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TOWARD AN OBJECTIVE PRINCIPLE FOR

DECOMPOSING THE WAVEFUNCTION

INTO CLASSICAL BRANCHES



 Suppose I have a candidate theory of everything

 Assume preferred time-slicing for now

 Put aside time-related issues in general relativity

 This provides a Hilbert space      and evolution 
operator 

 How do we calculate probabilities for cosmological 
events?

 Spontaneous symmetry breaking of fundamental fields

 e.g. Higgs or landscape

 Decay to non-inflating spacetimes

 Chance that supercluster forms in particular region (i.e. large-
scale structure seeded by “quantum fluctuations”)

Quantum mechanics of everything



 Need wavefunction of the universe

 (or mixed state    !)

 This is essential component of candidate theory of everything

 Insert projector corresponding to outcome:

 Now I want to calculate another probability, e.g. the 
chance of having a galaxy form in this region given
that the electron weighs 511 keV

 Just do textbook quantum mechanics

Quantum mechanics of everything

(An unconditional 
probability will be 

wrong)



 Notation:

Quantum mechanics of everything



 Probabilities:

Quantum mechanics of everything

Heisenberg picture



 More detailed questions:

Quantum mechanics of everything

𝑃(76345) ≡ 𝑃dinosaur extinction
Asteroid causes

𝑃(290134) ≡ 𝑃first exchange glances
Mr. and Mrs. Young

𝑃(8149102) ≡ 𝑃double−slit experiment
Thomas Young turns on

𝑃(8149492) ≡ 𝑃through left slit
Electron goes

𝑃(8149493) ≡ 𝑃center of screeenn
Electron strikes



 We can’t do this to arbitrary detail because we can’t 
simultaneously reason classically about 

 which slit the electron went through and

 which part of the screen the electron struck

 More precisely, the calculated probabilities won’t 
obey the correct sum rule:

Quantum mechanics of everything



 What ensures that the probabilities calculated for big 
macroscopic events are consistent?

 What exactly distinguishes these events from 
microscopic events?

 Presumably, the outcomes of traditional quantum 
experiments qualify as macroscopic

 But there are many other places where quantum 
fluctuations are amplified to macroscopic scales and 
are treated classically:
 Spontaneous symmetry breaking in ferromagnets

 Chaotic systems amplifying fluctuations to macroscopic scales

 Can we make this mathematically precise?

Quantum mechanics of everything



 The answer is well known: “Consistent histories”

 Keep things simple and stick to pure global state

 A history is just a string of projectors

 Yields the conditional states (“branches”)

 Crucial condition: orthogonality of conditional states

Consistency of histories



 The models studied by consistent 
historians confirm that probabilities 
behave nicely in the situations we 
expect:

 If the electron went through the right slit of the 
two-slit experiment, then…

 If the spin was measured to be z-up by a Stern-
Gerlach device, then…

 If the large ferromagnet broke symmetry in the 
x-direction, then…

Consistency of histories

Not Consistent

Consistent

Consistent



 Given a set of histories, we have a necessary condition for 
generating probabilities: consistency
 (Orthogonality of branches for pure global state)

 But what projectors, and hence what sets of histories, 
should we be considering?

 The possibilities are, as usual, uncountably infinite

 Most possibilities are dramatically unphysical

 Without an objective principle to identify a preferred set, 
we haven’t gained much over current practices
 We can talk more clearly about multiple events in the past…

 …but would still be using intuition to choose initial state and 
measurement basis

Set selection

?



 What identifies the macroscopic degrees of freedom 
that have consistent historical descriptions?
 Position of electron: No

 Position of Earth: Yes

 The consistent histories framework tells us what 
mathematical form the answer will take, but not the 
answer itself

 The condition of consistency is too weak

 We seek an objective mathematical principle which 
identifies a unique or approximately unique set of 
histories 
 Equivalently: set of branches

Set selection



 This is Kent’s “set-selection problem”

 It is the global analog of the preferred basis problem

 The preferred basis problem asks

 It is solved by decoherence, which identifies the 
pointer basis

 The set-selection problem asks

Set selection

In what basis does the (local) 

wavefunction collapse?

What are the branches in the 

wavefunction of the universe?



 But if decoherence gives us a preferred basis for 
measurement, aren’t the branches formed from that 
basis?

 The analysis of decoherence is predicated on a tensor 
decomposition of a Hilbert space into a preferred 
system 𝒮 and an environment ℰ (or apparatus):

 For typical Hamiltonians, initially unentangled pure 
states of 𝒮 become stably entangled with ℰ in a 
preferred pointer basis {|𝑆𝑖〉} ∈ 𝒮

Decoherence

ℋ = 𝒮 ⊗ ℰ



 Just one problem: there are no eternally preferred 
systems in real life

 The macroscopic degrees of freedom that describe the 
macroscopic world cannot be pinned down to a particular 
collection of particles

 Large objects form, exist for an interval of time, and then are 
dispersed

 When did a baseball become an honest-to-god system?

 Things are even murkier in the past, where we can’t appeal to 
the existence of physical observers but we still want to talk 
about branches in the early universe

Decoherence



 Decoherence was a huge conceptual leap: it replaced 
a mysterious, unspecified measurement basis with 
an intuitive (but still unspecified) system-
environment split

 Given a state |𝜓〉 of the universe, it’s clear we must 
assume some structure a priori

 Without it, all bases and all state in Hilbert space are 
equivalent

 Unitary symmetry must be broken somehow

Decoherence



 Ultimately, the additional structure I want to build 
on is spacetime locality

 Locality is encoded in the Hamiltonian, which any 
theory of everything must provide

 Intuitively, we’d like to use the “tensor structure of 
space”

 Unfortunately, this isn’t really well-defined
 Particles can’t be localized on scales below their Compton 

wavelength

 Even in the nonrelativistic limit it looks hard

Spatial locality

ℋ = ∫ 𝑑  𝑥 ℋ(  𝑥)⊗



 In this talk, the additional structure we will assume 
is some decomposition of the Hilbert space into a 
large number (𝑁) of small fragment

 The idea here is that these represent many small 
building blocks, none of which are special or 
preferred individually 

 Each fragment is assumed to have finite but 
substantial dimension

 (Not individual particles.)

Spatial locality

ℋ = ℱ(1)⊗⋯⊗ℱ(𝑁)



Spatial locality

 For concreteness, you can think of the fragments as 
some partitioning of a volume (e.g. this room) into 
mesoscopic spatial regions



Spatial locality

 For concreteness, you can think of the fragments as 
some partitioning of a volume (e.g. this room) into 
mesoscopic spatial regions

 This will only be really compelling, as far as 
fundamental quantum mechanics goes, if we recover 
things like Lorentz invariance

 I will return to this briefly, but it is mostly outside the scope of 
this talk



Spatial locality

 But you can also think of these subsystems as the coarse-
grained sites in an entanglement renormalization 
procedure, à la Vidal

 Understanding classical branch structure would tell us 
about global structure of entanglement in many-body 
system
 May give insight on the proper calculational Ansatz?
 Compliment matrix product states, etc.



 So: Our goal is to derive the macroscopic degrees of 
freedom that define the outcomes of experiments 
given this structure of local, small, unimportant 
parts

Goal

ℋ = ℱ(1)⊗⋯⊗ℱ(𝑁)



 Previous work on quantum Darwinism suggest that 
redundant records are a ubiquitous consequence of 
decoherence

 At any given time, we expect the most important
degrees of freedom to be recorded redundantly

 A chaotically perturbed asteroid leaves gravitationally evidence 
throughout the solar system

 A minuscule fraction of the photons in this room are sufficient 
to determine the position and momentum of all the 
macroscopic objects

 The position of Avagadro’s number of particles is correlated 
with the result of a Stern-Gerlach experiment

Inspiration



 How do we define a record?

 Consider the simplest possible amplification process

Records

→ |𝑒↑〉|𝐴↑〉|𝐵↑〉|𝐶↑〉|𝐷↑〉⋯+ |𝑒↓〉|𝐴↓〉|𝐵↓〉|𝐶↓〉|𝐷↓〉⋯

[|𝑒↑〉 + |𝑒↓〉] |𝐴0〉|𝐵0〉|𝐶0〉|𝐷0〉⋯[ ]

→ [|𝑒↑〉|𝐴↑〉 + 𝑒↓ 𝐴↓ ] |𝐵0〉|𝐶0〉|𝐷0〉⋯[ ]

→ [|𝑒↑〉|𝐴↑〉|𝐵↑〉|𝐶↑〉 + |𝑒↓〉|𝐴↓〉|𝐵↓〉|𝐶↓〉] |𝐷0〉⋯[ ]



 We’re looking for GHZ-like structure

 But requiring “generalized Schmidt decomposition” 
is too restrictive if our subsystems are larger than 
individual particles (e.g. a measuring apparatus)

 Realistically, we expect lots of “microentanglement”

 The key to a record is: orthogonality of the local 
conditional state:

Records

[ ]𝑒↑ |𝐴↑
1 〉|𝐵↑

1 〉 + |𝐴↑
2 〉|𝐵↑

2 〉 |𝐶↑〉|𝐷↑〉

+|𝑒↓〉|𝐴↓〉|𝐵↓〉|𝐶↓〉|𝐷↓〉

𝜌↑
𝐴 ⊥𝜌↓

𝐴



 But how do we define the conditional states without 
specifying what basis we think is being amplified a 
priori?

 Well, suppose we had a candidate decomposition of a 
multipartite state into two orthogonal branches

 Is it enough to require the local conditional states to 
be orthogonal for each subsystem?

Records

𝜓 = |𝜓1〉+|𝜓2〉

𝜓 ∈ ℋ = ℱ(1)⊗⋯⊗ℱ(𝑁)

Not necessarily 
product states

𝜌1
(𝑛)
⊥𝜌2
(𝑛)



 Put another way: For a given tensor decomposition 
of a toy universe into subsystems, could they record 
non-commuting observables? Could there be 
incompatible historical descriptions?

 This problem has been mentioned in the context of 
consistent histories

 The “many many worlds” interpretation

 So how restrictive is it for the local conditional states 
to be orthogonal for each subsystem?

Many many worlds?

𝜌1
(𝑛)
⊥𝜌2
(𝑛)



 For 𝑁 = 1, this is vacuous

 Always satisfied for any choice of branches

 For 𝑁 = 2, this just means the branches respect the 
Schmidt decomposition

 A Schmidt decomposition always exists

 When the eigenvalues are degenerate, there can be many 
possible decompositions (and therefore many incompatible 
records)

 Bell state:

Records

𝜓Bell = 0 0 + 1 1 = + + + |−〉|−〉

Incompatible 
(noncommuting) records 



 But for 𝑁 ≥ 3, records need not exist (thermal state) 

 Theorem:When they do, they are compatible

 This implies a unique, maximal recorded set!

 See arXiv:1310.4473

 A generalization of “Tri-orthogonal decomposition theorem”

Records

𝜓 = 𝜓1 + 𝜓2
= 𝜓↑ + 𝜓↓

𝜌1
(𝑛)
⊥𝜌2
(𝑛)
,

𝜌↑
(𝑛)
⊥𝜌↓
(𝑛)
∀𝑛

𝜓 = 𝜓1↑ + 𝜓1↓
+ 𝜓2↑ + 𝜓2↓

𝜓1 = 𝜓1↑ + 𝜓1↓ ,

𝜌1↑
(𝑛)
⊥𝜌1↓
(𝑛)

, etc. ∀𝑛



 OK, but records won’t be everywhere

 At the minimum they are constrained to lie inside 
the forward light cone of the event that spawns them

Causal isolation

⋯ 𝐴0 𝐵0 [ |𝑒↑〉 + |𝑒↓〉] |𝐶0〉|𝐷0〉⋯[ ]

⋯ 𝐴0 [ 𝐵↑ |𝑒↑〉|𝐶↑〉 + 𝐵↓ |𝑒↓〉|𝐶↓〉] |𝐷0〉⋯[ ]

⋯ 𝐴0 𝐵↑ 𝑒↑ 𝐶↑ 𝐷↑ + 𝐴↓ 𝐵↓ 𝑒↓ 𝐶↓ 𝐷↓ ⋯[ ]



 There will be records of different events at different 
places

 Therefore we need to tie certain spatially localized 
records to “events” or “facts” that are recorded in 
some subset of subsystems

 More structure than just branches

Causal isolation

t

x



 L R







 Let a (candidate) record of event 𝒂, taking values 𝒊, 
at a certain subsystem 𝒏 be represented by an 
exclusive and exhaustive set of orthogonal projectors 

𝑸𝒂,𝒊
(𝒏)

on that subsystem:

Refine definition of record

{𝑄𝑎,𝑖
(𝑛)
}i

 

𝑖

𝑄𝑎,𝑖
(𝑛)
= 𝐼(𝑛)

𝑄𝑎,𝑖
(𝑛)
= 𝑄𝑎,𝑖

𝑛 †

𝑄𝑎,𝑖
(𝑛)
𝑄𝑎,𝑗
(𝑛)
= 𝛿𝑖𝑗𝑄𝑎,𝑖

𝑛



 Then we say that outcome 𝒊 of event 𝒂 is recorded on a 
set of subsystems 𝑺𝒂 when

 Call that vector the local conditional state corresponding 
to that outcome 

 Equivalent to orthogonality of local conditional states

Refine definition of record

𝑄𝑎,𝑖
(𝑛)
𝜓 = 𝑄𝑎,𝑖

(𝑚)
|𝜓〉

∀𝑛,𝑚 ∈ 𝑆𝑎⊂ {1,… ,𝑁}

∀𝑖

𝜓𝑎,𝑖 ≡ 𝑄𝑎,𝑖
(𝑛)
|𝜓〉

𝜌𝑖
(𝑛)
⊥𝜌𝑗
(𝑛)

∀𝑛 ∈ 𝑆𝑎∀𝑖 ≠ 𝑗



 Theorem (new): There exists a unique minimal 
decomposition into branches

such that any event that is recorded on at least 3                 

subsystems

has each branch as an eigenstate (with eigenvalue 0 or 1):

Main result

𝜓 = 

𝛼

|𝜓𝛼〉

𝑄𝑎,𝑖
(𝑛)
𝜓 = 𝑄𝑎,𝑖

(𝑚)
|𝜓〉 ∀𝑛,𝑚 ∈ 𝑆𝑎 , 𝑆𝑎 ≥ 3

∀𝑖

𝑄𝑎,𝑖
(𝑛)
𝜓𝛼 = 𝜓𝛼 , 0



 Therefore, any event that is recorded on 𝑅 ≥ 3
subsystems has a single, unique outcome on each 
branch

 As the number of subsystems increases, the event 
becomes more “objective” in this sense:

 Any 𝑘-local operators 𝐵1, 𝐵2, … , 𝐵𝑀 with 𝑅 sufficiently large 
(𝑘𝐿 > 𝑅 ) have correlation function:  

Interpretation

𝐵1𝐵2𝐵3⋯ = 

𝑖

𝜓|𝑄𝑎,𝑖𝐵1𝐵2𝐵3⋯𝑄𝑎,𝑖|𝜓

= 

𝑖

𝐵1𝐵2𝐵3⋯ 𝑎,𝑖



 Alternatively: define a recorded observable as a 
weighted sum of these records

 Then each branch has a define value of all recorded 
observables, and it’s independent of subsystem

 These observables form a preferred commuting set 
when acting on |𝜓〉!

Interpretation

A(𝑛) =  𝑖 𝜆𝑖 𝑄𝑎,𝑖
(𝑛)

A(𝑛) 𝜓𝛼 = 𝜆𝑖(𝑎) 𝜓𝛼



 This preferred decomposition identifies branches 
with unconditionally recorded information

 But some amplification events are dependent on 
previous events

 For example:

 The basis in which an electron’s spin is measured may depend 
on the result of a previous measurement

Branch dependence



Branch dependence

t




L R






 This preferred decomposition potentially identifies 
branches with unconditionally recorded information

 But some amplification events are dependent on 
previous events

 For example:

 The basis in which an electron’s spin is measured may depend 
on the result of a previous measurement

 Or the measurement may not happen altogether 

Branch dependence



Branch dependence

t




L R
L R



 The theorem can be extended by applying unique 
decomposition recursively to each branch

 Correctly recognizes this structure:

Branch dependence

𝑒↑ 𝑒↑ 𝑒↑ 𝑒↑ 0 0 0 0 + 1 1 1 1

+|𝑒↓〉|𝑒↓〉|𝑒↓〉|𝑒↓〉 + + + + + − − − −

[

][
]

𝜓 = 

𝛼

|𝜓𝛼〉 = 

𝛼

 

𝛽𝛼

𝜓𝛼,𝛽𝛼[ ]
= 

𝛼

 

𝛽𝛼

 

𝛾𝛽𝛼

𝜓𝛼,𝛽𝛼,𝛾𝛽𝛼 ]][[



 But if later branching events are conditional on 
earlier ones, won’t this fail to be Lorentz invariance?

Causal isolation



Causal isolation

L R

   

L, R, R,L,

L R

 

L R

L, R, R,L,

t

x

t



 L R 



L R
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 But if later branching events are conditional on 
earlier ones, won’t this fail to be Lorentz invariance?

 No!

 The branch diagrams are not Lorentz invariant

 But conditional dependence is a partial order 
relation for the set of branching events

 The conditional-dependence partial order respects 
the relativistic-causality partial order

Causal isolation



 The preferred basis problem asks

 This is solved by decoherence, which identifies the 
pointer basis

Summary: set-selection problem

In what basis does the (local) 

wavefunction collapse?



Summary: decoherence vs. redundancy

Decoherence Outcomes

Preferred system

 The set-selection problem asks

 I have presented some evidence that this might be 
solved with redundant consistency

What are the branches in the 

wavefunction of the universe?



Summary: decoherence vs. redundancy

Decoherence

Redundancy
consistency

Branches

Outcomes

Preferred system

Locality



 Are there any unambiguously classical variables that 
aren't recorded redundantly in many spatially 
separated regions?

 Conversely, could there be such redundantly 
recorded variables that should not be considered 
classical?

 Given thermodynamics, is there a redundantly 
recorded variable that is at risk of “recohering”?

 How robust is this decomposition…
 under time evolution?

 under perturbations to the boundaries of the local fragments?

 when records are approximate?

Open questions



 Can we get translational invariance by moving to 
arbitrarily small spatial regions with partial
(infinitesimal) records?

Open questions

𝜓 = 0 0 0 0 ⋯+ 𝜃 𝜃 𝜃 𝜃 ⋯

0 𝜃 = Cos 𝜃 = 1 − 𝜖 ≈ 1

0 𝜃 𝑁 ≈ 𝑒−𝜖𝑁 ≈ 0



The End


