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Why is there a problem?

“We know that the moon is demonstrably
not there when nobody looks”

David Mermin 1981

The only connexion between the formalism of quantum theory and
Nature is through the measurement postulate.



“A mathematically trivial operation”

Measurement postulate

For a system “described” by |ψ⟩ ∈ H and a
measurement of orthogonal projectors Πi s. t.∑

i Πi = 1 one has:
Born rule :

Result “ i ” with probability P[i ] = ⟨ψ|Πi |ψ⟩

Collapse :
|ψ⟩ −→ Πi |ψ⟩√

P[i ]

Max Born 1926

John von Neumann
1932



“A physically subtle endeavour”

∙ What is a measurement?

∙ How can measurement be a primitive concept?

∙ What is a measurement result made of?

∙ Can one deduce the measurement postulate from
unitary evolution?

Physics World, Against Measurement

Albert Einstein 1935

John S. Bell 1989



The curse of linearity in a “measurement” situation

Initial state:

|Ψ⟩0 =
1√
2

(
|↑⟩+ |↓⟩

)
⊗ |♠⟩ ∈ C2 ⊗ C21023

After evolution:

|Ψ⟩t =
1√
2
|↑⟩ ⊗ |♢⟩+ 1√

2
|↓⟩ ⊗ |♡⟩

→ typically |♣⟩ ⊥ |♡⟩: decoherence

→ but no collapse because of linearity



Reformulations of quantum theory are needed

Everett 1957 Bohm 1952 Ghirardi 1986



In Quantum field theory

First problem:

Quantum field theory is not about fields, there are no fields, it’s
about correlation functions of ... macroscopic stuff made of ...

⟨ϕ̂(x1)ϕ̂(x2)ϕ̂(x3)ϕ̂(x4)⟩ =
∑

· · ·

⟨ψ̂(x1)ψ̂(x2)ψ̂(x3)ψ̂(x4)⟩ =
∑

· · ·

what we want what we get
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In Quantum field theory

Second problem:

Even as operational theories, “physical” interacting quantum field
theories are ill defined.

⟨ϕ̂(x1)ϕ̂(x2)ϕ̂(x3)ϕ̂(x4)⟩ =
+∞∑
k=0

(∞)k gk
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These are actually the two classes of difficulties noted by Paul Dirac in 1963
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question

Can we reformulate QFT as a theory of “true” fields?

Advantages:

∙ naturally solves the conceptual difficulty of quantum theory
∙ may provide a way to understand divergences



Idea in a nutshell

1. For a quantum scalar field:[
ϕ̂(x), ϕ̂(y)

]
̸= 0

So ϕ(x), the “measured” value of ϕ̂(x), cannot be defined everywhere
in R4. ⇒ a quantum field is not “objective” stuff.

2. However, one can construct ξ a complex classical scalar field such
that:

E[ξ(x)ξ∗(y)]
statistical average

= ⟨ϕ̂(x)ϕ̂(y)⟩
quantum expectation

3. Does not give all correlation functions but typically encodes all
the dynamics on other quantum degrees of freedom for linearly
coupled quantum systems.



a recipe for collapse models

Start with a quantum system



a recipe for collapse models

Couple it with a bosonic bath



a recipe for collapse models

Trace out the bath



a recipe for collapse models



a recipe for collapse models

Normalize the state and redefine the probability measure



a recipe for collapse models

Keep only the stochastic field

→ you now have a single cat, living in R3
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changing the recipe for qft

Take an interacting QFT:



changing the recipe for qft

Split fermions and bosons:

→ now do the same as before with the bosons as bath
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changing the recipe for qft

Final picture:

This time without changing the empirical content of the theory!
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in practice

Consider a Yukawa theory:

Lf(ψ, ∂µψ) = ψ̄(i/∂ − mf)ψ

Lint(ψ, ϕ) = g ψ̄ ψ ϕ

Lb(ϕ, ∂µϕ) =
1
2∂µϕ∂

µϕ− 1
2m2

bϕ
2,



in practice

1) Integrating out the bosons

Define ρt = trb[ρtot].

Wick’s theorem gives:

ρ̂f(t) = T exp
(
iΦ

[
jL, jR

])
· ρ̂f(ti)

where Φ[jL, jR] is the “operator” influence phase functional:

iΦ
[
jL, jR

]
=

∫ t

ti

∫ t

ti

d4x d4y D(x, y) jL(x)jR(y)

− 1
2θ(x

0 − y0)D(x, y) jL(x)jL(y)− 1
2θ(y

0 − x0)D(x, y) jR(x)jR(y)

with D(x, y) = trb

[
ϕ̂(x)ϕ̂(y) ρ̂b(ti)

]
= ⟨ϕ̂(x)ϕ̂(y)⟩.
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in practice

2) Unraveling the open evolution E
[
|ψξ⟩ ⟨ψξ|

]
= ρ̂f(t)

|ψξ(t)⟩ =T exp

{
− i

∫ t

ti

d4x ȷ̂(x) ξ(x)

−
∫ t

ti

∫ t

ti

d4x d4y θ(x0 − y0) [D − S](x, y) ȷ̂(x)ȷ̂(y)
}
|ψξ(t)⟩

with

E[ξ(x)ξ∗(y)] = D(x, y),
E[ ξ(x) ξ(y) ] = S(x, y).

Note: importantly, finding ξ with the correlation matrix D is always
possible (the relation matrix S is a free parameter)
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in practice

3) Cook the measure

dµt(ξ) = ⟨ψξ(t)|ψξ(t)⟩dµti(ξ)

Finally push ti → −∞, t → +∞

In functional integral representation, with Ψ = (ψ, ψ̄):

dµ+∞(ξ) =

∫
D[Ψ]D[Ψ′] ρf(Ψ−∞,Ψ

′
−∞) δ(Ψ+∞,Ψ

′
+∞)

κ∗[j′]κ[j] exp
(

iSf − iS ′
f − i

∫
jξ − j′ξ∗

)
dµ−∞(ξ)

Gaussian measure
,

We get a non-Gaussian deformation of the probability measure
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Recollecting the ideas

∙ Trace out bosons to see them only through their influence on
fermions

∙ Rewrite this evolution as a stochastic evolution driven by a
Gaussian field

∙ Redefine the Gaussian field measure to incorporate the
information about the fermions

∙ Take this latter object to be the “final output” of a QFT
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aparté with collapse

One can prove collapse in position and amplification

Collapse “strength” Ω between two points x and y:

Ω+∞(x,y) = −g2

(2π)2

(
K0 (mb|x − y|)− K0 (Λ|x − y|)− log

[
Λ

mb

])
.
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reconsidering qft

1) QFTs can be seen as theories about fields (without Wick rotation)

2) QFTs can be fundamentally UV-regularized

No Ostrogradsky instability, i.e. no need for:

→ makes Wilsonian renormalization transparent



reconsidering qft

1) QFTs can be seen as theories about fields (without Wick rotation)

2) QFTs can be fundamentally UV-regularized

No Ostrogradsky instability, i.e. no need for:

→ makes Wilsonian renormalization transparent



reconsidering qft

1) QFTs can be seen as theories about fields (without Wick rotation)

2) QFTs can be fundamentally UV-regularized

No Ostrogradsky instability, i.e. no need for:

→ makes Wilsonian renormalization transparent



reconsidering qft

1) QFTs can be seen as theories about fields (without Wick rotation)

2) QFTs can be fundamentally UV-regularized

No Ostrogradsky instability, i.e. no need for:

→ makes Wilsonian renormalization transparent



reconsidering qft

1) QFTs can be seen as theories about fields (without Wick rotation)

2) QFTs can be fundamentally UV-regularized

No Ostrogradsky instability, i.e. no need for:

→ makes Wilsonian renormalization transparent



limitations

∙ So far, harder to analyse with QED

∙ Not trivial to connect with physical parameters →
renormalization

∙ It would be better to work from first principles
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