

quantum mechanics 

This can be generalised for an N-particle system and for when the wavefunction is a 

spinor. The guidance equation itself involves definite non-locality since the position of one 

particle changing affects the positions of all other particles at that time. But the use of the 

probability current here is very reminiscent of continuity equations in classical physics, 

especially since there is a focus on particles and position. While in NRQM, J does not represent 

particles but a probability current there is still an inherent link to classical flow, especially in the 

(23) 

(24) 
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Bohmian pictures where the focus is on trajectories. Very few other interpretations of quantum 

mechanics make any explicit mention of J (ignoring orthodox quantum mechanics where it is 

part of the quantum recipe), despite it showing a local aspect to the theory. 

It is worth briefly mentioning the role that the probability current played in moving to a 

relativistic theory and also in QFT (Lancaster and Blundell, 2014). The relativistic Klein-Gordon 

equation can be used to define the probability current and density in the same way as for the 

Schrödinger equation. However, there is a problem with this as we get both positive and 

negative solutions available for energy, meaning that there are also positive and negative 

solutions for 𝜌. Thus, it is not possible to define 𝜌 as a traditional probability density since it is 

not positive-definite. It was partly due to this unattractive feature (along with the second order 

nature of the Klein-Gordon equation) that led Dirac to developing his own first-order relativistic 

equation. The Dirac equation solves the problem of negative probability values as 𝜌 becomes 

always positive-definite. However, despite being first order in time, there are still negative 

energy solutions. This problem was solved though, with the addition of a new type of matter, 

antimatter. Thus, negative energy states represent particles moving backwards in time, or 

antiparticles.  

Therefore, the probability current, probability density and corresponding continuity 

equation act as constraints on what equations to use in the relativistic case. The situation 

becomes even more complex when moving to QFT. The easiest way to derive J is via the 

Schrödinger equation and this simple formalism does not carry over to QFT. Further, the 

conservation of J comes about in ordinary NRQM because the Hamiltonian is Hermitian, so the 

probability density does not evolve in time. Moving to QFT, it is very difficult to define the 

Hamiltonian for an interacting theory, and there is not always an exact form of �̂�. This makes it 

harder to define a probability current in the same way as for NRQM. But that does not mean that 

the abstract notion of a current is lost.  

In field theories, Noether’s theorem defines a link between symmetries and 

conservation laws. In short, where we have a continuous symmetry, we also have a 

conservation law, which can be found by looking for a divergence-less current (Lancaster and 

Blundell, 2014). In QFT textbooks, there is continued talk of conservation of current, via 

Noether’s theorem in relation to both classical and quantum fields. In this way, the 4-version of 

the continuity equation (𝜕𝜇𝐽𝜇 = 0) is the main element remaining when going to RQFT. 

In terms of referring to EQM, probability current offers a different way to look at 

probability. It is not necessarily linked to measurement outcomes (although it is still related to 

probability amplitudes via the Schrödinger equation) but is seemingly local. In fact, Short 
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(preprint) uses similar ideas of a local flow of probability in his own derivation of the Born rule 

as a natural measure of worlds. By exploiting an overall conservation rule, probability can be 

linked to different branches.  

 

6.3.4.3 Probability Current versus the Born Rule 

The Born rule and probability current have different roles but also provide distinct ways to 

think about probability. The Born rule is introduced a priori via a postulate, whereas the 

probability current is derivable from the unitary Schrödinger equation. Moreover, the 

probability current has very close ties to classical physics. Not only does it involve a continuity 

equation that resembles many used classically, but it also incorporates a notion of locality, often 

thought missing in quantum mechanics. Since J is meant to represent a probability current or 

flux, the continuity equation shows a conservation law of how probability ‘flows’ locally to 

maintain this equilibrium. On the other hand, the Born rule typically is presented via probability 

amplitudes.  

Now the Born rule is still an important part of quantum physics, providing one way to 

gain empirical data, but the probability current is useful in linking back to classical physics. 

Looking more broadly at quantum mechanics, the probability current strengthens the view that 

quantum theory is inherently probabilistic. While the Born rule is often introduced via 

measurement, this is not the case for the probability current. Instead, it shows an inherent link 

to probability stemming from the Schrödinger equation.  

 

6.4 Conclusion 
 

The analysis above should make it clear that the Born rule is only part of what makes quantum 

physics probabilistic. At the heart of the Born rule itself, and many other quantum processes, we 

have probability amplitudes that at times are focused on in physical practice instead of the Born 

rule. Further, the probability current offers a different route from the Born rule, although the 

two are connected through the formalism and interpretation of the Schrödinger equation. 

Therefore, there is more to quantum probability than the Born rule and exploring quantum 

physics as a whole allows us to understand the nuances of this non-classical probability.  

Before moving on, it is worth briefly looking at some more questions that I have not 

addressed but which open discussion of the Born rule and probability even further. Right at the 

beginning, the definition of the Born rule is given in terms of measurement. Now it is possible to 



149 
 

find textbook versions without this reference but often it is still implicit in words such as 

“observables”. So, must the Born rule refer to measurement? This is tricky to answer as at least 

within the strict formalism of quantum mechanics, the way the Born rule enters via an axiom 

links it to the projection postulate and measurement. However, the broader concept of a Born 

rule in terms involving probability amplitudes is harder to check. On the one hand, we access 

the theory and predictions via measurement and so the two must be linked. But when 

discussing scattering amplitudes in QFT the context is often quite different. It seems that not all 

quantum probability can be linked to measurement if we take the probability current seriously. 

Then again, the probability current transforms dramatically when we move from quantum 

mechanics to QFT, and it becomes linked to conservation laws instead.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



150 
 

  



151 
 

 

 

 

Chapter 7 
 

 

From Quantum Mechanics to Quantum Field Theory 

 

 

 

 

 

7.1 Introduction 
 

In chapter 1, I set up a naturalistic approach to this thesis. This entailed staying true to the 

physics and allowing it to guide our interpretative theories. Regarding quantum physics, typical 

discussions of interpretations assume underdetermination despite this not being the case once 

theoretical scope is investigated. This pushes us to consider EQM more seriously, as the only 

interpretation that seems to naturally extend to RQFT.  

Despite the common knowledge that RQFT is our best current theory, there is still a 

large proportion of the philosophical literature that focuses exclusively on non-relativistic 

quantum mechanics (NRQM).16 This is in part due to the more complex mathematics involved 

and because many of the key philosophical problems in quantum mechanics remain in RQFT. 

For example, there is still a measurement problem and quantum phenomenon like 

 
16 Recently, more volumes are including sections on (R)QFT: e.g. Knox and Wilson (2011), French and Saatsi 

(2020); Adlam, 2021).  
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entanglement. However, those pushing for scientific realism should be more conscious of this 

problem. Scientific realism is not a single approach with one definition. One broad view is that 

scientific realism is taking “a positive epistemic attitude toward the content of our best theories 

and models, recommending belief in both observable and unobservable aspects of the world 

described by the sciences” (Chakravartty, 2017). Boyd (1983) also discusses how realists focus 

on the best science and many argue that realists must be talking about the best (or sometimes 

most successful) scientific theories (Doppelt, 2014; Leplin, 1984; Saatsi, 2019). While there is 

much debate about how to identify our best theories, clearly they are in some ways the most 

successful or empirically accurate ones we have. And for quantum physics, this is no doubt 

RQFT. 

The problem of solely focusing on NRQM is sharpened when discussing ontology. If one 

wants to make claims about what exists in the world, especially about fundamental entities, the 

focus should be on our best physics. This point is exemplified by the fact that radioactive decay, 

a process central to the concept of a ‘particle’ and its stability, cannot be accommodated by 

NRQM. This chapter begins by highlighting the inadequacy of NRQM for the case of decay, again 

reiterating why realists must focus on QFTs instead. Then, the bulk of this chapter looks in more 

detail at QFT and the philosophical debates directly related to it. This will set up what a 

quantum mechanical interpretation, such as EQM, must account for when extending to RQFT. 

 

7.2 Decay as a Quantum Process 
 

Radioactive decay is defined in textbooks as a process where unstable nuclei become more 

stable via the emission of radiation (Hans, 2010; Tayal, 2008). This definition is based on the 

original concept of decay which was centred around nuclei, and alpha, beta and gamma 

radiation. Since then, decay processes have become more ubiquitous in particle physics, beyond 

the nucleus. Roughly, ‘radioactive’ decay is more focused on unstable atoms but decay processes 

in general occur for many subatomic particles. A broad definition of decay processes can be 

linked to the weak interaction, which is the fundamental force that is responsible for decay. As a 

process it is spontaneous and can only be described statistically (Mansfield and O’Sullivan, 

2011).  

At the beginning of many textbooks there is often a short historical section that outlines 

how and why quantum theory emerged. This section often discusses radiation, the Blackbody 

problem, the nature of light and the structure of the atom among others (Zettili, 2009). These 

different physical phenomena led to the development of quantum physics as they pushed the 
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theory beyond the classical domain. Radioactivity was one such growing field and it is one that 

epitomised the new quantum physics of the early 20th century. In 1896, Henri Becquerel 

discovered radioactivity when investigating X-rays using uranium salts (Kragh, 1999). Work in 

the field rapidly grew, especially with the research done by Marie and Pierre Curie. They 

discovered two new elements, polonium and radium and Marie Curie even introduced the term 

‘radioactivity’ in 1898 (Kragh, 1999).  

By its nature, radioactive decay is probabilistic (hence the discussion in 6.3.2), and it is 

impossible to predict when and which atom will decay next. This is because the only laws which 

describe it give probabilities of ensembles decaying. The half-life describes unstable particles 

and is defined as the time it takes for half of the particles to decay (Hans, 2010). The statistical 

nature of radioactivity was clear from the start, with the exponential law of decay suggested by 

Rutherford and Soddy in 1902 (Kragh, 1999). Although probability was not new in physics, 

much of classical physics was underpinned by deterministic theories and it was the age of the 

quantum that seemed to bring forward an irreducible indeterminism. Radioactivity also 

provided a means to further break down atoms and particles. Beta decay in particular helped 

open up the world of subatomic particles and therefore, the new, ‘strange’ physics that 

described the microworld.  

Therefore, radioactivity intrinsically involves probabilities and subatomic particles and 

so is inarguably a quantum process. Further, decay involves the fundamental force, the weak 

interaction (Hans, 2010). This, along with the strong nuclear force, is a purely quantum force, 

unlike electromagnetism or gravitation, which also have classical theories. Thus, stemming from 

the historical story behind radioactivity, decay quickly became associated with two different 

aspects of the new physics: pure radiation (epitomised in gamma decay) and the breakdown of 

particles. And this connection with particles is linked with both the creation and annihilation of 

new entities.  

Quantum physics uses (or posits the existence of) subatomic particles. This is clear in 

how the theory was historically conceived and the subatomic realm is the quantum realm. Vice 

versa, one can argue that there are no subatomic particles without quantum physics. It is also 

the case that when dealing with subatomic particles one also requires decay processes. Again, 

the weak force acts on these particles leading to decays where more particles are created. 

Therefore, there is no quantum physics without decay processes. Being so closely linked to 

particles, also makes decay relevant for any ontological discussion. Since particles have become 

part of the common scientific ontology, deeper discussions must acknowledge this. Overall 

though, it is impossible to deny that radioactive decay is a quantum phenomenon, and any 

future quantum theory must be able to incorporate it.  
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7.2.1 The Problem for Quantum Mechanics 

Quantum mechanics is a very useful theory in certain situations. However, radioactive decay 

cannot be accommodated within its standard formalism for several reasons. The first is that 

decay cannot be described by NRQM because it involves the creation and annihilation of 

particles. In the standard approach, the number of particles is fixed at the beginning and sets the 

dimension of the joint tensor product of Hilbert space, meaning that there cannot be a simple 

change in numbers. In fact, issues relating to conservation motivated the move to the Dirac 

equation away from the Schrödinger and Klein-Gordon equations (Lancaster and Blundell, 

2014). In NRQM, ladder operators (linked later to creation/annihilation operators) are used 

when looking at quantum harmonic oscillators. When moving to QFT, these operators are often 

interpreted as representing the creation or annihilation of particles (Desai, 2012). In this way, 

moving to QFT finally allows for the necessary processes that take place in decay. However, in 

reality things are not as clear cut in QFT. There is a debate over the fundamental entities and 

whether there are particles or fields (see 7.6 below). Further, there is a question of whether 

creation and annihilation operators really relate to entities that are particles or whether they 

merely display particle-like behaviour (Bigaj, 2018). Nevertheless, NRQM does not include 

mechanisms that allow for changes in particle number, required to explain decay.  

There is also a problem with approaches to quantum mechanics that are single-particle 

theories only. Unsurprisingly, decay requires a many-particle approach to explain new particles 

or all the different initial ones. NRQM is not purely a single-particle theory, and it is well 

equipped to deal with N-particle systems. Approximations can be used to solve many-particle 

problems within quantum mechanics but in general a move is made to QFT. There is a wider 

problem that single-particle theories cannot be reconciled with special relativity, and in fact this 

also motivated the move from the relativistic form of quantum mechanics via the Klein-Gordon 

equation to the Dirac equation (Auyang, 1995; Lancaster and Blundell, 2014). 

Franchi (2003, p.1189) also questions the ability of NRQM to incorporate decay. He says, 

“…conventional single particle theories like quantum mechanics and relativistic quantum 

mechanics, are unable to describe particle decay without violating probability conservation 

because conventional theories assume probability is conserved in space only”. Here, Franchi is 

pushing for a very different approach (a relativistic dynamical theory) but one which involves 

moving to a field-theoretic method. Again, there is reference made to the single-particle aspect, 

but the issue of time is also brought in. The question of how time is dealt with in quantum 

mechanics is a big problem in general, but one that is especially important when analysing 

decay processes. Decay probabilities depend on time whereas standard quantum probabilities 
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(from the Born rule) do not factor time in. This is because there is no self-adjoint time operator 

available in standard NRQM (Anastopoulos, 2019). Roberts (2018) does argue for a completely 

different view which does not rely on self-adjoint operators. This change in viewing time could 

help accommodate decay, however, it does involve altering the standard formulation and so is 

not ordinary quantum mechanics. The topic of time in NRQM is a complex and ongoing debate. 

On the one hand, the standard formalism does not treat time as an operator in the way it treats 

position, but rather as a parameter (Muja et al., 2008). This is one of the main reasons why 

quantum mechanics and relativity are hard to combine. And often, versions that do allow for a 

time operator have made the move to the relativistic domain. QFTs are able to take different 

approaches to time due to the drastically different formalism underpinning the theories. 

Ultimately, decay processes require probabilities that depend on time and standard NRQM does 

not treat time in the correct way. Therefore, it is only natural to move to theories where time 

can be an operator such as in QFTs and in the relativistic domain. 

Another important problem with NRQM that radioactive decay processes helped 

highlight is the limited notion of measurement within the axioms. Typically, the decay of an 

unstable material is measured using a Geiger counter but this is a continuous and passive 

measurement that cannot be explained by the projection postulate (Sudbery, 1984). If one tries 

to model this by taking many discrete measurements and setting the time between them to go 

to zero, the result is that one gets probability zero for decay taking place. This problem relates 

more to quantum measurement theory than decay but continues to highlight the problematic 

nature of radioactivity for quantum mechanics in general. 

Having outlined the problems with NRQM it is worth briefly analysing some of the 

different approaches to radioactive decay that are used, recognising when and how they 

breakdown. There are lots of different articles describing methods to explain decay 

(Anastopoulos, 2019; Ekstein and Siegart, 1971; Fonda et al., 1978; Peres, 1980). And one can 

sort them into three rough categories: persistence amplitude methods, probability current 

methods and detector methods (Anastopoulos, 2019). Most specific approximations fall into the 

third category, including the Wigner-Weisskopf approximation and Lee’s model. The problem 

with these approaches is that even if all relevant conditions are fulfilled, it is still possible to 

calculate a negative probability. This has led to these methods only being applicable within a 

specific decay regime, excluding very small and very large times. At very small times, the 

different approximations fall under the quantum Zeno effect (or watched pot paradox) where 

measurement suppresses any changes.  

The methods using probability currents are more obviously purely quantum mechanical 

but still have the problem with negative probabilities. This is because you end up with backflow 
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giving you a negative probability current. Further, there is less focus on these approaches 

because they cannot easily be extended to the relativistic domain due to problems making the 

probability current Lorentz covariant and causal. The use of probability currents is sometimes 

used in relation to tunnelling problems and can be quite accurate if one ignores quantum 

interference and memory effects of particles (Anastopoulos, 2019). Most of these 

approximations lie beyond the standard quantum textbook, and when an approach is included, 

it is often very approximate. Sudbery (1986) gives an approximation based on perturbation 

theory, falling under the umbrella of persistence amplitude methods, but it fails at small times, 

again in part due to the quantum Zeno effect. There are also various phenomenological 

approaches, but these often require unrealistic assumptions such as taking the Hamiltonian to 

not be Hermitian (Desai, 2012).  

Clearly, there are limitations to quantum mechanics’ applicability, and this should affect 

how philosophers use it. The justification for this here is the case study of radioactive decay. 

Decay is a key quantum process, involving subatomic particles and irreducible probabilities, yet 

it cannot be described within the standard quantum formalism. Instead, approximation 

methods are needed that alter the theory into a field theoretic one. Since radioactive decay is 

undeniably part of quantum physics and  is not explained by NRQM, clearly the theory is not 

adequate for describing the real world. Therefore, it should not be the focus of philosophical 

discussions that aim to give an ontology of the quantum worlds.  

Part of any push from philosophers to look at QFT often includes looking at the everyday 

practice of science (Cartwright, 1999; Wilson, 2006 and 2017). Quantum mechanics was 

followed very quickly in the 1920s by relativistic approaches and field theories. And it is these 

more complex bodies of theories which are used practically by physicists today. Wallace (2020) 

when describing quantum theory as a framework gives many different examples of quantum 

physics such as calculating heat capacities or superfluidity. These various activities do not 

involve a single theory and definitely not standard quantum mechanics. Rather, the practice of 

science involves an amalgamation of many useful effective theories which, for our focus here, 

fall under the broad banner of QFTs. The practice of physics is especially relevant for 

radioactive decay where most work is experimental.  

 

7.3 Introduction to Quantum Field Theory 
 

There is no single theory that is referred to as the quantum field theory (QFT). However, there 

are several key elements that work together to make one. Historically, QFT brings together the 
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physics of quantum mechanics and relativistic physics via the concept of fields. But QFT need 

not be relativistic and there can be relativistic quantum mechanics. For example, the 

Schrödinger equation can be extended to the relativistic Klein Gordon equation, but it still does 

not allow for there to be any change in particle number. This is why the field concept is 

introduced where the focus becomes a quantised field rather than quantised particles. [For 

detailed outlines of approaches to QFT or RQFT, see Lancaster and Blundell, 2014; Maggiore, 

2005; Peskin and Schroeder, 1995]. 

A QFT that physically relates to the world must include interactions (between different 

fields/particles and also self-interactions). Typically, to include interactions, we add nonlinear 

terms to the Hamiltonian or Lagrangian that is describing our quantum field. Commonly, we add 

the interaction term as a perturbation of the free field: 

𝐻 = 𝐻0 + 𝐻𝑖𝑛𝑡 

This allows us to use the free field physics that is simpler and also incorporate the 

interactions. However, it is not always straight forward to model the interacting part and often 

there are problems of divergences (or infinities) in the calculations. There are two kinds of 

divergences: infrared and ultraviolet. Infrared divergences come from contributions of very 

small momentum and occur for massless particles. They are often resolved with either an 

infrared cut-off or the introduction of a fictitious mass. Ultra-violet divergences are divergences 

at high momentum or short distance scales. These are seen as more problematic and are often 

resolved using a renormalisation approach. This involves imposing a cut-off at a high but finite 

momentum Λ, along with relevant parameters and coefficients. 

The renormalisation program is massively important in QFT but controversial. Dirac 

(1963), for example, felt that the need for renormalisation showed a failure of QFT. In the early 

days of QFT, renormalisation involved recognising that quantities like particle mass in the 

theory did not match the experimentally measured values. Thus, renormalisation played the 

role of making a theory describe the physical world by ‘renormalising’ the bare quantities to 

those measured, typically by adding in counter-terms to remove the divergences. Since the 

1970s, we have used the Renormalisation Group method instead, which allows for a systematic 

approach to theories at different scales [see Wilson, 1971a and b for details]. This emphasises 

that our QFTs are effective field theories (EFTs) and are only applicable at certain energy scales. 

The result is that renormalisable theories are largely independent of the details of the short 

distance physics. Conceptually, the importance of the mathematical framework of QFT is 

substantial. The fact that we cannot write out a single form for a QFT leads us to questions about 

its viability and whether it truly is helping us understand the building blocks of the universe. 

(1) 
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This means that the focus is slightly shifted in the philosophy of QFT from that of quantum 

mechanics. Where the latter involves deep dives into specific interpretations, the former is more 

focused on overarching questions of ontology or scientific realism.  

 

7.4 Conceptual Changes in Quantum Field Theory 
 

Going from NRQM to QFT, the formalism naturally changes and becomes more complex. 

Importantly, we are generally dealing with many EFTs that apply to a specific domain and rarely 

do we deal with wavefunctions. Further, bringing in relativistic notions comes with more 

restrictions that are often ignored in ordinary quantum mechanics. Nevertheless, while QFT 

looks very different from ordinary quantum mechanics, there are still common threads. And this 

is true of the conceptual problems we find in quantum mechanics.  

Obviously the first challenge many think of is the measurement problem, so how does 

this evolve if we look at QFT? Unsurprisingly, the measurement problem does not go away just 

because we are now talking about objects with many degrees of freedom. There is still a 

description of the quantum state that involves superposition and entanglement, and in fact 

moving to QFT if anything pushes us further towards a stronger form of nonlocality.  

However, the measurement problem is rarely formulated in QFT terms nor is it a focus 

in the philosophical discussions. If we use QFT as the backdrop, some aspects of the 

measurement problem change. We still have the question of how to explain determinate 

measurement outcomes but there is much less focus on a quantum-classical divide, in part 

because the whole universe is being approached using QFT and devices are less obviously 

classical objects. There is also less discussion of ‘completeness’ since there is no single QFT that 

is broadly applicable, but the indefiniteness of non-eigenstates remains in the question of 

determinate measurement outcomes. Some authors have tried to use the mathematical 

framework of QFT to solve the measurement problem, but these are very limited and are not 

widely discussed (Danos and Kieu, 1999; Sorkin, 1993). Kuhlmann et al. (2002) argue that the 

measurement problem is compounded in RQFT due to certain no-go theorems, e.g. Malament’s 

theorem and Hegerfeldt’s theorem, which make assertions on whether there can be localisable 

(detectable) objects. This ties in closely with the debate of ontology in QFT and has led some to 

say that the discussion of fields versus particles encapsulates the measurement problem. For 

example, taking Malament’s theorem, we seem to rule out localised detectable objects and yet at 

the same time we seemingly observe them (Barrett, 2002). Thus, there is again a divide between 

indefiniteness in the theory and the definiteness of our experiences. However, while there is a 
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link between these issues, the measurement problem is focused more on the dynamics of 

systems rather than the true nature of what those systems are.  

Barrett (2002) does discuss the measurement problem in the context of QFT. He argues 

that the measurement problem is central to any ontological commitment about RQFT and says 

that “no metaphysics of relativistic QFT can be considered satisfactory unless determinate 

measurement records show up in the description of the world” (p.166-7). Further, Barrett 

states that RQFT does nothing to solve the measurement problem by itself: we still have that the 

state of a field in a given spacetime region will typically be an entangled superposition of 

different elements of the orthogonal set of field configurations. However, he questions some of 

the traditional solutions, for example physical collapse which he says is not possible since it is 

generally not thought to be compatible with relativity. Therefore, in many ways Barrett thinks 

the measurement problem is more problematic in RQFT. There are also some more speculative 

articles looking at whether in RQFTs we maintain the linearity often linked with the 

superposition principle. Bub (1988) argues that one can solve the measurement problem when 

looking at systems with infinite degrees of freedom (like fields) because superselection rules 

change how the superposition principle is applied. 

While QFT might change aspects of the measurement problem, its effects remain and at 

times are less obvious. When looking at most empirical results surrounding RQFT, they are 

about particle physics and scattering cross sections etc. and in terms of the debates in quantum 

mechanics, these observables seem much further removed from the measurement problem and 

yet tie nicely back around to questions of the fundamental nature of particles or fields. 

 

7.5 Realism in Quantum Field Theory 
 

Scientific realism incorporates many approaches to science that involve thinking that certain 

elements in our theories correspond to entities in the physical world. It is a massive area in 

philosophy and continues to be discussed to this day. As discussed in section 7.1, there is often a 

focus on being realist about our best theories and we can argue for an approximate truth 

through factors like predictive success. The goal of science is often seen as trying to describe the 

mind-independent physical world and scientific progress is also linked to finding better theories 

that better represent the world (Putnam, 1975; Psillos, 1999).  

When discussing QFT, different approaches to realism are often compared to a form of 

traditional scientific realism (TSR), first put forward by Putnam and Boyd. Boyd (1983, p.45) 

says “Scientific theories, interpreted realistically, are confirmable and in fact often confirmed as 
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approximately true by ordinary scientific evidence…”. And this incorporates the key elements I 

am taking as TSR: we should interpret our best scientific theories realistically; scientific theories 

are approximately true and describe a mind-independent physical world. While in the end lots 

of focus is on what we are not realist about, often authors become bogged down in 

distinguishing between different forms of realism, i.e. selective versus structural.  

 

 7.5.1 Effective Field Theories 

As our best current scientific theory, QFT, and more specifically the Standard Model, should be 

the main focus of scientific realists. However, there is common feeling that QFTs offer more 

problems for realists and in particular TSR (Glick, 2016; Ruetsche, 2011). Most of these 

problems supposedly come from the common form that our successful QFTs take in that they 

are effective field theories (EFTs). An EFT is a theory that describes physics in a specific energy 

domain, while often not being affected by physics at scales it does not apply to (Weinberg, 1980; 

Rivat, 2021). There are links between EFTs in different domains via a matching condition: the 

non-renormalisable interactions at one level get replaced by entities (subatomic particles) 

corresponding to them at the next level (Robinson, 1992). QED and QCD are examples of EFTs 

that ignore physics relating to phenomena outside their domain. For example, QCD is the 

‘fundamental’ theory of the strong interaction but only applies in a higher energy regime. It is 

very successful and yet has no effect on nuclear physics that is used at lower energies. Anti-

realists argue that the fact that the Standard Model is made of EFTs undermines a realist 

attitude to the unobservable entities. That is, since QED or QCD only applies in a certain range, 

why should one be realist about the subatomic particles and forces used within the theory? 

Especially, since these entities are not relevant in other EFTs, which we might also be realist 

about. 

It seems that the realist is backed into a corner and must argue for a true fundamental 

theory that underlies all our current EFTs. And this is what some physicists and philosophers 

advocate. String theory is one example of a more fundamental, unified theory that is meant to 

explain the Standard Model and thus incorporate the key ontology. It is highly probable that we 

will move from QFTs to more fundamental approaches, revolving around quantum gravity, but 

currently our evidence supports the predictions made by the Standard Model’s EFTs. Cao and 

Schweber (1993) take a different approach to the EFTs and instead argue that physics involves 

an infinite tower of EFTs, and they are realist about quasi-autonomous domains. Hartmann 

(2001) argues that an effective field structure has advantages over a single theory covering all 

domains. He states that EFTs are flexible and are thus able to cover a wide range of phenomena 

while remaining robust enough to be able to explain the key mechanisms at every level. On the 
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other hand, a universal theory might suffer from not giving a local explanation of processes 

since it covers all domains. He gives the example of not being able to describe neutron star 

collapse using quarks and gluons. Overall, Hartmann advocates a pluralist view where 

fundamental, phenomenological and effective theories all play a role. 

Some common ways EFTs are approached by realists are through selective and 

structural realism. This is because there is general agreement that TSR cannot accommodate the 

EFTs within QFT (Rivat, 2021; Glick, 2016; Williams, 2019; Fraser, 2020). That is not to say that 

realists think they cannot have an approach to EFTs just that a more nuanced type of realism is 

necessary. For example, Rivat (2021) argues that EFTs occur across physics and so they are not 

necessarily a problem for realists. Williams (2019) and James Fraser (2020) argue for a form of 

selective realism for QFT. This type of realism tends to try and take the middle ground by 

avoiding some problems for scientific realism by embracing the issues rather than solving them. 

For example, selective realists concede that parts of empirically successful theories will be 

discarded by newer ones and that our best theories do not get everything right. Nevertheless, 

the parts that do play an essential role are persevered with theory change. Both Williams and 

Fraser approach EFTs differently but broadly they isolate parts of the theories that are 

independent of specific methods or different energy levels. Fraser focuses specifically on low 

energy correlation functions, however Rivat questions what it would mean to say that our 

fundamental ontology is made up of correlation functions. Williams (2019) argues for the more 

standard particles, as excitations of the field, but as we shall see in 7.6.1, this comes with its own 

problems.  

QFTs and the many EFTs also provide a very strong case for structural realists, 

especially ontic structural realists as it shows that scientific theories are moving towards having 

fewer entities with a focus on structure (French and Ladyman, 2003; Glick, 2016). Further, this 

approach avoids the pitfalls of the ontology debate between particles and fields. Lyre (2004) 

argues that for gauge theories it is the symmetry groups that ontic structural realists can focus 

on. Kantorovich (2003) also argues that the gauge symmetries are prior to any matter and as 

such are the true fundamental ‘objects’. Glick (2016) looks at whether one can be a structural 

realist about QFT. He states that it is only possible if the particle and field interpretations are 

equivalent, which he claims they are not. This is because of the existence of unitarily 

inequivalent representations (UIRs), discussed more in 7.5.2. Glick does not give up realism, but 

instead advocates a pluralist approach to structural realism, following Howard et al. (2011). 

However, even though it might appear that QFT offers a perfect framework for structural 

realism, there are those that still see problems with it (Berghofer, 2018; Morganti, 2011). 

Berghofer (2018) claims that even minimal ontic structural realism fails in QFT since there are 
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non-relational, yet seemingly fundamental, properties to fields: the vacuum expectation value of 

the Higgs field and a field’s spin. He argues that fields are the fundamental ontology and since 

they have these properties that are non-relational, one cannot be a structural realist even about 

QFT. 

There are also more extreme views. French (2012) is a structural realist and argues that 

the particle and field interpretations are merely different representations of the same structure. 

Redhead (1999) puts forward a view of particles versus fields in terms of complementarity. And 

of course, all these realist approaches are against a range of operationalist and anti-realist 

views. Someone worth briefly mentioning here is Ruetsche (2011) who takes a very different 

approach that focuses more on operationalism, although one could take elements of her view in 

a realist capacity. She advocates a coalescence approach where the way different theories are 

used affects the content of the theories.  

Returning to the main issue of how to be a scientific realist about the many EFTs in QFT. 

Robinson (1992) argues that the implication of EFTs here depends on the type of scientific 

realism one advocates. As has been shown, much of the literature pushes us towards specific 

types of realism or pluralist approaches. But, if we return to the definition of TSR, is there 

actually a problem? The TSR of Boyd or Psillos explicitly allows for our best theories to give only 

approximate truth. Thus, when looking at EFTs we can take the entities they predict to be 

approximately true where the approximation is from the narrow energy domain. That is not to 

say that one should be a traditional scientific realist. There are advantages and disadvantages to 

other realist approaches, but it is wrong to say one cannot be broadly scientific realist about 

QFT because of the many EFTs.  

 

 7.5.2 Unitarily Inequivalent Representations 

So far, a scientific realist must at least acknowledge the presence of EFTs. This will rule out 

some form of very naïve realism, but the above section shows a traditional view can be 

maintained. However, the existence of many EFTs is not the only problem. In quantum theories, 

operators obey certain rules on the Hilbert space that serves as the state space for the theory. 

These are known as the canonical commutation relations (CCRs) or more generally the Weyl 

relations. If we are taking a realist attitude about our theories, this directly relates to us looking 

at the specific Hilbert space representation used. This is not a problem in NRQM due to the 

Stone-Von Neumann uniqueness theorem, which states that different representations of the 

CCRs are unitarily equivalent, provided there are finite degrees of freedom (Earmen and Fraser, 

2006). The problem emerges when we move to QFT, and this theorem no longer applies. And 
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the concern surrounding this is that we now have many (possibly infinitely so) unitarily 

inequivalent representations (UIRs), which might also be physically inequivalent. Glick (2016) 

points to two problems relating to UIRs. First, we have a problem of underdetermination in that 

the same physical situation can be represented in different inequivalent ways and secondly, that 

many of these inequivalent representations are used in different contexts.  

There is much to debate about whether unitary equivalence implies, and is required for, 

physical equivalence (Glick, 2016).  And this could be a problem for many different scientific 

realists. For example, different UIRs have different structure and so a structural realist might 

need to justify why one UIR is ‘more correct’ than another. Baker (2011) argues that the jump 

made to this being a problem misses several key points. Namely, that unitary equivalence is not 

necessary for physical equivalence and so these UIRs might still represent a single physical 

interpretation. Instead, what is needed for physical equivalence is symmetry mapping. 

However, Glick (2016) worries that Baker’s condition is too limited as it only works for the 

Weyl algebra.  

There are two other broad approaches to UIRs. The first involves not focusing on the Hilbert 

space representations but rather on underlying algebra. This is sometimes referred to as 

algebraic imperialism and is closely linked with the axiomatic approach to QFT. AQFT will be 

discussed next, but briefly here, while it might remove some of the problem by not focusing on 

the UIRs, it does this at the cost of empirical success (Ruetsche, 2011). A more obvious move 

based on the discussion above is to look at whether we have a QFT with infinite degrees of 

freedom. The very concept of EFTs or cut-off QFTs is based on them only applying in a specific 

domain and so they only have finite degrees of freedom. This means that we can maintain the 

result of the Stone-Von Neumann theorem and no longer have a problem of UIRs (Wallace, 

2011). This then returns the debate back onto how to understand many EFTs, which we have 

already shown is a viable option for scientific realists. 

 

 7.5.3 What Type of Theory?  

The QFT outlined so far really refers to conventional QFT (CQFT). Strictly speaking, CQFT can be 

split into two types: the infinitely renormalisable version and one with cut-offs i.e. an EFT 

(Wallace, 2006b). In the philosophy literature much of the focus is on the cut-off variant versus 

the more formal approach of axiomatic QFT (AQFT). Much of our current physics, in particular 

particle physics, uses EFTs, so why do philosophers advocate for AQFT, a completely different 

theory? Kuhlmann (2020) suggests three possible motivations for why CQFT is reformulated: 

operationalism, mathematical rigour and to deal with unitarily inequivalent representations. 
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Philosophers have largely focused on AQFT for several reasons, including some of the problems 

related to multiple EFTs. However, most of the motivation comes from other areas of 

philosophy of science, importantly the push that our scientific theories are universal.  

Wallace (2011) argues for CQFT over AQFT because one, there are no physical realistic 

models that fit with AQFT and, two, CQFT can be understood as a well-defined mathematical 

theory in its own right. He takes much of his motivation for this from the physics community 

and the everyday use of EFTs in the Standard Model. In general, philosophers have often 

disliked CQFT because it is not defined precisely with axioms and its use of cut offs due to 

renormalisation are argued to be unjustified physically (and ad hoc). However, 7.5.1 discusses 

the notion of EFTs in detail, showing that not only can one accept them within scientific realism, 

but they also occur in other areas of physics. Wallace (2006b) offers three justifications for 

using CQFT. He says some might think EFTs are useful right now, but there is an underlying 

‘true’ theory which will at some stage encompass current QFT. Further, possibly at high energy 

scales, the entire field theory framework may break down and be replaced by a new theory, so it 

is natural to impose a cut off in the present. Finally, he argues that at even higher energies, the 

concept of a spacetime continuum might fail entirely. 

In terms of comparing CQFT with AQFT, Wallace (2011) convincingly argues that there 

is no comparison. While pursuing a program of AQFT made sense historically, since then 

renormalisation theory has improved and there has been little to no progress in finding a true 

AQFT example. Without this, all our evidence within particle physics provides support for CQFT 

with no counterpart for AQFT. Further, one can even argue that AQFT contradicts CQFT since it 

requires that QFT be definable on arbitrarily small spacetime regions (Wallace, 2011). However, 

the empirical success of the Standard Model comes from theories that have QFT break down at 

some short length scales. Ultimately, Wallace makes an excellent argument by focusing on the 

empirical success of particle physics. The accuracy of our predictions of decay rates and mass 

ratios is extremely high and this stems from EFTs like QED or QCD. And without any actual fully-

fledged example of AQFT, it has no empirical findings that we can compare. Wallace does 

acknowledge that AQFTs push the boundary on current physics in a similar way to other 

supposed future theories. However, he argues that they are not physical alternatives to CQFT 

since they lack a testable theory and any empirical success. 

With these problems, it is maybe surprising that so many philosophers do focus on 

AQFT. And even more worryingly, many do not outrightly say why. Doreen Fraser (2009, 2011) 

is one of the philosophers who explicitly states why AQFT is better to study in foundations than 

CQFT. She argues that CQFT is not mathematically rigorous, so this outweighs the negative that 

there are no complete examples of AQFT. Further, AQFT also sticks closer to the main aim of 
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QFT in the joining of quantum theory and Special Relativity and aiming to answer the question 

of whether the principles of the two can be combined. Fraser (2011) argues that this situation is 

one of underdetermination. She first begins with a restricted underdetermination claim (RUC), 

which states that in all cases in which models of AQFT have been constructed, CQFT and AQFT 

are empirically indistinguishable, yet they are distinct theories. The purpose of this is it allows 

Fraser to compare the two within regimes where they both exist, such as in two dimensions. She 

then argues that in these circumstances the use of EFTs or CQFT is unjustified, and one should 

use AQFT. From this conclusion, Fraser extends to an unrestricted underdetermination claim 

(UUC), which is just the general form of the RUC. She concludes that while the UUC is not 

verified, we should still extend the conclusion to the general case and prefer AQFT. This is an 

interesting line of argument, as it is hard to argue there is underdetermination in a situation 

where only CQFT exists. And this is what Wallace focuses on when responding to Fraser. 

It is worth noting that both Wallace and Fraser think that QFT is not the final theory, but 

they use this knowledge differently. Wallace thinks any future more fundamental theory will 

probably be beyond any type of QFT, so we should stick with the empirically successful theory 

that will teach us about the future theory at the present. On the other hand, Fraser thinks that 

this supports the view that we should continue the pursuit of AQFT since it will provide 

knowledge of the theoretical structure of the future theory, not just the empirical information 

gained from CQFT. 

 

 7.5.4 The Rise of Anti-Realism? 

It should appear from the discussion above that the focus in QFT is at times different from in 

NRQM. In the latter case, there is discussion between different realist approaches, testing the 

strengths and weaknesses of each. Yet, while there is work on extending all interpretations to 

the RQFT realm (see chapter 1), this has not been overly successful in most cases and thus often 

this work takes place separately from the literature focused on QFT. Therefore, in the case of 

QFT the debate remains much more focused on the realism versus anti-realism divide, and 

whether one can even meaningfully be a realist. And this follows from the more complex 

mathematics and the framework involving EFTs and different overall approaches. It is 

important for anyone wanting to be a scientific realist about QFT, to be much clearer on what 

they are taking as part of their ontology and the different levels of fundamentality or emergence.  

In the beginning of this thesis, I motivated my emphasis on EQM through it not changing 

the physics. Yet, to explore what it means to extend or view an Everettian approach in RQFT, 

there need to be options open for a general realist response. Above, it is shown that it is 
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plausible to focus on the positives of QFT without necessarily supporting a full fundamental 

ontology. And this idea of ontology brings us to the next section: what is any QFT about? 

 

7.6 Ontology: Particles versus Fields 
 

One of the main debates in the foundations of QFT is about its ontology. More specifically, the 

focus is on particles versus fields, and which (or both) make up the constituents of the universe. 

This debate is also closely tied with discussions on EFTs and AQFTs, but here we focus purely on 

the ontology question. The debate goes that in QFT, it becomes clear that particles are the 

excitations of fields. This clearly relegates particles to non-fundamental but even if particles 

become merely emergent, there are still problems for quantum particles. In fact, Ruetsche 

(2011, p.341) calls the fact that there is no answer to what the ontology of QFT is “a scandal”, for 

scientific realists.  

The common idea of a (classical) particle is that it is somehow discrete, individual, 

localised and has measurable properties (Bigaj, 2018). And intuitively, QFT feels like it does talk 

about particles. There is a strong link with particle physics and the discrete nature of 

quantisation, but particles are also closely tied to the historical development.17 However, there 

are a number of problems for thinking there are particles in QFT, many of which come in the 

form of no-go theorems. Also, we have different notions of particles in QFT. Falkenburg (2007) 

discusses how the classical particle concept evolves into many different quantum concepts that 

cover different aspects and theories. There are the more standard quantum particles dealt 

primarily with in quantum mechanics. But there are also crossovers in the discussions of light 

quanta, field quanta, group theory, quasi-particles and virtual particles. The main outlier are 

virtual particles, which are not independent, the property that Falkenburg argues all other types 

of particles possess. Each of these have different properties but are still quite far removed from 

the intuitive idea of a ‘particle’. But that is not to say that the field side has won as there are also 

challenges for describing quantum fields as ontological objects. 

 

 
17 The historical development of the concept ‘particle’ as well as the field is extremely nuanced, and I cannot 

do it justice here. See Hesse (1961) for details on both entities and Hobson (2012) for a history of fields. 
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7.6.1 Problems for Particles 

The setup of QFT means that particles are not fundamental to fields but rather the opposite is 

true. Therefore, there is a clear ontology of QFT with fields at the bottom and particles emerging 

from them. However, the literature focuses on the debate of particles versus fields and what the 

ontology of QFT really is. The problem mainly focuses on particles and apparent evidence 

against them. There are various no-go theorems and other factors that seem to undermine the 

existence of particles. Lupher (2010) states that the problem for particles comes from two key 

features they possess: (1) particles being localised or discrete objects and (2) particles being 

countable/aggregated. The first feature becomes a problem due to certain theorems 

undermining the existence of localisation in RQFT and (2) is more generally undercut by 

ordinary QFT. 

To begin with, the Unruh effect causes a problem for any notion of countability (Lupher, 

2010). Redhead (1995, p.77) states that “the definition of the vacuum as the absence of particles 

depends on the state of motion of the observer”. This is essentially the Unruh effect which 

formally is that a uniformly accelerated observer in a Minkowski vacuum should detect a 

thermal bath of particles (Unruh, 1976). The consequence of this is that different observers can 

disagree on the number of particles and even whether there are particles. Clearly, this is a 

problem for the existence of particles in a fundamental sense since they are now frame-

dependent, but it also changes the very notion of what a particle is from the classical concept. 

However, besides undermining the notion of fundamental particles (which has already been 

done in the setup of QFT), the Unruh effect does not remove the existence of particles 

altogether. There is also the Reeh-Schlieder theorem (1961), within the context of AQFT, which 

shows that a state with N particles does not belong to the local algebra and therefore, it is 

impossible to perform a local measurement telling us that there are exactly N particles. 

Looking at localisation, a very important no-go theorem is Malament’s theorem, which 

starts with certain general assumptions that he claims are satisfied by all relativistic quantum 

theories and that lead to a contradiction if we have localisable particles (Malament, 1996). The 

assumptions used are localisability, microcausality, translation covariance, and the assumption 

that energy is bounded from below. Hegerfeldt’s theorem uses the same assumptions but with 

montonicity instead of localisability, and no instantaneous wave spreading instead of 

microcausality. It tells us that a localised particle will have some probability of being found in a 

different spacetime region (Hobson, 2012). Both these two theorems show there is a problem 

with the concept of localisable particles obeying principles of relativity within QFT. Halvorsen 

and Clifton (2002) argue that the measurement problem in RQFT, which comes in the form of 

both Malament’s theorem and Hegerfeldt’s theorem, pushes us to have a field ontology. Still, 
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they recognise that there are other implicit assumptions in these theorems, which one can argue 

against, such as that there is no preferred inertial reference frame, and the focus is only on 

sharp particles. However, they offer alternative theorems that extend the reach and supposedly 

block these objections ending up with the conclusion that there is no position observable that 

satisfies the relativistic constraints in QFT. They recognise that this is true of all quantum 

theories, which reject the notion of a position observable in favour of localised field observables 

and so there is nothing here (yet) about having a particle versus field interpretation. 

Nevertheless, the modified theorems do rule out even fuzzy localised position operators 

(Halvorsen and Clifton, 2002).  

These no-go theorems all seem to show that particles cannot be ‘forced’ to occupy a 

given bounded region of spacetime. This causes problems for our ordinary concept of a particle. 

While the Unruh effect might change how we view them, having particles be non-localisable 

seems to make them no longer particles. However, this is still heavily based on our classical 

concept and as such, could be incorporated into a more general idea of a quanta. Falkenburg 

(2007) explores in detail the notion of a particle. She claims that classically we have two aspects 

to our particle notion, a mereological part where “particles are the constituent parts of matter 

or light” (p.80) and a causal part such that “particles are the causes of local events in detectors” 

(p.81). She argues that it is the second part which is lost in the move to quantum physics. 

Falkenburg also argues that our current concept of particle involves a family of concepts 

covering various different meanings. Thus, in quantum physics we have quantum particles, light 

quanta, field quanta, particles according to group theory (following Wigner, 1939), virtual 

particles and quasi-particles. She breaks down each type into its properties and shows that all 

but the virtual particles are independent. While Falkenburg does not deal with RQFT and thus 

the no-go theorems, the idea that a ‘particle’ refers not only to a very different thing from what 

it did classically, but also to several different entities seems plausible. Further this is a way for 

someone to be realist about particles and thus to give epistemic weight to our particle physics 

experiments. 

There is also much discussion surrounding the notion of particles and Fock space 

representation. On the one hand, many advocates for particles argue that the existence of a Fock 

space representation almost necessitates an interpretation with quanta due to the number 

operator (Bigaj, 2018; Fraser, 2011). However, this is not true and actually weakens the particle 

argument since interacting field theories do not have Fock spaces due to Haag’s theorem. Haag’s 

theorem (1996) is often portrayed as a problem for a particle picture and more generally for an 

interacting QFT. The theorem rules out the use of Fock space for interacting QFTs and Fraser 

(2008) argues this undermines the particle approach. She even boldly claims that “the only 
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known method of interpreting a QFT in terms of particlelike entities is the quanta interpretation 

that naturally arises from the Fock representation for a free system” (Fraser, 2008, p.857). This 

is a strong statement but one that is focused on those arguing for fundamental particles.  

Earman and Fraser (2006) note the link between discussions of UIRs and Haag’s 

theorem. They argue that the latter shows we must take UIRs seriously and cannot simply state 

that they are unphysical, rather than it being a takedown of all interacting theories, since it is 

clear there are still many strategies available. Nevertheless, for someone motivating particles 

using Fock space, it shows a clear flaw in the argument. Bigaj (2018) argues that while a Fock 

space does not necessitate particles, the two are compatible and its plays an essential role, 

especially since the interpretation of a field is complex and uncertain anyway. He looks at the 

case of a simple harmonic oscillator (SHO). When physicists talk of SHOs, they make a jump 

from the oscillator’s properties to introducing particles with those properties (i.e. energy). The 

quanta in an SHO do have countability but seem to be energy rather than possess it and cannot 

have variable momenta (Bigaj, 2018). Thus, in ordinary quantum theory, we have different ways 

that we can pick out particles and a choice must be made. This does cause a problem for anyone 

arguing particles are part of the fundamental ontology, but it does not negate the existence of 

non-fundamental particles. 

 

 7.6.2 Particles Persist 

So, with all these problems for quantum particles, why do physicists still talk about them? There 

are a number of reasons why authors advocate for particles. As already mentioned, QFT directly 

links to particle physics and the Standard Model, which focuses on particles. This is mainly 

based on empirical data from cloud chambers and particle accelerators where trajectories are 

observed and explained via the collision, creation and annihilation of different particles. 

Romero-Maltrana et al. (2018) argue that key aspects of how particle physics shows ‘particles’ 

are real are that they are the objects that are accelerated and collided, and we collect data from 

measuring devices that tells us about the properties of these particles. Falkenburg (2007) also 

looks at the empirical evidence from particle physics and shows how we can draw on both 

quantum and semi-classical theories to explain the observations in terms of particles. She even 

states that “Particles are experimental phenomena rather than fundamental entities.” (p.209). 

Following this, Haag and Swieca (1965) take a very operational view to particles where they are 

essentially defined as the states that trigger a particle detector (Halvorsen and Muger, 2007).  

There are also historical reasons why particles are discussed. The notion of particles is 

deeply embedded in physics due to apparent evidence from many different theories. Further in 
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the development of QFT, it began by focusing on Quantum Electrodynamics which developed 

further in the 1950s with Feynman diagrams. While Feynman diagrams are ultimately useful 

tools for calculating many terms in the S-matrix, it is hard to deny the representational links 

they have to particle processes. Whether these diagrams actually reflect reality is still up for 

debate, but it is potential evidence showing the usefulness of describing physics in terms of 

elementary particles. Other factors why particles have not been dropped include that it is 

natural to think about discrete objects like quanta when dealing with ‘quantisation’. 

Franklin and Knox (2018) look at the case of phonons in crystal lattices. By discussing 

the topics of robustness and novelty they look at how phonons can be thought of as emergent. 

This provides a useful parallel with the idea of particles in QFT, especially since much of the 

physics of phonons very closely matches that for photons. Franklin and Knox define emergence 

in terms of robustness and novelty rather than focusing on issues relating to reductionism. They 

do at one point use the analogy with quanta being emergent from fields to argue for the same 

for phonons, but even taking that out they still claim to show phonons are emergent. This 

provides us with a means to understand the notion of an emergent quantum particle.  

Thus, we are at an impasse since the evidence above precludes the existence of standard 

particles and yet they are an integral part of modern physics. Importantly, the advocates for 

particles do not (generally) argue for particles as being part of the fundamental ontology of QFT 

and so can get around many of the objections (Wallace, 2011). And the conclusion to be drawn 

from most of the others, is that particles in QFT are not like classical particles. They are 

somewhat non-local and frame-dependent. Yet, this should not be surprising as many of our 

classical intuitions have been radically changed in quantum physics. Is there a question that 

calling these entities ‘particles’ is confusing? Probably, but the development of science is such 

that terminology evolves as do the theories. And using particles helps in scientific 

understanding and communication.  

 

7.6.3 A Quantum Field-Day 

While we do not need to abandon the concept of particles completely, there are many field 

theorists that disagree (Baker, 2009; Fraser, 2008). Though it is true that particles in RQFT are 

radically changed, the focus on fields instead does not lead to a simpler solution. In fact, as 

Halvorsen and Muger (2007, p.52) put it, “…if we examine the field interpretation on its own 

merits, it’s not clear that it is better off than the particle interpretation.” 

Teller (1995) introduces a naïve view of quantum fields, which he dismisses due to 

several problems. This view states that it is the operators at each point of a field that give it 
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value at that place, i.e. that field configurations are represented by field operators. Teller argues 

that there is confusion over what the term “field” is referring to; is it a specific configuration or 

the general field? Thus, he thinks that the quantum state must also be considered. Wayne 

(2002) questions Teller’s assessment of the naïve view and instead claims that it can be 

properly instantiated to form a consistent approach to ontology. He proposes the vacuum 

expectation value (VEV) view where a spacetime indexed set of field operators does fully 

determine a configuration of the field. Hence, all information is encoded in these operators that 

can be described by an infinite hierarchy of n-point vacuum expectation values (Kuhlmann, 

2020). Teller (1995) responds to criticisms by recognising the openness of his account looking 

at operators and in fact he embraces it. The solutions to field equations tell us what is physically 

necessary and what are the physically possible configurations. But a specification of the 

quantum state is needed to have the configurations tell us how physical properties vary in 

spacetime. Teller argues that his approach is focused on physical possibility whereas the VEV 

view seems to only use logical possibility. 

However, neither of these approaches come without problems. Both to varying degrees 

use expectation values, which is obviously an average over all sets and so does not seem to 

represent a single physical property (Fleming, 2002; Lupher, 2010). Further, focusing on 

operators at points in spacetime assumes that we can define these points. Haag (1996, p.58) 

claims that “a quantum field…at a point cannot be a proper observable” following the view that 

we cannot even define the value of a field at a point. Therefore, it has been argued that these 

operators need to be spread out instead (Arntzenius, 2003; Huggett, 2003). However, Halvorsen 

and Muger (2007) think this concern confuses what is physical and what is measurable.  

The most popular approach to understanding fields is the wave functional 

interpretation (Arageorgis, 1995; Huggett, 2003; Wallace, 2006b). This draws on the common 

view in quantum mechanics of a single particle state. Here, wave functionals describe quantum 

fields and map (classical field) configurations to probability amplitudes, where the mod-square 

rule can then be applied. In standard approaches to QFT though, we do not use wave functionals 

and so this approach requires that the space of wave functionals is able to represent QFT 

(Baker, 2009). Field operators must however, be ‘smeared’ out (due to the common no-go 

theorems) and this means the wave functional approach will not return us to the standard 

definite position or momentum view we have in quantum mechanics (Halvorsen and Muger, 

2007). Unlike for particles, where no-go theorems seem to rule them out, here they merely 

weaken arguments (Baker, 2009). Lupher (2010) suggests that having to move to smeared field 

operators pushes us to AQFT, where it becomes mathematically simpler by setting bounds and 

using Weyl algebras. Moving to AQFT also reintroduces the notion of our classical observables 
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which can help distinguish between UIRs (Lupher, 2008). However, we are now back to the 

Wallace-Fraser debate where it is hard to ignore the shortcomings of AQFT. 

 

 7.6.4 An Empty Theory? 

In terms of traditional ontology, it seems that neither particles nor fields provide a clear 

solution. There is no question that particles are emergent and quite different from our classical 

concept. And in this way, our understanding of quantum particles might be more complete than 

that of fields. As the potentially fundamental entity, quantum fields still lack a consistent 

physical description. But maybe this is not surprising. Even the notion of a classical field does 

not lend itself to a clear picture and, with the addition of quantum complexities, this confusion 

doubles in QFT. At this stage, many might throw up their hands and claim answers will come 

with quantum gravity and we should just forget these questions for now. However, for an 

Everettian there is meant to be a correlation between the content of the interpretation within 

quantum mechanics and whatever Everettian Quantum Field Theory (EQFT) entails. Thus, the 

topics surveyed in this chapter set out the basis on which any approach to EQFT must start. 

Clearly, the idea will be to put aside questions of EFTs and UIRs in favour of a single view that 

incorporates the best physics. Regarding ontology, neither the particles nor fields here entirely 

match up with EQM and so more must be done to understand what QFT is about and whether 

there is an Everettian version available. 
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Chapter 8 
 

 

Everettian Quantum Field Theory 

 

 

 

 

 

8.1 Extending to Everettian Quantum Field Theory 
 

Naturalism pushes us to consider RQFTs and this chapter examines two questions: can one be 

an Everettian when we look at RQFT and if one is a realist about RQFT and does not propose 

new physics, must one be an Everettian? Regarding EQM, the claim is made by Everettians that 

it naturally extends to RQFTs (Wallace, 2020a). Wilson (2020, p.86) even boldly states, “This 

seamless extension of EQM to quantum field theory is seen by proponents as one of the 

strongest arguments in favour.” The reason for this is presumably that EQM does not change the 

physics of quantum mechanics, and so this would equally apply for overall quantum physics. 

There are certainly merits to this. Unitary dynamics remains central to RQFTs and EQM does 

not require any changes to the basic structure of any quantum theory (i.e. adding in hidden 

variables or new laws). Therefore, it appears that EQM can be extended to quantum physics as a 

whole, despite this extension being merely trivial. However, this chapter shows that keeping 

physics as it is still requires additional metaphysics. An Everettian accepts whatever the best 

physics is and then posits a multiverse of branches to interpret it. Further, as discussed in 

Chapter 7, there are disagreements on how to approach QFT. Thus, what does it even mean to 



174 
 

say that EQM does not add to quantum theory? Clearly, if it is the case that an Everettian is free 

to pick between any of the options, this suggests that what Everettianism is bringing to the table 

is separate from the standard physics.  

Since, Wallace (along with other Everettians) also sometimes claims that quantum 

theory (including QFT) just is EQM, there is a question of whether this is actually true in 

practice. In particular, Wallace has written on various topics relating to QFT but do his 

arguments rely on Everettianism? Relating to the debate about what type of QFT to pursue, 

Wallace (2011) does acknowledge EQM in a footnote saying that any type of extension to QFT 

into some form of AQFT would not involve hidden variables or collapse. Thus, he seems to imply 

that any algebraic quantum field theorists must be Everettians (if they are realist). It is 

interesting that he seems to link EQM here to the algebraic program, despite arguing instead for 

conventional QFT (CQFT). However, what is clearly consistent is his approach to philosophy and 

the philosophy of physics in these scenarios. Part of Wallace’s motivation for CQFT over AQFT is 

that he wants to place working physics first, and arguably this is what he does within his EQM. 

In the latter, there are no additions to the formalism because of the success of quantum theory 

and specifically unitary dynamics. Further, his acceptance of varying levels of ontology and 

theories, such as CQFT being useful despite not being fundamental, relates to his incorporation 

of emergence to describe branching. Of course, branching is a much more complex and 

dynamical argument, but it speaks to a general readiness to recognise all aspects of physics. 

Linked to these ideas of emergence, Wallace’s views on using the particle concept in QFT 

also follow nicely. He sees the benefits of talking of particles and does not think that 

philosophers should only focus on the fundamental ontology. That being said, neither his 

arguments for CQFT nor his view on particles relies on or presupposes an Everettian viewpoint. 

Thus, being a realist about QFT is not equivalent to being an Everettian. This links back to the 

idea that, contrary to what is claimed by most modern Everettians, unitary quantum mechanics 

is not equal to EQM. This is discussed in more detail below, but first it is worth quickly 

mentioning Rubin (2002, 2011) who explicitly uses the term ‘Everettian Quantum Field Theory’. 

His focus is on locality and whether EQFT is local, and he starts by looking at a non-relativistic 

fermionic case only but thinks this can be extended further. Rubin argues that the locality he is 

seeking is established when looking at the Heisenberg picture transformed to the Deutsch-

Hayden picture and that there are also local observers. His papers deal with EQFT as he 

approaches Bell’s theorem using the caveat of there being no unique outcomes. His use of EQFT 

is important as he is the only person to continually use this terminology. However, Wallace’s 

EQM is also local, and Rubin is more focused on the consequences of non-unique outcomes in 

the Deutsch-Hayden picture than a detailed Everettian interpretation.  
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8.2 The Probability Problem Revisited 
 

The biggest problem thrown at Everettians for quantum mechanics (and the focus of much of 

this thesis) is the probability problem. But is this problem changed for better or worse if at all 

when we move to QFT? The answer to this somewhat depends on whether one thinks there is a 

solution to the problem in quantum mechanics or not. Chapter 3 defined the parts of the 

probability problem as: 

Incoherence problem: if every outcome occurs in EQM, does an agent have any 

uncertainty about future events? 

 

Quantitative problem: how can uncertainty or probability be quantified in EQM and 

what rule is used to quantify it? 

 

Practical problem: how should an agent rationally act, if we interpret quantum 

mechanics along Everettian lines? 

 

Epistemic problem: how can EQM be used to make predictions and is it empirically 

testable? 

(a) Relational problem: Does coming to believe EQM undermine the existing 

evidential basis of quantum mechanics? 

(b) Predictive problem: Does EQM have predictive power or merely explanatory 

power? 

Straight away it is clear that the incoherence problem is unchanged when moving to 

QFT. It is a philosophical question about the compatibility of uncertainty with multiple 

outcomes and since this basic structure remains in EQFT, the incoherence problem is 

unchanged. Similarly, the practical problem does not change as it is focused on rational action, 

which is unaffected by considering more fundamental physics. Turning to the quantitative 

problem, if one is an Oxonian Everettian who thinks that the quantum mechanical version is 

solved using decision theory, then since probability is coming from rational action and branch 

weights this should not change in QFT. This does assume that Wallace’s axioms that are tied to 

EQM rather than decision theory carry across too. In reality, there should be no problem here 

either since all of these are focused on the level of branches, which as the emergent structure 

come over and above the underlying QFT. However, chapter 4 shows the severe problems with 
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the decision theory approach and so despite it extending naturally to QFT, this cannot unwrite 

its problems.  

If one does not adhere to the decision theoretic approach, it is still the case that moving 

to QFT does not necessarily change how one can approach the quantitative problem. Chapters 4 

and 5 placed Vaidman’s and Zurek’s approaches as the most promising, with Zurek’s having the 

edge. For Vaidman, his additional principles relate to a symmetry of space and superluminal 

signalling. The latter causes no problems in RQFT, but the former needs more elaboration. 

McQueen and Vaidman (2019) use this symmetry idea to motivate that equal amplitudes give 

equal probabilities. What McQueen and Vaidman need is something more akin to translation 

covariance, such as that used by Malament (1996). They require that there should be no change 

in the result of the same measurement if they were done in two different places. This is entirely 

reasonable even within QFT. Thus, from the outside, the self-locating uncertainty approach to 

probability is as justified in QFT as in quantum mechanics. Zurek’s envariance proof relies more 

heavily on mathematical formalism, especially that tied to entanglement. In QFT, there is still 

entanglement and the mechanism for decoherence. Thus, on the surface Zurek should be able to 

extend his derivation to QFT without requiring any additional assumptions. 

Finally, addressing both parts of the epistemic problem. Regarding the relational 

problem, once the terminology is amended to EQFT, little changes as it merely draws a 

comparison between EQFT and QFT (of course assuming EQFT is a consistent approach). For 

the predictive problem, arguably in comparison to other interpretations, EQFT comes out 

looking even better. All the empirical understanding coming solely from RQFT cannot be 

predictively explained by Bohmian or Collapse theories and so could be presented as novel 

predictions for EQFT. Of course, once we are refocused on RQFT and pushing physics forward, 

questions quickly turn to quantum gravity and any new insights there. EQFT cannot provide any 

novel intuitions about how to approach it since at its basis it just takes the existing quantum 

theory as is.  

 

8.3 Branching in Quantum Field Theory 
 

The other main problem for EQM is the preferred basis problem, introduced in chapter 2. 

Interestingly, Wallace (2012a) does not directly address the preferred basis problem because 

“asking ‘which basis’ distracts us from the real question: why any basis?” (p.40). Therefore, 

while he spends time outlining the mechanism of branching and how worlds are emergent, he 

does not focus on the singular issue of the actual preferred basis. So first, let us look in a bit 
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more detail how Wallace (2012a) gets his branches. First, he argues that multiplicity is already 

present in standard quantum mechanics. If we start with some superposition of some 

component of spin, there are multiple states possible and this idea can easily extend to multiple 

outcomes such that, “Macroscopic superpositions do not describe indefiniteness, they describe 

multiplicity” (p.37). For Wallace, the worlds or branches are emergent entities, in part because 

of his use of decoherence to physically motivate the branching. Thus, in very simple terms, for 

Wallace “branching (relative to a given basis) is just the absence of interference” (p.88). 

Therefore, we have a direct connection between a branching event and the mechanism of 

decoherence: arguably for Oxonian EQM (OEQM), these are one and the same.  

Using the decoherence theory outlined in chapter 5, Wallace pairs this with the 

decoherent or consistent histories formalism. Using this setup, he is able to define various 

criteria linked to branching and what he terms the Branching-Decoherence Theorem (p.95). The 

details are not important here, although it is worth noting that he differs in his use of 

decoherent histories from the standard views which often assume that quantum theory is by 

definition probabilistic (Gell-Man and Hartle, 1990; Griffiths, 1984).  

To sum up, the Everettian process for branching follows the subsequent steps:  

I. Have a universal wavefunction 

II. This wavefunction is entangled with the environment 

III. Decoherence causes the different ‘parts’ of the entanglement to become effectively 

causally isolated 

− Approximation and irreversibility enter at this stage 

IV. The choice of which parts are seen in the entanglement (that are then isolated) is 

due to them being robust across continued monitoring from the environment 

− Apparent solution to the preferred basis problem 

V. Each part is identified as a different branch/world 

VI. Branches are quasi-classical in nature and emergent 

 

Opponents to EQM disagree with various parts of this. On point (I), there is always 

disagreement on whether there is a universal wavefunction, but this is a broad interpretational 

disagreement. Point (III) partly incorporates the debate from chapter 5 about decoherence 

involving probabilistic notions. As already argued, this is a problem for OEQM or the decision 

theory program. But with alternate solutions available, much of the disagreement can be 

overcome. Regarding the preferred basis problem and point (IV), there are concerns that 

decoherence does not actually provide a solution (Schlosshauer and Fine, 2007). One problem is 
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that decoherence requires a system-environment split and the robust states depend on where 

this split is made. Thus, one would have many different branching structures depending on this 

divide. This of course then calls into question if having a branching structure that gives us the 

worlds we observe is making this cut observer-centric (Schlosshauer and Fine, 2007). But this 

depends on the branching structure being defined by us and taking some preferred basis. 

Typically, some Everettians have presented the position basis as the preferred basis giving 

branches. Across all interpretations, position is often picked out as it allows one to link quantum 

states to how we experience the world. For Everettians, arguments based on decoherence are 

supposed to show how it is the position states that are robust over time, and so are preserved as 

branches.  

Lastly, there are also many objections about the final product of what branches are 

(point VI). Many have argued against branches being quasi-classical or approximate or even 

emergent (Dowker and Kent, 1995 and 1996; Kent, 1990; Mauldin, 2010). This is a much bigger 

question, separate from the physics. Philosophically, one might not want branches to be 

emergent but that will be due to outside factors rather than any scientific evidence. Everettians 

can use the decoherence framework to motivate talking about branches without any further 

assumptions. The price is that worlds are not fundamental. 

One reason for waiting to discuss branching until now is that, if EQFT is to be a viable 

option, then the branching structure in EQM must be able to carry across to RQFT. This requires 

that the dynamics cannot include non-relativistic notions like superluminal signalling, and the 

framework of decoherence can be equally employed in QFT without compromising the 

multiplicity. Starting with the first issue, Wallace (2012a) discusses the local character of 

branching, whereby decoherence effects (via entanglement) propagate at the speed of light 

from a branching event. Thus, Wallace draws spacetime diagrams showing how this creates the 

global branches but from local dynamics. It is important to stress that EQM is still non-

separable, despite Wallace presenting it as local. Wallace nicely defines non-separability as “a 

matter, not of dynamics, but of ontology” (p.293). In EQM (or EQFT) there is a fundamental 

state, be it the universal wavefunction, that links separate regions. However, locality can be 

better described as no action at a distance, which Everettians need to maintain in order to be 

compatible with relativistic theories. In Wallace’s local picture of branching, there is no action at 

a distance. Casual discussion of branching often overlooks this local nature, in favour of 

emphasising the global character of ‘worlds’. This is in part because questions concerning the 

metaphysical nature of branches (e.g. diverging versus overlapping) do not depend on the 

dynamics but on the final structure. 
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Taking the local propagation of branches, unitary dynamics of an overall entangled state 

ensures that we do not see branches combining that contradict quantum results. Thus, with a 

Bell-type experiment, it will never be the case that Alice’s branch where she measures up in the 

x-direction connects with Beth’s branch with the same result. Wallace (2012a, p.311) states that 

“The upshot, in any case, is that while Everettian quantum mechanics can be approximated 

within relatively small volumes as a theory of (emergent) branching of the whole world, really 

branching is a much more local phenomenon than this: branching spacetimes, rather than 

branching times, might be a more apt description.” This suggests that Everettian branching is 

compatible with Special Relativity. Of course, this also raises questions of what branching 

spacetimes actually means, but the apparatus is there in EQFT.18 Any more substantial claims 

about the link to spacetime would almost undoubtedly push us into the territory of quantum 

gravity. Wallace acknowledges this limitation, but it is not possible to consider the consistency 

of EQFT here based on potential theories of quantum gravity. 

Moving to questions about the branching in QFT, Wallace (2002b) discusses the 

preferred basis problem and how moving to QFT makes this a bigger issue. He states that in 

field theories, the position basis becomes the basis of definite field configuration, but this 

becomes problematic due to the connection with particle position. As discussed in chapter 7, the 

use of particles is tricky in QFT and in fact Saunders (1992) states that relying on particle 

position to define any preferred basis has a number of problems. Alongside the problems 

relating to particles’ non-local nature, he argues that, given mass renormalisation, the 

observation of a particle depends on the energy scale and in general spacetime the particle basis 

cannot be exactly defined even for free quantum fields. Teller (1995) also recognises a problem 

in QFT if a position basis is needed. He argues that representations of exact states of position in 

QFT will lead to Lorentz covariant violations and this undermines any advantage EQFT would 

have in being relativistic. Wallace (2012a) actually uses spacetime state realism to avoid this 

problem. This ontological approach is discussed below, but the key message is that position 

cannot be a preferred pointer state.  

Moreover, this has been reinforced in discussions of decoherence within QFT (Joos et al., 

2003; Lombardo and Mazzitelli, 1996). Kiefer (2003) focuses on QED and identifies two aspects 

to decoherence: the influence of the field on the atoms and the influence of the atoms on the 

field. In the former, it is the field that plays the role of the environment and in the latter that role 

is given to the atoms. For the first aspect, the effect of the environment (field) on the relevant 

 
18 There is also a large discussion of branching spacetime in the philosophy literature completely separate from 

EQM. See Belnap, Müller and Placek (2022) for some details on one approach. 
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system (matter) is recognised from the reduced density matrix, which is found by integrating 

out the electromagnetic field from the full quantum state. Following the common pattern even 

in ordinary quantum mechanics, a master equation can be found, and the focus then turns to the 

non-diagonal elements. Kiefer shows that the imaginary part gives “the back reaction effect of 

the field on the atom, leading to a shift of the…energy eigenvalues” (p.184). On the other hand, 

the real parts of the density matrix match “to a “non-ideal measurement” (decay into another 

state): the electromagnetic field carries information about different energy eigenstates of the 

system” (p.184). 

For the second kind of system-environment split, where the field is now the system, 

Kiefer demonstrates that superpositions of field strengths are suppressed by the interaction 

with the environment (or matter) fields. It ends up being the case that we can use a classical 

field description except for when we are in the weak field region (Kiefer, 2003). Ultimately, the 

robust states (which could form a preferred basis) are unlikely to be the electric field 

eigenstates or even the potential eigenstates. Anglin and Zurek (1996) also look at decoherence 

of an electromagnetic field and conclude that the robust states are coherent states rather than 

any kind of position basis, especially since the coherent states cannot be interpreted as localised 

particles and any “localisation associated with decoherence occurs not in the positions of 

particles, but in the amplitudes of field modes” (p.7332). 

Kiefer has been picked out in particular because much of what he says fits with an 

Everettian viewpoint. In Kiefer (2010) he even addresses the questions of whether we can apply 

quantum theory to the entire universe. Concerning the emergence of a classical world, Kiefer 

focuses on the inaccessibility of the environmental degrees of freedom as the main property of 

decoherence. Any parts of the local system become quickly part of the entire entangled global 

state, and thus an observer who is necessarily local would not be able to detect any interference. 

Kiefer (2010) does acknowledge that in scattering scenarios, it is typically the position basis 

that is picked out as the preferred states, explaining why when we analyse simple scenarios, it is 

common to assume that position is special. Returning to the question of spacetime, Kiefer 

(2012) distinguishes between configuration space, where decoherence ‘occurs’ and actual 

space. He claims that any system-environment divide takes place in configuration space. This 

counters any objections stating EQFT cannot be applied to the entire universe if a distinction is 

needed between two systems.  

Returning to branching, how does the move to RQFT change this? In NRQM Everettians 

can motivate a preferred basis of position using decoherence. This allows them to define a 

global (emergent) branching structure. However, in RQFT this strategy is not as straightforward 

as it is hard to show that a single robust basis is picked out consistently. Kiefer and others show 
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that position is less likely to be an option and that looking at coherent states is more viable. 

However, it seems that there is no single basis picked out at all times. Therefore, Everettians no 

longer have the single global branching structure often discussed in relation to Ψ and worlds. If 

there is no single preferred basis, then there must be many different branching structures (in 

various bases). This is different from the problem Maudlin and Kent identify with an inexact 

number of branches. Rather, EQFT might not only have inexact branches but many inexact 

branching structures. There are two routes available for Everettians. One is to claim there is a 

single branching structure and somehow re-motivate a certain basis giving ‘worlds’. The other is 

to embrace and justify the multiple structures. This second option stays truer to the Everettian 

cause of taking the physics as is but does lead to branching being even more ubiquitous than 

often thought. 

Wallace’s functionalist approach does not seem to contradict this second option and in 

fact his arguments for EQM and branching seem to fit within this approach. Rather, it is other 

Everettians such as those that subscribe to ψ-realism that must explain why there is a single 

branching structure within EQFT.  Further, since the metaphysical commitment has changed 

from a single branching structure to many, opponents could see this as a bigger problem. The 

key point here is that only by looking at full EQFT can one start to recognise the complexity 

around having a preferred basis or branching. Moving forward, this is an issue Everettians need 

to acknowledge and is a weak point of the theory. This is especially true since the fundamental 

ontology of EQFT is up for debate and so the ‘extravagant’ branching above has nothing set to 

ground it. 

 

8.4 The Nature of Everettian Quantum Field Theory 
 

Wallace presents the most detailed outline of an Everettian position and directly links it to 

QFT.19 It is his approach to probability that is questioned in chapter 4 and his view on branching 

stated above. Even if one accepts the decoherence-branching mechanism, this only gives us the 

emergent structure of EQFT. And it is hard to justify the extreme emergent ontology without 

 
19 Wallace’s EQM sits within a more extensive philosophy of functionalism and emergence. He uses this to 

provide further arguments for his branching picture and Everettian view. Here, this is not explored since it 

requires moving beyond the quantum discussion of EQM and into general debates in philosophy of science. 

Nevertheless, a full picture of Wallace’s ontology would include this wider approach (see Wallace (2012) for 

details).  
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any lower-level objects grounding it. There are different options available to Everettians. Here, 

the popular contender, ψ-realism, is discussed along with Wallace’s own view. 

 

 8.4.1 Wavefunction and Density Realism 

Wavefunction realism (ψ-realism) is a framework where ψ is interpreted ontologically as a field 

in a high dimension space with the structure of configuration space (Ney and Albert, 2013; Ney, 

2021). The wavefunction takes complex values at each point and these amplitudes and phases 

are properties of those points (Albert, 2013). The dimensionality of the ‘space’ in which ψ lives 

is 3N, where traditionally N represents the particle number. However, ψ-realists cannot simply 

link N to particles because it is ψ that is the fundamental entity (Ney, 2021). Thus, the 

properties of ψ cannot be reliant on particle number. This should lead us to not call this space 

‘configuration’ space, but the name has stuck even though there is clear understanding on the 

differences. There is a concern that by dealing fundamentally with 3N space, our ordinary 

objects existing in 3-space are lost (Albert, 2013; Monton, 2006, 2013). However, ψ-realists 

provide arguments to link these two spaces or sometimes argue that one of them is in fact an 

illusion. For example, Albert (2013) argues that it is 3-space which is illusory. Lewis (2013) 

takes a different approach and instead claims that it is 3N space which is not real, but rather 

provides a full description of ψ without each part necessarily being spatial.  

One advantage of ψ-realism is that the framework fits with various realist 

interpretations. This thesis is solely focused on EQM and so will put aside details of Bohmian 

and collapse versions of ψ-realism. 20 For an Everettian, ψ-realism is straight forward: ψ is the 

fundamental object and it is a field in 3N ‘configuration’ space (Ney, 2013). This is a form of ψ-

monism where there is only one fundamental object, and it is ψ. There have been more complex 

ψ-realist Everettian responses that include a mass density field as well, but this is to satisfy 

claims that a primitive ontology is needed for a theory (Allori et al., 2011). Thus, whether one 

can be an Everettian and a ψ-realist depends on whether ψ-realism is plausible. 

There are various different strategies that ψ-realists use to advocate their position. 

Some quick motivations include the fact that ψ is a key part of most realist interpretations and 

also taking ψ to be real helps solve the measurement problem. However, these are not 

substantial arguments and ψ-realists generally refer to entanglement, locality and separability 

instead. The argument from entanglement goes that if we take entangled states seriously as real 

 
20 See Ney and Albert (2013) and Ney (2021) for further details of ψ-realism and how it pertains to Bohmian 

mechanics and collapse theories. 
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objects, this requires using higher dimensional space (Ney, 2012; North, 2013). However, Ney 

(2021) points out that there are many alternative approaches that can still understand 

entangled states as well, and so this argument does not put ψ-realism at an advantage over its 

rivals. Instead, Ney argues that the true benefit of ψ-realism is that it is “unique in yielding 

pictures of the world with two intuitively nice metaphysical features: separability and locality” 

(p.80). Yet, there are objections even to these claims and to the use of intuition (Ladyman and 

Ross, 2007; Myrvold, 2015). 

However, there are bigger problems with ψ-realism that closely tie into the arguments 

in this thesis of putting physics first. Returning to the issue of the higher dimensional space, 

Wallace and Timpson (2010) refer back to the fact that N derives from particle number. And in 

QFT, there is not a fixed particle number in the universe. Of course, a ψ-realist will claim this 

objection continues to miss the point that this is not configuration space. However, if a set 

dimension for ψ is chosen, this assumes there is one correct way of describing it. And this leads 

us quickly back to a preferred basis problem: why is this description of ψ correct over all the 

others (Wallace and Timpson, 2010)? Wallace (2020b) picks up on this and argues that ψ-

realism relies on a preferred position basis. As discussed above, position is not easily pulled out 

of QFT and so this disadvantages those stances that rely on it. Ney (2021) responds by claiming 

that a RQFT version of ψ-realism would be built on the correct formalism, and thus would not 

privilege position in the way it does for NRQM. 

Wallace and Timpson have another set of concerns about ψ-realism and how it does not 

incorporate the key role spacetime plays in quantum theory. In particular, the fact that current 

QFT does not support an emergent view of spacetime where variables are connected to 

different regions. Ney (2021) addresses these concerns although does at first claim that ψ-

realism is still useful ontologically for interpreting quantum theories even if it is only applicable 

in the non-relativistic domain. This is a surprising statement as clearly any true ontological 

commitments, based on scientific realism, must come from our best theories. While ψ-realism 

might offer an interesting view of NRQM, it cannot do any substantial work if it does not extend 

to wider quantum theories. Myrvold (2015) also shares a concern about the role of ordinary 

spacetime, since in QFT spacetime points (or the operators associated with them) play a key 

role in deriving wavefunctions. Ney’s reply rests on the fact that mathematical derivation does 

not preclude an ontological relation and thus, ψ could still be ontologically prior. She also refers 

to work on quantum gravity which has a non-fundamental spacetime (Huggett and Wüthrich, 

2013; Knox, 2013; Smolin, 2006). These are not all the objections to ψ-realism but there is 

definitely a trend that it cannot easily extend to RQFT. Therefore, from the stance advocated in 

this thesis, this disqualifies it as a good way to approach the true ontology discussed in EQFT. 
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While ψ-realism faces problems, there are other rival views. One such view, density 

matrix realism (ρ-realism), comes mainly from work on statistical mechanics. Normally density 

matrices are brought in after the wavefunction in the formalism. As introduced in chapter 1, a 

density matrix either represents a proper mixture (probability distribution over ψ) or an 

improper mixture (state from tracing environment system entangled with). These cannot be 

told apart mathematically, and hence both are represented by same symbol ρ. Despite ρ often 

coming after ψ, density matrix realists (ρ-realists) put it as a primary. Broadly, ρ-realism states 

that the quantum state of the universe is objective and mixed or pure (Chen, 2021). It is often 

introduced directly against ψ-realism, where the fundamental wavefunction is pure. The 

‘objective’ can mean various things such as a field or a law. If we take a field view, this is 

relatively similar to ψ-realism, where ρ then has 6N dimensions. Chen, who champions ρ-

realism, prefers a nomological view to avoid any of the same objections to the high dimensional 

space that ψ-realism contends with. 

Like ψ-realism, ρ-realism can be extended to multiple interpretations and Chen (2021) 

presents versions for Bohmian mechanics, EQM and GRW. Since ρ-realism at first glance 

appears very similar to ψ-realism, are the two empirically equivalent? This depends on what 

version of ρ-realism is presented and also on which interpretation is being taken to be ρ-realist. 

For example, Maroney’s (2005) ρ-ontic view of Bohmian mechanics is not equivalent as he 

modifies the dynamics. However, in general there are more similarities than differences. A key 

difference though between ρ-realism and ψ-realism is that the former is often motivated due to 

arguments about statistical mechanics and the arrow of time. Chen uses his ρ-realism along with 

his version of the past hypothesis to reduce probabilities in statistical mechanics to quantum 

probabilities. Maroney is motivated by the asymmetry in thermodynamics which he argues is 

due to non-unitary dynamics, but he also states that ρ-ontic views do not tell us how to interpret 

quantum theory or help solve the measurement problem. More closely tied to EQM, Wallace and 

Timpson put forward their own ρ-realist view: spacetime state realism. 

 

 8.4.2 Spacetime State Realism 

Wavefunction realism provided one option for Everettians to fully develop the fundamental part 

of their theory, but this comes with some severe problems. Instead, Wallace (and Timpson) 

argues for a form of ρ-realism named spacetime state realism (SSR). The key of SSR is to avoid 

the problems of wavefunction realism, first that of having any kind of preferred basis. If we 

want to avoid a preferred basis it is best to think of the quantum state mathematically as a 

density matrix. Wallace and Timpson (2010) recognise that this is not an ontology, and more is 

needed, specifically properties and structure. They treat the universe in terms of subsystems 
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that make up the whole, where reduced density matrices can be assigned to each subsystem. 

Further, since this is meant to be an approach to our physics, Wallace and Timpson also want 

the structure to link with spacetime.  In particular they take “the regions of space (and their 

unions) as [the] basic bearers of properties: tensor products of states belonging to each region 

(in general, superpositions of such products) allow us to express the original total state of 

varying particle number” (p. 711). It is worth noting that SSR is Lorentz covariant, something 

which is traditionally seen to be a problem for ψ-realism. In connecting the basic setup to 

spacetime, Wallace and Timpson use the framework of QFT and Fock spaces and this allows 

them to link properties to specific regions. To build upon this, they then move to a more 

comprehensive QFT using the algebraic formulation. This is an interesting move, considering 

Wallace pushes CQFT over AQFT as discussed in 7.5.3. It is unclear whether he truly wants an 

algebraic SSR or is merely using an analogy.  

SSR regains a closer tie to other physics in comparison to ψ-realism as it directly 

involves spacetime. However, a consequence of this is that there is again a notion of non-

locality, specifically non-separability. But this is not a problem for Wallace or Everettians since 

it is accepted that EQM is non-separable. And SSR does not allow action at a distance, so an 

Everettian view plus SSR is still compatible with Special Relativity. Taking these spacetime 

regions (with their density matrices) as primary, Wallace and Timpson then give the traditional 

Everettian story of how we get to our world. Thus, decoherence gives us the approximate 

emergent classicality but now we can also say that our quasi-classical world refers back to 

“certain special states of large regions” (p.722). With no collapse, these larger regions will not 

refer to a single classical state but instead to many simultaneous ones.  

Wallace (2012a) recognises that the advantages of SSR are more practical such as it 

being Lorentz covariant and incorporating spacetime, contra to the more substantial claims 

used more generally in metaphysics. He states that the best ontological picture of a theory 

cannot be easily decided using virtues that we use to choose between theories. Instead, Wallace 

fills the gap with structural realism, which allows him to remain somewhat removed from 

specific questions of metaphysics while still providing an approach to ontology. Structural 

realism in some form has been very successful in helping understand physics and in particular 

quantum theories (French, 2014; Ladyman, 1998; Lyre, 2004). However, is it now the case that 

to be a successful Everettian, one needs to accept SSR and structural realism along with the rest 

of the formalism? This is not necessarily a problem, but it dramatically narrows down who 

might be willing to be an Everettian and pushes back against the claim that EQM just is unitary 

dynamics.  
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There are objections to SSR. Ney (2021) notes that the reduced density matrices 

associated with a subsystem can be derived from wavefunctions of bigger systems. This is clear 

in the basic quantum formalism where ρ comes second to ψ. She states that this adds a “kind of 

redundancy in the fundamental ontology” that is not found in other views (p.74). However, this 

assumes that mathematical derivation corresponds to ontological derivation. And she even 

dismisses this responding to Myrvold’s criticism of ψ-realism. Ismael and Schaffer (2020) 

identify a different redundancy but one they resolve. They claim SSR does not need to assign ρ 

to each subsystem if there is a global ρ since the global state uniquely determines the 

subsystems. This streamlined SSR is not developed further and so it is unclear whether it faces 

any problems. Baker (2016) points out a conceptual gap in SSR. If we take ρ to encode the 

information, what it actually has is expectation values. But what does it mean, for example, to 

have a fundamental energy expectation value when energy is not fundamental? Swanson (2020) 

gives a possible solution based in his algebraic SSR, but it is a question that needs more 

explanation. 

Swanson (2020) thinks that SSR has a problem due to the ontology it admits (and 

omits). He shows that in standard QFT local states are obtained from a combined global 

structure and local observable algebra. Properties like mass are then associated with self-

adjoint components of these algebras. The problem for SSR is that these local observables are 

not part of an ontology but are simply mathematical objects, meaning one cannot use the 

concept of local observables to define local states (Swanson, 2020). Wallace (2006b) suggests a 

reformulation of QFT with a state-first approach (where the field of local states are 

fundamental) which would seemingly avoid this problem. However, Swanson notes that this 

approach to QFT relies on type I von Neumann algebra. He states that AQFT requires us to use 

type III to be relativistically consistent. Swanson does propose an alternative framework to QFT 

that saves SSR, but it needs more extreme axioms. But we have returned to AQFT and in fact the 

reason Swanson wants a type III algebra version is so that SSR applies to exact QFTs and not 

just EFTs.  

Like ρ-realism more generally, SSR is compatible with interpretations other than EQM. 

So, is SSR a requirement for Everettians? On the one hand, a complete Everettian interpretation 

includes an understanding of what the fundamental ontology is and how it fits with the 

emergent structure. However, the multiplicity of EQM only takes effect at the emergent level, 

once decoherence causes branching. Thus, there is nothing in the discussion of EQM in previous 

chapters or above that relies on having SSR. Of course, part of the motivation is that it beats 

rivals such as ψ-realism and provides an insight into the ontology. Currently, SSR is 

underdeveloped and so it is unclear whether it is suitable. Objections to it are also hard to judge 
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since there is not a fully concrete theory to analyse. Nevertheless, an Everettian does need to 

subscribe to an ontology, whether it is ψ-realism or SSR, otherwise the emergent branching 

structure is coming from nowhere. Wallace (2012a) makes as few commitments as possible for 

this since we are heading towards a regime where quantum gravity will have noticeable effects. 

But the metaphysical baggage of multiple worlds is hard to swallow if there is no foundation. 

 

8.5 The Legacy of Everettian Quantum Field Theory 
 

The Everettian claim is that EQM/QFT just is quantum physics. This chapter shows that EQFT 

requires additional ontological commitments to ground the emergent (and extravagant) 

branching structure. This could be ψ-realism or SSR and might require specifically subscribing 

to structural realism or the fact that QFT is necessarily an EFT. Returning to the two questions 

mentioned in section 8.1, first can one be an Everettian when we look at RQFT? If this simply 

means does the formal structure of probability and decoherence carry over to RQFT, then the 

answer is yes. But this ignores the fact that there is no resolution of the preferred basis problem. 

While decoherence in QFT selects a stable basis, there will not be a unique one. Everettians need 

to address this issue if they want EQFT to be an option. This might require using stronger 

metaphysical claims to define a single branching structure or a radical notion of what having 

multiple branching structures means. Second, if one is a realist about RQFT and does not 

propose new physics, must one be an Everettian? In short, no. EQFT comes with additional 

philosophical commitments, and these are not required to be a realist about QFT. And without a 

positive answer to the first question, this second one is moot anyway. A consequence though is 

that discarding EQFT removes the solution to the measurement problem. This leads us to asking 

how hemmed in are we by the measurement problem when looking at quantum theory.  

Egg and Saatsi (2021) present different realist responses from a wait-and-see quietism 

to structural realism or metaphysical arguments like primitive ontology. Barrett (2019, p.231) 

provides an argument for quietism and says, “Given our epistemic situation, the best strategy is 

to keep all of the serious theoretical options on the table while we aim for something better”. 

Egg and Saatsi point out that this is unacceptable for most philosophers, and I agree to an 

extent. There are plenty of scientific objects within quantum physics that one can be realist 

about. These might not be fundamental (like particles) but there is evidence of these high-level 

entities (Hoefer, 2020). This approach might seem counter to the above statement that EQFT 

needs some fundamental ontology to ground the emergent branches. However, as discussed in 

chapter 3, there is no evidence of branching multiplicity outside EQM whereas particles are 
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used and ‘observed’ (or manipulated) in many different scientific theories. In fact, Egg and 

Saatsi argue that part of the reason there are problems in finding an ontology of QFT is that it 

depends on whether we take QFT to be fundamental or not.  

So where does this leave an Everettian? EQFT is possible provided a non-decision theory 

solution to the probability problem is accepted and metaphysical reasoning for the existence of 

a single/multiple branching structures is given. But the claim that being realist about quantum 

theory just is an Everettian view is incorrect. There are other options available for scientific 

realists that do not want to accept multiplicity. In textbook physics there is no discussion of 

worlds or branches, and ultimately scientific realism pushes us to be realist about the entities 

our science describes. And there are still plenty of objects that RQFTs do discuss that a realist 

can take seriously. Since this does not include branches, further Everettian metaphysical 

principles must be accepted to ground this additional ontology. However, we are now 

discussing a level where it is harder to ignore any effects of quantum gravity and even the 

effective nature of our current QFTs. Everettians are free to argue their approach is an option, if 

they recognise the unanswered questions remaining. But it is not true that EQM, or in this case 

EQFT, is equivalent to not changing the physics as it is.  
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Chapter 9 
 

 

Conclusion 

 

 

 

 

 

The difficulty interpreting quantum theory has led to rampant disagreement in the literature. 

This thesis aims to move the debate forward by using both physics and philosophy as a guide. At 

this moment, different interpretations are pitted against each other, and it is argued by others 

that only philosophical considerations can distinguish between them due to a problem of 

underdetermination. In chapter 1, I disagree with this assessment, following Wallace, and show 

that if we take the entirety of quantum physics seriously, EQM is currently the only option. This 

stance stems from a broadly naturalistic and realist perspective where physics is placed first. 

While research programs into relativistic or field theoretic Bohmian mechanics and collapse 

theories continue, one cannot ignore the fact that at present only EQM (seemingly) extends to 

RQFTs. This follows from the claim that EQM is just unitary quantum mechanics, and it is this 

assertion that is further tested in this thesis. At its heart, EQM must reproduce the empirical 

contents of textbook quantum mechanics, which is broadly made up of unitary quantum 

mechanics and the collapse postulate. Everettians try to achieve this goal by having EQM only be 

unitary quantum mechanics. However, since this is not equivalent to textbook quantum 

mechanics, it comes as no surprise that Everettians need to supplement their approach with 

metaphysics. This thesis outlines how problems related to probability and branching explicitly 

show where additional claims are added to EQM. 



190 
 

Undermining the underdetermination debate in chapter 1 sets up EQM as the focus here. 

However, this assumes that EQM is a viable option in the first place. Historically, Everett’s 

(1957) motivations for a relative-state approach do not differ much from current reasons for 

being an Everettian. Chapter 2 analyses the initial formulation of EQM from Everett, DeWitt and 

Graham and shows that the common objections today were part of the original debate. This 

historical analysis is often excluded in discussions of modern EQM and thus its inclusion here, 

sets this thesis apart. Further, it allows for a clear comparison with the main claims of modern 

EQM outlined in chapter 2. Two main objections to EQM are presented and explored here: the 

probability and the preferred basis problems.  

The nature of the probability problem means that it is possible to investigate it within 

the limited regime of quantum mechanics. While any true solution must acknowledge how it 

extends to RQFTs, the key element that generates the problem of non-unique outcomes is 

present in all forms of EQM. Chapter 3 examines the probability problem in more detail. The 

reason for such a problem for Everettians is often tied to the theory being deterministic. 

However, the assessment in this thesis shows that determinism does not preclude an 

understanding of probability. Instead, the multiplicity of outcomes, which gives EQM its novel 

branching structure, undermines the common approaches to probability. Having identified the 

source of the issue, chapter 3 goes on to define different parts of the problem. While there is 

consensus in much of the literature, any discussion of the probability problem must begin with a 

clear understanding of what it is. This also serves to bring out the fact that there are three clear 

aspects, rather than two or four as is sometimes quoted. The key parts are the incoherence, 

quantitative and epistemic problems. Although, the practical problem is also used, here it is 

shown that it assumes a decision-theoretic solution, making it an unhelpful question.  

Since this thesis is focused on the physics associated with EQM, the quantitative 

problem is focused on out of all of the different aspects of probability. Nevertheless, the 

epistemic problem is explored further in chapter 3 to test whether EQM is even confirmable. 

This thesis offers a novel way to analyse the epistemic problem by splitting it into two parts to 

capture the key facets discussed in the literature. The relational problem looks at whether EQM 

is confirmable as far as standard quantum mechanics already is, and the predictive problem 

looks at whether EQM makes any novel predictions. Chapter 3 argues that the relational 

problem is positively addressed by Everettians, and they can claim confirmation in terms of the 

existing evidence. However, there are no (current) novel predictions that stem from the 

structure of EQM over and above quantum mechanics. By dividing the epistemic problem up, 

the discussion in chapter 3 is able to clearly show the areas where EQM is lacking. 
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Having outlined the probability problem, chapter 4 analyses the quantitative problem 

further alongside possible solutions. Oxonian Everettians claim to have solved this problem via 

the use of decision theory, outlined by Deutsch (1999) and Wallace (2012a). Despite being a 

new way to approach probability, there are severe problems with the entire program. There are 

issues with the axioms used to set up the derivation of the Born rule and it is unclear whether 

this method even uniquely gives us the Born rule to use (Lewis, 2010; Mandolesi, 2019; Price, 

2010). Often the literature focuses on decision theory, both its positives and negatives, but this 

thesis examines other possible approaches. These have sometimes been overlooked, and yet the 

severe problems with decision theory should push Everettians to consider these options. 

Chapter 4 introduces three possibilities: Vaidman’s self-locating uncertainty, Sebens and 

Carroll’s version of this and Zurek’s envariance method. Putting aside Sebens and Carrol’s 

approach which has flaws, both Vaidman and Zurek present alternative derivations of the Born 

rule that avoid the pitfalls of decision theory. However, they both include additional principles 

besides those from unitary quantum mechanics. Vaidman relies on axioms that are physically 

motivated along with his view of uncertainty. Zurek’s solution is more complex as he relies on 

the framework of entanglement, coming from the standard formalism, but also needs further 

assumptions to derive the Born rule. Since most Everettians take EQM to just be unitary 

quantum mechanics, they object to any new axioms being included. In this thesis, contra this 

common stance, it is argued that adding principles to recover probability is not a disaster for 

EQM. While this means EQM adds to the physics, the assumptions suggested in these solutions 

are well-founded and ultimately an understanding of probability is required. 

Decoherence is the mechanism used to explain the branching structure and a solution to 

the preferred basis problem. The framework is introduced in chapter 5 to set up an examination 

of an objection from Dawid and Thébault (2015). They claim that decoherence involves 

probabilistic concepts and so cannot be used as a tool in solving the probability problem. This is 

a big problem for the decision theory approach, but chapter 4 has already shown the problems 

with this method. The incoherence claim here further undermines decision theory, but it does 

not rule out all approaches to probability. The discussion of alternative options to decision 

theory in chapter 4 places this thesis in a prime position to respond to the incoherence claims. 

Neither Vaidman nor Zurek need branches to be defined prior to deriving the Born rule and as 

such can avoid the main issue.  

The discussion of the probability problem and probability generally is all based on the 

assumption that probability is intrinsic to quantum theory. Often the Born rule is the focus of 

these interpretational debates, but this thesis demonstrates that quantum probability is broader 

than this. Chapter 6 details the history of the Born rule and how probability first entered 
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quantum physics. It shows probability entered prior to the Born rule’s formulation and that 

there are other notions such as the Uncertainty Principle and probability current. This chapter 

offers a unique outline of quantum probability by drawing on textbook physics. While the Born 

rule is very important, for interpretations that struggle with probability such as EQM, it is vital 

to examine the wider notion of quantum probability.  

The initial motivation for focusing on EQM comes from its extension to RQFTs. For ease, 

the discussion of probability remains within quantum mechanics but to discuss branching and 

the ontology of EQM we must look instead at EQFT. Chapter 7 introduces QFT and provides 

further evidence for why issues of ontology must look beyond standard quantum mechanics. 

Looking at decay, it is shown that despite being a quintessential quantum phenomenon it cannot 

be accommodated into the framework of NRQM. This chapter goes on to introduce key 

philosophical debates in QFT such as the meaning of many EFTs and the particle-field dispute. 

In outlining these issues, it becomes clear that being a realist about QFTs is complex and any 

realist interpretation like EQM must contend with these questions.  

The claim that EQM only assumes universal unitary dynamics allows for the assertion 

that EQM extends to EQFT. Returning to the preferred basis problem, the mechanism for 

branching is outlined and how it, along with decoherence, extends to QFT. Although it is 

possible to use decoherence in this regime, it comes at the price of there not being a single 

preferred basis but many. Thus, Everettians face a new problem of many different branching 

structures. To justify this, EQFT requires strong metaphysical claims. This problem for EQFT has 

not been recognised elsewhere in literature because there has not been much focus on EQFT. 

This thesis does explore EQFT and therefore, shows how Everettians have not justified their 

claim that EQM extends seamlessly. 

Looking at quantum ontology, a common approach is ψ-realism, but it faces problems in 

relativistic settings. Clearly if Everettians have an advantage by applying to RQFTs, they do not 

want to subscribe to an ontological approach that undermines this. Wallace and Timpson 

(2010) present spacetime state realism instead and while it holds more closely with Everettian 

ideas, it also faces problems and is not fully developed. These topics of ontology and branching 

show that while EQFT is an option, it requires much stronger justification. Of course, removing 

the Everettian argument opens up other questions. Maintaining EQM solves the measurement 

problem and any complete realist approach to quantum theory must do the same. Therefore, 

while a quietist stance can still allow for a good understanding of quantum physics, it will not 

provide all the answers. Putting aside how quantum gravity will change the landscape, 

Everettians should embrace RQFTs and try and extend the interpretation to this regime. They 
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must also acknowledge that EQM moves beyond pure quantum physics if they wish to explain 

probability and branching worlds. 

To summarise, this thesis tests the claim Everettians make that their interpretation is 

merely unitary quantum mechanics. By recognising the problems with the popular decision 

theory approach to probability, here it is shown that the only way forward for an EQM that 

incorporates probability is to have additional axioms. This thesis examines two possibilities, 

both of which also allow for a response to concerns over the use of decoherence. Since often the 

focus has been on decision theory, the problems associated with decoherence are very serious, 

but this thesis allows them to be accommodated. Another aspect of the claim that EQM just is 

unitary dynamics is that EQM naturally extends to RQFT without any issues. The end of this 

thesis analyses what an EQFT looks like, which is not commonly done in the literature. By 

examining EQFT, it is shown that there are new problems that appear, in particular relating to 

branching and ontology.  
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