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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.

DOIL: 10.1103/dm74-blpj

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 Ty = ha/(2zkge) [7]. Considering
that the momentum diffusion of a polarizable particle in
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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

Published by the American Physical Society
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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 w;) or a harmonic oscillator have
been studied in a plethora of situations. Along a hyperbolic worldline such a detector will see an effective temperature Tpy. 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 X’(z) 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 size D 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].

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 x{(z)
in Minkowski space. The particle is composed of an
internal oscillator degree of freedom ¢ (conjugate momen-
tum p) and an external quantized center-of-mass degree of
freedom around the worldline x{j(z), which we express in
the local rest frame of the particle and denote by X’
(conjugate momentum P,)'. We will assume the particle’s
worldline x{(7) to be stationary, such that the state of the

'For simplicity, and to avoid the pathologies that arise from
writing a relativistic position operator (see, e.g., [29,30]), we treat
X" and P, as nonrelativistic observables. This amounts to
expressing X' and f’i in local normal coordinates around x{(z)
and demanding that the particle’s position wave function be
confined to within a length scale £ ~ c? /y/ a,a”, where a* is the

proper acceleration along xj(7) [31].
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FIG. 2. Schematic representation of a particle with mass M
moving along a worldline X}(7) through Minkowski spacetime.
The particle is prepared in a spatial superposition, with X(7) as
its quantized center-of-mass position. The particle has an internal
oscillator degree of freedom with position §(z), mass m, and
frequency @,, and couples to a scalar field H(X (7).

field observed by the detector has a time-independent
energy spectrum [27,28]. Here Greek indices (u, v, etc.)
are spacetime indices, whereas Latin indices (i, j, etc.) are
spatial indices.

The internal oscillator represents a chargelike degree of
freedom and is coupled to a 3 + 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

PX) = [ (X*) + Gy (X)]. (1)

k

Here @L and g, are the creation and annihilation
operators associated with the mode functions ¢ (X*)
and ¢j (X*), following the canonical commutation relation
(9> O] = Bucae-

In the local rest frame of the particle, the total
Hamiltonian is # = Hg + Hy, with the field Hamiltonian
Hy. given by

Hy =" hQu i . (2)
k

The system Hamiltonian in Schrodinger picture Hg
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)

As = [ =g00(X7) (B2 + 2Py, (3)

where go(X') is the 00-component of the locally static
metric g,, and describes the gravitational time dilation
experienced by the internal oscillator degree of freedom,
with 7 as the proper time of the moving particle. The rest

energy of the system is

R 1 P 1

Ere = IMc? + % [ﬁ - e¢(Xl)]2 + Emwéé\f’ (4)
with M the rest mass and w, the internal oscillator
frequency seen by a comoving observer. The internal
oscillator couples to the field $(X’) at the position of the
particle, with a strength e. Under the assumption that
AP;/(Mc) < 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

. NN PP
o) (Buat G ) O

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)

5 R [N A
q-— goowéq ==V _gOOEthot(Xl’T)' (6)

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)

a?st(f(i) = eqy
=52V () [ dooa@ix0). 0)

with a redshifted linear response
a(w) ® ay(@)[1 = n(w)a;, X'/ ] (3)

and QZ()A(", ) defined via the spectral decomposition:

B =5 [ dod('w). ©)
2r )

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
X!, assuming that the quantized center-of-mass is suffi-
ciently localized such that AX' < c¢?/a. The redshifted
polarizability stems from the fact that the characteristic
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frequencies experience a time dilation due to the spread of
the particle’s wave function around x{,(z). Here ag(w) is the
bare polarizability in the rest frame of the particle and 5(w)
is a redshift-induced correction given by

e’/m
= 10
(@) -0 + 2ifw’ + wj’ (10)
2ifw?® + 20>
n(w) = ! (11)

—0? + 2ifw’ + @}’

where f = e2/(8zmc3e;).> We point out that ay(w) is
technically not analytic in the upper half of the complex
plane, due to the appearance of the @’ term in the
denominator. However, since f is small compared to
1/w,, 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

——{dy (), p(X)}, (12)

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 Hy.

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]

o a;(7) ¢ \? IR
o) %= (1+9080)" - RS, (13

~ 2 A
9oi(X') = _§R0jikXJka (14)

*While we are not dealing with an electromagnetic (EM) field,
the factor of ¢ arises from the choice of normahzatlon of the field
mode functions {¢y,$;} such that |¢y|> = TR Q . With such
normalization, one can establish a correspondence with the EM
field by identifying the scalar field g?)(X”) as a component of the
EM vector potential [32,33].

9;;(X") ~ 8, —%Rika(T)XkXI, (15)
with a*(z) the proper acceleration at x{)(z) and R,,,,(7) the
curvature tensor evaluated on the particle worldline. We
have ignored third and higher order terms in X in the
above expansion. For an observer on a stationary worldline
in Minkowski space the curvature tensor R, = 0. This
allows us to study the quantum dynamics of the center of
mass by evaluating field quantities on the prescribed
classical worldline x{(z) only. Expanding the metric as
well as the field to first order in X’ and neglecting terms
proportional to P'/(Mc) leaves us with the system
Hamiltonian

A

= HMC __{d0§t’¢}

- _X {dO st> 0 d)} + o2 {dl st jO.st’ d,;}’ (16)

where we use the shorthand notation ¢ := ¢(X’ = 0) and
define induced dipole moments in steady state:

o= =55 | dwoway(@)io) (17

A i [

S mdwwa()(w)n(w)é(w). (18)

1,st
2r J_

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 7 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:

RV () =~ X (0) (dol2). 04 (2)). (19)

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
Joo» gives rise to the interaction Hamiltonian

a;X'(z)

2 —do(0).(x)}. (20)

AP (7) (e 4(7)

nt

These interaction terms stem from the redshifted
response function a(w) of the particle. Although the

105004-4



DECOHERENCE OF SPATIAL SUPERPOSITIONS ALONG ...

PHYS. REV. D 114, 105004 (2026)

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 AP effectively amount to an interaction

nt
between the center of mass and the field.’

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 p. We expand
the interaction Hamiltonian in the interaction picture
(indicated by an explicit time dependence) in small X':

Him(f) = 1:1311(7) + aiﬁ[im(l’)xi + O(()A(i)z)
= Hi,(0) + Bi())X + O((R')2). o)
with the bath operator defined as
Ei(’[) = aiﬁ]im(f), (22)

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

B(z) = BYY(2) + BI°(2). (23)

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

B (0) = ~3 {doule). 04 (0)): (24)

A a;

{dy(7) = dou(0). 4D} (25)

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

A i1 A i i (DJ A
p=—N;[ X [X,p]] _Erij[X’{Pj’p}]

i Sia i SioffioA
+%C51)[X',ﬂ] —5C§?>[X’{Xj’p}]’ (26)

The equilibration time of an Unruh-DeWitt detector has been
studied in [18]. Here we assume that 7 >> Tyema, such that
transient field dynamics can be ignored.

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 7 — oo0. Second, it was
shown in [36,37] that the Markov approximation applies
after a time

tmarkov > awDi (C()) |(uq’ (27)

which is analogous to saying that once transient effects
have decayed away the effective bath spectrum will be
sufficiently flat around @,, 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 A;; correspond to the decohe-
rence in the position basis:

1

Ay = ——
tj 2fl2 0

T a7 ({Bi(e), Bi(r =)} (28)

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

i

=5 /0 dr'7 (Bi(z). Bi(z = 7))).  (29)

The decoherence rate A;; is related to I';; by the
fluctuation-dissipation theorem: 2MT;;kg T = h?A,;;.
(3) The system Hamiltonian is modified by the terms

¢V = (Bi(z)). and (30)

cy =o5 [ B0 B =) GY)

Remarkably, these contributions are akin to the first
derivative of the first order (in polarizability) Casi-
mir-Polder potential (Cl(»l) ~a,-1/{(clg), and second
derivative of the second-order Casimir-Polder po-
tential (C.) ~ 0,Up0,) 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
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dispersive potential or force seen by the particle’s
quantized center of mass.
We will now examine the decoherence (A;) and

dispersion potential (Cl(»l) and Cg)) on the particle’s center
of mass.

B. Decoherence

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

A = APU 4 ATP, (32)

Here APV represents the “Davies-Unruh decoherence”,
arising from APV, i.e., the backaction of the field on the
particle, and A™ corresponds to the “time dilation
decoherence” due to I:IEI? , 1.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 (¢(7)0;p(z —7')) = 0 [8]; and, (i) we assume that
different spatial directions of the center-of-mass are
uncorrelated. This implies that (di(ﬁ(r)ai(ﬁ(r—r’ ) =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 (¢(z)d(r —7')) and

(0:h(7)0ip( — 7)) 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:

A= [ a0 (B ), B - 2
1 oA A , ~ ~ ,
o | 9@t - ) 000 - )
1 oA A ~ , ~
b |7t = ) 0 - )ode)

(33)

if i = 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

A~ A 1 A A
Ob(X)0b(X) = 55 PHX)HX)). (34
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 7 integral, we are left with (see Appendix C for details)

1

ADU —
67h?c?

A ™ dod|ag(@)|2D* (0)D-(a).  (35)

Here D" (w) and D™ (w) are the Fourier transforms of the
forward and backward processes respectively, defined as

D) = [ 4w (e )dlo)e .
D)= [T ge- e 6o
They satisfy the relation D' (—w) = D™ ().

2. Davies-Unruh decoherence from detailed balance

Remarkably, there is an analogy between the
decoherence rate APV 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]

A‘h:Wge%cSAmdwwgao<w>|2<n<w>+1)n(w). (37)

Here n(w) = [exp (hw/kgT) — 1]7! 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 7 given by
the detailed-balance relation

D™ ()
D™ (o)

= ehe/(ksT), (38)

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]

105004-6



DECOHERENCE OF SPATIAL SUPERPOSITIONS ALONG ...

PHYS. REV. D 114, 105004 (2026)

1 DT (w)
l/l(a)) = ehw/(kBT(w)) _1 = D‘(a)) _ D*(a)) N (39)
which immediately allows us to see that
(o) (nlw __ D' (@)D (w)
@D = 5 )~ (@)
mepc)?
= %D“L(w)D_(a)). (40)

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
T(w), 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, A™. To calculate AT™, 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 ATP ;> 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

TD
Ai'
a;a;

~ Gt A " do @*lag(@) (1 = 21(0))*D* (@)D" (@).

(41)

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 (~D* (@)D~ (w)), as well as the direct scaling ~a?
via the redshift factor.

C. Dispersion potential

The terms Cgl) and CS-IQ-) represent derivatives of the
dispersion potential arisiﬁg 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 cﬁ“ and Cﬁf) will have contribu-
tions from both bath operators. The only nonvanishing

contribution to Cl(-l) is due to the bath operator BT (7) of the
time-dilation Hamiltonian (20)

()T _ ai;
2rc

! / ® 4o S(@)oX(D* () + D~(@)).  (42)

where S(w) is given by

S(0) = 3 Rela(@ln(o) ~aol)).  (@3)

C,(»])’TD 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 C,(»z) receives contributions from

both BP(z) and the bath operator BPY(7) defined by the
Davies-Unruh Hamiltonian (19). The Davies-Unruh con-
tribution is

ciPY = 24ﬂ2hc P/ dw/ da) ,|a0( )2
x [DF (w)D* () = w)D( )] (44)

and the time-dilation contribution is

(2).TD
C;: =—-———P d d
J 327t2hc / a)/ o W+ o
X |ag (@) [n(w)
x [D"(w)D" (o ) - D‘(w)D‘(w’)]~ (45)
While CEJZ.)’DU represents an effect analogous to the thermal

Lamb shift in atoms arising directly from the interaction of

the particle with the effective thermal field, Cl(-jz-)’TD

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 as C S] ).DU

and 2PV

ij
which causes the field to equilibrate at a temperature
gradient [45-47].

once

, can be related to the Tolman-Ehrenfest effect,
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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

to = ca~'sinh(azr/c)
xo = c¢*a! cosh(az/c)

yo=120=0. (46)

It was shown in [48,49] that the Fourier transforms of the
forward and backward Wightman functions D™ (w) and
D~ (w) pulled back onto a hyperbolic worldline are given by

0 o(F ) +n@).  (47)

DH(w) = - 2reyc

where n(w) can be identified as the Bose-Einstein distri-
bution at the Davies-Unruh temperature Tpy = ha/
(27kgc), and O(w) is the Heaviside function. To find all

the decoherence coefficients, we substitute these Wightman
functions into Eq. (35) and (41) to find

DU __ 1 ¢S]
A _WA daoo®|ay (o) * (n(w)+1)n(w) (48)
and
w__ 4l
Aij _3(271')36%04
X Amdww6|ao(w)|2(l =2n(w))?(n(w) + 1)n(w).

(49)

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 APV is related to
the momentum diffusion rate of a particle undergoing
hyperbolic motion [7-9]

(AP?) 5 A DU
A L —2p2ADY,
~ h (50)

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

(b)

7 \Bob’ perspective
\

Thermal field
pen(Tou)

Alice

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.

momentum kicks is the same rate at which they gain
“which-path” information and decohere the particle’s spatial
superposition. Both the decoherence coefficients APY and
A™ contain the factor n(w)(n(w) + 1), wherein the terms
~n(w) and ~n?*(w) 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 ag(w), which we assume to
be described by [57]
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2
a_g<60) :360‘/m, (51)

[0

where V is the particle volume, w,, is the plasma frequency

w, = 27 x 8.8 x 10!2 Hz, w; is the transition frequency

p
w; =2 x 3.4 x 10"* Hz and T is the internal damping

I' = 27 x 1.5 x 10", 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 s7'm™2, the decoherence coefficients are APY ~
107185 7' m=2 and A™ ~ 107132 s~ m~2. If the particle is
in the ground state in an optical tweezer with a wave
function spread of Ax ~ 10 pm, then the corresponding
rates are: APY~ 107207 71 and AP ~ 107154 571,
(i1) Surface of a neutron star: the typical surface gravity
of a neutron star is @ ~ 10'> m/s? [58]. Assuming that the
particle is held at rest close to a neutron star we find:
APY ~ 10770 s=Im=2, ATP ~ 1073 s~ m~2 and the corre-
sponding rates are: APV ~ 107 s=! and AP ~ 10747 571,
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 same D™ (@) and D~ (w), we can also calculate
the dispersion force experienced by the particle.
Substituting the Wightman functions into Eq. (42), we get

(1),TD _ ha;
Ci B 87%€c
x / * dw o Relag(0) (1(@) — 1] (2n(@) + 1)),

(52)

5

where n(w) 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
7 is given by

Iy =1y

X = psin(éry)

Yo = pcos(éry)

20 = 0. (53)
Here p is the radius, y = 1/(1 — v%/c2)2, & is the angular

frequency and v = p¢ is the speed of the particle. The local
acceleration experience by the particle in its rest frame is

a = véy. (54)

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

Dt (w

—2wR/
hé e~20R/er ] 55)

)= 8meyc Ry [(v/c) cosh(R) — 1

e_2wR/§7

(v/c) cosh(R) — 1]’ (56)

h h
D(w)= 2 4
2regc®  8megc’ Ry

where R is the positive real root of the equation
R = (v/c) sinh R. For simplicity we define a function:

__< !
~ 4zy2R((v/c)coshR—1)"

C(R) (57)

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

1 [+
L - A do o) (@) PC(R)
0

% |:C(R)e—2mR/§y + ;):| e—ZmR/fy, (58)
T

a;a;

AP = lzjéfwda’w4|0‘o(w)|2(1 —2n(w))*C(R)
! brege® Jo

x {C(R)e‘z‘”R/‘f” + 23} e~20R/zr, (59)
/5

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 C(R).

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 = 200 nm
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and frequency of about Q ~ 1 GHz, yields the decoherence
coefficients APY ~ 1073 s7'm=2 and A™P ~ 10* s~ m=2.
As our second system, we consider a proton in a synchro-
tron accelerator. We model the proton “polarizability”
as [8]

2
e/m,
ap(@w) = ————, 60
p(@) a)2+i1pw3 (60)
where m,, is the proton mass and 7, =2¢?/3m,c’.

Assuming that the accelerator has a radius of 4 km and
a frequency of 10 kHz, we find that APY ~ 10720 s=! m~2
and A™° ~ 10713 7 m™2.

B. Dispersion force

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

ha; [
cH _ % / dow w*Reay(0) (1 — n(w))]
8r-€eyc’ Jo

x (% + C(R)e‘z“’R/‘fV> . (61)

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

A 2,2 o0
c™ = 250 [ dw arRelag(@)(1 - n(w))
8z7enc Jo

x (% + C(R)e—2wR/fV> . (62)

Like the decoherence coefficient, the field spectrum is
described by a distribution determined by C(R).

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 3 + 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 a;, 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 Tpy = ha/(2zkgce) [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 D" (w)D~(w), 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 xj(z) parametrized
by the proper time z. We describe the spatial quantized
center-of-mass fluctuations of the particle around x{(z) in
the local rest frame of the particle and denote them by X'.
The conjugate momentum in the local rest frame is P; and
we impose the canonical commutation relation
[)A(",IAJ 1= ihé;. Following the description in [19,67], we
can write the Lagrangian in the local rest frame as

A A AmAn 1
L= Lrest[gOO(Xl) _gmn(Xl)X X /62]27 (Al)

where for simplicity we have assumed that g,,, = g,,0 = 0.
The rest Lagrangian L. is given by

Lo = M2 4 M40 M)
rest —

2 2

(A2)

Here M is the mass of the particle, §(z) is the internal
degree of freedom position, which is assumed to be
pointlike and thus does not transform under general
coordinate transformations, @, 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

A= \Ja(X) (B + PP (A3)

We note that the metric g, which appears in the form of the
redshift factor gy, and in the inner product of P’ as g; i 1s
evaluated around the particle worldline x{j(7) and can thus
be expanded in the local rest frame in terms of X’. 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

d= 112,05 ="M - of(x2)  (B1)

b=t b fis) =~/ gmmota.  (B2)
Combining these two equations leaves us with

mij = guomai? = —/=goo eh(X'.7).  (B3)

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

. P
gkz—g[gk,HF+Hs]

ie\/ —900 (f? _

:—.QA
182, gy + m

which we solve to get
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gk(r):.ak(())e_igkr h%)' dq( )¢k( ) —1Qk(‘r—‘r’)‘

(B5)

LK) ) - g (X1, 2) gy (X, 7)) (B6)

B7

- (87)
du(X'7)

where ¢(X',7) is the free-evolving field (i.e., the part evolved by Hp). The radiation-reaction part ¢, (X', 7) can be

simplified by taking the Fourier transform with respect to 7/, using the definitions of D*(Q) in Eq. (36) and neglecting

O((X)?) terms

134 D™(Q)]e' ) B8
dul2) 2,m/ ¢ [ D*(@) - D~(@)e (B8)
s [ / in((e — 7). (B9)
271' €c’
The time derivative of the radiation-reaction term is therefore
~ T (e8] dA /
bult) = 5 / d / dQL,)Q%os(Q(T—T/)) (B10)
2x7eyc” Jo 0 T
T 0 da(7
e 3/ d’L'// o q<f)a$cos(g(r—f/)) (B11)
2r7€enc’ Jo 0 T
|
m e’Q r
e © ,dg(7) —=_—_" 09 B15
= _2ﬂ€oc3/o de’ ——= a7 0:6(z — ) (B12) m  4n’egmc®  me (B13)
_ e <d3 g(z) d*q(z )5(0)) (BI3) where ry = €2 /(4rmegmc?) = 2.8 x 1071° m is the classical
drepc \  d7? dz? electron radius. Thus ém/m may be assumed to be

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

2

Vv —900

(m + 6m)g — Joomwiq — 1
77:6' C

= ~v %00 €¢(le»7)‘ (B14)
om 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 (e?/4xeyc?)5(0)
in our calculation assuming a pointlike particle. To be
consistent with our nonrelativistic approximation for the
internal dynamics of the particle we can replace §(0)
by Q/z following the description in [68], where Q is a
high-frequency cutoff; this results in the replacement of
ém/m by

negligible for any cutoff frequency Q much smaller than

10% 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 Eist as

flst(??i,f):ef](??" 7)

A

:——\/% dow wa(w)p(X

I{HT
tl

(B16)

where a(w) is the polarizability of the particle, which
describes its response to an external field
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e’/m ) e’/m

2i\/=gooPw’ — w* — goowl’ 8megc®

a(w)

(B17)

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 X’ using Eq. (15) to get
a(w) ~ ap(@)[1 - n(@)ak/c?). (B13)

Here ag(w) is the bare polarizability in the rest frame of the particle and 7(w) is a redshift-induced correction (see Egs. (10)
and (11) respectively). Combining Eq. (4), Eq. (B1) and Eq. (8) we can rewrite Eq. (5) in the Schrodinger picture as given
by Eq. (12).

APPENDIX C: DECOHERENCE RATE

1. Davies-Unruh decoherence from first principles

The derivation of AB.U, with i = j corresponding to the Davies-Unruh decoherence coefficient, goes as follows. Using the

bath operator BPY(z) in the interaction picture [Eq. (24)]

1 ) N A
AP =5 [ 4 (B 0. B e - 2 b
1 . R R 1 0 ~ ~
~ oy dr/<B?U(r>B?U<r—r'>>+z—th de'(BYY (x = ) B} (7). (€2)

Substituting the expressions for the Davies-Unruh bath operator gives
1 o0 A N A A 1 00 A A A A
MY = [ 8 o0 @ialr = )0l = )+ 3z [ 08 (s = 2000 = Do (@d(e). (C3)

where we use the shorthand notation ¢)(z) = ¢(/s(z)). 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

1 0 A A A N 1 & A A N N
N} =5m | 47 doa(®)dos(z = 7)) (09 ()0;b(z = 7)) + 725 A d7 (do 51 (7 = 7')do (7)) (0 (7 = 7')0;(2)).  (C4)
Now we use the assumption that different spatial directions of the center-of-mass are uncorrelated. This implies that
(0;h(2)0;p(z — 7)) = 0 and leaves us with

1

MY =5 |7 4 s 0atr = ) 00 =) + 5 [ 08 (s = 2)on(e) 0 = )0b(e)). (C5)

Since T is a function of y/a;a’ and thus isotropic, we assume that AB.U is independent of which axis the superposition is
prepared in. In combination with (9 1.43(1) 0:¢(z — 7)) = 0 this allows us to simplify the correlator of the spatial derivatives

OAXIOHX) = 55 0HX)IHX). (co)

After this, APY is

1

ADU —
6n%c?

|7 42 o0t = )00 = ) + s [0 (e = o) 0 - )0(0).
0 cJo

(C7)
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We now write the field and induced polarization in the interaction picture in terms of their spectral decomposition

~ 1 3 n
o(7) :Z/_ da)f(a),z'),

A 1 o A
dose) =5 [ dwwaw)(o.n). (cs)
which yields
1 <) co N N o A ~
APV = W/) d7’ /_oo dw; of|ay(w))*(P(w).7)d(w;,7— 7)) /_00 dw, @3 (Pp(wy, 7)p(ws, 7 — 7))

g ), 9 [ don oflea(on) Pdlor. e~ )ion. ) [ don 0} lan. - )0 5. (©9)

—o0

In the second term we now make the transformation 7 — —7/, which will cause the correlators to change

(P(@.7=7)P(0.7)) = (P(@.7 +7)P(w.7)) = (Y. D)(w. 7~ 7)), (C10)

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 7’; 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

N = s [ 47 [ don (o) P Ddn. 2= ) [ don a3{ion Ao e= ). (C11)

—0o0

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

] &) o0 0 . /
A= Gapera /_m @ /_oo de /_w dwswiad|ag () 2D () D (ay)e=i@r+o7 (C12)

Simplifying further

1 Y
A= s [ doflaw) D" @)D () (€13)
1 [«
Im/ dao> [ty (@) *D* () D (). (C14)

which is our final form of the Davies-Unruh decoherence coefficient. Here D™ (@) and D™ (w) 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

1 0 A A
i =5 ; do'({B{P(z). B[P (z = 7)})
1 0 A A 1 e A A
= —2/ do(B°(2)B[°(r —7')) + —2/ de'(BjP(z — 7)B}"()). (C15)
2h 0 2n 0

Comparing the bath operators BPY(z) and BIP(7) [Egs. (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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a;a;

AP = 2 [ dwotla@)P (1 - 21(0)PD* @)D" (@). (c16)

APPENDIX D: SECOND-ORDER DISPERSION POTENTIAL

Here we compute the second-order contributions to the dispersion potential by substituting the bath operators B’?U (7) and
BT™(z) [Eqgs. (25) and (24)] into Eq. (31).

1. Davies-Unruh dispersion potential
The Davies-Unruh term of the dispersion potential is

co = o [ 4w BP0, B = ). (b1)

As done in the decoherence calculations, we substitute BPU(T) and split the 4-point correlators into 2-point correlators,

pu i

CSJZ) ﬁ dT/<210,st(T)ZZO.St(T )><a qﬁ( ) ¢(T -7 )> _ (T o T— T/) (D2)
(27) 26hc / dr / de / dw'o*w?|ay(@)2e!@ )7 [D* (0)D* (') = D™ () D~ (0] (D3)

N 2;;26th/ d“’/ o/

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

Iao(w) P[D* (@)D" (') = D™ (@) D™ ()], (D4)

2. Time-dilation dispersion potential

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

@ap _ 1 > 5
i =55 | B @) BP(0)) (DS)
= [ 424 () = o)) @ = ) = dal = N @I =) - (2 =7) (D)

ia; aj

(2” 28hc / dr/ da)/ do' | ag(0)n(w) — ag(@)|*e )7 [D* (@)Dt (') — D~ (0) D~ ()] (D7)

= d d
27z 28hc 7)/ a)/ a)

ay(@)n(w) = ag(@)]*[D* (0)D* (@) = D™ (@)D" (a)]. (D8)
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