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“There are limitless futures stretching out in every direction from
this moment—and from this moment and from this. Billions of them,
bifurcating every instant! Every possible position of every possible
electron balloons out into billions of probabilities!”

Mostly Harmless, Douglas Adams

Abstract

This paper investigates the formation and propagation of wavefunc-
tion ‘branches’ through the process of entanglement with the environment.
While this process is a consequence of unitary dynamics, and hence signif-
icant to many if not all approaches to quantum theory, it plays a central
role in many recent articulations of the Everett or ‘many worlds’ inter-
pretation. A highly idealized model of a locally interacting system and
environment is described, and investigated in several situations in which
branching occurs, including those involving Bell inequality violating corre-
lations; we illustrate how any non-locality is compatible with the locality
of the dynamics. Although branching is particularly important for many
worlds quantum theory, we take a neutral stance here, simply tracing out
the consequences of a unitary dynamics. The overall goals are to provide
a simple concrete realization of the quantum physics of branch formation,
and especially to emphasise the compatibility of branching with relativity;
the paper is intended to illuminate matters both for foundational work,
and for the application of quantum theory to non-isolated systems.

1 Introduction

The Everett or ‘many worlds’ interpretation of quantum theory (QT) can be
predicated on denying wavefunction collapse as a physical process, and taking at
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face value the entanglement that results from unitary time evolution governing
the interaction of a quantum system with a measuring device (or an observer,
or anything else including its environment, all treated as further quantum sys-
tems). After such interactions, each system has a different ‘relative state’ in
with respect to the others, but neither system has a unique state, so reality is
branched into ‘many worlds’. Everett interpretations must thus give an account
of how branching works.! To define the branching structure at an instant re-
quires a choice of basis, but there are also the questions of how the world splits
into different branches over time, and whether it is supposed to do so globally
or whether branching happens regionally, so that not all the world branches at
once.? Following the pioneering work of Zurek (1982, 2003), Saunders (1993),
and Gell-Mann and Hartle (1993), many Everettians take the branching struc-
ture to be determined by the physical process of decoherence, the theory of
which is used to select a dynamically stable basis with respect to which the
reduced density matrix of a subsystem interacting with the environment is ap-
proximately diagonalised. Decoherence is understood to happen according to
the normal local — meaning no action at a distance or superluminal causality —
interactions of quantum systems with each other as described by unitary time
evolution.

The most conceptually developed account of such Everettian branching by
decoherence is that of Wallace (2012). It has many different features, which
interact in complex ways, two of which commentators have found particularly
puzzling. The first is that the branching structure inherits the effective or
FAPP (‘for all practical purposes’, Bell (1990)) nature of decoherence, making
for fuzzy macroscopic worlds (criticised by Maudlin (2019)). The second is
the claim that branching does not happen to the world as a whole, but rather
regionally in accordance with a dynamics in which branching propagates via
physical interactions, as sketched in his §8-6-7. This paper presents a model of
branching by decoherence that separates these two features: the branches are
exact not fuzzy, but the dynamics of branching is regional, and proceeds by
local interactions governed by unitary time evolution. The model significantly
clarifies a number of aspects of the process by which branches form, and shows
how different features of the dynamics of branching can come apart: though we
explicitly demonstrate its essential agreement with Wallace’s account. While
we aim to make (or at least make explicit) a number of original points about
branching by decoherence, we have also written this essay with those (including
students) encountering the Everett interpretation for the first time in mind.
We hope that the simplicity of the model, and our elucidation of it, will lead
to a better understanding of the relevant physics, and consequently of debates
surrounding many worlds interpretations.

What follows, as is standard in decoherence theory, assumes unitary evo-

LOf course there is also a ‘probability problem’ for Everett, which is not addressed here.
See, e.g., Saunders et al. (2010) for a detailed discussion.

2There has been some discussion of whether a preferred basis must be specified prior to the
branch dynamics (see Barrett (1999), Cunningham (2014)). The model here focuses solely on
the dynamics by fiat of specifying a basis.



lution wninterrupted by quantum jumps, and so holds for any foundational
approach to QM — including Everett’s — that assumes such dynamics. Thus it
applies to Bohmian (Diirr and Teufel (2009)) and modal (Bacciagaluppi and
Hemmo (1996)) theories, but not to collapse (Ghirardi et al. (1986)) theories
(except for small systems and short times, if the probability of collapse depends
on the number of degrees of freedom). Indeed, we stress that this paper concerns
decoherence in general, and does not take any (further) view about the correct-
ness of Wallace’s interpretation. To put the point another way: we explain how
entanglement by unitary evolution can give rise to decoherence, and how the
latter in turn can give rise to branching in a sense that we explicate, but we
do not take up the further question of whether branches can be thought of as
different ‘worlds’ of experience, with all the attendant philosophical questions of
emergence, identity, probability and so on. We hope that distinguishing the con-
cepts of entanglement, decoherence, branching from each other (and from that
of worlds), and explicating their relationships in a more interpretation-neutral
way, will be fruitful for discussions of interpretations of QT3

The next section (§2) reviews some standard features of decoherence, espe-
cially its relationship to entanglement; although these may be known to readers,
having their conceptual relations clearly in mind will help the later discussion.
83 presents the simplest version of our model, in which an initially unentangled
system becomes increasingly entangled with its environment and consequently
decohered, and explains which features of Wallace’s full account (here taken to
be the canonical approach to branching) it does and does not instantiate. §4
then discusses how such decoherence in turn leads to local branching. Finally,
the idea that branching happens regionally and locally may seem in tension with
the fact of entanglement in the EPR-Bohm experiment, because, if Alice’s and
Bob’s worlds branch independently when they separately measure the spin in
the z-direction of their particles, it may seem mysterious that if they interact
in the future and their branches join up they never find themselves in a world
in which they both measured up. This issue is resolved when the model is ex-
tended to cover an initially entangled state (§6) because it is made explicit how
the regional and local nature of the branching process takes place within the
unitary evolution of a non-separable global state.

2 Decoherence

Quantum decoherence as a concrete material process is the suppression of inter-
ference effects of a quantum system through interaction with its environment,
as in standard examples of measurement and environmental decoherence (Blan-
chard et al. (2000), Joos and Zeh (1985), Joos et al. (2003)), or because part
of the system acts as the environment of the rest (Hackermiiller et al. (2004),

3Bacciagaluppi (2020) also approaches decoherence in an interpretationally neutral way
in this review article, allowing for the discussion to apply across different interpretations.
While we focus mainly on Everett here, as we have stated there is still much of our views on
entanglement and decoherence that is relevant across the board.



Lombardo and Mazzitelli (1996), Zeh (1986)). In other words, the system’s
state becomes entangled with that of the environment so that superposed terms
in the former are correlated with those of the latter. In the formal, math-
ematical representation of such a process, the result is that the off-diagonal
elements of the ‘reduced density matrix’ for the system alone rapidly become
FAPP negligible; where the reduced density matrix comes from ‘tracing out’
the environmental degrees of freedom. Hence the state for the system becomes
approximately mixed, while the joint state itself remains pure, with interference
terms remaining in the state of the joint system-+environment composite. In
this formal sense, any system exhibits ‘decoherence’ when it becomes entangled
with another, its ‘environment’, in this way.

But we want to understand decoherence as a physical process, so what is
the material significance of taking the partial trace? Moreover, entanglement
is the generic outcome of unitary interactions between systems, and so in the
formal sense ‘decoherence’ is ubiquitous; but of course quantum interference is
also everywhere, for instance in entangled systems such as Bell pairs — not every
concrete case of entanglement is really a case of decoherence. It must be the
case then that decoherence only occurs when one of the entangled subsystems
has some special features that make it count as the ‘environment’. But what
features?

To answer these questions, let us first step back and consider a system with a
single degree of freedom, z, though it need not be position (or even continuously
valued). Suppose that the state is a superposition of states whose support is
in regions A and B: U(x) = a(x) + ¢¥p(x). If A and B overlap then there
will be quantum interference between the two packets: for x in the overlap,
(generally) |¢a(z) + ¥p(2)|? # |[Ya(z)* + [¥a(z)[>. But if the regions are
disjoint, there will be no interference, and the probabilities for finding the system
in one or the other are just as if it were classically randomly distributed between
them. Now suppose a second system, with degree of freedom y, whose state
is a superposition of states whose support lies in regions C' and D: ®(y) =
oc(y) + ép(y). And further suppose that the two systems become entangled
through mutual interaction so that the joint state is ¥ 4(x)dc(y) +¥B(z)dp (v).
Obviously this model massively idealizes real material systems, but its features
capture some of their important general properties.

Suppose, for instance, that A and B mutually overlap — the condition for
quantum interference in the unentangled case — but C N'D = (. In this case,
even if x € AN B there is no y such that ¢4 (x)oc(y) and ¥p(r)pp(y) are
both non-zero; so there is now no quantum interference between the two terms,
despite the overlap of the z wavefunctions. As before, position of the first
system is as if it were randomly distributed between A and B, but now because
of entanglement, and not because A N B = @ — the subsystem has decohered
(into an exact mixture). Graphically, 14 (z) and ¥ p(x) miss each other because
the joint wavefunction moves in the X x Y configuration space, and the packets
do not cross in the y-direction. What if C' and D overlap as well? Then the
extent to which the first system behaves classically is the extent of that overlap
(i.e., to the extent that they fail to be orthogonal): if the overlap is sufficiently



small, then the system’s probabilities are classical, not exactly, but FAPP.

With this general picture of decoherence in mind, let us return to the ques-
tions of the meaning of the partial trace, and what beyond entanglement (and
approximate orthogonality of the environment states) is necessary for decoher-
ence.

First, taking the partial trace of a bipartite system formally means project-
ing the joint state down to a state for one part, weighted according to the state
of the other (as explained in standard textbooks). For instance, in our exam-
ple the result is a mixture of 4(z) and ¥ p(z), weighted by [ |¢c(y)|*dy and
[ 1¢p(y)|*dy, respectively. Such a prescription makes sense when one has no
knowledge of the second system beyond the joint wavefunction. Indeed, that is
the essential idea of the partial trace: the joint and reduced states entail exactly
the same expected values for all observables of the remaining part alone. That
is, the partial trace captures everything about the state of a subsystem that the
joint state does, when we don’t get any more knowledge about the rest of the
system from measurement, which of course is the only way to obtain any such
knowledge. Formally then, taking the partial trace gives a redescription discard-
ing information about one part of a system, while retaining all the information
about another.

This understanding of the partial trace points to an answer to our second
question, regarding the relationship between entanglement and decoherence.
Decoherence, after all, involves appropriate entanglement and taking the par-
tial trace, but when is it ‘appropriate’ to take the partial trace and redescribe
a concrete system? Not for just any joint system, but only when one knows the
outcomes of measurements on one part but not the other; the former we can
now generally call the ‘system’, and the latter its ‘environment’. The ignorance
involved is not a merely formal property of the system, since it relates to a con-
crete ‘knower’ with certain capacities and limitations for knowledge. But since
this answer is philosophically unsatisfactory because it relies on the concept of a
‘knower’: Just whose ignorance? Why them? And why is it a subjective notion,
given that it is relevant to physical features?* Well, consider how such ignorance
might arise. In some way the environment is inaccessible: one might lack the
apparatus to perform the measurement, perhaps because the relevant degrees
of freedom are too small, or too numerous; or parts of the environment might
somehow be physically inaccessible, perhaps because entanglement spreads so
rapidly; or perhaps we simply choose to ignore the environment; and so on. (The
first two cases are exemplified when a charged system interacts with the electro-
magnetic field since it has degrees of freedom at every point and entanglement
propagates at light speed, and so they help explain the ubiquity of decoherence.)
In other words, we should not think of tracing out the environment as simply
relative to an agent, but instead as relative to the measurements available to the
agent; as relative, that is, to a specific ‘observer’. And so decoherence should
be understood as (appropriate) entanglement plus a restriction on the available

4Similar questions arise for the Boltzmann entropy in statistical mechanics; the answers
are also parallel, as Myrvold (2022, §2.1) stresses.



interactions with the environment, both concrete material conditions (and not
subjective in any troubling sense).

Now we are in a position to address a response to the example given earlier
in this section; so doing will slightly generalize our understanding of decoher-
ence. If one can manipulate the second system to move the two packets in the
y-direction so that they come to overlap, then of course in the overlap there will
again be quantum interference; and if they overlap substantially such interfer-
ence may become observable. Thus, when such control of the environment is
possible, it is no longer appropriate to take the partial trace and (re)describe
system one as a classical mixture, for the subsequent evolution can depend on
its actual quantum nature: it has not really decohered at all.” Thus we should
say that an entangled subsystem — the ‘system’ — has decohered for agents when
they lack the physical ability to observe or manipulate the remainder of the joint
system — the ‘environment’ — in a sufficiently fine-grained way. (Though it is
worth emphasizing that in many many cases, realistic agents have effectively no
control whatsoever of the environment, so the relation is moot and decoherence
just is entanglement.)

To put the point even more objectively: decoherence is for us a physical
relation between two parts of a joint system and a concrete set of physical
operations.® Of course, this relativity means that any indeterminacy regarding
which operations, implies indeterminacy in the question of whether a system has
decohered (and hence branched); an indeterminacy in addition to the question
of just what counts as FAPP, though of a similar kind.

3 A simple model of branching

Having explained the relationship between entanglement and decoherence, this
section and the next turn to the question of how decoherence produces branches,
and the difference between the concepts of branching and decoherence. (We
emphasize again that we remain neutral on the further question of whether
branches should be thought of as ‘worlds’ 4 la Everett). Wallace (2012) begins
his discussion with the observation that the standard account of decoherence
theory makes “[...] it somewhat difficult to appreciate how exactly it is that
the quantum state has the structure of a collection of quasi-classical branching
worlds. We may have established that the density operator of such systems is
diagonalized in a quasi-classical basis, but it is not immediately obvious how to
read the branching structure off from this observation.” (p.85-6).”

5In these conditions one can speak of ‘false decoherence’ (Belenchia et al. 2018). It is to
distinguish ‘true’ from false decoherence that we do not simply define decoherence to occur
whenever a system becomes entangled.

6We should acknowledge that Wallace’s account of decoherence Wallace 2012, §3.5-10 does
not appeal to operational limitations in this way; he understands it simply in terms of non-
interfering classical histories (see also Saunders (2021) for another, recent view that does
invoke operational limitations). Our approach is easier to explain, and equivalent, at least in
the simpler model.

"Two comments: (1) Wallace uses ‘world’ where we use ‘branch’, but for him the terms are
interchangeable. (2) The notion of quasi-classicality is required for a full and realistic account



The model that we introduce to address these issues is based on the ideal-
isation of discrete subsystems and interactions, making decoherence exact. It
can be viewed as a simplification of the Coleman-Hepp-Bell model.® The model
shows that the essentials of branch propagation through an environment by
entanglement can be represented without the conditions required for a more
realistic treatment. Hence, some important features of Wallace’s overall ac-
count that are necessary for a more realistic treatment are not features of the
model. However, the model captures central features of branching by decoher-
ence, and the massive gain in simplicity makes them so transparent as to make
the trade-off worthwhile.

The model realizes the decoherence of a system of interest as it becomes
entangled with its immediate environment; and the decoherence of degrees of
freedom in the environment, because of their entanglement with other environ-
mental degrees of freedom. More specifically, since we are interested in un-
derstanding the formation of decoherent branches in accordance with realistic
physics in salient respects, we assume a spatially localized system, and a spa-
tially extended environment — a field — with local interactions, and a finite speed
of propagation. For formal and notational simplicity and transparency we pick
the simplest possible quantum system (a qubit), and reduce the infinity of field
degrees of freedom to a single quantum degree of freedom per unit volume (or
interval, in one dimension).

Bearing in mind the discussion of §2 of the system-environment split, let the
system be a qubit with state |¢) lying in the Hilbert space Hs with (orthonor-
mal) basis {|1), |0)}; and let the environment (the ‘field’) be a collection of spin-1
systems each located at a 1-dimensional lattice point ¢ € {...,—1,1,2,3,...},
with state |o?) lying in the Hilbert space H’ with basis {| 1),| |)}. The system
is located at the point 0.”

We specify the following unitary interaction Uy; between the system and
adjacent spin element of the environment, acting on Hy @ H::

@[ =10l D)@ =10

et =)o) el - e @

while the interaction U;; € U[H! ®@HZ] between any two (adjacent) spin elements

of branching, since unitary decoherence is only FAPP for real physical systems.

8Hepp (1972), Bell (1975). Others who have considered similar models more recently
include Zurek (1982), Cucchietti et al. (2005), Dawson et al. (2005), and Wallace and Timpson
(2010).

9We have to make a choice about whether the field can be co-located with the system:
i.e., there could have been a spin at 0, and interactions between the system and that spin.
Our choice makes no formal difference, but it allows us to identify degrees of freedom, hence
branching, with regions of space. One should bear in mind, however, that in reality multiple
degrees of freedom are co-located, so that what we say below about branching of a region due
to entanglement with another region will also apply to branching of degrees of freedom due
to entanglement with co-located degrees of freedom. Note also that if the lattice is infinite,
then the field Hilbert space is [R]-dimensional ([R] the cardinality of the reals), and hence
non-separable. For simplicity, we assume that the lattice is bounded in both directions, even
if we do not explicitly indicate this in our notation.



is given by:!°

el =Inelt) Nl =Inell)
[helnh—=1held el =lheln.

These interactions allow us to model how the qubit entangles locally with
spin-field degrees of freedom, and how that entanglement propagates locally
through the field, as in the following example: suppose that the system is located
at 0, and in a coherent superposition of states, |0) 4+ |1) (ignore normalization
unless relevant); suppose that the field only extends in the positive half-line,
with all spins initially in the state | ). Then at ¢t = 0 the state can be written:

(2)

Wyeleh)®lo?)ele®)@loh) - = (|0>+|1>)®|T>®|T>®|T>®IT>®~-~- (3)

Let time be discrete like space, and consider the propagation of entanglement
by sequential application of the interactions defined in (1-2).1!

10The reader may observe that the interactions are not symmetric under spin reversal (they
are ‘controlled-not’ operations in quantum computation); they are tailored to a specific asym-
metric initial state (and unitary). We switch to a symmetric evolution below.

11Contrary to the usual assumption, this dynamics is time-dependent, since spin-spin inter-
actions are not constant, but turn on and off. This amounts to a sort of non-locality, but not
one that undermines the relevant locality of the model. Again, we have made this choice for
simplicity (and unitarity).
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l
t=2: (melneln+menein)enelns...
I®I®Us®I®...
l
t=3: (nelnelneln+rmenelnein)elne...
and so on.

(4)

The remainder of the section explains how the model exemplifies (or not)
key features of branching by decoherence. First, in the model:

Feature (i): entanglement of the system with the environment can readily be
seen to propagate in space over time.

Moreover, if we take (each degree of freedom of) the field to be an ‘envi-
ronment’ in the sense of §2, so that it is physically inaccessible, then we are
justified in tracing out the field degrees of freedom, and decoherence occurs for
the system as soon as it becomes entangled with the environment. At t = 0,
tracing over the environment leaves the system in a pure state, while at later
times it is in a mixture of |0) and |1) states. For instance, at ¢ = 1 the qubit

density matrix is of course
1/2 0

an even classical mixture of |0) and |1) states. Such diagonalisation as systems



interact makes for branching. As Wallace says:

Feature (ii): “branching’ (relative to a given basis) is just the absence of in-
terference [in a subsystem].” (p.88).

Now, in the terms of the previous section, the absence of interference is
decoherence, not branching. As the next section explains, we take branching to
be conceptually richer than decoherence as (approximate) diagonalization; and
the latter is only a sufficient condition for branching. For now simply note that
at each time an additional spin becomes correlated with the pre-branching state
of the qubit — sometimes also described as a ‘record’ of the ‘measurement’ of the
spin by the field. By agreeing on the initial spin, all the correlated terms ‘belong
together’ (while anti-correlated terms ‘belong apart’), and for this reason it is
thus such correlated values that make a branch. As we discuss further below, of
course then the model shows how two branches are created and grow over time.

Next, crucially, in the model, branching is local.

Feature (iii): Decoherence is a local process, so branching is a local process.

This feature is captured because the only interactions are between adjacent
degrees of freedom, giving a discrete model of the local interactions of continuous
fields. As Wallace says:

“[Branching...]propagates outwards at the speed of whatever dynam-
ical interaction is causing decoherence—in practice, it propagates
out at the speed of light.” (p.307)

Thus the example shows explicitly how entanglement, decoherence, and
branching propagate locally. The central advantage of this model (justifying
its idealizations) is that makes this locality explicit.

Feature (iv): Branching is with respect to a basis because the reduced density
matrix will in general not diagonalize in all bases.

To see how, we would need to change the initial choice of qubit state, because
the density matrix (5) has the special property of being the same in all bases.'?

But if instead the initial state had been \/g|0) + \/gH}, say, then the reduced
density matrix at ¢ = 1 would be, in this basis, the mixture

2/3 0
( 0 1/3> ' (6)
But in, say, the {\/g(|0> +11)), \/g(|0> — |1))} basis it becomes,

12For any unitary operator, Ut




1/2 1/6

(1 /6 1 /2> : 0
so it is no longer diagonal. Of course, that a state is a mixture is a basis inde-
pendent fact; what the failure to diagonalize means is that the qubit is not a
mixture of the new basis states, but a mixture of their quantum superpositions.
Or, in concrete physical terms, it is in this sense that branches are basis-relative:
when a system decoheres, it has a special set of physical properties, singled out
by the fact that they (and typically, they alone) are distributed with classical
probabilities.

Feature (v): Decoherence produces branches that are effectively dynamically
independent of each other, and that behave quasi-classically.

“...if the quantum state is a faithful description of physical real-
ity, then that physical reality consists of a vast number of distinct
[branches,] dynamically speaking almost independent of one another;
by and large they behave approximately classically...” (p.46)

Our branches are dynamically independent: for instance, the state of the
qubit in one branch evolves independently of the state in the other (indeed, it
remains constant once the branch forms), and of course there is no interference
between the two branches. However, given the linearity of the underlying uni-
tary dynamics, these properties trivially represent the exact orthogonality of
the states in our idealization. The model does not illustrate realistic classical
physics: for classical particle branches, one would need instead to have branches
containing narrowly localized wavepackets (e.g., Wallace (2012, §3.5)). So, the
branches have exactly ‘classical dynamics’ in the sense of possessing determi-
nate values for the qubit (and entangled field degrees of freedom) though this
dynamics is not realistic.

Now, for Wallace (§3.5-10) a branch is found when packets in a superposition
can be described by quasi-classical physics, and by feature (v) there are indeed
two qubit branches in this sense. Therefore it is important that decoherence
and branching is not merely a matter of the density matrix diagonalizing in a
basis (signaling the disappearance of quantum interference in that basis), but
also of remaining diagonalized in that basis with some definite (approximately)
classical dynamics over time.!> In reproducing emergent classical dynamics,
albeit of a trivial kind, the model respects this understanding.

As mentioned previously, there are also certain significant differences be-
tween the model and a more realistic account of branching, which are explained
in the rest of this section. In the model, diagonalisation is exact and not ap-
proximate, i.e. interference terms are zero in our chosen basis. This is because

13There can of course be no continuous quantum evolution that keeps a system in the vectors
of an orthogonal basis, so the basis in question must be overcomplete, as of course a set of
approximately localized wavepackets is (cf.Wallace (2012, §3.2)).
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the model’s discrete dynamics entails that the system’s degrees of freedom en-
tangle (if at all) immediately with orthogonal states of the environment, so that
there is an exactly impure state when the environment is traced over. Thus,
the model stipulates away two of the most important questions in the study of
real-world decoherence: into what — preferred, classical — basis does the system
decohere? And how quickly does it decohere into that basis? (The answers to
these questions are encoded into the calculation of the ‘decoherence functional’,
e.g., Dowker and Halliwell (1992).) In the model the answers are simply: for the
qubit the 0-1 basis and for the field the up-down basis, and after interacting for
one discrete unit of time. Note, however, that in our model and in more realis-
tic cases these matters are settled in the same way, namely by the interaction
dynamics.

Since the model does not represent a continuous transition of a pure state
into a state ever closer to an impure mixture, it does not display the following
feature:

Feature (vi): Decoherence is understood as an approximate process that leads
to an irreducible indeterminacy in branch identity, individuality and numerosity.

Or as Wallace puts it:

“Decoherence causes the Universe to develop an emergent branching
structure. The existence of this branching is a robust (albeit emer-
gent) feature of reality; so is the mod-squared amplitude for any
macroscopically described history. But there is no non-arbitrary de-
composition of macroscopically-described histories into ‘finest-grained’
histories, and no non-arbitrary way of counting those histories.”
(p-101-2)

In this regard our model is unrealistic: since decoherence is exact, entanglement
produces exactly two branches of correlated values. In reality, the branching
structure would be extremely complex with branches continually propagating
into every spacetime region from every direction. However, making this ideal-
ization helps us to clarify other features of branching by decoherence, as we have
started to show. Moreover, having a clear model of branch propagation allows
one to study concretely branch ‘collisions’ (albeit in idealization) and the more
complex structures they produce, as we start to show in the following sections.

Note, however, that another potential source of branch indeterminacy re-
mains: as explained in §2, decoherence (in the material sense) is a relation
between a joint system and a set of physical operations that distinguish system
from environment. Since ‘x decoheres’ is a relation not a monadic property,
then the same applies to ‘x is a branch’; without specification of a set of opera-
tions, where the branches are, and how many there are remains indeterminate
(as does the split between system and environment.)

With this understanding of decoherence in mind, it is worth emphasizing
that the central point that Bell (1975) made about the Coleman-Hepp-Bell

12



model holds for our model too (as it will for any case of decoherence). There
always exist observables sensitive to the interference between the branches, that
will distinguish the entangled pure state from a mixture. But as we made clear
at the end of §1, a system does not classicize simpliciter; rather it becomes
classical relative to the available operations. Here we are making the physically
reasonable assumption that observables capable of measuring the correlations
between many degrees of freedom are not available, so that interference is in-
deed inaccessible FAPP.

Feature (vii): Next, “branching is caused by any process which magnifies mi-
croscopic superpositions up to the level where decoherence kicks in ...” (p.99)!4

This is not a feature of the model, in the sense that decoherence kicks in
immediately, not in a continuous way; therefore, even if more realistic physics
requires such smooth amplification, in principle it is sufficient but not necessary
for branching. However, the model does show the propagation of entanglement
through space, from a single qubit to many entangled spins, so it does involve
the decoherence of a ‘microscopic’ system by a ‘macroscopic’ one. Moreover,
while we count a single discrete field degree of freedom as an environment, this
is of course because it idealizes the many field degrees of freedom associated
with a region of space: the immediate, exact decoherence of the model ide-
alizes the continuous, approximative decoherence that characterizes Wallace’s
account. Moreover, it is similarly incapable of showing that, according to the
Born Rule, the overwhelmingly probable branches are definite in the right clas-
sical properties obeying the right classical dynamics.

Related to this point is the following feature of decoherence. Realistic semi-
classical system are subject to opposing tendencies: quantum dispersion due
to non-linear self-interaction and continual decoherence with the environment
suppressing interference — the tendencies for the wavefunction to spread, and
that spread to have no effect. Of course, the result is that new branches form,
but with probabilistic weights that start small and grow over time. Our very
simple discrete dynamics is far too simple to model this kind of behaviour at all.

Feature (viii): The environment carries a record of the history of the entan-
gled system.

Because a real system is constantly interacting with its environment, its
state is constantly being ‘measured’ by the field. (Moreover, because the parts
of a realistic environment are constantly in interaction with one another, ‘news’
about the results of these measurements are constantly propagating through the
environment.) The state of the environment (and indeed of parts of it) at any

MWallace (2012, 99) outlines the three kinds of processes that cause branching involving
this amplification: human experiments, 'natural’ quantum measurements and chaotic systems.
The details are not relevant here beyond them encapsulating the change from micro to macro.
Bacciagaluppi (2020) also emphasises the change from micro to macro as a defining feature of
decoherence.
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time is correlated with all the ‘news’ it has so far received, and hence with the
history of the system. Since our model involves a one-off interaction rather than
a series of environmental measurements of the system, the modelled environment
only records the initial measurement result, not a non-trivial history.

We end this section with a feature that our model does replicate.

Feature (ix): the structure of the wavefunction “is not fundamentally tree-
like... The branches are not fundamental, but they are not any less real for this
restriction.” (p.63)

Branches are not a basic posit in Wallace’s account, they arise (if at all)
in a system from the structure of its state space, and its dynamics. Contrast
this, for instance with a naive approach to many worlds quantum theory, in
which measurement causes a spontaneous division of the whole world into many
new worlds. Our simple model demonstrates (subject to the limitations we
have described) that branches are created by the standard elements of quantum
mechanics, not by positing ‘worlds’ and ‘splitting’ as new fundamental elements.
However, the comparison to the splitting of whole worlds raises the question of
whether classical branches extended in space occur in our model, and how. They
do, as we explain in the next section.

4 Ways of branch-making

In our example, the interactions mean that entanglement propagates outwards
from the qubit located at 0, one degree of freedom at a time, taking a finite
time to reach any given part of the field. Hence, in the model:

Feature (x): Branching is not (necessarily) global.

This is stated explicitly by Wallace:

“As we would expect from the absence of action at a distance, then,
branching is not a global phenomenon. Rather, when some micro-
scopic superposition is magnified up to macroscopic scales (by quan-
tum measurement or by natural processes) it leads to a branching
event which propagates outwards at the speed of whatever dynami-
cal interaction is causing decoherence—in practice, it propagates out
at the speed of light.” (p.307)

To explain, we need to clarify what is meant by ‘branch’ further, as there is a
certain ambiguity. Up to this point we have primarily considered the two states
(in the diagonal basis) of the decohered subsystem as branches, and in many
cases one is indeed only interested in the ‘regional branching’ of a given subsys-
tem in this way. For instance, to explain the apparent ‘collapse’ of the pointer
state of a measurement device after an experiment, in terms of its branching due
to the entanglement of the pointer with its typically macroscopic environment,
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including the air, electromagnetic field, sensory organs of the experimenter, etc,
etc. Let’s call this kind of branch a ‘subsystem branch’.*®

But, like Wallace above, one can also think of a branch as extended, and
comprised of many subsystems: not just the pointer, but everything with which

it is entangled. For instance, in, say, the state <|O> I+t

YR ®| T)) ® |1 ®... at t = 3, there are not only two subsystem branches

at 0, but also at each location 1 — 3, in u or d field states; the field degrees of
freedom at these locations are entangled with each other, and in the model each
is an ‘environment’ in the defined sense, so each exhibits decoherence. Moreover,
the |1) branch at 0, for instance, forms a larger extended branch with the | 1)
branches located at 1 — 3 — and not with the | |) branches.

We can use our model to understand how subsystem branches combine to
form such ‘extended branches’, by appeal to the total, unreduced, wavefunction
(at t = 3), and the correlations that it encodes between the qubit and the spins:
|1) appears only in the same term as | 1) for any of the field degrees of freedom
1 — 3, representing the (material) fact there is a 100% Born Rule probability
of finding them together. It is for this reason that the |1) branch at 0 forms
an extended branch with the | 1) branches located at 1 — 3 — and not with the
| J) branches. Of course, correlation is not sufficient for forming an extended
branch, for it is not the case that just any entangled subsystems form a branch,
since they may still behave quantum mechanically, not classically. As we have
discussed, classical behaviour requires decoherence. So more carefully, a branch
in the extended sense is comprised of entangled subsystems, each of which is
decohered; which, as we have emphasized, means that each is entangled with
an uncontrollable environment (in this case the other subsystems) so that it
exhibits no quantum interference.'®

Because of these correlations, every entangled part of the field ‘knows’ the
state of the qubit, because the result of its ‘measurement’ by the spin at 1 has
propagated through space.

Feature (xi): The degrees of freedom that compose an extended branch agree
about the classical state arising from the initial decoherence event.

“the information about the system recorded in the original decoher-
ence process will be distributed very widely across the environment”.

(p-89)

That they all agree with certainty is an artifact of our model; more realisti-
cally some environmental degrees of freedom may lose the information, and the
probability of agreement will only be approximately 100%. But of course it is

15We don’t say ‘local branches’, since we use ‘local branching’ to refer to the process of
decoherence, which can produce both subsystem and ‘extended’ branches, as we shall now
explain. Moreover, we will see later that subsystem branches can have spatially disconnected
parts.

161f the field is infinite, so at no time does a ‘global branch’ form; but it could if the field is
finite, because in a compact dimension, say.
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this agreement that ultimately makes for an extended branch at all, for what
else do the various states attributed to the various degrees of freedom have to
do with one another?

And so just as decoherence is suitable entanglement plus a lack of control
of the environment, so branching is decoherence plus systematic correlations
between the entangled degrees of freedom. (Of course, such correlations follow
from decoherence, so the difference is only conceptual.) Now, the correlations
rely on the Born Rule, so concretely they amount to probabilities that the parts
of the branch be ‘found’ in certain states and not others. This statement — and
hence the material, physical conception of a branch — is inadequate, but as far as
we can go without taking a stance on the interpretation of QT. For, what does it
mean to ‘find’ a system in a state? Fully answering such a question requires one
to take stance on the physical significance of the wavefunction and its relation
to measurement outcomes, and so taking a stance on the interpretation. Since
our goal is to provide an account of branching that is relatively neutral on
interpretation, we leave these questions incompletely unanswered here.'”

Nonetheless, our interpretation-neutral conception of branches is still rich
enough to be conceptually useful, because even interpretations that differ on
the nature of measurement agree that the Born Rule gives probabilities for
measurement outcomes. Whether and what branches amount to beyond that
depends on the interpretation: for a branch to be a world requires not only that
its subsystem values be ‘found’ to be correlated if inspected, but to be realized. If
all the values (in the diagonal basis) of each subsystem are so realized, then the
many branches are many worlds. If only the values in one branch are realized
— because, say, a hidden variable or modal state selects that branch — then of
course that is the only branch. Seeing things this way illuminates the value
of modelling and clarifying a fairly interpretation-neutral concept of a branch:
first to help understand (and hence debate) the specific commitments of a many
worlds interpretation; second because the process of branching occurs according
to any version of QT that involves unitary evolution, and so must be taken into
account in applying any such interpretation.

We end this section, however, by emphasizing that the model exemplifies
how we have given up the idea that the whole world branches instantaneously
on measurement; rather it splits into extended branches that grow over time.
Indeed, the central aim of this paper is to explore this process and how the
world is divided into distinct branches across spacetime, and to that end we
consider various modifications of the model in what follows.

First, consider the following: suppose, continuing on from (4), that between

7There is a second issue in cashing out extended branches in terms of ‘finding’ degrees of
freedom to be correlated, since by definition the relevant environmental degrees of freedom
cannot be (appropriately) measured! So the concept of an extended branch involves a hidden
counterfactual about different possibilities of interacting.
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t = 3 and t = 4 the qubit interacts with a spin at —1:

Ine(melhelnelh+ilelnelneln)elte -

(8)

(nemelbelhelh+ihele el helh)elhe.. ..
That is, the interaction that correlates the qubit with another degree of free-
dom, will typically also bring that degree of freedom into correlation with the
entangled spin at 3; ‘measuring’ the qubit also ‘measures’ the entangled spin.
But crucially, this is not a property of the state alone, but also of the kind of
interactions that occur in nature; that there is local interaction between the
qubit and adjacent spins that leaves distant spins unchanged. If this were not
the case, and correlation between the qubit and distant spin were typically de-
stroyed by measurements of the qubit, there would be little practical reason to
view their branches as part of a larger correlated whole. Sewing together distant
branches to form an extended branch (and so, perhaps, a world) is then not just
a matter of the form of the state, but also of dynamical stability of correlations.

5 When branches collide

We can also modify the model to study decoherence and the growth of branches
in more interesting cases: those with a pair of systems, entangled or not, in an
environment. So first let there be two separable qubits, both initially in the
state |0) + |1, located at 0 and 5; and let the spins all be in the state | ). The
qubit-spin interaction is as before, but modify the field self-interaction U;;:

Inelth=Inelt) Imelh=1helt)
et =Inell) [Helh)=lhell).

The difference from (2) is that we now have left-right symmetry, because branch-
ing occurs in both directions (see footnote 10).18

(9)

I8For consistency, it is also necessary to have an even number of spins.
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The evolution of the system proceeds as follows:
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and so on
(10)

As before, entanglement propagates through the field, though now from both
directions, and where there is entanglement with the field there is decoherence
and branching. At ¢ = 0 the qubits are unbranched, since they are unentangled
with the environment. At ¢ = 1, there are four branches, two at 0 and two at
at 5 (in both cases with qubit values 0 and 1) due to entanglement with the
adjacent spins. Since there is no correlation between the values on one side with
the values on the other (i.e., the chance of finding 0 on one side is independent
of whether 0 is found on the other) these subsystem branches do not form an
extended branch. If we were to treat the qubits as an environment for the field,
then the field degrees of freedom at 1 and 4 are also branched (into up and down
spin branches). Because they are correlated with the qubits, these form four
extended branches: at the location 0 U 1, a pair with states [1)| 1) and |0)] });
and at 4 U5 two more with the states | 1)|1) and | {}|0).

At t = 2 we note that the new field dynamics erases entanglement as it is
propagated: although the spins at 2 and 3 are now correlated with the qubits
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at 0 and 5, respectively, those at 1 and 4 are separable, and hence are no longer
correlated with the qubits. In other words, the situation is just as for t = 1,
except for the field at 2 and 3, rather than 1 and 4. This loss of entanglement
is unrealistic but it is a consequence of the left-right symmetry of this simple
model. In reality, correlations with the qubit would remain, and there would be
a pair of extended branches in each of the regions 0U1U2 and 3U4 U 5.

A similar issue applies at t = 3: the field at 2 becomes uncorrelated with the
left qubit, but correlated with the right qubit (and conversely for the field at
3). In reality of course, the field in these regions would be correlated with both
qubits. We can represent this state of affairs by considering the joint state of
the field degrees of freedom at 2U 3, which is correlated with both qubits: there
is, for instance, no chance of finding the | |) ® | J) state unless the qubits take
the value 0. On this understanding (and again pretending that the field at 1 and
4 is also entangled with the qubits), now there still are four extended branches,
represented by the four components of the joint state, all extending across the
whole of the lattice from 0 to 5. Did something non-local just happen as the
branches went from encompassing three locations to six in a single step? In a
loose sense, of course yes: local qubit branches, for instance, instantaneously
joined in extended branches faster than influences could propagate between
them. But in the important sense, no, for the dynamics is perfectly local, so
all that happened is that entanglement spread locally. In particular, note that
although the branches encompass both qubits, they remain uncorrelated: the
chance of finding 0 on the left is independent of finding it on the right, for
example. Their values find themselves in the same branch, not because they are
correlated, but because they are both correlated with the field at 2U 3. That is,
the model helps illuminate how branches will grow discontinuously when they
meet, even though the dynamics, hence the propagation of information about
distant events, is purely local.
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6 Non-local correlations from local branching

Finally, to further explore the issue of locality, let us model the same setup,
except with initially entangled qubits, in the state [0) ® |1) + |1) ® |0).

t=0: e nehenheheh+hHelnhe[hel)e]1)(0)

Usn @I R1®Ugpy
1

t=1: Oelhe[henenheh+hHeneohe|hell)e]|0)

IQU12@Uss®1
!

t=2: [N henNeHel)+h|Ne[he[l)e]1)e]|0)

IT®IQU»m@I®I

+
t=3: Oenehelheheh+he[helhe[h)e|)(0)
and so on

(11)
This set-up shows that:

Feature (xii): Despite the local propagation of branches, the non-separability
of quantum states will affect their unfolding, and lead to Bell inequality violating
records (in this case, of the measurement of the qubit by the field).

“When two branching regions intersect, if the branchings were caused
by decoherence acting on some previously entangled system whose
components were at the respective branching centres, the nonlocal
information associated with the entanglement propagates outward
and serves to determine just how the branches intersect.” (Wallace
(2012, 322))

Perhaps the most important feature of the model is that it clarifies the ways
in which branching is at once local and non-local. To see how, let us follow
through the example just given. Initially, although the qubits are mutually
entangled, there is no decoherence (and hence no branching) if we take them
as ‘system’ not environment; and of course they are unentangled with the field.
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(However, if their values were not to be compared at a later time, the distant
qubit would now effectively be the environment for the other, and it would be
branched, in to 0 and 1 states.)

What about at ¢ = 17 One might at first think that, as in the previous —
unentangled — example, there are four branches: |0)®| }) and [1) ®| 1) at 0U1,
and | 1) ®|1) and | |) ®]0) at 4U5. But that is not correct, because the values
at the two regions are (anti-)correlated, so there are rather two branches, both
extended over the (disjoint) region 0 U1 U4 U5: one with the values 0 and | |)
on the left and | 1) and 1 on the left; the other with 1 and | 1) on the left and
| J) and 0 on the right.

The two branches then propagate in both directions towards the centre, until
they meet at t = 3 as before, and extend across the whole region 0-5.1° If one
compares this state with the final one in (10), one sees that, indeed, only two of
the branches from that case are present. Of course this is no surprise, as there
were only ever two of the terms present: there were no initial terms in which
the qubits were in the same state, as noted at t = 1.

One can think of ¢ = 3 as the moment at which correlations may be locally
observed; and in a suitable experiment, measuring the field spins at multiple
angles, violations of the Bell-inequalities would be found, showing that the left
and right parts of the branches must have ‘known about’ each other before they
met. But it is explicit in the model that this knowledge is not propagated faster
than the branches; instead it was of course always present, initially in the non-
separable qubit joint state, and then in the qubits plus entangled environment
state — there were not four initial terms, but two, each correlating two (disjoint)
parts. All the while, the actual propagation of the branches is completely local
by construction.?®

Given that a central concern with violations of the Bell inequalities is the
implication for the relation between QT and relativity, it is worth observing that:

Feature (xiii): In virtue of its locality, branching is relativistic.
Our model is non-relativistic, insofar as it assumes a global time.?! However,

insofar as it only assumes an interaction between adjacent subsystems (Feature
3), it captures the key aspect of a relativistic system, namely the finite propa-

19 Again ignoring the limitation that the correlations are lost in the model as entanglement
propagates.

20Two caveats. (i) We emphasize that we only claim the locality of branching; whether the
dynamics is fully local is interpretation-dependent. Since there is nothing but branching in
many-worlds dynamics, then the account is fully local. Bohmian mechanics, though, also has
dynamics for hidden classical variables; these have to be correlated at a distance, from the
start, and so interact non-locally. But this, of course, is a key feature of the theory. Thanks
to Eric Winsberg for asking about this. (ii) Even if the right qubit does not interact with
the field, then at t = 1 qubit entanglement means that the branches still occupy an extended
(disconnected) region, now 0 U 1U 5. In that sense the branches can propagate ‘non-locally’,
from O to 5. This effect is of course simply a reflection of the fact that the right qubit state
decohered because it became entangled with the field at 1 — via its prior entanglement with
the left qubit, so not because of any non-local interaction.

2lIndeed, as noted in footnote 3, the dynamics depends on this global time.
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gation speed of the entanglement producing branches. Branches would form in
just the same way in a relativistic elaboration of our model: non-locality arising
from initial non-separability propagating in a perfectly relativistic way.

7 Conclusion

The complexity of decoherence-modelled branching often leads to key features
being obscured. The model here allows us to focus on only a few of these
features, highlighting those that are sufficient for a local branching structure.
These features, despite being outlined by Wallace, play a role that can easily be
obscured by the FAPP nature of branching in a more realistic account.

The simplicity of the model is to its advantage. By removing certain realistic
features such as inexactness, we are able to clearly outline the relationship be-
tween entanglement, decoherence and branching. Decoherence is entanglement
plus a lack of control over the environment. Branching is then decoherence with
the systematic correlation between the entangled degrees of freedom. The model
highlights the local propagation of branching, allowing for a distinction to be
made between different ‘types’ of branches. For example, a subsystem branch
is merely the decohered subsystem, which is not necessarily a conceptually rich
branch. On the other hand, extended branches start with the decohered sub-
system but extend to all other parts that become entangled with it. It is these
extended branches that spread (locally) and the dynamics controls how distant
correlations are formed, maintaining Bell-type scenarios.

Extension of the model from a single qubit state to a pair of entangled
qubits allows for a systematic analysis of certain dynamical features of decoher-
ence and branching and gives us key insights into the mechanics of it. By not
representing some features of a more realistic account of branching, the model
perspicuously represents the spread of entanglement and how it leads to local
branching despite nonseparability. The model is as interpretationally neutral
as possible on the full nature of branching, allowing it to be applicable across
quantum interpretations that take unitary evolution without collapse seriously.
Importantly, these (extended) branches can be conceptually distinguished from
‘worlds’. As we discussed in §3, the difference between a branch and a world
lies in whether the definite physical quantities associated with the former are in
fact realized. If not, we only have (Born Rule) probabilities for certain values
to be ‘found’; if so, then the possession of the values is actual, and we have a
world. Any ‘realist’ interpretation of QT seems committed to the physical real-
ization of some branch values, and the ‘many worlds’ view is a specific form of
such realism: that the values associated with every branch are realized. Wallace
(103ff) argues that, as such, it is nothing but realism about ‘quantum mechanics
taken literally’; other realistic approaches involving modifications to the basic
formalism in the form of dynamical collapses or hidden variables, for instance.
We do not take a position here, but offer our discussion of branching — which
is a matter of fact for all such interpretations — as establishing some common
ground on which comparisons of such realist interpretations may be fruitfully
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conducted.
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