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We analyze the decoherence of a particle’s spatial superposition moving along a stationary worldline
through the Minkowski vacuum. The particle is modeled via an internal degree of freedom that couples to a
scalar field, and an external degree of freedom, i.e., its quantized center-of-mass motion around the
stationary worldline. Assuming a separation of timescales between the particle’s internal and external
dynamics, we first obtain an effective redshifted polarizability of the particle, characterizing the trajectory-
dependent linear response of the internal oscillator to the field. We then derive a quantum Brownian motion
master equation for the particle’s center of mass, under the Born-Markov approximation, which describes its
decoherence in the position basis, as well as Hamiltonian modifications corresponding to a dispersive
potential. The resulting decoherence has two components: (1) arising from a modified field spectrum
observed by the particle; and (2) due to a differential time dilation over the particle’s extended spatial wave
function. For stationary trajectories, both contributions take an effectively thermal form. We evaluate the
decoherence rates for two specific cases, hyperbolic and uniform circular motion.
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I. INTRODUCTION

A particle undergoing uniformly accelerated linear
motion through the Minkowski vacuum of a quantum field
will perceive a thermal field environment. This effective
thermality of the environment, also known as the Davies-
Unruh effect [1–3], raises the question: what is the back-
action of such a thermal environment on the particle? It has
been shown, for example, that the effective thermal field can
induce a range of remarkable effects such as momentum
recoil [4], Casimir-Polder forces between atoms [5] and
acceleration-induced transparency and a stimulated Unruh
effect [6]. Recent works have also demonstrated that the
backaction of such an effective field leads to a momentum
diffusion and drag on a polarizable particle, equivalent to
that of a particle immersed in a thermal bath at the Davies-
Unruh temperature TDU ¼ ℏa=ð2πkBcÞ [7]. Considering
that the momentum diffusion of a polarizable particle in

thermal radiation is linked to decoherence of its quantized
center-of-mass [8,9], it is natural to ask: how does a spatial
superposition decohere as it undergoes accelerated motion?
A variety of models have been considered for investigat-

ing decoherence of particles moving noninertially in flat
spacetime, as well as in curved spacetime, as depicted in
Fig 1. In general, two different decoherence mechanisms
arise: (1) the direct backaction of the modified field
spectrum onto the system causes it to decohere, here
referred to as Davies-Unruh decoherence; and (2) the
differential time dilation over the particle’s extended wave
function, which engenders which-path information. We will
refer to this as time-dilation decoherence.
Davies-Unruh decoherence has been studied in the

context of accelerated motion through flat spacetime
[10–18] and in connection with black holes, where
quantum decoherence near black-hole event horizons
offers a compelling window into the interplay between
quantum information and general relativity. It is well
known that after matter falls into a black hole, it emerges
as thermal Hawking radiation, losing any coherence [26];
striking recent results have demonstrated that the mere
presence of an event horizon decoheres a spatial super-
position nearby [22–25]. Such decoherence of charged
(massive) particles is attributed to the measurement of
“which-path” information by the black-hole horizon via
photons (gravitons). Thus, it has been conjectured that a
particle in the vicinity of a horizon will experience
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decoherence both from the presence of the horizon as well
as from the Hawking radiation emitted. Time-dilation
decoherence, similarly, has been explored in the context
of accelerated motion and gravitational fields [19–21].
Here it was shown that a system with internal degrees of
freedom as well as a quantized center of mass will
experience a system-bath coupling induced by the differ-
ential time dilation across the center-of-mass wave func-
tion, where the center of mass plays the role of the system
and the internal degrees of freedom act as the bath.
In this paper, we analyze the open system dynamics of

the quantized center-of-mass motion of a particle moving
along a stationary worldline and interacting with a scalar
field [27,28]. We show that the effective polarizability of
the particle undergoing noninertial motion experiences an
effective redshift. We derive a quantum master equation for
the center of mass, and show that the interaction of the
particle with its effective environment results in: (1) a
dispersive potential, and (2) decoherence and dissipation.
The decoherence seen by the particle results both from the
modified spectrum of the field seen by the particle (Davies-
Unruh decoherence), as well as the differential time
dilation over the particle’s wave function (time-dilation
decoherence).
The remainder of this paper is organized as follows:

In Sec. II we describe our model and derive the linear-
ized interaction Hamiltonian between the quantized

center-of-mass motion and its effective environment,
encompassing the particle’s internal degrees and the field.
In Sec. III we derive the quantum Brownian motion master
equation and calculate the decoherence rates arising from
two distinct mechanisms: Davies-Unruh decoherence and
time dilation. In Secs. IV and V we present calculations of
the decoherence under uniform hyperbolic and circular
motion, respectively. Finally, we discuss our results and
give an outlook in Sec. VI.

II. MODEL

Let us consider a particle moving along a worldline xμ0ðτÞ
in Minkowski space. The particle is composed of an
internal oscillator degree of freedom q̂ (conjugate momen-
tum p̂) and an external quantized center-of-mass degree of
freedom around the worldline xμ0ðτÞ, which we express in
the local rest frame of the particle and denote by X̂i

(conjugate momentum P̂i)
1. We will assume the particle’s

worldline xμ0ðτÞ to be stationary, such that the state of the

FIG. 1. Summary of commonly studied decoherence mechanisms in flat spacetime as well as curved spacetime. (a): Unruh-DeWitt
field detectors with a classical center of mass consisting of either a two-level system (with frequency ωi) or a harmonic oscillator have
been studied in a plethora of situations. Along a hyperbolic worldline such a detector will see an effective temperature TDU. The
thermalization and decoherence of such detectors has been studied in [10–18]. (b): Our model (see Fig. 2) where a particle with an
internal oscillator degree of freedom in a spatial superposition of X̂iðτÞ is coupled to a field via its polarizability combines the
decoherence mechanisms of (a) and (c). (c): Even in the absence of an external field, a detector’s internal degree of freedom can couple to
its quantized center of mass via time dilation. This effect has been described in [19–21]. (d): A charged particle without an internal
degree of freedom, brought into a spatial superposition of sizeD next to a black hole, will decohere due to the emission of photons across
the black hole horizon [22–25]. (e): Similar to (c), the time dilation in a gravitational field can couple a system’s center of mass to its
internal degree of freedom without a system-field coupling [19–21].

1For simplicity, and to avoid the pathologies that arise from
writing a relativistic position operator (see, e.g., [29,30]), we treat
X̂i and P̂i as nonrelativistic observables. This amounts to
expressing X̂i and P̂i in local normal coordinates around xμ0ðτÞ
and demanding that the particle’s position wave function be
confined to within a length scale l ∼ c2=

ffiffiffiffiffiffiffiffiffiffi
aμaμ

p
, where aμ is the

proper acceleration along xμ0ðτÞ [31].
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field observed by the detector has a time-independent
energy spectrum [27,28]. Here Greek indices ðμ; ν; etc:Þ
are spacetime indices, whereas Latin indices ði; j; etc:Þ are
spatial indices.
The internal oscillator represents a chargelike degree of

freedom and is coupled to a 3þ 1 dimensional scalar field
at the position of the particle (see Fig. 2), which is given in
the local rest frame of the particle as

ϕ̂ðXμÞ ¼
X
k

½ĝkϕkðXμÞ þ ĝ†kϕ
�
kðXμÞ�: ð1Þ

Here ĝ†k and ĝk are the creation and annihilation
operators associated with the mode functions ϕkðXμÞ
and ϕ�

kðXμÞ, following the canonical commutation relation
½ĝk; ĝ†k0 � ¼ δk;k0 .
In the local rest frame of the particle, the total

Hamiltonian is Ĥ ¼ ĤS þ ĤF, with the field Hamiltonian
ĤF given by

ĤF ¼
X
k

ℏΩkĝ
†
kĝk: ð2Þ

The system Hamiltonian in Schrödinger picture ĤS
includes the rest energy of the particle, the kinetic energy
of the center of mass as well as the interaction of the
particle with the field (see Appendix A for details)

ĤS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−g00ðX̂iÞðÊ2

rest þ c2P̂iP̂
iÞ

q
; ð3Þ

where g00ðX̂iÞ is the 00-component of the locally static
metric gμν and describes the gravitational time dilation
experienced by the internal oscillator degree of freedom,
with τ as the proper time of the moving particle. The rest

energy of the system is

Êrest ¼ 1Mc2 þ 1

2m
½p̂ − eϕ̂ðX̂iÞ�2 þ 1

2
mω2

qq̂2; ð4Þ

with M the rest mass and ωq the internal oscillator
frequency seen by a comoving observer. The internal
oscillator couples to the field ϕ̂ðX̂iÞ at the position of the
particle, with a strength e. Under the assumption that
ΔPi=ðMcÞ ≪ 1 in the particle’s rest frame, i.e. the quan-
tized center-of-mass motion of the particle in the proper
frame is nonrelativistic, we can simplify the system
Hamiltonian to

ĤS ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−g00ðX̂iÞ

q �
Êrest þ

P̂iP̂
i

2M

�
: ð5Þ

We now make a separation of timescales assumption,
considering the internal oscillator dynamics to be much
faster than the quantized center-of-mass motion. We first
determine the coupled dynamics of the internal oscillator
and the field by solving their coupled Heisenberg equations
of motion [7] (see Appendix B 1)

̈q̂ − g00ω2
qq̂ ¼ −

ffiffiffiffiffiffiffiffiffiffi
−g00

p e
m

˙̂ϕtotðX̂i; τÞ: ð6Þ

We solve for the dynamics of the internal oscillator, as
driven by the field, assuming that the internal degree of
freedom has a sufficiently fast equilibration time such that
its dynamics is pinned to that of the field. Thus in stationary
state we can describe the oscillator amplitude in terms of an
effective induced dipole as (see Appendix B 2 for details)

d̂stðX̂iÞ≡ eq̂st

¼ −
i
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−g00ðX̂iÞ

q Z
∞

−∞
dωωαðωÞϕ̂ðX̂i;ωÞ; ð7Þ

with a redshifted linear response

αðωÞ ≈ α0ðωÞ½1 − ηðωÞaiX̂i=c2� ð8Þ

and ϕ̂ðX̂i;ωÞ defined via the spectral decomposition:

ϕ̂ðX̂iÞ ¼ 1

2π

Z
∞

−∞
dωϕ̂ðX̂i;ωÞ: ð9Þ

Such an effective redshifted polarizability, which captures
the linear response of a particle undergoing noninertial
motion, can be generalized to other particles (e.g.,
electrons).
Here we have neglected second and higher-order terms in

X̂i, assuming that the quantized center-of-mass is suffi-
ciently localized such that ΔXi ≪ c2=a. The redshifted
polarizability stems from the fact that the characteristic

FIG. 2. Schematic representation of a particle with mass M
moving along a worldline Xμ

0ðτÞ through Minkowski spacetime.
The particle is prepared in a spatial superposition, with X̂iðτÞ as
its quantized center-of-mass position. The particle has an internal
oscillator degree of freedom with position q̂ðτÞ, mass m, and
frequency ωq, and couples to a scalar field ϕ̂ðX̂μðτÞÞ.
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frequencies experience a time dilation due to the spread of
the particle’s wave function around xμ0ðτÞ. Here α0ðωÞ is the
bare polarizability in the rest frame of the particle and ηðωÞ
is a redshift-induced correction given by

α0ðωÞ ¼
e2=m

−ω2 þ 2iβω3 þ ω2
q
; ð10Þ

ηðωÞ ¼ 2iβω3 þ 2ω2
q

−ω2 þ 2iβω3 þ ω2
q
; ð11Þ

where β ¼ e2=ð8πmc3ϵ0Þ.2 We point out that α0ðωÞ is
technically not analytic in the upper half of the complex
plane, due to the appearance of the ω3 term in the
denominator. However, since β is small compared to
1=ωq, the contributions from this pole can generally be
neglected. This allows us to simplify the interaction
Hamiltonian into a form similar to the electric-dipole form
of the Hamiltonian (see Appendix B 1 for a derivation).
Having solved for the coupled dynamics of the internal

oscillator and the field, and assuming a separation of
timescales, we now turn to the slow quantized center-of-
mass motion. The quantized center-of-mass Hamiltonian
consists of a kinetic center-of-mass contribution and an
interaction term

ĤM ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−g00ðX̂iÞ

q �
Mc2 þ P̂iP̂

i

2M

�

−
1

4
f ˙̂dstðX̂iÞ; ϕ̂ðX̂iÞg; ð12Þ

where we use the steady-state dynamics of the internal
oscillator to determine its response to the field [Eq. (7)].
Note that the coupling term between dipole and field is
symmetrized to ensure the Hermiticity of ĤM.
We assume that the extent of the spatial wave function of

our particle is small enough such that we can expand
around the classical center-of-mass worldline of the par-
ticle, which now acts as a reference worldline. To make this
expansion we write the metric in local normal coordinates
[34]

g00ðX̂iÞ ≈ −
�
1þ aiðτÞ

c2
X̂i

�
2

− R0i0jðτÞX̂iX̂j; ð13Þ

g0iðX̂iÞ ≈ −
2

3
R0jikX̂

jX̂k; ð14Þ

gijðX̂iÞ ≈ δij −
1

3
RikjlðτÞX̂kX̂l; ð15Þ

with aμðτÞ the proper acceleration at xμ0ðτÞ and RμνσρðτÞ the
curvature tensor evaluated on the particle worldline. We
have ignored third and higher order terms in X̂i in the
above expansion. For an observer on a stationary worldline
in Minkowski space the curvature tensor Rμνσρ ¼ 0. This
allows us to study the quantum dynamics of the center of
mass by evaluating field quantities on the prescribed
classical worldline xμ0ðτÞ only. Expanding the metric as
well as the field to first order in X̂i and neglecting terms
proportional to P̂i=ðMcÞ leaves us with the system
Hamiltonian

ĤM ¼ 1Mc2 −
1

4
f ˙̂d0;st; ϕ̂g þ

P̂iP̂
i

2M
þMaiX̂

i

−
1

2
X̂if ˙̂d0;st; ∂iϕ̂g þ

aiX̂
i

4c2
f ˙̂d1;st − ˙̂d0;st; ϕ̂g; ð16Þ

where we use the shorthand notation ϕ̂ ≔ ϕ̂ðXi ¼ 0Þ and
define induced dipole moments in steady state:

d̂0;st ¼ −
i
2π

Z
∞

−∞
dωωα0ðωÞϕ̂ðωÞ; ð17Þ

d̂1;st ¼ −
i
2π

Z
∞

−∞
dωωα0ðωÞηðωÞϕ̂ðωÞ: ð18Þ

Having written the Hamiltonian in Eq. (16), we can
delineate two different mechanisms that give rise to an
interaction of the quantized center of mass with its
environment. Moving to the interaction picture (indicated
via an explicit τ dependence of the observables), we
separate the total interaction Hamiltonian into two
components:
(1) The particle’s quantized center-of-mass interacts

with the field via the internal oscillator, as given
by the following interaction Hamiltonian:

ĤDU
int ðτÞ≡ −

1

2
X̂iðτÞf ˙̂d0;stðτÞ; ∂iϕ̂ðτÞg: ð19Þ

The trajectory-dependent vacuum state observed by
the particle exerts a backaction leading to center-of-
mass decoherence.

(2) The differential time dilation across the center-of-
mass wave function, described by the redshift factor
g00, gives rise to the interaction Hamiltonian

ĤTD
int ðτÞ≡ aiX̂

iðτÞ
4c2

f ˙̂d1;stðτÞ − ˙̂d0;stðτÞ; ϕ̂ðτÞg: ð20Þ

These interaction terms stem from the redshifted
response function αðωÞ of the particle. Although the

2While we are not dealing with an electromagnetic (EM) field,
the factor of ϵ0 arises from the choice of normalization of the field
mode functions fϕk;ϕ�

kg such that jϕkj2 ¼ ℏ
2ϵ0ΩkV

. With such
normalization, one can establish a correspondence with the EM
field by identifying the scalar field ϕ̂ðXμÞ as a component of the
EM vector potential [32,33].
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nature of time-dilation induced coupling of the
center of mass to a bath is akin to that in [19],
we assume in our model that the internal degree of
freedom has a sufficiently fast equilibration time
such that its dynamics reaches a steady state and is
thus pinned to that of the field. It follows that all
terms in ĤTD

int effectively amount to an interaction
between the center of mass and the field.3

III. OPEN SYSTEM DYNAMICS

A. Quantum Brownian motion master equation

In order to model the center-of-mass decoherence of our
particle, we employ the quantum Brownian motion (QBM)
master equation, which describes the reduced dynamics of
the quantized center-of-mass density matrix ρ. We expand
the interaction Hamiltonian in the interaction picture
(indicated by an explicit time dependence) in small X̂i:

ĤintðτÞ ¼ Ĥ0
intðτÞ þ ∂iĤintðτÞX̂i þOððX̂iÞ2Þ

¼ Ĥ0
intðτÞ þ B̂iðτÞX̂i þOððX̂iÞ2Þ; ð21Þ

with the bath operator defined as

B̂iðτÞ ¼ ∂iĤintðτÞ: ð22Þ

Following our split of the interaction Hamiltonian into
time-dilation and Davies-Unruh terms, we can do the same
for the bath operator and define

B̂iðτÞ ¼ B̂DU
i ðτÞ þ B̂TD

i ðτÞ: ð23Þ

Here the time-dilation and Davies-Unruh bath operators are
defined, respectively, as

B̂DU
i ðτÞ ¼ −

1

2
f ˙̂d0;stðτÞ; ∂iϕ̂ðτÞg; ð24Þ

B̂TD
i ðτÞ ¼ ai

4c2
f ˙̂d1;stðτÞ − ˙̂d0;stðτÞ; ϕ̂ðτÞg: ð25Þ

The QBM master equation resulting from the above
system-bath interaction is thus [35]

˙̂ρ ¼ −Λij½X̂i; ½X̂j; ρ̂�� − i
ℏ
Γij½X̂i; fP̂j; ρ̂g�

þ i
ℏ
Cð1Þ
i ½X̂i; ρ̂� − i

ℏ
Cð2Þ
ij ½X̂i; fX̂j; ρ̂g�; ð26Þ

with i, j corresponding to the three spatial dimensions in
the rest frame of the particle; repeated indices are
summed over.
The derivation of the above QBM master equation relies

on the validity of the Born-Markov approximation. The
Markov approximation applies for our model of a polar-
izable particle interacting with a field along a stationary
worldline under two specific assumptions. First, it was
shown in Ref. [13] that an Unruh-DeWitt detector interact-
ing with a scalar field moving on a stationary worldline
reaches a steady state in the limit of τ → ∞. Second, it was
shown in [36,37] that the Markov approximation applies
after a time

tmarkov ≫ ∂ωD�ðωÞjωq
; ð27Þ

which is analogous to saying that once transient effects
have decayed away the effective bath spectrum will be
sufficiently flat around ωq, such that this condition can be
satisfied [35]. The Born approximation, in addition,
requires the interaction between the particle and the field
to be weak. Together, these assumptions allow us to make
the Born-Markov approximation.
In order, the terms in the above master equation

represent:
(1) The diagonal terms Λii correspond to the decohe-

rence in the position basis:

Λij ¼
1

2ℏ2

Z
∞

0

dτ0hfB̂iðτÞ; B̂jðτ − τ0Þgi: ð28Þ

(2) The dissipation of the center-of-mass energy into the
environment is

Γij ≡ i
2Mℏ

Z
∞

0

dτ0τ0h½B̂iðτÞ; B̂jðτ − τ0Þ�i: ð29Þ

The decoherence rate Λii is related to Γii by the
fluctuation-dissipation theorem: 2MΓiikBT ¼ ℏ2Λii.

(3) The system Hamiltonian is modified by the terms

Cð1Þ
i ≡ hB̂iðτÞi; and ð30Þ

Cð2Þ
ij ≡ i

2ℏ

Z
∞

0

dτ0h½B̂iðτÞ; B̂jðτ − τ0Þ�i: ð31Þ

Remarkably, these contributions are akin to the first
derivative of the first order (in polarizability) Casi-

mir-Polder potential (Cð1Þ
i ∼ ∂iU

ð1Þ
CP), and second

derivative of the second-order Casimir-Polder po-

tential (Cð2Þ
ij ∼ ∂iU

ð2Þ
CP∂j) for a polarizable particle

near a medium, as defined in [9]. We note that
while there is no actual medium or boundary present
in the current model, there is a nevertheless a

3The equilibration time of an Unruh-DeWitt detector has been
studied in [18]. Here we assume that τ ≫ τthermal, such that
transient field dynamics can be ignored.
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dispersive potential or force seen by the particle’s
quantized center of mass.

We will now examine the decoherence (Λii) and

dispersion potential (Cð1Þ
i and Cð2Þ

ij ) on the particle’s center
of mass.

B. Decoherence

Using the definition of the bath operators from the
previous section and the interaction Hamiltonians
Eqs. (20) and (19), we can now derive an expression for
the total decoherence coefficient

Λ ¼ ΛDU þ ΛTD: ð32Þ

Here ΛDU represents the “Davies-Unruh decoherence”,
arising from ĤDU

int , i.e., the backaction of the field on the
particle, and ΛTD corresponds to the “time dilation
decoherence” due to ĤTD

int , i.e., the interaction between
the field and the system from time dilation. Since the
interaction Hamiltonian is quadratic in the field, the
decoherence coefficients thus amounts to calculating
fourth-order field correlators along the worldline of the
particle. We make the following simplifying assumptions:
(i) we assume that the field state observed by a particle
moving along a stationary worldline is Gaussian, meaning
that we can apply Wick’s theorem to write the four-point
correlators in terms of two-point correlators along the
worldline of the particle. This also implies that the field
and its spatial derivative are statistically independent, i.e.
that hϕ̂ðτÞ∂iϕ̂ðτ − τ0Þi ¼ 0 [8]; and, (ii) we assume that
different spatial directions of the center-of-mass are
uncorrelated. This implies that h∂jϕ̂ðτÞ∂iϕ̂ðτ − τ0Þi ¼ 0

for i ≠ j, indicating that decoherence along different
spatial directions occurs independently of one another.
It follows from these assumptions that we can write the
four-point correlators in terms of hϕ̂ðτÞϕ̂ðτ − τ0Þi and
h∂iϕ̂ðτÞ∂iϕ̂ðτ − τ0Þi only.

1. “Davies-Unruh” decoherence

Armed with these assumptions, we can calculate the
decoherence coefficient using Eq. (28) and the expression
for the Davies-Unruh bath operator from Eq. (19), as
follows:

ΛDU
ij ¼ 1

2ℏ2

Z
∞

0

dτ0hfB̂DU
i ðτÞ; B̂DU

j ðτ − τ0Þgi

¼ 1

2ℏ2

Z
∞

0

dτ0h ˙̂dðτÞ ˙̂dðτ − τ0Þih∂iϕ̂ðτÞ∂iϕ̂ðτ − τ0Þi

þ 1

2ℏ2

Z
∞

0

dτ0h ˙̂dðτ − τ0Þ ˙̂dðτÞih∂iϕ̂ðτ − τ0Þ∂iϕ̂ðτÞi;

ð33Þ

if i ¼ j and zero otherwise and we have used the assump-
tions stated earlier. To proceed we note that the correlator of
the spatial derivatives can be turned into the correlator of
the time derivative

h∂iϕ̂ðXÞ∂iϕ̂ðX0Þi ¼ 1

3c2
h∂τϕ̂ðXÞ∂τϕ̂ðX0Þi: ð34Þ

Since we are working in the local rest frame of the particle,
the coordinate time derivative equals the proper time
derivative. Spectrally decomposing the field and evaluating
the τ integral, we are left with (see Appendix C for details)

ΛDU ¼ 1

6πℏ2c2

Z
∞

0

dωω6jα0ðωÞj2DþðωÞD−ðωÞ: ð35Þ

Here DþðωÞ and D−ðωÞ are the Fourier transforms of the
forward and backward processes respectively, defined as

DþðωÞ ¼
Z

∞

−∞
dτ0hϕ̂ðτ þ τ0Þϕ̂ðτÞie−iωτ0 ;

D−ðωÞ ¼
Z

∞

−∞
dτ0hϕ̂ðτ − τ0Þϕ̂ðτÞie−iωτ0 : ð36Þ

They satisfy the relation Dþð−ωÞ ¼ D−ðωÞ.

2. Davies-Unruh decoherence from detailed balance

Remarkably, there is an analogy between the
decoherence rate ΛDU derived above and the decoherence
rate of an inertial detector coupled to an effective thermal
bath, which suggests an alternative derivation. We start
with the decoherence coefficient of an inertial, polarizable
particle interacting with a thermal field [8,9]

Λth¼
1

3ð2πÞ3ϵ20c8
Z

∞

0

dωω8jα0ðωÞj2ðnðωÞþ1ÞnðωÞ: ð37Þ

Here nðωÞ ¼ ½exp ðℏω=kBTÞ − 1�−1 is the Bose-Einstein
distribution. In [13] it was shown that for any observer
moving along a stationary worldline, the field state seen by
the observer can be described by a temperature T given by
the detailed-balance relation

D−ðωÞ
DþðωÞ ¼ eℏω=ðkBTÞ: ð38Þ

One can thus derive the Davies-Unruh decoherence rate by
starting from the expression for the decoherence in thermal
radiation of a polarizable particle at rest in Minkowski
spacetime given by Eq. (37). Under the assumption that the
processes in the environment are in detailed balance
[Eq. (38)], we can write the modified spectrum along a
stationary worldline in the form of an effective Bose-
Einstein distribution with a frequency-dependent temper-
ature as [13,38]
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nðωÞ ¼ 1

eℏω=ðkBTðωÞÞ − 1
¼ DþðωÞ

D−ðωÞ −DþðωÞ ; ð39Þ

which immediately allows us to see that

nðωÞðnðωÞ þ 1Þ ¼ DþðωÞD−ðωÞ
ðDþðωÞ −D−ðωÞÞ2

¼ ð2πϵ0c3Þ2
ℏ2ω2

DþðωÞD−ðωÞ: ð40Þ

In the last step we have used the expression for the density
of states in Minkowski spacetime.
Since the Fourier transform of the pullback of the

Minkowski spacetime field correlator onto any stationary
worldline always satisfies a detailed balance relation, we
can associate a temperature with the corresponding field
state. For instance, in the case of hyperbolic motion, this
temperature would be equivalent to the well known Davies-
Unruh temperature. Using Eq. (39) in Eq. (36), we recover
Eq. (34). This tells us that the decoherence coefficient of
our system can always be expressed in the form of Eq. (36)
with an appropriate frequency dependent temperature
TðωÞ, as long as the processes in the environment are in
detailed balance.

3. Decoherence from time dilation

We similarly derive the contribution to the total
decoherence arising from the time-dilation interaction
Hamiltonian in Eq. (20). As mentioned above, this inter-
action arises from the differential time dilation over the
extent of the spatial wave function of the system. We will
thus refer to the associated decoherence effect as time-
dilation decoherence, ΛTD. To calculate ΛTD, we first
consider the time-dilation bath operator in Eq. (25), wherein
both terms depend on the dipole and are thus linear in the
polarizability. We can immediately infer the resulting
decoherence coefficient ΛTD

ij , by looking at the similarities
between the second and third term in Eq. (25) and Eq. (24).
In analogy to Eq. (35), the decoherence coefficient is thus

ΛTD
ij

¼ aiaj
6πℏ2c4

Z
∞

0

dωω4jα0ðωÞj2ð1 − 2ηðωÞÞ2DþðωÞD−ðωÞ:

ð41Þ

As opposed to the Davies-Unruh decoherence coefficient,
the time-dilation decoherence depends on the local accel-
eration both via the perceived field spectrum of the moving
particle ð∼DþðωÞD−ðωÞÞ, as well as the direct scaling ∼a2
via the redshift factor.

C. Dispersion potential

The terms Cð1Þ
i and Cð2Þ

ij represent derivatives of the
dispersion potential arising from the interaction of the
particle with the field. Using the split of the bath operator in
Eq. (23) into a Davies-Unruh and a time-dilation contri-

bution, we see that both Cð1Þ
i and Cð2Þ

ij will have contribu-
tions from both bath operators. The only nonvanishing

contribution toCð1Þ
i is due to the bath operator B̂TD

i ðτÞ of the
time-dilation Hamiltonian (20)

Cð1Þ;TD
i ¼ ai

2πc2

Z
∞

0

dω SðωÞω2ðDþðωÞ þD−ðωÞÞ; ð42Þ

where SðωÞ is given by

SðωÞ ¼ 1

2
Re½α0ðωÞηðωÞ − α0ðωÞ�: ð43Þ

Cð1Þ;TD
i can be interpreted as the dispersion force arising

from the effective temperature gradient across the extent of
the particle’s wave function. Similar corrections to the flat-
space Casimir force between parallel plates that are linear
in the local acceleration have been reported in [39–44].
The second-order term Cð2Þ

i receives contributions from
both B̂TD

i ðτÞ and the bath operator B̂DU
i ðτÞ defined by the

Davies-Unruh Hamiltonian (19). The Davies-Unruh con-
tribution is

Cð2Þ;DU
ij ¼ −

δij
24π2ℏc2

P
Z

∞

−∞
dω

Z
∞

−∞
dω0 ω

4ω02

ωþ ω0 jα0ðωÞj2

× ½DþðωÞDþðω0Þ −D−ðωÞD−ðω0Þ�; ð44Þ

and the time-dilation contribution is

Cð2Þ;TD
ij ¼ −

aiaj
32π2ℏc4

P
Z

∞

−∞
dω

Z
∞

−∞
dω0 ω4

ωþ ω0

× jα0ðωÞ½ηðωÞ − 1�j2
× ½DþðωÞDþðω0Þ −D−ðωÞD−ðω0Þ�: ð45Þ

While Cð2Þ;DU
ij represents an effect analogous to the thermal

Lamb shift in atoms arising directly from the interaction of

the particle with the effective thermal field, Cð2Þ;TD
ij once

again arises from the effective thermal gradient across the
particles. The seeming contradiction of the appearance of a

temperature gradient in an equilibrium force, such asCð1Þ;DU
i

and Cð2Þ;DU
ij , can be related to the Tolman-Ehrenfest effect,

which causes the field to equilibrate at a temperature
gradient [45–47].
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IV. EXAMPLE: HYPERBOLIC MOTION

A. Decoherence

As a first example of decoherence in noninertial refer-
ence frames, let us consider linear hyperbolic motion
through Minkowski space. Without loss of generality we
assume that our particle is accelerated along the x axis with
an acceleration a. The classical worldline of the particle can
then be written as

t0 ¼ ca−1 sinhðaτ=cÞ
x0 ¼ c2a−1 coshðaτ=cÞ
y0 ¼ z0 ¼ 0: ð46Þ

It was shown in [48,49] that the Fourier transforms of the
forward and backward Wightman functions DþðωÞ and
D−ðωÞ pulled back onto a hyperbolic worldline are given by

D�ðωÞ ¼ −
ℏω

2πϵ0c3
½Θð∓ ωÞ þ nðωÞ�; ð47Þ

where nðωÞ can be identified as the Bose-Einstein distri-
bution at the Davies-Unruh temperature TDU ¼ ℏa=
ð2πkBcÞ, and ΘðωÞ is the Heaviside function. To find all
the decoherence coefficients, we substitute these Wightman
functions into Eq. (35) and (41) to find

ΛDU¼ 1

3ð2πÞ3ϵ20c8
Z

∞

0

dωω8jα0ðωÞj2ðnðωÞþ1ÞnðωÞ ð48Þ

and

ΛTD
ij ¼ aiaj

3ð2πÞ3ϵ20c4

×
Z

∞

0

dωω6jα0ðωÞj2ð1− 2ηðωÞÞ2ðnðωÞ þ 1ÞnðωÞ:

ð49Þ

The Davies-Unruh coefficient Eq. (48) takes on the same
form as the decoherence coefficient Eq. (37) for a polar-
izable particle at rest interacting with a thermal field [8]. The
numerical prefactor in the Davies-Unruh decoherence rate
differs from that in [9], due to the scalar nature of the field.
We further note that the decoherence rate ΛDU is related to
the momentum diffusion rate of a particle undergoing
hyperbolic motion [7–9]

hΔP2i
Δt

¼ 2ℏ2ΛDU: ð50Þ

This can be understood as follows: the rate at which the
effective thermal photons scatter off the particle and impart

momentum kicks is the same rate at which they gain
“which-path” information and decohere the particle’s spatial
superposition. Both the decoherence coefficients ΛDU and
ΛTD contain the factor nðωÞðnðωÞ þ 1Þ, wherein the terms
∼nðωÞ and ∼n2ðωÞ correspond to the particlelike and
wavelike contributions of the thermal field, respectively
[8]. The appearance of the Bose-Einstein distribution also
ensures the convergence of the integral. We also point out
that this decoherence mechanism arising from the scattering
of thermal photons is unrelated to the transient mechanism
described in [11,50].
Additionally, the decoherence of the particle undergoing

hyperbolic motion can be understood from the perspective
of an inertial observer in the Minkowski vacuum as follows.
Consider Alice to be an inertial observer, while Bob is
located in the comoving frame with the particle (see Fig. 3).
Since the field in Bob’s frame appears thermal, the
decoherence in Bob’s frame arises from the scattering of
apparent thermal photons by the particle [51,52]. In Alice’s
frame, as the quantum fluctuations of the vacuum field
interact with the accelerating particle and scatter, the
particle experiences recoil. This recoil results in both a
momentum diffusion, and concomitantly decoherence in
the position basis. We note that such an effect is consistent
with the fact that Alice does not measure any excitations in
the field [53,54].
To illustrate the magnitude of these effects let us

consider a levitated silica nanosphere, a platform that is
commonly used in tabletop levitation experiments, see for
example [55,56]. The response of the nanosphere is
described by a polarizability αSðωÞ, which we assume to
be described by [57]

FIG. 3. (a) An inertial observer, Alice, in Minkowski vacuum,
observes the decoherence of a particle undergoing uniform
acceleration, with Bob as a comoving observer. From Alice’s
perspective the particle interacts with the zero-temperature
vacuum field, scattering quantum fluctuations and experiencing
momentum recoil in the process. This recoil is associated with
“which-path” measurement, which leads to decoherence.
(b) From Bob’s perspective, the decoherence results from
scattering by a thermal field.
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αSðωÞ ¼ 3ϵ0V
ω2
p

ω2
i − ω2 − iΓω

; ð51Þ

where V is the particle volume, ωp is the plasma frequency
ωp ¼ 2π × 8.8 × 1012 Hz, ωi is the transition frequency
ωi ¼ 2π × 3.4 × 1013 Hz and Γ is the internal damping
Γ ¼ 2π × 1.5 × 1012. Using this model of the particle, we
calculate the decoherence coefficients for the following
scenarios: (i) Surface of the Earth: assuming that the
particle is at rest in the Earth’s gravitational field with
a ∼ 10 s−1m−2, the decoherence coefficients are ΛDU ∼
10−185 s−1 m−2 and ΛTD ∼ 10−132 s−1 m−2. If the particle is
in the ground state in an optical tweezer with a wave
function spread of Δx ∼ 10 pm, then the corresponding
rates are: λDU ∼ 10−207 s−1 and λTD ∼ 10−154 s−1.
(ii) Surface of a neutron star: the typical surface gravity
of a neutron star is a ∼ 1012 m=s2 [58]. Assuming that the
particle is held at rest close to a neutron star we find:
ΛDU ∼ 10−76 s−1m−2, ΛTD ∼ 10−25 s−1m−2 and the corre-
sponding rates are: λDU ∼ 10−98 s−1 and λTD ∼ 10−47 s−1.
We note that the time-dilation induced decoherence can be
orders of magnitudes larger than the Davies-Unruh
decoherence, however they are both extremely small
and unlikely to be observed by experiments in the near
future.

B. Dispersion force

Using the sameDþðωÞ andD−ðωÞ, we can also calculate
the dispersion force experienced by the particle.
Substituting the Wightman functions into Eq. (42), we get

Cð1Þ;TD
i ¼ ℏai

8π2ϵ0c5

×
Z

∞

0

dωω3Re½α0ðωÞðηðωÞ − 1Þ�ð2nðωÞ þ 1ÞÞ;

ð52Þ

where nðωÞ is once again the Bose-Einstein distribution at
the Davies-Unruh temperature. As explained in Sec. III C,
this force is related to the temperature gradient experienced
by the particle across its wave function.

V. EXAMPLE: CIRCULAR MOTION

A. Decoherence

The second example we consider is that of relativistic
uniform circular motion. Circular motion with relativistic
speed is commonly achieved in accelerators and has been
studied before in [59–61]. The worldline of a particle
undergoing circular motion parametrized by its proper time
τ is given by

t0 ¼ τγ

x0 ¼ ρ sinðξτγÞ
y0 ¼ ρ cosðξτγÞ
z0 ¼ 0: ð53Þ

Here ρ is the radius, γ ¼ 1=ð1 − v2=c2Þ12, ξ is the angular
frequency and v ¼ ρξ is the speed of the particle. The local
acceleration experience by the particle in its rest frame is

a ¼ vξγ: ð54Þ

To find the decoherence coefficient, we will focus on the
ultrarelativistic case v ≈ c. In this case, the Fourier trans-
form of the Wightman function can be simplified and has
been found in [49] to be

DþðωÞ ≃ ℏξ
8πϵ0c3Rγ

�
e−2ωR=ξγ

ðv=cÞ coshðRÞ − 1

�
ð55Þ

D−ðωÞ ≃ ℏω
2πϵ0c3

þ ℏξ
8πϵ0c3Rγ

�
e−2ωR=ξγ

ðv=cÞ coshðRÞ − 1

�
; ð56Þ

where R is the positive real root of the equation
R ¼ ðv=cÞ sinhR. For simplicity we define a function:

CðRÞ ¼ ξ

4πγ

1

2Rððv=cÞ coshR − 1Þ : ð57Þ

Substituting these expressions into Eqs. (35) and (41)
gives us

ΛDU ¼ 1

6πϵ20c
4

Z
∞

0

dωω6jα0ðωÞj2CðRÞ

×

�
CðRÞe−2ωR=ξγ þ ω

2π

�
e−2ωR=ξγ; ð58Þ

ΛTD
ij ¼ aiaj

6πϵ20c
6

Z
∞

0

dωω4jα0ðωÞj2ð1 − 2ηðωÞÞ2CðRÞ

×

�
CðRÞe−2ωR=ξγ þ ω

2π

�
e−2ωR=ξγ: ð59Þ

The decaying exponential in the integrand once again
ensures the convergence of the frequency integral.
Compared to hyperbolic motion, the Bose-Einstein distri-
bution is replaced by a distribution determined by the
factor CðRÞ.
To estimate the magnitude of the decoherence we

consider two different systems. First, recent experiments
have been successful in rotating nanosphere dumbbells up
to GHz frequencies [62]. Thus assuming that the nano-
sphere is modeled in the same way as before and that the
particle moves along a trajectory with radius r ¼ 200 nm
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and frequency of about Ω ∼ 1 GHz, yields the decoherence
coefficients ΛDU ∼ 10−3 s−1m−2 and ΛTD ∼ 104 s−1 m−2.
As our second system, we consider a proton in a synchro-
tron accelerator. We model the proton “polarizability”
as [8]

αPðωÞ ¼ −
e2=mp

ω2 þ iτpω3
; ð60Þ

where mp is the proton mass and τp ¼ 2e2=3mpc3.
Assuming that the accelerator has a radius of 4 km and
a frequency of 10 kHz, we find that ΛDU ∼ 10−20 s−1 m−2

and ΛTD ∼ 10−13 s−1m−2.

B. Dispersion force

We again find the dispersion force by substituting the
Wightman functions for circular motion into Eq. (42),
which yields

Cð1Þ;TD
i ¼ ℏai

8π2ϵ0c5

Z
∞

0

dωω2Re½α0ðωÞð1 − ηðωÞÞ�

×

�
ω

4π
þ CðRÞe−2ωR=ξγ

�
: ð61Þ

For the case where the particle moves along a worldline
with a constant radius, the local acceleration is the
centrifugal force pointing radially outward. The dispersion
force thus becomes

Cð1Þ;TD
i ¼ ℏξ2γ2ρ

8π2ϵ0c5

Z
∞

0

dωω2Re½α0ðωÞð1 − ηðωÞÞ�

×

�
ω

4π
þ CðRÞe−2ωR=ξγ

�
: ð62Þ

Like the decoherence coefficient, the field spectrum is
described by a distribution determined by CðRÞ.

VI. SUMMARY AND OUTLOOK

In this paper we analyze the open quantum system
dynamics of the center of mass of a pointlike particle
coupled to a scalar field, and moving along a stationary
worldline through 3þ 1 dimensional Minkowski space. In
our model the particle has two distinct degrees of freedom:
(1) an internal oscillator that couples to the field, and (2) its
quantized center-of-mass motion, which is considered to be
spatially delocalized around its worldline. We first derive
an effective redshifted polarizability of the particle under-
going noninertial motion by solving the coupled dynamics
of the internal oscillator and the field [Eq. (8)].
We then describe the open system dynamics of the

particle’s quantized center-of-mass motion via a QBM
master equation, derived under the Born-Markov approxi-
mation [Eq. (26)]. The resulting QBM master equation

consists of (1) a dispersive contribution corresponding to a
center-of-mass Hamiltonian modification [Eqs. (30) and
(31)], akin to Casimir-Polder forces on particles near media
[9]; and (2) dissipative terms that include center-of-mass
decoherence in the position basis. For stationary worldlines,
we find that the dispersive potential seen by the particle
scales linearly with the local acceleration ai, resembling the
gravitational corrections to Casimir forces found in [39–44].
We highlight two distinct sources of decoherence arising

from two distinct system-bath coupling mechanism:
(1) Davies-Unruh decoherence. A particle moving along

a stationary worldline registers a modified field
spectrum, which differs from that of the Minkowski
vacuum seen by an inertial observer. When this field
interacts with the particle and imparts recoil, which-
path information about the particle’s center-of-mass
position is acquired, and this manifests itself as
decoherence. Such decoherence has a form that is
effectively thermal, Eq. (35). This is further con-
firmed by the fact that in the special case of hyper-
bolic motion, the decoherence rate of a uniformly
accelerating particle [Eq. (48)] is equivalent to that of
a particle at rest immersed in a thermal field at
temperature TDU ¼ ℏa=ð2πkBcÞ [8,9]. Additionally,
we find that the same decoherence coefficient can be
arrived at by considering the thermal decoherence
rate of a polarizable point particle in flat spacetime
[Eq. (37)], and imposing the condition that the
effective field observed by the particle on a stationary
worldline satisfies the detailed balance condi-
tion [Eq. (38)].

(2) Time-dilation decoherence. Since the particle con-
tains an internal oscillator with a characteristic
frequency, it is sensitive to time dilation across its
delocalized center of mass. A spatial superposition
parallel to the acceleration experienced by the
particle leads to a differential time dilation across
the particle’s wave function. This induces an effec-
tive coupling between the center of mass and the
field, resulting in decoherence. Along a stationary
worldline, such time-dilation decoherence [Eq. (41)]
is also thermal in nature, represented by the appear-
ance of the factor DþðωÞD−ðωÞ, but with an explicit
dependence on the local acceleration as well as on the
particle’s redshifted polarizability [Eq. (8)].

We evaluate both the dispersion force and decoherence
rates for two specific examples of stationary worldlines:
hyperbolic motion (Sec. IV) and circular motion (Sec. V).
One of the distinguishing features between these two types
of motion is that hyperbolic motion gives rise to a Rindler
horizon, whereas circular motion does not. Considering the
recent interest in decoherence near black holes [22–25,63]
and the role played by the presence of horizons in
engendering it [64], we remark that in our model we find
a finite decoherence rate for both hyperbolic and circular
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motion. Furthermore, we note that there are striking
similarities between the Davies-Unruh decoherence rate
of a particle undergoing noninertial motion [Eq. (35)], and
the decoherence of a polarizable particle at rest near a
medium, immersed in a thermal field [9,65,66]. This
correspondence motivates further investigations into the
open system dynamics of test quantum systems undergoing
noninertial motion, or equivalently in a curved spacetime,
suggesting a characterization of curved spacetime as an
effective reservoir.
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APPENDIX A: SYSTEM LAGRANGIAN
AND HAMILTONIAN

We start with a particle whose center-of-mass moves
along a prescribed classical worldline xμ0ðτÞ parametrized
by the proper time τ. We describe the spatial quantized
center-of-mass fluctuations of the particle around xμ0ðτÞ in
the local rest frame of the particle and denote them by X̂i.
The conjugate momentum in the local rest frame is P̂i and
we impose the canonical commutation relation
½X̂i; P̂j� ¼ iℏδij. Following the description in [19,67], we
can write the Lagrangian in the local rest frame as

L ¼ Lrest½g00ðX̂iÞ − gmnðX̂iÞ ˙̂Xm ˙̂X
n
=c2�12; ðA1Þ

where for simplicity we have assumed that g0m ¼ gm0 ¼ 0.
The rest Lagrangian Lrest is given by

Lrest ¼ −1Mc2 þm ˙̂qðτÞ2
2

−
mω2

qq̂ðτÞ2
2

: ðA2Þ

Here M is the mass of the particle, q̂ðτÞ is the internal
degree of freedom position, which is assumed to be
pointlike and thus does not transform under general
coordinate transformations, ωq is the frequency in the rest

frame of the particle, and m is the mass associated with the
internal oscillator. Using the Lagrangian in the local rest
frame, we can calculate the Hamiltonian in the local rest
frame by taking the Legendre transform with respect to
both the internal and center-of-mass degrees of freedom,
which yields

Ĥ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g00ðX̂iÞðÊ2

rest þ P̂iP̂ic2Þ
q

: ðA3Þ

We note that the metric gμν which appears in the form of the
redshift factor g00 and in the inner product of P̂i as gij is
evaluated around the particle worldline xμ0ðτÞ and can thus
be expanded in the local rest frame in terms of X̂i. Finally,
we assume that the particle moves nonrelativistically in the
local rest frame such that the kinetic contribution to total
system energy is much smaller than the rest energy
contribution. In other words, we assume that there are
no special relativistic time-dilation effects in the local rest
frame of the particle. We then end up with Eq. (5).

APPENDIX B: INTERNAL OSCILLATOR
DYNAMICS AND POLARIZABILITY

1. Coupled dynamics of the internal
oscillator and the field

In order to describe the response of the particle to the
external field, we will now derive an effective polarizability
of the particle, defined through its linear response to the
field. Using Eq. (5), the Heisenberg equations of motion for
the internal oscillator are given by

˙̂q ¼ −
i
ℏ
½q̂; ĤS� ¼

ffiffiffiffiffiffiffiffiffiffi−g00
p
m

ðp̂ − eϕ̂ðX̂i; τÞÞ ðB1Þ

˙̂p ¼ −
i
ℏ
½p̂; ĤS� ¼ −

ffiffiffiffiffiffiffiffiffiffi
−g00

p
mω2

qq̂: ðB2Þ

Combining these two equations leaves us with

m ̈q̂ − g00mω2
qq̂2 ¼ −

ffiffiffiffiffiffiffiffiffiffi
−g00

p
e ˙̂ϕðX̂i; τÞ; ðB3Þ

from which we can see that the time derivative of the field
acts as a driving force on the internal oscillator.
Similarly, the Heisenberg equation of motion for the field

mode operators are

˙̂gk ¼ −
i
ℏ
½ĝk; ĤF þ ĤS�

¼ −iΩkĝk þ ie
ffiffiffiffiffiffiffiffiffiffi−g00

p
ℏm

ðp̂ − eϕ̂ðX̂i; τÞÞϕ�
kðX̂i; τÞ; ðB4Þ

which we solve to get
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ĝkðτÞ¼ ĝkð0Þe−iΩkτþ ie
ℏ

Z
τ

0

dτ0
dq̂ðτ0Þ
dτ0

ϕ�
kðX̂i;τ0Þe−iΩkðτ−τ0Þ: ðB5Þ

Therefore the field is given by

ϕ̂totðX̂i; τÞ ¼ ϕ̂ðX̂i; τÞ þ ie
ℏ

Z
τ

0

dτ0
dq̂ðτ0Þ
dτ0

X
k

h
ϕkðX̂i; τÞϕ�

kðX̂i; τ0Þe−iΩkðτ−τ0Þ − ϕ�
kðX̂i; τÞϕkðX̂i; τ0ÞeiΩkðτ−τ0Þ

i
ðB6Þ

¼ ϕ̂ðX̂i; τÞþ ie
ℏ

Z
τ

0

dτ0
dq̂ðτ0Þ
dτ0

½hϕ̂ðX̂i; τÞϕ̂ðX̂i; τ0Þi − hϕ̂ðX̂i; τ0Þϕ̂ðX̂i; τÞi�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ϕ̂rrðX̂i;τÞ

; ðB7Þ

where ϕ̂ðX̂i; τÞ is the free-evolving field (i.e., the part evolved by ĤF). The radiation-reaction part ϕ̂rrðX̂i; τÞ can be
simplified by taking the Fourier transform with respect to τ0, using the definitions of D�ðΩÞ in Eq. (36) and neglecting
OððX̂iÞ2Þ terms

ϕ̂rrðτÞ ≃
ie
2πℏ

Z
τ

0

dτ0
Z

∞

−∞
dΩ

dq̂ðτ0Þ
dτ0

½DþðΩÞ −D−ðΩÞ�eiΩðτ−τ0Þ ðB8Þ

¼ e
2π2ϵ0c3

Z
τ

0

dτ0
Z

∞

0

dΩ
dq̂ðτ0Þ
dτ0

Ω sinðΩðτ − τ0ÞÞ: ðB9Þ

The time derivative of the radiation-reaction term is therefore

˙̂ϕrrðτÞ ¼
e

2π2ϵ0c3

Z
τ

0

dτ0
Z

∞

0

dΩ
dq̂ðτ0Þ
dτ0

Ω2 cosðΩðτ − τ0ÞÞ ðB10Þ

¼ −
e

2π2ϵ0c3

Z
τ

0

dτ0
Z

∞

0

dΩ
dq̂ðτ0Þ
dτ0

∂
2
τ cosðΩðτ − τ0ÞÞ ðB11Þ

¼ −
e

2πϵ0c3

Z
τ

0

dτ0
dq̂ðτ0Þ
dτ0

∂
2
τδðτ − τ0Þ ðB12Þ

¼ −
e

4πϵ0c3

�
d3q̂ðτÞ
dτ3

−
d2q̂ðτÞ
dτ2

δð0Þ
�
: ðB13Þ

Then from Eqs. (B3), (B7), and (B13) we get

ðmþ δmÞ ̈q̂ − g00mω2
qq̂ −

ffiffiffiffiffiffiffiffiffiffi
−g00

p e2

4πϵ0c3
q̂
…

¼ −
ffiffiffiffiffiffiffiffiffiffi
−g00

p
e ˙̂ϕðX̂i; τÞ: ðB14Þ

δm is a contribution to the particle mass resulting from the
coupling of the particle to its own radiation reaction field,
and is given by the divergent expression ðe2=4πϵ0c3Þδð0Þ
in our calculation assuming a pointlike particle. To be
consistent with our nonrelativistic approximation for the
internal dynamics of the particle we can replace δð0Þ
by Ω=π following the description in [68], where Ω is a
high-frequency cutoff; this results in the replacement of
δm=m by

δm
m

¼ e2Ω
4π2ϵ0mc3

¼ r0
πc

Ω; ðB15Þ

where r0 ¼ e2=ð4πϵ0mc2Þ ≅ 2.8 × 10−15 m is the classical
electron radius. Thus δm=m may be assumed to be
negligible for any cutoff frequency Ω much smaller than
1023 Hz, and then we can ignore the mass renormalization
in Eq. (B14).

2. Effective polarizability

Taking the Fourier transform of Eq. (B14) allows us to
write the steady state induced dipole d̂st as

d̂stðX̂i;τÞ¼ eq̂ðX̂i;τÞ

¼−
i
2π

ffiffiffiffiffiffiffiffiffiffi
−g00

p Z
dωωαðωÞϕ̂ðX̂i;ωÞeiωτ; ðB16Þ

where αðωÞ is the polarizability of the particle, which
describes its response to an external field
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αðωÞ ≔ e2=m
2i

ffiffiffiffiffiffiffiffiffiffi−g00
p

βω3 − ω2 − g00ω2
q
; β ≔

e2=m
8πϵ0c3

: ðB17Þ

From this expression we can see that the characteristic frequencies that determine the response of the particle are redshifted
across the spread of the wave function, which leads to a coupling between the quantized center of mass and the field. This
can be seen by expanding the polarizability to first order in X̂i using Eq. (15) to get

αðωÞ ≈ α0ðωÞ½1 − ηðωÞaiX̂i=c2�: ðB18Þ

Here α0ðωÞ is the bare polarizability in the rest frame of the particle and ηðωÞ is a redshift-induced correction (see Eqs. (10)
and (11) respectively). Combining Eq. (4), Eq. (B1) and Eq. (8) we can rewrite Eq. (5) in the Schrödinger picture as given
by Eq. (12).

APPENDIX C: DECOHERENCE RATE

1. Davies-Unruh decoherence from first principles

The derivation ofΛDU
ij , with i ¼ j corresponding to the Davies-Unruh decoherence coefficient, goes as follows. Using the

bath operator BDU
i ðτÞ in the interaction picture [Eq. (24)]

ΛDU
ij ¼ 1

2ℏ2

Z
∞

0

dτ0hfB̂DU
i ðτÞ; B̂DU

j ðτ − τ0Þgi ðC1Þ

¼ 1

2ℏ2

Z
∞

0

dτ0hB̂DU
i ðτÞB̂DU

j ðτ − τ0Þi þ 1

2ℏ2

Z
∞

0

dτ0hB̂DU
j ðτ − τ0ÞB̂DU

j ðτÞi: ðC2Þ

Substituting the expressions for the Davies-Unruh bath operator gives

ΛDU
ij ¼ 1

2ℏ2

Z
∞

0

dτ0h ˙̂d0;stðτÞ∂iϕ̂ðτÞ ˙̂d0;stðτ − τ0Þ∂jϕ̂ðτ − τ0Þi þ 1

2ℏ2

Z
∞

0

dτ0h ˙̂d0;stðτ − τ0Þ∂iϕ̂ðτ − τ0Þ ˙̂d0;stðτÞ∂jϕ̂ðτÞi; ðC3Þ

where we use the shorthand notation ϕ̂ðτÞ≡ ϕ̂ðxμ0ðτÞÞ. In the next step we apply Wick’s theorem to break up the 4-point
correlators into products of 2-point correlators. Additionally, we make use of our assumption that the field and its first
derivative are statistically independent. Together these assumptions yield

ΛDU
ij ¼ 1

2ℏ2

Z
∞

0

dτ0h ˙̂d0;stðτÞ ˙̂d0;stðτ − τ0Þih∂iϕ̂ðτÞ∂jϕ̂ðτ − τ0Þi þ 1

2ℏ2

Z
∞

0

dτ0h ˙̂d0;stðτ − τ0Þ ˙̂d0;stðτÞih∂iϕ̂ðτ − τ0Þ∂jϕ̂ðτÞi: ðC4Þ

Now we use the assumption that different spatial directions of the center-of-mass are uncorrelated. This implies that
h∂jϕ̂ðτÞ∂iϕ̂ðτ − τ0Þi ¼ 0 and leaves us with

ΛDU
ii ¼ 1

2ℏ2

Z
∞

0

dτ0h ˙̂d0;stðτÞ ˙̂d0;stðτ − τ0Þih∂iϕ̂ðτÞ∂iϕ̂ðτ − τ0Þi þ 1

2ℏ2

Z
∞

0

dτ0h ˙̂d0;stðτ − τ0Þ ˙̂d0;stðτÞih∂iϕ̂ðτ − τ0Þ∂iϕ̂ðτÞi: ðC5Þ

Since Teff is a function of
ffiffiffiffiffiffiffiffi
aiai

p
and thus isotropic, we assume that ΛDU

ij is independent of which axis the superposition is

prepared in. In combination with h∂jϕ̂ðτÞ∂iϕ̂ðτ − τ0Þi ¼ 0 this allows us to simplify the correlator of the spatial derivatives

h∂iϕ̂ðXÞ∂iϕ̂ðX0Þi ¼ 1

3c2
h∂τϕ̂ðXÞ∂τϕ̂ðX0Þi: ðC6Þ

After this, ΛDU is

ΛDU ¼ 1

6ℏ2c2

Z
∞

0

dτ0h ˙̂d0;stðτÞ ˙̂d0;stðτ − τ0Þih∂τϕ̂ðτÞ∂τϕ̂ðτ − τ0Þi þ 1

6ℏ2c2

Z
∞

0

dτ0h ˙̂d0;stðτ − τ0Þ ˙̂d0;stðτÞih∂τϕ̂ðτ − τ0Þ∂τϕ̂ðτÞi:

ðC7Þ
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We now write the field and induced polarization in the interaction picture in terms of their spectral decomposition

ϕ̂ðτÞ ¼ 1

2π

Z
∞

−∞
dω ϕ̂ðω; τÞ;

d̂0;stðτÞ ¼
i
2π

Z
∞

−∞
dωωα0ðωÞϕ̂ðω; τÞ; ðC8Þ

which yields

ΛDU ¼ 1

ð2πÞ26ℏ2c2

Z
∞

0

dτ0
Z

∞

−∞
dω1 ω

4
1jα0ðω1Þj2hϕ̂ðω1; τÞϕ̂ðω1; τ − τ0Þi

Z
∞

−∞
dω2 ω

2
2hϕ̂ðω2; τÞϕ̂ðω2; τ − τ0Þi

þ 1

ð2πÞ26ℏ2c2

Z
∞

0

dτ0
Z

∞

−∞
dω1 ω

4
1jα0ðω1Þj2hϕ̂ðω1; τ − τ0Þϕ̂ðω1; τÞi

Z
∞

−∞
dω2 ω

2
2hϕ̂ðω2; τ − τ0Þϕ̂ðω2; τÞi: ðC9Þ

In the second term we now make the transformation τ0 → −τ0, which will cause the correlators to change

hϕ̂ðω; τ − τ0Þϕ̂ðω; τÞi → hϕ̂ðω; τ þ τ0Þϕ̂ðω; τÞi ¼ hϕ̂ðω; τÞϕ̂ðω; τ − τ0Þi; ðC10Þ

where in the last equality we have used the fact that the pullback of the correlator onto the worldline of the particle only
depends on τ0; this follows from the stationarity of the particle’s worldline. Thus the correlation function is invariant under
proper time translations along the worldline. With this we can simplify the decoherence expression to

ΛDU ¼ 1

ð2πÞ26ℏ2c2

Z
∞

−∞
dτ0

Z
∞

−∞
dω1 ω

4
1jα0ðω1Þj2hϕ̂ðω1; τÞϕ̂ðω1; τ − τ0Þi

Z
∞

−∞
dω2 ω

2
2hϕ̂ðω2; τÞϕ̂ðω2; τ − τ0Þi: ðC11Þ

Remembering that the field operators are in the interaction picture, we can write

ΛDU ¼ 1

ð2πÞ26ℏ2c2

Z
∞

−∞
dτ0

Z
∞

−∞
dω1

Z
∞

−∞
dω2ω

4
1ω

2
2jα0ðω1Þj2Dþðω1ÞDþðω2Þe−iðω1þω2Þτ0 : ðC12Þ

Simplifying further

ΛDU ¼ 1

12πℏ2c2

Z
∞

−∞
dωω6jα0ðωÞj2DþðωÞD−ðωÞ ðC13Þ

¼ 1

6πℏ2c2

Z
∞

0

dωω6jα0ðωÞj2DþðωÞD−ðωÞ; ðC14Þ

which is our final form of the Davies-Unruh decoherence coefficient. HereDþðωÞ andD−ðωÞ are the Fourier transforms of
the pullback of the forward and backward processes respectively.

2. Time-dilation decoherence

As before, we start by writing the time-dilation decoherence coefficient as

ΛTD
ij ¼ 1

2ℏ2

Z
∞

0

dτ0hfB̂TD
i ðτÞ; B̂TD

j ðτ − τ0Þgi

¼ 1

2ℏ2

Z
∞

0

dτ0hB̂TD
i ðτÞB̂TD

j ðτ − τ0Þi þ 1

2ℏ2

Z
∞

0

dτ0hB̂TD
j ðτ − τ0ÞB̂TD

j ðτÞi: ðC15Þ

Comparing the bath operators B̂DU
i ðτÞ and B̂TD

i ðτÞ [Eqs. (24) and (25)], we can obtain immediately the time-dilation
decoherence coefficient by realizing that it is of the same structure as Eq. (C7), except with redshifted polarizabilities:
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ΛTD
ij ¼ aiaj

6πℏ2c2

Z
∞

0

dωω4jα0ðωÞj2ð1 − 2ηðωÞÞ2DþðωÞD−ðωÞ: ðC16Þ

APPENDIX D: SECOND-ORDER DISPERSION POTENTIAL

Here we compute the second-order contributions to the dispersion potential by substituting the bath operators B̂DU
i ðτÞ and

B̂TD
i ðτÞ [Eqs. (25) and (24)] into Eq. (31).

1. Davies-Unruh dispersion potential

The Davies-Unruh term of the dispersion potential is

Cð2Þ;DU
ij ¼ i

2ℏ

Z
∞

0

dτ0h½B̂DU
i ðτÞ; B̂DU

j ðτ − τ0Þ�i: ðD1Þ

As done in the decoherence calculations, we substitute B̂DU
i ðτÞ and split the 4-point correlators into 2-point correlators,

Cð2Þ;DU
ij ¼ i

2ℏ

Z
∞

0

dτ0h ˙̂d0;stðτÞ ˙̂d0;stðτ − τ0Þih∂iϕ̂ðτÞ∂jϕ̂ðτ − τ0Þi − ðτ ↔ τ − τ0Þ ðD2Þ

¼ iδij
ð2πÞ26ℏc2

Z
∞

0

dτ0
Z

∞

−∞
dω

Z
∞

−∞
dω0ω4ω02jα0ðωÞj2eiðωþω0Þτ0 ½DþðωÞDþðω0Þ −D−ðωÞD−ðω0Þ� ðD3Þ

¼ −
δij

ð2πÞ26ℏc2 P
Z

∞

−∞
dω

Z
∞

−∞
dω0 ω

4ω02

ωþ ω0 jα0ðωÞj2½DþðωÞDþðω0Þ −D−ðωÞD−ðω0Þ�; ðD4Þ

in the second line using Eq. (C6) to simplify the correlator of spatial derivatives. HereP denotes the Cauchy principal value.

2. Time-dilation dispersion potential

The time-dilation term of the dispersion potential is computed in a similar manner

Cð2Þ;TD
ij ¼ i

2ℏ

Z
∞

0

dτ½hB̂TD
i ðτÞ; B̂TD

j ð0Þi� ðD5Þ

¼ iaiaj
8ℏc4

Z
∞

0

dτ0hð ˙̂dst;1ðτÞ − ˙̂dst;0ðτÞÞð ˙̂dst;1ðτ − τ0Þ − ˙̂dst;0ðτ − τ0ÞÞihϕ̂ðτÞϕ̂ðτ − τ0Þi − ðτ ↔ τ − τ0Þ ðD6Þ

¼ iaiaj
ð2πÞ28ℏc4

Z
∞

0

dτ0
Z

∞

−∞
dω

Z
∞

−∞
dω0ω4jα0ðωÞηðωÞ − α0ðωÞj2eiðωþω0Þτ0 ½DþðωÞDþðω0Þ −D−ðωÞD−ðω0Þ� ðD7Þ

¼ −
aiaj

ð2πÞ28ℏc4 P
Z

∞

−∞
dω

Z
∞

−∞
dω0 ω4

ωþ ω0 jα0ðωÞηðωÞ − α0ðωÞj2½DþðωÞDþðω0Þ −D−ðωÞD−ðω0Þ�: ðD8Þ

DECOHERENCE OF SPATIAL SUPERPOSITIONS ALONG … PHYS. REV. D 114, 105004 (2026)

105004-15



[1] S. A. Fulling, Nonuniqueness of canonical field quantiza-
tion in Riemannian space-time, Phys. Rev. D 7, 2850
(1973).

[2] P. C. W. Davies, Scalar production in Schwarzschild and
Rindler metrics, J. Phys. A 8, 609 (1975).

[3] W. G. Unruh, Notes on black-hole evaporation, Phys. Rev.
D 14, 870 (1976).

[4] V. Sudhir, N. Stritzelberger, and A. Kempf, Unruh effect of
detectors with quantized center of mass, Phys. Rev. D 103,
105023 (2021).

[5] J. Marino, A. Noto, and R. Passante, Thermal and non-
thermal signatures of the Unruh effect in Casimir-Polder
forces, Phys. Rev. Lett. 113, 020403 (2014).

[6] B. Šoda, V. Sudhir, and A. Kempf, Acceleration-induced
effects in stimulated light-matter interactions, Phys. Rev.
Lett. 128, 163603 (2022).

[7] K. Sinha and P. W. Milonni, Scalar QED model for polar-
izable particles in thermal equilibrium or in hyperbolic
motion in vacuum, Physics 6, 356 (2024).

[8] K. Sinha and P. W. Milonni, Dipoles in blackbody radiation:
Momentum fluctuations, decoherence, and drag force,
J. Phys. B 55, 204002 (2022).

[9] C. Jakubec, C. Jarzynski, and K. Sinha, Decoherence and
Brownian motion of a polarizable particle near a medium,
Phys. Rev. A 112, 042225 (2025).

[10] R. Parentani, The recoils of the accelerated detector and the
decoherence of its fluxes, Nucl. Phys. B454, 227 (1995).

[11] S.-Y. Lin and B. L. Hu, Accelerated detector-quantum field
correlations: From vacuum fluctuations to radiation flux,
Phys. Rev. D 73, 124018 (2006).

[12] C. J. Fewster, B. A. Juárez-Aubry, and J. Louko, Waiting for
Unruh, Classical Quantum Gravity 33, 165003 (2016).

[13] B. A. Juárez-Aubry and D. Moustos, Asymptotic states for
stationary Unruh-DeWitt detectors, Phys. Rev. D 100,
025018 (2019).

[14] J. Foo, S. Onoe, and M. Zych, Unruh-deWitt detectors in
quantum superpositions of trajectories, Phys. Rev. D 102,
085013 (2020).

[15] T. R. Perche, General features of the thermalization of
particle detectors and the Unruh effect, Phys. Rev. D
104, 065001 (2021).

[16] J. Foo and M. Zych, Superpositions of thermalisations in
relativistic quantum field theory, Quantum 9, 1629 (2025).

[17] D. J. Stargen and V. Sudhir, Thermality and athermality in
the Unruh effect, Phys. Rev. D 112, 105014 (2025).

[18] D. J. Stargen, Finite-time Unruh effect: Waiting for the
transient effects to fade off, Phys. Rev. D 113, 065007
(2026).

[19] I. Pikovski, M. Zych, F. Costa, and Č. Brukner, Universal
decoherence due to gravitational time dilation, Nat. Phys.
11, 668 (2015).

[20] I. Pikovski, M. Zych, F. Costa, and v. Brukner, Time dilation
in quantum systems and decoherence, New J. Phys. 19,
025011 (2017).
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