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MULTI-SCALE NOISE HOMOGENIZATION

This section introduces the application of multi-scale noise homogenization to coloured noise driven dynamics on
a quantum Hilbert space. We explicitly perform this computation to obtain Eq. (3) in the main text from Eq. (8)
explicitly, for two coloured noise processes, while proving the prescription of Eq. (7) generally, for coloured noise
processes possessing a well defined vanishing correlation time or white noise limit.

Stochastic Differential Equations

Here, we first give a brief overview of stochastic processes in general, to establish notation. The next subsection
employs this to give a more detailed discussion of two specific types of stochastic processes referred to in the main
text. More mathematically complete treatments are available in Refs. [1–4], while more physically motivated accounts
may be found in Refs. [5–7]. For completeness, this section reproduces parts of the discussion in the appendices of
Ref. [8, 9].

We employ Ito’s calculus for continuous-time stochastic processes, assuming an underlying filtered probability space
(Ω,F ,Ft,Q) endowed with a natural filtration. Here, Ω denotes the sample space encompassing all conceivable events
of the stochastic process. F , the filtration, signifies the space encompassing all event collections (i.e., all measurable
subsets of Ω), and Q represents the probability measure associating probabilities with abstract events. The overall
probability complies with Q[F ] = 1. The space F , constitutes a σ-algebra. The (natural) filtration, {F0≤t<∞} ⊂ F ,
comprises of a sequence of sub-σ-algebras with a causal ordering. It is dictated by all possible histories of a process
leading up to time t. This sequence adheres to the causality condition F0 ⊂ Ft1 ⊂ Ft2 .. ⊂ Ft ⊂ F for 0 < t1 < t2.. < t,
where each Fs represents the set of all event collections forming a history leading up to time 0 < s < t. The process
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Zt (t > 0) is termed an adapted process if Zt is Ft measurable, indicating that Zt possesses a well-defined probability
for all possible histories leading up to time t, without requiring knowledge of the future (non-anticipating and thus,
Markovian). All stochastic processes considered below are assumed to be adapted processes.

An Itô process Zt is an adapted stochastic process, expressible either as a stochastic integral or a stochastic
differential equation (SDE):

Zt = Z0 +

∫ t

0

A(Zs, s)ds+

∫ t

0

B(Zs, s)dWs

⇔ dZt = A(Zt, t)dt+B(Zt, t)dWt. (1)

In these expressions, the drift term A(Zt, t) and the diffusion term B(Zt, t) are assumed to be smooth functions and

Ft measurable for all t (for a more rigorous discussion, see Refs. [1, 3]). The symbol Wt =
∫ t

0
dWt represents the

standard Wiener (Brownian) process characterized by independent increments and (almost surely) continuous paths,
defined with W0 = 0 and dWt := Wt+dt −Wt ∼ N(0,

√
dt), which is a Gaussian distribution with mean zero and

standard deviation
√
dt. In Hida’s characterization of the Wiener process [10], Brownian motion may be interpreted

as the temporal integral of an ideal Gaussian white noise process (random hits in time) denoted by ηt ∼ N(0, 1),

i.e. dWt = ηt dt and Wt =
∫ t
ηs ds. This construction is detailed in further sections to generalize to a space-time

stochastic process. Note that the Wiener process has mean zero, EQ[Wt] = 0, and variation EQ[W
2
t ] = t. Additionally,

we have EQ[dWt] = 0 and EQ[dWtdWs] = 0 for t ̸= s, alongside EQ[dW
2
t ] = dt. These properties yield the ‘informal’

Ito multiplication rules dt2 = dWtdt = 0 and dW 2
t = dt. Importantly, smooth functions of Ito processes remain Ito

processes themselves.

Generalising, an N -dimensional, vector-valued Ito process Zt, with components {Zk
t }, k ∈ [1, N ] can be defined to

follow the SDE:

dZt = A(Zt)dt+B(Zt)dWt. (2)

Here A(Zt) : RN → RN is vector valued, being just an N dimensional array, B(Zt)N ×M : RN → RN ×M is a
N × M matrix valued function of Zt, and dWt are M -dimensional Brownian increments with components {dW k

t }
and k ∈ [1,M ].

The evolution of probabilities of functions of stochastic processes is studied by their transition probability density
T(Zf , tf |Z0, t0), which is defined as the probability of progression from the initial Dirac-delta distribution for the state
of the stochastic process localized at Z0, to a terminal state Zf . The transition probabilities can be interpreted either
to evolve forward in time from specified initial conditions following the Fokker-Planck-Kolmogorov (FPK) equations,
or backward in time from specified terminal conditions following the Kolmogorov Backward (KB) equations. Both
equations can be expressed in terms of an infinitesimal generator Λ (also known as a characteristic operator), where
Λ(Z, t) evolves the transition probability density in the backward direction, while its adjoint Λ∗(Z, t) propels it
forward:

KB: − ∂

∂t
T(Zf , tf |Z, t) = Λ(Z, t)T(Zf , tf |Z, t)

FPK:
∂

∂t
T(Z, t|Z0, t0) = Λ∗(Z, t)T(Z, t|Z0, t0). (3)

Integrating out the terminal (initial) conditions from the Kolmogorov Backward (Fokker-Planck-Kolmogorov)
equations yields the one-time probability density, ρ(Z, t), employing

∫
T(ZT , tT |Z, t)ρ(ZT , tT )dZT = ρ(Z, t) or∫

T(Z, t|Z0, t0)ρ(Z0, t0)dZ0 = ρ(Z, t). This one-time probability density is also a solution of Eq.(3). Explicit expres-
sions in operator form for the generator Λ(z, t) and its adjoint for the one dimensional Ito process Zt are:

Λ(Z, t) • = A(Z, t)
∂ •
∂Z

+
B2(Z, t)

2

∂2 •
∂Z2

Λ∗(Z, t) • = − ∂

∂Z
A(Z, t) •+ ∂2

∂Z2

B2(Z, t)

2
• . (4)

The derivation of these forms involves an integration by parts to derive one from the other, assuming the associated
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surface terms vanish under compact support. The generator and its adjoint for the vector process Zt are given by:

Λ(Z, t) • :=
∑
i

Ai(Z)
∂ •
∂Zi

+
1

2

∑
ij

[
BBT

]
ij

∂2 •
∂ Zi∂Zj

Λ∗(Z, t) • := −
∑
i

∂

∂Zi
Ai(Z) •+

1

2

∑
ij

∂2

∂ Zi∂Zj

[
BBT

]
ij

• . (5)

Besides the Ito interpretation, stochastic processes with multiplicative noise can also be described using the
Stratonovich interpretation, in which the term B(Zt)dWt is replaced by B(Zt) ◦ dWt, with ◦ denoting a Stratonovich
product. A Stratonovich process may be defined to follow the Statonovich SDE (as opposed to Ito SDE):

dZt = Ā(Zt)dt+B(Zt) ◦ dWt.

Converting this expression to Ito’s interpretation (notation) yields:

dZt = A(Zt)dt+B(Zt)dWt

with: Ai(Zt) = Āi(Zt) +
1

2

m∑
j=1

n∑
k=1

∂ Bij

∂ Zk
(Zt)Bkj(Zt).

Coloured noise processes

To contrast time-correlated stochastic processes with (Gaussian) white noise processes that are uncorrelated in
time, we refer to the former as coloured noise processes. In Ref. [9], coloured noise processes with a steady-state
distribution were suggested as noise terms in models of spontaneous unitarity violation. Here, we therefore focus
on the Ornstein-Uhlenbeck (OU) and spherical Brownian motion (SBM) processes. The OU process is described
by: [6, 7, 11, 12]

dξt = −ξt
dt

τ
+

√
2

τ
dWt (6)

Correlations in the OU process decay exponentially, with correlation time τ . Beyond that, the process converges to

a distinct steady-state Gaussian distribution centred at ξ = 0, and given by ρ∞(ξ) = 1√
2π
e

−ξ2

2 independent of initial

conditions [6]. The analytical solution for individual noise realizations with a sharp initial condition ξ0 is given by [6]:

ξt = ξ0e
−t/τ +

√
2

τ
e−t/τ

∫ t

0

es/τdWs (7)

Here, the Wiener measure (dWs) is used to integrates a time-dependent function, giving rise to a standard Ito integral.
From Eq. (7), the mean value and autocorrelation can be derived given any initial conditions. Sampling ξ0 from the
steady-state distribution, we find Eξ[ξ0] = 0, where the expectation value is with respect to the noise process ξt.
Similarly, we find:

Eξ[ξt] = 0

C[ξt, ξs] = e−|t−s|/τ (8)

The auto-correlation function C[ξt, ξs] is given by Eξ[ξt ξs] − Eξ[ξt]Eξ[ξs]. For the conditional expectation given a
sharp initial condition of ξ0, one also obtains Eξ[ξt|ξ0] = ξ0 exp

[
− t−t0

τ

]
, showing that on time scales larger than τ , all

the temporal correlations are lost. These results may alternatively be derived using the FPK equations for the OU
process [1, 6, 7].

The second coloured noise process with non-zero correlation time and steady state distribution we consider stems
from Brownian motion on a (unit) spherical manifold. It can be defined in terms of its generator, the Laplace-Beltrami
operator on a sphere [1]:

Λ(θ, ϕ) =
1

sin θ

∂

∂θ

(
sin θ

∂

∂θ

)
+

1

sin2 θ

∂2

∂ϕ2
(9)
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The KB equation for the stochastic process on the surface of a sphere can then be formulated using the transition
probability density T(θ, ϕ, t|θ0, ϕ0, t0) using Eq. (3) and Eq. (4):

∂

∂t
T(θT , ϕT , T |θ, ϕ, t) =

−1

2τ
Λ(θ, ϕ)T(θT , ϕT , T |θ, ϕ, t)

From here, the terminal condition can be integrated out to obtain the one-point probability density, using the definition
ρ(θ, ϕ, t) =

∫
T(θT , ϕT , T |θ, ϕ, t)ρ(θT , ϕT )dθT dϕT :

∂

∂t
ρ(θ, ϕ, t) =

−1

2τ

[
cot θ

∂

∂θ
+

∂2

∂θ2
+

1

sin2 θ

∂2

∂ϕ2

]
ρ(θ, ϕ, t) (10)

The one-point probability density implies two Ito processes: one for θt ∈ [0, π] and one for ϕt ∈ [0, 2π], representing
the coordinates of the Brownian walker on the sphere. The corresponding stochastic differential equations are:

dθt =
1

2τ
cot(θt) dt+

1√
τ
dW θ

t (11)

dϕt =
1√

τ sin(θt)
dWϕ

t (12)

From these, it is clear that the θt process is independent of the ϕt process at all times, whereas the evolution of ϕt
depends on the instantaneous value of θt. Because of this, the models of spontaneous unitarity violation discussed in
Ref. [9] employed the cosine of the latitude, ξt = cos(θt), rather than the position on the sphere as the coloured noise
process driving state evolution. This choice provides a stochastic variable bounded between [−1, 1]. Additionally,
the steady-state distribution of the Brownian motion uniformly covers the sphere, resulting in a uniform steady-
state distribution of ξt across the range [−1, 1]. These properties of spherical Brownian motion (SBM) have been
previously shown to facilitate the emergence of Born’s rule in the limit of infinite correlation time or time-independent
noise [9, 13, 14].

From Eq.(11), the stochastic dynamics of the spherical Brownian motion (SBM) process is described by:

dξt = −ξt
dt

τ
+

√
1− ξ2t
τ

dWt (13)

The final term in this expression indicates that SBM is a multiplicative noise process, interpreted in the Ito sense. This
SBM process falls under the category of Pearson Diffusions and is also a Jacobi diffusion process (see Refs. [15–17] and
references therein for further details). The timescale τ corresponds to the correlation time, while the mean-reverting
drift term ensures a steady-state distribution.

The mean and autocorrelation for the SBM process are obtained by considering its infinitesimal (adjoint) generator
and the corresponding Fokker-Planck-Kolmogorov (FPK) equations [7, 15, 16, 18]:

∂tT (ξ, t|ξ0, t0) =
1

τ
∂ξ [ξ T (ξ, t|ξ0, t0)] +

1

2τ
∂2ξ
[
(1− ξ2)T (ξ, t|ξ0, t0)

]
(14)

This FPK equation possesses an exact formal solution in the form of an infinite sum [18]:

T (ξ, t|ξ0, t0) =
1

2

∞∑
n=0

(2n+ 1)(n!)2Pn(ξ)Pn(ξ0) exp

[
−n(n+ 1)|t− t0|

2τ

]
(15)

Here, Pn are the Legendre polynomials, given by the Rodrigues formula Pn(x) =
1

n! 2n
dn

dxn

(
x2 − 1

)n
. In the long-time

limit (t − t0 → ∞), the SBM process approaches a steady-state probability density ρ∞(ξ) independent of the initial
state. By taking the limit t0 → −∞ in Eq. (15), only the n = 0 term survives, leading to a completely uniform
steady-state distribution, i.e., ρ∞(ξ) = limt0→−∞ T (ξ, t|ξ0, t0) = 1/2 for ξ ∈ [−1, 1]. Similarly, the unconditioned
mean Eξ[ξt] and the expected value Eξ[ξt|ξ0] conditioned on sharp initial conditions, ξt = ξ0 at t = t0, are found via
direct integration of the transition probability density:

Eξ[ξt] =

∫ 1

−1

∫ 1

−1

ξ T (ξ, t|ξ0, t0) ρ∞(ξ0) dξ0dξ = 0

Eξ[ξ|ξ0] =
∫ 1

−1

ξ T (ξ, t|ξ0, t0) dξ = ξ0 exp

[
− t− t0

τ

]
C[ξt, ξs] =

∫ 1

−1

∫ 1

−1

ξt ξs T (ξt, t|ξs, s) ρ∞(ξs) dξtdξs =
1

3
exp

[
− t− ts

τ

]
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Here, again the auto-correlation function is defined as C[ξt, ξs] = Eξ[ξt ξs] − Eξ[ξt]Eξ[ξs]. These results reveal that,
similar to the OU process, the SBM process features exponentially decaying correlations and a unique steady state
distribution, albeit non-Gaussian.

Multi-scale Noise Homogenization

In this subsection, we discuss the analysis for obtaining Eq. (3) from Eq. (8) in the main text, while proving the
prescription of Eq. (7) for a class of coloured noise processes possessing a well defined vanishing correlation time limit
(τ → 0). A controlled perturbative method to obtain coarse-grained or time-renormalized dynamics of stochastic
systems with separation of time scales has been employed in Ref. [9] to study dynamical quantum state reduction. It
is based on the so called multi-scale noise homogenization techniques developed in Refs. [3, 4, 9, 19]. The calculations
in this section review and generalize this technique to higher dimensions. We begin with the model introduced in the
main text, given by (N is absorbed in the coefficients J,G and we set ℏ = 1):

d |ψ⟩ =
∑
k

(
P̂k − ⟨P̂k⟩

)[
2J⟨P̂k⟩+ Gξkt

]
|ψ⟩ dt

dξkt = −ξkt
dt

τ
+ g(ξkt )dW

k
t (16)

Here, the time-dependent wave function is N -dimensional and of the form |ψt⟩ := |ψ(t)⟩ =
∑

i ψi(t) |i⟩. The standard
Hamiltonian does not admit attractive or repulsive fixed points in the dynamics, and can be neglected entirely in
cases that the modifications to Schrödinger’s equation are much larger than or commute with the Hamiltonian [9]. We
will derive the dynamics for the squared amplitudes zi := | ⟨i|ψ(t)⟩|2. For notational convenience, we have dropped
the explicit time-dependence of |ψ⟩, ψi and zi, except in cases where it is required for clarity. From Eq. (16), the
dynamical equations for ψi are given by:

dψi |i⟩ =

[
2J

(
zi −

∑
k

z2k

)
+G

(
ξit −

∑
k

ξkt zk

)]
ψi |i⟩ dt (17)

As explained in Ref. [9], for an arbitrary smooth function f(ψ), the temporal integral of the form
∫
f(ψ)ξkt dt is a

regular Riemann integral, since the dψk process has a vanishing quadratic variation (dψ2
k = 0). This is because the

noise ξk is continuous while its integral is continuous and once-differentiable. Thus, there is no difference between
the Ito and Stratonovich descriptions in this case [9, 20, 21], and using the regular rules of calculus we obtain the
evolution equations for dzi:

dzi = Ji dt+
∑
j

Gijξj dt (18)

Here, we defined Ji = 4Jzi

(
zi −

∑
j z

2
j

)
and Gij = 2Gzi (δij − zj). To perform the multi-scale noise homogenization,

the first step is to isolate a factor of
√
τ from Gij by writing Gij →

√
τGij and dt→ dt/

√
τ . This effectively coarse-

grains the dynamics, since the SDE is formally understood as a discrete sum over temporal partitions, which increase
as dt√

τ
> dt. We will then consider the limit τ → 0 in such a way that G2τ remains finite. The full dynamics is then:

dzi = Ji dt+
∑
j

Gijξj
dt√
τ

with Ji = 4 J zi

zi −∑
j

z2j


Gij = 2

√
τG2 zi ( δij − zj)

dξj = −ξj
dt

τ
+ g(ξj)dW

j
t (19)

Here both indices i and j lie in [1, N ], and Gij are components of an N ×N matrix. To extract the limit for τ → 0,
we employ the Kolmogorov Backward equation (KB), which is obtained from the generator, Λ(z, ξ), of the joint
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stochastic processes {zi, ξj}. As detailed by Ref. [9], considering the joint statistics of {z, ξ} is a necessary step to
obtain Markovian dynamics for the coloured noise driven model. This is because the noise is independent of the state
dynamics but the state dynamics depends on the noise. Thus, the value zt depends on ξt = ξ0+

∫ t

0
dξt which requires

information of ξ up to time t, rendering z on its own non-Markovian. Augmenting the z with the ξ process however,
renders the combination Markovian [9, 20, 22]. The corresponding KB equation for the joint dynamics is given by:

−∂tρ(z, ξ, t) = Λ(z, ξ) ρ(z, ξ, t) (20)

where Λ(z, ξ) := ΛJ(z) +
1√
τ
ΛG(z, ξ) +

1

τ
Λξ(ξ) (21)

and ΛJ(z) =
∑
i

Ji
∂

∂ zi

ΛG(z, ξ) =
∑
ij

ξj Gij
∂

∂ zi

Λξ(ξ) =
∑
j

(
−ξj

∂

∂ξj
+
τg2(ξj)

2

∂2

∂ξ2j

)
(22)

Here, τg2(ξj) is noted to be independent of τ for both the OU
(
g(ξj) :=

√
2
τ

)
and SBM

(
g(ξj) :=

√
1−ξ2j
τ

)
noise

processes and further, i, j ∈ [1, N ]. Note that the operator Λ(z, ξ, t) is a function of variables on the domains of the
stochastic processes zj(t) and ξj(t), and in Eq. (22) they are interpreted directly as functions of zj and ξj themselves
(rather than of the stochastic processes zj(t) and ξj(t)). The differential operator ΛJ depends on z alone, while ΛG

depends on z and ξ, and Λξ depends on ξ alone, and these dependencies are dropped for ease of notation from here
on. This again shows that changes in the quantum state are influenced by the noise, while the noise itself operates
independently of the state.

In the limit of small τ , the coefficient of Λξ guarantees that the noise dynamics is always faster than that of the
state. Notice however, that we will not assume the noise to always remain in its steady or late-time distribution
ρ∞(ξ), since assuming so would result in a straightforward, noise-free scenario that fails to account for the time-
dependent nature of the dynamics induced by noise in the probability density [3, 4, 22]. We will need to assume that

such a steady-state distribution exists for the noise, which is true for both the OU (ρ∞(ξ) = 1√
2π
e

−ξ2

2 ) and SBM

(ρ∞(ξ) = 1
2 ) processes. Notice that from the Fokker-Planck-Kolmogorov equations, the steady state distribution

ρ∞(ξ) :=
∏

k ρ
∞(ξk) (also termed the invariant/null subspace) can be constructed by demanding that the adjoint

generator has the action Λ∗
ξρ

∞(ξ) = 0.
The Kolmogorov Backward equations of Eq. (22) offer a methodical way to construct the probability density ρ(z, ξ, t)

by representing it as a perturbative expansion in τ1/2, treating the correlation time as a small parameter:

ρ(z, ξ, t) =

∞∑
k=0

τk/2ρk = ρ0 +
√
τρ1 +O[τ ] (23)

Utilizing Eq. (22), we derive distinct equations for each power of τ :

τ−1 : − Λξρ0 = 0

τ−1/2 : − Λξρ1 = ΛGρ0

τ0 : − Λξρ2 = (ΛJ + ∂t)ρ0 + ΛGρ1

τp/2 : − Λξρp+2 = (ΛJ + ∂t)ρp + ΛGρp+1 (24)

The final line holds for p > −2, with the condition that ρp = 0 for all p < 0.
Notice that because Λξ is a differential operator in ξ only, the first line implies that ρ0 depends only on the state

vector and time, denoted as ρ0 := ρ0(z, t). The subsequent set of equations comprises expressions like Λξρk = fk(z, ξ).
Solutions to these can be constructed using Fredholm’s Alternative theorem [3, 4, 19]. In a finite-dimensional Hilbert
space, this theorem states that an operator equation Axi = yi with operator A and vectors xi and yi, has a solution
if n · yi = 0 for vectors n in the null subspace of the adjoint operator A∗ (i.e., A∗n = 0). The solvability condition
n · yi = 0 ∀i can be utilized to construct the solution for the system of equations. This is accomplished by repeated
operations of xi = A−1 yi which guarantees a solution if yi is orthogonal to the null subspace.
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This method applies to expressions like Λξρk = fk(z, ξ) in Eqs. (24) because the adjoint operator Λ∗
ξ describes the

forward evolution in Fokker-Planck-Kolmogorov equations of the noise alone (see previous sections and Refs. [3, 4, 6,
7]). As both SBM and OU processes allow long-term steady-state probability distributions, we have Λ∗

ξρ
∞(ξ) = 0,

defining the null subspace of the adjoint operator. Further, the orthogonality of a generic function y(z, ξ) with the
null subspace is expressed through the (function space) inner product: E∞

ξ [y(z, ξ)] :=
∫
dξ ρ∞(ξ)y(z, ξ) = 0. With

this, the solvability condition for the O(τ−1/2) equation becomes E∞
ξ [ΛGρ0] = 0. This condition, termed the centering

condition, characterizes the coupling between the state dynamics and the noise [3, 4, 19]. For the OU and SBM
processes, the ergodicity properties and the linear coupling (a separate ξi for each zi), guarantee that the centering
condition is satisfied. To see this, note that the form of ΛG has a differential operator only in z and since E∞

ξ [ξ] = 0, we

trivially have E∞
ξ [ΛGρ0] = 0. Thus, a solution for the first-order component ρ1 exists, given ρ0, as ρ1 = −Λ−1

ξ ΛGρ0.
Substituting this ρ1 expression into the equation for Λξρ2 yields the subsequent solvability condition:

E∞
ξ

[
(ΛJ + ∂t)ρ0 − ΛGΛ

−1
ξ ΛGρ0

]
= 0 (25)

Only the final term on the right-hand side relies on ξ, which simplifies this expression to:

(ΛJ + ∂t)ρ0 − E∞
ξ

[
ΛGΛ

−1
ξ ΛGρ0

]
= 0 (26)

The remaining expectation value is computed using the so-called cell problem Ansatz [3, 4, 19]. This begins with
noticing that ΛG =

∑
j ξj Gij

∂
∂ zj

, making Λ−1
ξ ΛGρ0 expressible as Λ−1

ξ (
∑

k ξkFk(z)) for an arbitrary function Fj(z).

The cell problem Ansatz then posits the existence of a function Φ(z, ξ) such that Λ−1
ξ ΛGρ0 = Φ(z, ξ). If this function

exists, it implies ΛξΦ(z, ξ) = ΛGρ0. Finding such a function Φ(z, ξ) is equivalent to determining an expression for
Λ−1
ξ ΛGρ0 required for evaluating the solvability condition. For our case, using Λξ, the function,

Φ(z, ξ) = −
∑
ij

ξiGij
∂

∂ zj
ρ0,

solves the cell Ansatz for both the OU and SBM noise processes. Now, since, ΛGΛ
−1
ξ ΛGρ0 = ΛGΦ(z, ξ), we may

evaluate the solvability condition in Eq. (26) by substituting this into the expectation value, which yields:

E∞
ξ

[
ΛGΛ

−1
ξ ΛGρ0

]
= −E∞

ξ

[
ξ2
]∑
i,j,k

(
Gik

∂Gjk

∂ zi

∂ρ0
∂ zj

+GikGjk
∂2ρ0
∂ zi∂ zj

)
(27)

Here, we used the fact that all ξi are identical stochastic processes with the same variance E∞
ξ

[
ξ2i
]
= E∞

ξ

[
ξ2
]
and

E∞
ξ [ξiξj ] = 0.

Together with Eq. (26), Eq. (27) establishes the solvability condition for dynamics up to order τ0. This homogenizes
the stochastic variable to order τ0, providing an expression for the time evolution of probabilities for z alone:[

∂t + ΛJ + Λ̃G

]
ρ0(z, t) = 0

Λ̃G :=
1

2

∑
i,j,k

(
G̃ik

∂G̃jk

∂ zi

∂ρ0
∂ zj

+ G̃ik G̃jk
∂2ρ0
∂ zi∂ zj

)
(28)

Here, we rescaled Gij by introducing G̃ij := 2
√
D zi ( δij − zj), with the effective coupling defined as D =

2E∞
ξ

[
ξ2
]
G2τ . This equation signifies the solvability condition for the system of Eq. (19), and the solutions of

Eq. (28) weakly correspond (agreeing on ensemble-averaged probabilities ρ(z, t)) to those of Eq. (19) in the τ → 0
limit, when the probability distribution ρ(z, ξ, t) equals ρ0(z, t). Furthermore, Eq. (28) represents a Kolmogorov
Backward equation (in the Stratonovich representation) for the time evolution of the probabilities of z alone (after
homogenizing over the noise) [1, 6, 20]. Notably, this equation straightforwardly coincides with the white-noise driven
process [1, 3, 4, 6, 7, 19]:

d zi = Ji dt+
∑
j

G̃ij ◦ dW j
t +O[τ ] (29)

Because in the Stratonovich representation (where ◦ denotes the Stratonovich product) the usual rules of calculus
apply, the quantum state reduction dynamics on the Hilbert space for the original pair of processes involving both ψ
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and ξk, is now approximated in the τ → 0 limit by a single effective stochastic process of the quantum state on the
Hilbert space (Eq. (3) in the main text), given by:

d |ψ⟩ =
∑
k

2J⟨P̂k⟩
[
P̂k − ⟨P̂k⟩

]
|ψ⟩ dt+

√
D
∑
k

[
P̂k − ⟨P̂k⟩

]
|ψ⟩ ◦ dW k

t (30)

This establishes the existence of an analytically tractable Markovian limit in the joint state-noise dynamics of
Eq. (16), such that in the limit of τ → 0 the dynamics it is weakly equivalent to the white noise driven process of
Eq. (30). This is an expected result, in light of the Wong-Zakai theorems [23–26], and can be generalized further.
In the situation of interest in the main text, the Markovian limit (for τ → 0) is thus found to follow from the
straightforward prescription (Eq. (7) in the main text):

lim
τ→0

G

∫ (
P̂k − ⟨P̂k⟩

)
|ψ⟩ ξkt dt →

√
D
∫ (

P̂k − ⟨P̂k⟩
)
|ψ⟩ ◦ dW k

t (31)

We note that similar methodologies may find applications in open quantum systems [5].

EMERGENT BORN’S RULES AND GKSL MASTER EQUATIONS

In this section we show the emergence of Born rule statistics in the model defined by Eq. (3) of the main text. The
dynamics follows a Stratonovich stochastic differential equation and this section discusses how to transform to Ito’s
convention and then how to average out the stochastic component.

The Stratonovich correction

Following the multi-scale noise homogenization, the dynamics of the quantum state reduction process discussed in
the main text (Eq. (3) of the main text), is given by:

d|ψ⟩ = 2J

N∑
k=0

⟨P̂k⟩
(

P̂k − ⟨P̂k⟩
)
|ψ⟩ dt+

√
D

N∑
k=0

(
P̂k − ⟨P̂k⟩

)
|ψ⟩ ◦ dW k

t . (32)

Employing the Stratonovich to Ito transformation, Xt◦dWt = XtdWt+
1
2dXtdWt [1] withXt =

√
D
∑

k

(
P̂k−⟨P̂k⟩

)
|ψ⟩

results in the Ito form:

√
D

N∑
k=0

(
P̂k − ⟨P̂k⟩

)
|ψ⟩ ◦ dW k

t =
√
D

N∑
k=0

(
P̂k − ⟨P̂k⟩

)
|ψ⟩ dW k

t + Ĉt |ψ⟩ dt.

Here, the Stratonovich correction, Ĉt, is given by:

Ĉt = D
N∑

k=0

(
1

2

[
P̂k − ⟨P̂k⟩

]2
−
[
⟨P̂2

k⟩ − ⟨P̂k⟩2
])

The norm-preserving nature of the dynamics may be confirmed by considering the change in the norm, dNt where
Nt = ⟨ψt |ψt⟩. Here we retained the temporal argument for clarity. Using Ito’s lemma (i.e. the Ito-Leibniz rule,
dNt = ⟨dψt|ψt⟩ + ⟨ψt| dψt⟩ + ⟨dψt| dψt⟩ ) we find dNt = 0, which shows that a normalized initial state remains
normalized.

Master equations

In this subsection we obtain the noise-averaged master equations (Eq. (5) from Eq. (3) in the main text). We
retain the time arguments in the following subsections for clarity. To find the evolution of the pure state projector,
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Ψ̂t := |ψt⟩ ⟨ψt|, we use Ito’s lemma, dΨ̂t = |dψt⟩⟨ψt|+ |ψt⟩⟨dψt|+ |dψt⟩⟨dψt|, and obtain:

dΨ̂t = 2J

N∑
k=0

{
⟨P̂k⟩

(
P̂k − ⟨P̂k⟩

)
, Ψ̂t

}
dt+

√
D

N∑
k=0

{
P̂k − ⟨P̂k⟩ , Ψ̂t

}
dW k

t

+

{
Ĉt , Ψ̂t

}
dt+

N∑
k=0

D
(

P̂k − ⟨P̂k⟩
)
Ψ̂t

(
P̂k − ⟨P̂k⟩

)
dt (33)

This expression can be simplified to yield:

dΨ̂t = 2(J −D)
∑
k

[{
P̂k⟨P̂k⟩t , Ψ̂

}
− 2⟨P̂k⟩2t Ψ̂t

]
dt+D

[∑
k

P̂kΨ̂tP̂k − Ψ̂t

]
dt+

√
D

N∑
k=0

{
P̂k − ⟨P̂k⟩ , Ψ̂t

}
dW k

t

It is straightforward to see that imposing the fluctuation-dissipation relationship (FDR) of J = D and averaging over
the noise (using E[Ψ̂t] = ρ̂t and E[MtdWt] = 0 in Ito’s interpretation for arbitraryMt), yields a linear master equation
corresponding to a Gorini-Kossakowsky-Sudarshan-Lindblad (GKSL) equation for dephasing, given by:

∂ρ̂t
∂ t

= D
[∑

k

P̂kρ̂tP̂k − ρ̂t

]
This implies the emergence of Born rule statistics and the absence of superluminal signalling. Using the notation in
the main text, J = JN/ℏ, we obtain

√
D =

√
JN/ℏ as written in the main article.

THE CONTINUUM LIMIT

In this section we discuss the continuum limit of Eq. (3) in the main text and obtain Eq. (6) of the main text.
We first generalize the notion of a Wiener process to higher dimensions, and then discuss the continuum limit of the
white-noise model.

Space-time Wiener process from space-time white noise

Although there are many way to characterize the fundamental Wiener process, not all may be generalized to multi-
parameter Brownian motion. The standard characterization of the Wiener process as a definite integral of (Gaussian)
white noise, written in terms of independent Gaussian increments and (almost surely) continuous paths, can be
generalised to multiple dimensions. This yields the so called Hida’s calculus, which allows for a rigorous way to study
stochastic partial differential equations on infinite dimensional spaces [10, 27–29]. For clarity, we retain the standard
physics notation in the following and use a simplified approach to showcase explicit calculations.

The Wiener processes in space and time may be considered in analogy to the construction of a Wiener process
in time (t ∈ [0, T ]), using Gaussian white noise ηt sampled at each t from a standard normal distribution with zero
mean and unit variance. Note that this construction formally assumes a discretization, such that ηt is sampled from
N(0, σ2 = 1) at each infinitesimal time step. Here, we follow the physics literature and use integral notation, while
discrete summations are preferred in the mathematical literature. The Wiener process is defined as the temporal

integral (sum) of ηt, i.e. Wt =
∫ t
ds ηs. This can be used to define Wt+dt −Wt = dWt =

∫ t+dt

t
ηz dz (usually written

simply as dWt = ηt dt), which implies that dWt is sampled from a Gaussian distribution, N(0, σ2 = dt), with variance
dt. From, E[ηt] = 0 it follows that E[dWt] = 0. Further, since E[ηtηs] = δ(t − s), we obtain the shorthand Ito
multiplication rules:

E[ηtηs] = δ(t− s) (34)

=⇒ E[
∫
T

ηz dz

∫
S

ηz̄dz̄ ] =

∫
T

dz

∫
S

dz̄ δ(z − z̄) (35)

=⇒ E[ dWt dWs ] =

∫
T

dz

∫
S

dz̄ δ(z − z̄) (36)

Here, we denoted the interval [t, t + dt] as T and [s, s + dt] as S, and in the value of the double integral depends on
the intervals of integration. If T ∩ S = ∅ the double integral vanishes, while if T ∩ S ̸= ∅ it must be the case that
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t = s and T = S because T and S are infinitesimal intervals. In this case the integral on the right hand side yields
the interval size, dt, and the Ito multiplication rule becomes E[dW 2

t ] = dt and E[ dWt dWs ] = 0 for all t ̸= s.

Extending these considerations, space-time white (Gaussian) noise may be defined on both space (x ∈ R) and
time (t ∈ [0, T ]), and denoted by ηxt = η(x, t). In direct analogy to temporal noise, ηxt = is sampled from the
standard normal distribution N(0, σ2 = 1) at each space-time point, which formally is done using a discretization.
The space-time generalization of the Wiener process (often called a Brownian sheet) follows by constructing the
space-time double integral, i.e.

∫
T
dWt(X) =

∫
X
dx
∫
T
dt ηxt where X is an interval in R. Using, E[ηxt ] = 0, and

defining dW x
t := dWt(dx), we again find, E[dW x

t ] = 0. To obtain the corresponding Ito multiplication rules, we utilize
E[ηxt η

y
s ] = δ(t− s)δ(x− y), change variables for convenience and consider the following integrals:

E[ηxt η
y
s ] = δ(t− s)δ(x− y) (37)

=⇒ E

[(∫
T

dz

∫
X

dx ηxz

)(∫
S

dz̄

∫
Y

dy ηyz̄

)]
=

∫
T

dz

∫
S

dz̄

∫
X

dx

∫
Y

dy δ(z − z̄)δ(x− y) (38)

=⇒ E[ dWt(X) dWs(Y ) ] =

∫
T

dz

∫
S

dz̄

∫
X

dx

∫
Y

dy δ(z − z̄)δ(x− y) (39)

In the final expression the quadruple integral is non-zero only if both the temporal intervals (T and S) and the spatial
intervals (X and Y ) overlap. For infinitesimal intervals X = [x, x + dx] and Y = [y, y + dx], an overlap is possible
only if x = y (X = Y ) and t = s (T = S). This implies the Ito rules E[(dW x

t )
2] = dt dx and E[dW x

t dW
y
s ] = 0 for all

t ̸= s or x ̸= y. This implies Ito’s isometry:

E

[(∫
X

∫
T

G(x, t)dW x
t

)2 ]
=

∫
X

∫
T

G(x, t)2dtdx (40)

There is no expectation on the right hand side, since the functional form of G(x, t) does not depend on W x
t explicitly.

The above construction is a simple approach to space-time white noise and its connection to the Brownian sheet
construction for X ∈ R, following Refs. [27, 28, 30, 31], which suffices for our needs. More rigorous constructions
may be found throughout the mathematical literature. In particular cases where the set X is Rn instead of just R
as considered here, further spatial noise correlations leading to E[dW x

t dW
y
t ] = c(x − y, t)dtdx need to be taken into

account, as discussed for example in Refs. [10, 28, 29, 32, 33]. Such correlations may play a role in more general
models of quantum state reduction, which avoid collapse into Dirac-delta localized states in the continuum. We leave
this as a possible avenue for further research. From this point on, we adopt the notation (dW x

t )
2 = dtdx, while all

other squared infinitesimals are zero.

Continuum limit of the white-noise model

Here we discuss the continuum limit of the white noise driven model defined by Eq. (3) in the main text and obtain
the continuum master equation in Eq. (6). Recall that in previous sections, we showed that a wave function of the

form |ψt⟩ =
∑N

k=1 ψk(t) |k⟩ collapses to a single basis-vector in {|k⟩} under the dynamics defined by:

d |ψt⟩ = Ĵt |ψt⟩ dt + Ĉt |ψt⟩ dt+ dĜt |ψt⟩ (41)

Here, we used the operators defined by:

Ĵt |ψt⟩ dt := 2J
∑
k

(
P̂k⟨P̂k⟩ − ⟨P̂k⟩2

)
|ψt⟩ dt

Ĉt |ψt⟩ dt := D
∑
k

(
1

2

[
P̂k − ⟨P̂k⟩

]2
−
[
⟨P̂2

k⟩ − ⟨P̂k⟩2
])

|ψt⟩ dt

dĜt |ψt⟩ :=
√
D
∑
k

(
P̂k − ⟨P̂k⟩

)
|ψt⟩ dW k

t (42)
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These can be written out in terms of wave function components as:

Ĵt |ψt⟩ dt = 2J

[(∑
k

|ψk
t |2 P̂k

)
−

(∑
k

|ψj
t |4
)

Î

]
|ψt⟩ dt

Ĉt |ψt⟩ dt = D
[(

3

2

∑
k

|ψk
t |4 −

1

2

)
Î −

(∑
k

|ψk
t |2 P̂k

)]
|ψt⟩ dt

dĜt |ψt⟩ =
√
D
∑
k

(
P̂k − ⟨P̂k⟩

)
|ψt⟩ dW k

t (43)

The continuum limit equations for a wave-function defined on the real line, i.e. |ψ⟩t =
∫
X=R ψt(x) |x⟩ dx, may

now be straightforwardly obtained by using the notion of Brownian sheet discussed in the last section along with its
generalized Ito’s multiplication rules. Using the projector valued measure dP̂x := |x⟩ ⟨x| dx and the projector valued
stochastic integral P̂x dW

x
t = |x⟩ ⟨x| dW x

t , we have the following continuum limit identifications:

2J

[(∑
k

|ψk
t |2 P̂k

)
−

(∑
k

|ψj
t |4
)

Î

]
|ψt⟩ dt→ 2J

[(∫
X

|ψt(x)|2 dP̂x

)
−
(∫

X

dx |ψt(x)|4
)

Î

]
|ψt⟩ dt

D
[(

3

2

∑
k

|ψk
t |4 −

1

2

)
Î −

(∑
k

|ψk
t |2 P̂k

)]
|ψt⟩ dt→ D

[(
3

2

∫
X

dx |ψt(x)|4 −
1

2

)
Î −
(∫

X

|ψt(x)|2 dP̂x

)]
|ψt⟩ dt

√
D
∑
k

(
P̂k − ⟨P̂k⟩

)
|ψt⟩ dW k

t →
√
D
∫
X

(
P̂x − |ψt(x)|2 Î

)
|ψt⟩ dW x

t (44)

Note that both integrals in time and space are now explicit and the modified Schrödinger equation reads d |ψt⟩ =
Ĵt |ψt⟩ dt + Ĉt |ψt⟩ dt+ dĜt |ψt⟩ with:

Ĵt |ψt⟩ dt := 2 J

[(∫
X

|ψt(x)|2 dP̂x

)
−
(∫

X

dx |ψt(x)|4
)

Î

]
|ψt⟩ dt (45)

Ĉt |ψt⟩ dt := D
[(

3

2

∫
X

dx |ψt(x)|4 −
1

2

)
Î −
(∫

X

|ψt(x)|2 dP̂x

)]
|ψt⟩ dt (46)

dĜt |ψt⟩ :=
√
D
∫
X

(
P̂x − |ψt(x)|2 Î

)
|ψt⟩ dW x

t (47)

In the next section, the fluctuation dissipation relation J = D is shown to yield emergent Born rule statistics as well
as a linear master equation. Using this relation, we obtain the state evolution equations:

d |ψ⟩ = J

[(∫
X

|ψt(x)|2 dP̂x

)
− 1

2

(
1 +

∫
X

dx |ψt(x)|4
)

Î

]
|ψt⟩ dt+

√
J

∫
X

(
P̂x − |ψt(x)|2 Î

)
|ψt⟩ dW x

t (48)

Normalization

To check for norm preservation we compute the evolution of Nt = ⟨ψt|ψt⟩ with Ito’s lemma (the Ito-Leibnitz rule),
dNt = ⟨dψt|ψt⟩+ ⟨ψt| dψt⟩+ ⟨dψt| dψt⟩:

dNt = 2⟨Ĵt⟩ dt+ 2⟨Ĉt⟩ dt+ 2⟨ dĜt⟩+ ⟨dĜ2
t ⟩

= 2⟨Ĉt⟩ dt+ ⟨dĜ2
t ⟩ = 0 (49)

Here, ⟨Ô⟩ = ⟨ψt| Ô |ψt⟩ /⟨ψt |ψt⟩ is the usual quantum expectation value and the second equality follows from ⟨Ĵt⟩t =
⟨ dĜ⟩t = 0. The Stratonovich correction term can be written as 2⟨ Ĉt⟩ dt =

(∫
X
dx |ψt(x)|4 − 1

)
dt, while for Ito’s

correction term we use (dW x
t )

2 = dt dx (and zero otherwise) to find ⟨dĜ2
t ⟩ = −

(∫
X
dx |ψt(x)|4 − 1

)
dt. Combining

these yields dNt = 0, indicating that the norm is preserved by the dynamics.
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Continuum Master Equations

We obtain the continuum dynamical master equations by computing the evolution of the pure state projection
operator Ψ̂t = |ψt⟩ ⟨ψt| using Ito’s lemma (dΨ̂t = |dψt⟩⟨ψt|+ |ψt⟩⟨dψt|+ |dψt⟩⟨dψt|) and averaging out the noise. For
the pure state projector,this yields:

dΨ̂t =
{
Ĵt , Ψ̂t

}
dt+

{
Ĉt , Ψ̂t

}
dt+

{
dĜt , Ψ̂t

}
+ dĜt Ψ̂t dĜt (50)

Term by term, this can be written as:{
Ĵt + Ĉt , Ψ̂

}
dt =

{(
2J −D

)(∫
x

|ψt(x)|2 dP̂x

)
−
(
2J − 3

2
D
)(∫

X

dx |ψt(x)|4
)

Î − D
2

Î , Ψ̂t

}
dt (51){

dĜt , Ψ̂t

}
=

√
D
∫
X

{(
P̂x − |ψt(x)|2 Î

)
, Ψ̂t

}
dW x

t (52)

The final term corresponds to Ito’s correction, and can be written as:

dĜt Ψ̂t dĜt = D
∫
X

∫
Y

dW x
t dW

y
t

(
P̂xΨ̂tP̂y + |ψt(x)|2 |ψt(y)|2 Ψ̂t − |ψt(y)|2P̂xΨ̂t − |ψt(y)|2Ψ̂tP̂y

)
(53)

= D
∫
X

dx

[
P̂xΨ̂tP̂x + |ψt(x)|4 Ψ̂t −

{
|ψt(x)|2P̂x , Ψ̂t

}]
dt (54)

= D
[ ∫

X

dP̂x ⟨x |Ψ̂t|x⟩ +
1

2

{(∫
X

dx |ψt(x)|4
)

Î , Ψ̂t

}
−
{∫

X

|ψt(x)|2dP̂x , Ψ̂t

}]
dt (55)

In the above, obtaining the second expression from the first utilizes dW x
t dW

y
t = 0 for all x ̸= y and (dW x

t )
2 = dt dx,

as explained in the previous sections. In the last step we rearrange terms and used the projector valued measure
dP̂x := |x⟩ ⟨x| dx, used commonly in the spectral decomposition of continuous unbounded operators. Combining all
terms results in the expression:

dΨ̂t = D
[∫

X

dP̂x ⟨x |Ψ̂t|x⟩ − Ψ̂t

]
dt + 2 (J −D)

{∫
x

|ψt(x)|2 dP̂x − Î

(∫
X

dx |ψt(x)|4
)
, Ψ̂t

}
dt

+
√
D
∫
X

{(
P̂x − |ψt(x)|2 Î

)
, Ψ̂t

}
dW x

t (56)

Using the Fluctuation-dissipation relationship J = D, and averaging out the noise to obtain the density (statistical)
operator, i.e. E[Ψ̂t] = ρ̂t, we obtain a continuum version of the dephasing GKSL master equation:

∂ρ̂t
∂ t

= D
[∫

X

dP̂x ⟨x |ρ̂t|x⟩ − ρ̂t

]
(57)
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