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When a local quantum system couples to a quantum field in a cosmological spacetime, the time
dependence of the coupling strength is conventionally taken to reflect the design of the local quantum
system but not to depend on the large-scale structure of the Universe. In this paper, we consider a novel
coupling that incorporates additional time dependence that reflects the cosmological expansion, as
motivated by structures that appear in quantum cosmology. We focus on a conformal scalar field in a de
Sitter Friedmann-Lemaître-Robertson-Walker cosmology with flat but compact spatial sections in 3þ 1

dimensions, and a comoving Unruh-DeWitt detector: the novel coupling posits the detector to couple to the
scaled scalar field that appears in the conformally related static spacetime. We survey the differences
between the conventional and novel coupling, for detectors that couple to the full field and detectors that
couple only to specific field modes, and for detectors with proper time internal dynamics and detectors with
conformal time internal dynamics. We also briefly discuss noncompact spatial sections and single-mode
detectors with discontinuous time dependence. We find that the novel coupling tends to enhance the
deexcitation peaks in the detector’s response, particularly for single-mode detectors.
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I. INTRODUCTION

Among the fundamental questions that the generalization
of (Minkowskian) quantum field theory to curved space-
times has brought into light are the concepts of vacuum and
particles. For instance, in curved spacetimes, the number of
particles in a state is observer-dependent [1,2] and the
particle formulation of the theory may lead to ambiguities
that univocally are traced to the separation of the space of
solutions into positive- and negative-frequencies [3]. Some
results and remarks indicate taking the field observables,
such as correlation functions, as more fundamental objects
rather than a description of quantum states in terms of

particles [4]; and, although the notion of a particle is a topic
that has been studied on its own, for instance in Refs. [5,6],
the point of view that we shall adopt is of addressing this
notion to remain purely mathematical until a method of
observation is specified [1,3,7]. Hence, it is common
practice to introduce the (idealized) concept of a particle
detector, defined as a pointlike object modeled as a field that
is characterized by energy levels and is coupled linearly to a
given field via a monopole moment. Although this so-called
Unruh-DeWitt particle detector is an idealized model
distinct from detectors used in high-energy physics (e.g.,
in particle accelerators), the pointlike two-level system
captures conceptual features at a fundamental level [3].
As introduced, for example, by Refs. [1,7], this particle
detector can be roughly seen as a collection of atoms
interacting in a very specific form with a field in a given
spacetime along a particular trajectory. The interaction will
have an associated probability of these atoms being excited
and deexited (intuitively associated with the detector prob-
ing particles), and that can be factorized into a part regarding
the internal structure of the system times (and hence the
probability is directly proportional to) another that solely
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depends on the field and its interaction with the detector,
the response function. We shall focus our attention on the
response function since it is the one with physical signifi-
cance (for a detailed discussion of the conceptual founda-
tions of the Unruh-DeWitt detector, readers are referred to
Refs. [8,9]). These detectors are usually composed of a
switching function, which serves as a window to dictate the
duration of the interaction, an energy gap term, which
depends on the difference between the detector’s energy
levels, and the Wightman function (defined for the case of a
scalar field as h0jϕ̂ðt; x⃗Þ; ϕ̂ðt0; x⃗0Þj0i) pulled back to the
detector’s trajectory. Moreover, it is usual to define the
detector so that it can measure its proper time from which it
will be able to define (if symmetries allow) the correspond-
ing positive- and negative-frequency [3,7].
In an expanding cosmology, an additional consideration

must be addressed, namely, that spacetime is evolving.
Hence, it is reasonable to think that part of the field evolution
could be reassigned to a part corresponding to the evolution
of the background itself, modifying in this manner the usual
notion addressed to the field dynamics. One can trace the
origins of this idea to cosmology, especially in the study of
cosmological perturbations on spacetimes with compact
spatial topology, where time-dependent rescalings of fields
are employed to partially absorb the evolution of the
cosmological background [10–15].
Let us briefly develop the idea and introduce the concept

we refer to as dynamics. For the sake of the example,
consider a scalar field ϕ in a globally hyperbolic, spatially
homogeneous and isotropic spacetime. We begin by
describing the system at time equal t0 by the corresponding
Fourier coefficients and Fourier modes and promote these
coefficients to operators living in Fock space, or Hilbert
space in the case of one particle. Note, however, that if we
choose to describe the system at time t ≠ t0 instead,
different (or not necessarily the same) Fourier coefficients
are obtained. We can choose to work with the same Fock
space as previously and note that both field descriptions are
related by a Bogoliubov transformation. Hence, by choos-
ing the same representation for both descriptions of the
field, this latter transformation is found by solving the
corresponding equations of motion, assuming the initial
conditions of the system are well posed. We can thus
understand this Bogoliubov transformation as dynamics.
Moreover, an important observation is to be made. Indeed,
to simplify the equations of motion, in cosmological
spacetimes it is convenient to introduce what is known
as the conformal field χ, equal (or proportional) to the
scalar field times the scale factor, and even though the
ground states of the two fields correspond to the same
vacuum, their respective dynamics are different. This fact
usually does not pose any concern, since the dynamics of
the two fields are closely related; i.e., by knowing the
solution χ at time equal t0, we also know ϕ at time equal t0.
Nevertheless, it is noteworthy that, in the case of a massless

field, the action of the conformal field can be recast as that
of a field in flat spacetime, thus decoupled from geomet-
rical dynamical contributions. Similarly, in the case of a
massive scalar field, we arrive at the same results for the
kinetic term in the Lagrangian of the conformal field,
alongside acquiring an effective mass that depends on the
scale factor. In fact, one of the primary motivations of
introducing the conformal field is to be able to identify a
canonical kinetic1 term of the theory [17]. Therefore, one
could think of the dynamics of the conformal field,
governed by the corresponding canonical kinetic term, as
the proper dynamics of the field.2

The study of quantum field theory in curved spacetimes,
such as in cosmological backgrounds, covers a wide range
of areas, some of which have in fact been very actively
explored recently. One active direction concerns the char-
acterization and harvesting of entanglement in quantum
fields [19–21], with some works exploring time-dependent
detector couplings as a tool to manage causal separation and
finite-time interactions, e.g., Refs. [22–30]. Another notable
line of work focuses on the unitary evolution of quantum
states in dynamical geometries. In particular, several works
argue that the unitary implementability of field dynamics
provides a criterion for selecting a unique quantum repre-
sentation (up to unitary equivalence) [18,31–33] and argue
that it is important for defining a consistent relationship
between the Schrödinger and Heisenberg pictures in cos-
mological and black-hole settings [34]. These advances
provide a strong motivation for the present work, as both
perspectives—time-dependent couplings and unitary imple-
mentable field dynamics—shed light on different aspects of
quantum field evolution in dynamical backgrounds, and
may prove relevant for preinflationary analyses such as that
presented in Ref. [35].
Therefore, turning back to the context of detectors, and

given the growing interest in this field, it becomes natural
to investigate the effects of introducing a time-dependent
scaling in the detector’s coupling. In previous approaches in
this area, this time dependence has been introduced by hand,
e.g., to model detectors sensitive to the Berry phase rather
than excitation responses [36], to recover the long-inter-
action limit [37,38], or to account for finite-time interactions
motivated by physical considerations such as distinguishing
early- and late-time behavior [39–41]. In contrast, following
our previous discussion, we will consider here a back-
ground-dependent coupling, and in particular, the coupling
to the conformal field, since mathematically it is equivalent
to considering the usual coupling to the field ϕ with a

1We refer to a canonical term X for a scalar field ϕ as the term
defined by 1

2
ðϕ̇2 − ð∂iϕÞ2Þ, where the overdot denotes a time

derivative and ∂i the space derivatives. The canonical scalar field
corresponds then to the choice of a densitized Lagrangian
L ¼ X − VðϕÞ, where VðϕÞ is the potential of the field [16].

2For an argument based on unitary implementable dynamics,
see Ref. [18].
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background-dependent and hence time-dependent scaling in
that coupling. More specifically, we will study the different
characteristics of the particle measuring in de Sitter space-
time resulting from these two fields with distinct dynamics
—one with standard dynamics and the other with proper
dynamics. In this way, we will determine which correspond-
ing detector reading better aligns with our intuitive notion of
a particle. Moreover, our requirement that the time depend-
ence of the detector coupling be in a direct functional form
with respect to the spacetime allows that it can be fully
specified by endowing the detector with the capacity to
perform a direct reading of the background spacetime
without any knowledge in advance of its behavior. In
essence, for a time dependence of the coupling restricted to
come entirely from the dynamical background, we could
think of a detector device able to measure this background
simultaneously and independently, and then engineer or
design a data processing system that incorporates this
information into the final signal by means of a Fourier
convolution. This convolution would have the same effect
as if the original detector’s response function were multi-
plied by the background dependent function of our choice.
In total, the set-up would modify the detector’s outcome in
terms of the background signal without a prior knowledge
of how this background evolves or the use of any externally
prescribed control profile required to emulate its evolution.
Hence, in this sense, through these independent readings of
spacetime, the new detector under consideration will be
capable of absorbing the possible excitations caused by the
background dynamics and be well-adapted to the expand-
ing cosmology in the considered case of de Sitter
spacetime.
To achieve these objectives, we consider two detector

models within a highly symmetric but curved spacetime in
which the quantized field has solutions in terms of known
functions: the de Sitter cosmology [42]. The first detector
model is a conventional one, according to the literature,
serving us as our control group for comparison purposes
and is referred to as the standard detector along the work.
For the second one, we exploit the subtle freedom in the
construction of particle detectors and introduce a back-
ground-dependent scaling in the detector coupling, calling
this the novel detector. Finally, we expose both particle
detectors to different conditions including long duration
intervals, a coupling with respect to a different reparame-
trized time, ideal switches and a modification of the
topology of the spacetime. This allows us to compare their
respective different characteristics and highlight that the
resulting measurements with the novel coupling are closely
related to those in a static spacetime, providing evidence
that the new detector is well suited to the considered
spacetime.
The structure of the paper is as follows.
In Sec. II we develop quantum field theory for a massive

scalar field minimally coupled to a locally de Sitter back-
ground in 3þ 1 dimensions. We work in the spatially flat

Friedmann-Lemaître-Robertson-Walker (FLRW) foliation
and choose the spatial hypersurfaces to have the compact
topology of the three-torus. We choose the Bunch-Davies
vacuum for the ground state of our system [4,43], and we
select a specific scalar field mass value to simplify the
computations, such that the time-dependent modes are
expressible as elementary functions. Moreover, for com-
parison purposes (which is our principal objective in the
present article), we discard the zero mode, which would
need special treatment.
In Sec. III we introduce the Unruh-DeWitt (pointlike)

detectors [8,9], for comoving trajectories in the expand-
ing locally de Sitter metric. We present both the standard
coupling detector and the novel coupling detector. In
Sec. IV we consider a detector that couples to a single
spatial momentummode of the field, and its long interaction
time limit. In Sec. V we consider a modified detector whose
dynamics is defined in terms of conformal time, rather than
cosmological time. In all cases, we find that the detector’s
response exhibits a deexcitation peak, but the location and
sharpness of this peak differ between the detector models.
The detector whose dynamics is defined in terms of
conformal time has a response closest to the Minkowski
space response, as one might have expected. The detector
whose dynamics is defined in terms of cosmological time
shows peaking whose properties reflect both the expanding
spatial volume and the field mode(s) to which the detector
couples.
In Sec. VI we discuss briefly the limit in which the spatial

compactification is removed and the metric reduces to the
spatially flat FLRW chart that covers half of de Sitter space.
We find no deexcitation peaks, just a quadratic growth in the
response at large deexcitation gaps, with the novel coupling
giving a more rapid growth than the standard coupling.
Finally, in Sec. VII we discuss the intuitive notion of the

functionality of particle detectors. We introduce the unit-
switching functions, which consist of a discrete sequence of
intervals where the switching has constant magnitude, with
instantaneous switch-on and switch-off moments for each
interval. This allows us to directly link the Wightman
function to the response function. Interestingly, the corre-
sponding analysis shows, for the case of the novel coupling,
that one is able to obtain a response function directly
proportional to the number of on/off-switches if we choose
suitable unit-switching functions with no mutual interfer-
ence. However, the results for the standard coupling
indicate that for the respective detector this is not possible,
even if a reparametrization of the coupling time is consid-
ered again.
Section VIII gives a summary and the conclusions.

Graphs displaying the numerical results are collected in
Appendix A. Appendix B gives a technical proof of the
deexcitation asymptotics described in Sec. VI.
Wework in units in which c ¼ ℏ ¼ 1, so that the squared

line element has the physical dimension length squared,
time has the physical dimension of length, and frequencies
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and energies have the physical dimension of inverse length.
We use the mostly plus convention for the metric. In
asymptotic formulas, fðxÞ ¼ OðxÞ denotes that fðxÞ=x is
bounded in the limit of interest, fðxÞ ¼ oðxÞ denotes that
fðxÞ=x → 0 in the limit of interest, and fðxÞ ¼ oð1Þ
denotes that fðxÞ → 0 in the limit of interest.

II. SCALAR FIELD IN COMPACTIFIED DE
SITTER SPACETIME

In this section, we consider a massive minimally coupled
scalar field on a (3þ 1)-dimensional spacetime that is
locally de Sitter, but is foliated by spatial sections that are
flat and have the compact topology T3. Adopting a Fock
quantization and selecting a vacuum, we shall take the
opportunity to lay out the notation that will be used
throughout the article.

A. A scalar field in a spatially flat FLRW cosmology

Let us start by considering a general spatially flat FLRW
metric, written as

ds2 ¼ −dt2 þ a2ðtÞðdx2 þ dy2 þ dz2Þ; ð2:1Þ

where the scale factor aðtÞ is positive. We take t and aðtÞ to
have the dimension of length and the spatial coordinates x,
y and z to be dimensionless. Let η be the conformal time
that is related to the cosmological time via

dη
dt

¼ 1

aðtÞ : ð2:2Þ

Note that η is dimensionless. In the coordinates ðη; x; y; zÞ,
the metric reads

ds2 ¼ a2ðηÞð−dη2 þ dx2 þ dy2 þ dz2Þ; ð2:3Þ

denoting aðtðηÞÞ by just aðηÞ for brevity.
The Lagrangian density of a massive minimally coupled

scalar field ϕ is

L ¼ −
1

2
∂
μϕ∂μϕ −

1

2
m2ϕ2; ð2:4Þ

where m ≥ 0 denotes the mass of the field. The equation of
motion (i.e., the Klein-Gordon equation) takes the form

ϕ00 − Δ̂ϕþ 2
a0

a
ϕ0 þ a2m2ϕ ¼ 0; ð2:5Þ

where the prime denotes a derivative with respect to the
conformal time η and Δ̂ ¼ ∂

2
x þ ∂

2
y þ ∂

2
z is the Laplace-

Beltrami operator of the conformal spatial metric dx2þ
dy2 þ dz2. The Klein-Gordon inner product reads

ðϕ1;ϕ2Þ ¼ ia2
Z

dxdydzðϕ�
1∂ηϕ2 − ϕ2∂ηϕ

�
1Þ; ð2:6Þ

where the integral is evaluated on a hypersurface of con-
stant η and the symbol * denotes the complex conjugate.
To solve the equations of motion, it is convenient to

introduce the conformal field χ by

χðη; x⃗Þ ¼ HaðηÞϕðη; x⃗Þ; ð2:7Þ

where x⃗ ¼ ðx; y; zÞ, and the positive constant H of dimen-
sion inverse length has been introduced for later conven-
ience. Then, the equation of motion is simplified to

χ00 − Δ̂χ þ μ2ðtÞχ ¼ 0; ð2:8Þ

where μ2ðtÞ ¼ ða2m2 − a00=aÞ is the effective, time-depen-
dent mass squared of the field χ. In terms of the conformal
field χ, the Klein-Gordon inner product reads

ðχ1; χ2Þχ ¼
i
H2

Z
dxdydzðχ�1∂ηχ2 − χ2∂ηχ

�
1Þ: ð2:9Þ

B. De Sitter scale factor and compactification
of the spatial sections

Let us now specialize to a locally de Sitter spacetime by
choosing

aðtÞ ¼ 1

H
eHt; ð2:10Þ

where −∞ < t < ∞, and the positive constant H is the
Hubble parameter, satisfying

ȧ
a
¼ H ¼ constant: ð2:11Þ

Integrating Eq. (2.2), we find

aðηÞ ¼ −
1

Hη
; η ¼ −e−Ht; ð2:12Þ

where −∞ < η < 0: η → −∞ thus corresponds to the
infinite past at t → −∞, and we have chosen the additive
constant in η so that η ¼ 0 corresponds to the future infinity
at t → ∞. The metric reads

ds2 ¼ 1

H2η2
ð−dη2 þ dx2 þ dy2 þ dz2Þ: ð2:13Þ

The effective mass squared of the conformal field χ takes
the form

μ2ðηÞ ¼
�
m2

H2
− 2

�
1

η2
: ð2:14Þ
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From now on we assume m ≥
ffiffiffi
2

p
H, so that μ2ðηÞ ≥ 0

for all η.
If x, y and z all have the fully infinite range, the spatially

flat de Sitter metric (2.13) covers half of the de Sitter space,
the hypersurfaces of constant η have topology R3 and are
Cauchy hypersurfaces for this half, and η → −∞ is a
coordinate singularity on a null hypersurface [44]. We
shall take each of x, y, and z to be compactified on a circle,
all three of them with the same period, so that the spacetime
is given by Eq. (2.13) with the identification

ðη; x; y; zÞ ∼ ðη; xþ L0; y; zÞ ∼ ðη; x; yþ L0; zÞ
∼ ðη; x; y; zþ L0Þ; ð2:15Þ

where L0 is a dimensionless positive constant. The hyper-
surfaces of constant η now have the compact topology of the
three-torus T3, and these hypersurfaces are Cauchy hyper-
surfaces for the spacetime, which has topology R × T3. The
singularity at η → −∞ is no longer just a coordinate
singularity but an orbifold-type singularity, related to but
distinct from the singularity in Misner space [44].
We emphasize that although the identification (2.15)

makes the spacetime (2.13) distinct from an open subset of
de Sitter, the value of the positive dimensionless parameter
L0 in the identification has no coordinate-independent
meaning. To see this, consider in Eq. (2.13) the coordinate
transformation

ðη̃; ⃗x̃Þ ¼
�
L1

L0

η;
L1

L0

x⃗

�
; ð2:16Þ

where L1 is another positive dimensionless constant: in the
coordinates ðη̃; ⃗x̃Þ, the metric is as in Eq. (2.13) but with
inserted overtildes, and x̃, ỹ and z̃ each have period L1. The
underlying geometric reason for this is that translations in x,
y and z in Eq. (2.13) correspond to null rotation isometries
in the embedding of (3þ 1)-dimensional de Sitter in
(4þ 1)-dimensional Minkowski spacetime [44], and null
rotations do not have a Lorentz-invariant notion of a
magnitude. We could hence set (for example) L0 ¼ 1
without loss of generality. We shall, however, keep L0

general in what follows, because L0 provides a convenient
way to encode the cosmological epoch in which a comoving
detector operates, as we shall see in Secs. III, IV, and V. In
particular, a detector operating in the late universe can be
analyzed as the L0 → ∞ limit by techniques introduced in a
related setting in Ref. [45], as we shall see in Sec. VI.

C. Solution to the Klein-Gordon equation

We solve the Klein-Gordon equation in terms of the
conformal field χ by separation of variables. We seek a
basis of positive Klein-Gordon norm mode functions with
the ansatz

ϕk⃗ðη; x⃗Þ ¼
1

HaðηÞ χ k⃗ðη; x⃗Þ; χk⃗ðη; x⃗Þ ¼
H

L3=2
0

ξkðηÞeik⃗·x⃗;

ð2:17Þ
where

k⃗ ¼ 2π

L0

n⃗; ð2:18Þ

n⃗ ¼ ðn; l; rÞ∈Z3 is an ordered triple of integers,

k ¼
ffiffiffiffiffiffiffiffiffi
k⃗ · k⃗

p
, and the dot indicates the scalar product in

the conformal spatial metric dx2 þ dy2 þ dz2. The time
dependence is carried by the complex-valued functions
ξkðηÞ, for which the Klein-Gordon equation (2.8) reduces to

ξ00k þ ðμ2ðηÞ þ k2Þξk ¼ 0: ð2:19Þ
Note that as the coefficient function μ2ðηÞ þ k2 in Eq. (2.19)
depends on k⃗ only through the scalar wave number k, it is
consistent to assume the functions ξk to be indexed by k.
We require the mode functions χ k⃗ to have positive Klein-

Gordon inner product (2.9), where the integral over x, y
and z now has the range 0 ≤ x ≤ L0, 0 ≤ y ≤ L0 and
0 ≤ z ≤ L0, and to be orthonormal according to

ðχ k⃗; χk⃗0 Þχ ¼ δk⃗k⃗0 ; ð2:20Þ

where δk⃗k⃗0 denotes the Kronecker delta for the three labels
n, l and r, i.e., δnn0δll0δrr0 . This is accomplished by requiring
that ξk satisfy the Wronskian condition

ξ�kξ
0
k − ξkξ

0�
k ¼ −i: ð2:21Þ

The fields ϕ and χ can now be written as mode
expansions in terms of the mode functions and their
complex conjugates. For ϕ, the expansion reads

ϕðη; x⃗Þ ¼ 1

L3=2
0

1

aðηÞ
X
k⃗

ðbk⃗ξkðηÞeik⃗·x⃗ þ b�
k⃗
ξ�kðηÞe−ik⃗·x⃗Þ;

ð2:22Þ
where bk⃗ are complex-valued expansion coefficients and

the sum over k⃗ denotes sums over the labels n, l, and r.

D. Fock quantization of the field

Let us promote in the standard manner the Fourier
coefficients bk⃗ and b�

k⃗
to annihilation and creation oper-

ators, respectively, i.e., b̂k⃗ and b̂†
k⃗
, such that the Hilbert

space of the quantized field is the usual Fock space. Then,
the field operator takes the form

ϕ̂ðη; x⃗Þ ¼ 1

L3=2
0

1

aðηÞ
X
k⃗

ðb̂k⃗ξkðηÞeik⃗·x⃗ þ b̂†
k⃗
ξ�kðηÞe−ik⃗·x⃗Þ;

ð2:23Þ
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where the creation and annihilation operators satisfy the
following canonical commutation relations

½b̂k⃗; b̂†k⃗0 � ¼ δk⃗k⃗0 Î; ½b̂k⃗; b̂k⃗0 � ¼ ½b̂†
k⃗
; b̂†

k⃗0
� ¼ 0; ð2:24Þ

and we have used Î to denote the identity operator.

E. Choice of vacuum

Noticing Eq. (2.19), let us define the time-dependent
effective frequency ωkðηÞ by

ωkðηÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2ðηÞ þ k2

q
: ð2:25Þ

For the modes with k > 0, we have ωkðηÞ → k > 0 as
η → −∞, and a distinguished early time vacuum can be
identified by choosing ξkðηÞ to satisfy the adiabatic criterion

ξkðηÞ⟶
as η→−∞ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ωkðηÞ
p e−i

R
η dη̄ωkðη̄Þ; ð2:26Þ

which satisfies Eq. (2.21), and has at η → −∞ the leading
behavior ξkðηÞ ∼ eikjηj=

ffiffiffiffiffi
2k

p
, reducing to Minkowski-like

oscillations in the conformal time. This state is known as the
Bunch-Davies state [4,43]. The exact solution to Eq. (2.19)
with this asymptotic form is

ξkðηÞ ¼
ffiffiffiffiffiffiffiffi
jηjπ
4

r
Hð1Þ

ν ðkjηjÞ; with ν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9

4
−
m2

H2

r
; ð2:27Þ

where Hð1Þ
ν is the Hankel function of the first kind [46].

The mode with k ¼ 0, i.e., n ¼ l ¼ r ¼ 0, is qualitatively
different, since ω0ðηÞ → 0 as η → −∞, and the adiabatic
criterion (2.26) cannot be imposed. This mode is known as a
massive zero mode, and it needs a special treatment [47,48].
The massive zero mode is, however, not of interest for the
present paper, as discussed in the Introduction, and from now
on we will just omit it from the field.
For concreteness, we make from now on a further

simplification by setting m ¼ ffiffiffi
2

p
H, which means that the

field equation is identical to that of a massless conformally
coupled field. ξkðηÞ, given in Eq. (2.27) is then expressible in
terms of elementary functions as

ξkðηÞ ¼ −i
ffiffiffiffiffi
1

2k

r
eikjηj: ð2:28Þ

F. Wightman function

We can write the Wightman function of the field ϕ as

Wϕðη; x⃗; η0; x⃗0Þ ¼ Wϕ
0 ðη; η0Þ þWϕ

oscðη; x⃗; η0; x⃗0Þ; ð2:29Þ

where Wϕ
0 ðη; η0Þ denotes the Wightman function for the

zero mode, and Wϕ
oscðη; x⃗; η0; x⃗0Þ is the Wightman function

of the rest of the modes, on which we focus our attention.

Recalling thatWϕðη; x⃗; η0; x⃗0Þ ¼ h0jϕ̂ðη; x⃗Þ; ϕ̂ðη0; x⃗0Þj0i, we
find

Wϕ
oscðη; x⃗; η0; x⃗0Þ ¼ 1

L3
0aðηÞaðη0Þ

X0

k⃗

ξkðηÞξ�kðη0Þeik⃗·ðx⃗−x⃗
0Þ;

ð2:30Þ

where the prime on the sum denotes that k⃗ ¼ 0⃗ is omitted
from the sum. Substituting the expressions for aðηÞ, ξkðηÞ
and k⃗, we obtain

Wϕ
oscðη; x⃗;η0; x⃗0Þ ¼H2ηη0

2L3
0

X0

k⃗

1

k
eikðjηj−jη0jÞeik⃗·ðx⃗−x⃗0Þ: ð2:31Þ

As a consistency check, we note that the expression
(2.31) is invariant under the coordinate transformation
(2.16) and the concomitant rescaling L0 → L1, recalling
that kL0 ¼ 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ l2 þ r2

p
¼ k̃L1 under this transforma-

tion. In what follows, we shall use this invariance to encode
the time dependence of the detector’s response in L0.

III. UNRUH-DEWITT POINTLIKE DETECTOR

In this section, we investigate an Unruh-DeWitt detector
coupled to the massive scalar field [8,9]. This detector is a
spatially pointlike two-level system, moving on the pre-
scribed timelike worldline xðT Þ ¼ ðtðT Þ; x⃗ðT ÞÞ, with T
being the detector’s proper time, and x⃗ referring to the three-
dimensional spatial coordinates. The detector’s Hilbert space
HD is spanned by the orthonormal states fj0iD; jEiDg,
which satisfy ĤDj0iD ¼ 0 and ĤDjEiD ¼ EjEiD, where ĤD
is the detector’s Hamiltonian operator and E is a real-valued
constant. For E > 0, the state j0iD is the detector’s ground
state and jEiD is the excited state; for E < 0, the roles of
j0iD and jEiD are reversed. We may refer to E as the
detector’s energy gap. In the special case E ¼ 0, both states
have zero energy.
Let Hϕ be the Fock space of the scalar field ϕ. The

Hilbert space of the detector-field system isHD ⊗ Hϕ. The
Hamiltonian operator of the total system is Ĥ ¼ ĤD þ
Ĥϕ þ Ĥint, where Ĥϕ is the Hamiltonian arising from
Eq. (2.4) by a Legendre transform and Ĥint denotes the
interaction Hamiltonian operator between the detector and
the field.

A. Standard coupling

We begin our study by reproducing the well-known
results for a coupling of the form

Ĥint ¼ ϵΘðT Þμ̂ðT Þ ⊗
X0

k⃗

ϕ̂k⃗ðxðT ÞÞ; ð3:1Þ

where we recall that the prime on the sum denotes that
k⃗ ¼ 0⃗ is not included, and where ϵ is a real-valued coupling
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constant, assumed to be small, such that the Dyson
expansion of the time-evolution operator of the detector-
field system states can be identified as a valid approxi-
mation to the first order. ΘðT Þ denotes a real-valued
switching function which specifies when the detector (and
thus the interaction) is turned on and off, and μ̂ðT Þ is the
detector (field) operator, which is considered to be a
monopole moment such that it interacts at one particular
point at a time along the worldline trajectory. Hence, the
evolution of this monopole moment operator in the
interaction picture is given by

μ̂ðT Þ ¼ eiT ĤD μ̂ðT 0Þe−iT ĤD: ð3:2Þ
We assume that before the interaction begins, the

detector is prepared in the state j0iD and the field is
prepared in the Bunch-Davies vacuum described above. In
first-order perturbation theory, the probability to find the
detector in the state jEiD after the interaction has ceased,
regardless of the final state of the field, is [1,2,49,50]

PðEÞ ¼ ϵ2jDhEjμ̂ðT 0Þj0iDj2Fϕ
oscðEÞ; ð3:3Þ

where Fϕ
oscðEÞ is the detector’s response function, given by

Fϕ
oscðEÞ ¼

Z
dT dT 0ΘðT ÞΘðT 0Þe−iEðT −T 0Þ

×WoscðT ;T 0Þ; ð3:4Þ

and WoscðT ;T 0Þ denotes the pullback of the field’s
Wightman function in the Bunch-Davies state to the detec-
tor’s trajectory xðT Þ, with the k⃗ ¼ 0⃗ contribution omitted.
We shall consider detector’s trajectories that are comov-

ing with the cosmological expansion, i.e., xðT Þ ¼ ðT ; 0⃗Þ,
where the detector’s proper time T is equal to the
cosmological time t, and the spatial position can be chosen
to be at x⃗ ¼ 0⃗ without loss of generality by the spatial
homogeneity of the spacetime and of the Bunch-Davies
state. We choose the switching function to be

ΘðtÞ ¼
(
cos4

�
πðt−tmidÞ

2Δ

�
if jt − tmidj ≤ Δ;

0 otherwise;
ð3:5Þ

where the positive parameter Δ is half the interaction
duration, and the parameter tmid denotes the cosmological
time at the midpoint of the interaction interval. This switch-
ing function is a close approximation to a Gaussian over its
duration [51], and it is smooth everywhere except at the
switch-on and switch-off moments, where it is C3.
The response function Fϕ

oscðEÞ is now obtained by
substituting the oscillator mode Wightman function (2.31),
the detector’s trajectory, and the switching function (3.5)
into the response function formula (3.4). Fϕ

oscðEÞ depends
a priori on five parameters. These are the Hubble parameter

H and the detector’s energy gap E, which have dimension
inverse length, the interaction duration parameter Δ and the
interaction interval midpoint tmid, which have dimension
length, and the spatial compactification parameterL0, which
is dimensionless. Fϕ

oscðEÞ itself is dimensionless, as a
consequence of the switching function (3.5) being dimen-
sionless. By dimensional analysis, it follows that Fϕ

oscðEÞ
can depend on the five parameters only through four
dimensionless combinations, for which we can choose
E=H, which is the energy gap in units of the Hubble
parameter, HΔ, which is half the interaction duration in
units of the inverse Hubble parameter, Htmid, which is the
cosmological time at the interaction interval midpoint in
units of the inverse Hubble parameter, and the spatial
compactification parameter L0. This is however still an
overcounting, because L0 does not have a coordinate-
invariant meaning, as discussed in Sec. II B: the dependence
on Htmid and L0 enters only through the combination
L0eHtmid , which is the cube root of the spatial volume at
the interaction interval midpoint, and is thus a coordinate-
invariant quantity. We may therefore remove the redun-
dancy in the parametrization by setting tmid ¼ 0, which
gives L0 a geometric meaning as the cube root of the spatial
volume at the interaction interval midpoint. In particular,
large values of L0 then mean that the detector operates in the
late universe, and small values of L0 mean that the detector
operates in the early universe.
In this notation, we find

Fϕ
oscðEÞ

¼ 1

2L3
0

X0

k⃗

1

k

����
Z

Δ

−Δ
dtHcos4

�
πt
2Δ

�
e−tðHþiEÞeik expð−HtÞ

����2

¼ 1

2L3
0

X0

k⃗

1

k

����
Z

HΔ

−HΔ
dτcos4

�
πτ

2HΔ

�
e−τð1þiE=HÞeik expð−τÞ

����2;
ð3:6Þ

where the last equality comes by introducing the new
dimensionless proper time integration variable τ ¼ Ht.
From the last expression in Eq. (3.6) it is plain that the
independent parameters in Fϕ

oscðEÞ are E=H, HΔ and L0,
of which L0 enters both via the overall factor L−3

0 and via

the dependence of k⃗ on L0 given by Eq. (2.18).
We note that the sum over k⃗ in Eq. (3.6) converges

because the summand is bounded at large k by a constant
times k−11: as the exponent in this falloff is more negative
than −3, convergence follows by comparison with the
three-dimensional integral over k⃗. To verify the large k
falloff of the summand, consider the integral over τ inside
the modulus squared in Eq. (3.6), and integrate by parts
repeatedly, integrating the factor e−τeik expð−τÞ [52]. In the
first four integrations by parts, the substitution terms
vanish, because the cos4 factor and its first three derivatives
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vanish at the upper and lower limits. The fifth integration
by parts creates substitution terms proportional to k−5, and
the remaining integral has a large k asymptotic expansion
that proceeds in higher negative integer powers of k [52].
Combining, the summand is at large k bounded by a
constant times k−1ðk−5Þ2 ¼ k−11.

B. Novel coupling

Let us now introduce our alternative proposal for the
detector coupling in an expanding cosmology. As dis-
cussed in the Introduction, this novel detector is intended
to take into account a contribution of the background
evolution to the standard field dynamics, such that the
particles that are being probed correspond to the ones with
proper dynamics. In other words, we aim to design a
detector that can absorb excitations due to the background
dynamics, addressing the corresponding readings to par-
ticles with dynamics sourced from the field’s own evolu-
tion. Thus, we can leverage a subtle freedom in the design
of particle detectors and introduce a time-dependent
scaling to the coupling. Moreover, in order to consider
the setup as feasible as possible, we shall require, as stated
in the Introduction, that the information recompiled by the
detector comes uniquely from measuring spacetime quan-
tities, such as metric functions.
Motivated by the massless case, where the conformal

field χ action is equivalent to that of a field in flat spacetime
decoupled from dynamical contributions of the geometry,
we could think of the massive conformal field dynamics as
being minimally or weakly influenced by the background
dynamics, since the kinetic term of its Lagrangian (from
which the differential part of the equations of motion is
derived) is left unaffected, i.e., remains as in the Minkowski
case.3 Therefore, we shall consider for the new detector a
coupling to the conformal field instead, which mathemati-
cally is equivalent to choosing the scale factor aðtÞ as the
time-dependent scaling.
For the above reasons, we consider the novel interaction

Hamiltonian Ĥχ
int, given by rescaling the conventional

interaction Hamiltonian Ĥint (3.1) by

Ĥχ
int ¼ ðL0HaÞĤint ¼ ϵL0ΘðT Þμ̂ðT Þ ⊗

X0

k⃗

χ̂ k⃗ðxðT ÞÞ;

ð3:7Þ

where the constant L0 has been included in order to maintain
invariance under the coordinate transformation (2.16). Using
Eq. (2.12), and following the steps in Sec. III A, we find that

the response function for a detector on a comoving trajectory
is given by

F χ
oscðEÞ

¼ 1

2L0

X0

k⃗

1

k

����
Z

HΔ

−HΔ
dτcos4

�
πτ

2HΔ

�
e−iτE=Heik expð−τÞ

����2:
ð3:8Þ

As with the conventional coupling response (3.6), it is plain
from Eq. (3.8) that the independent parameters in F χ

oscðEÞ
are E=H,HΔ, and L0. L0 again has a geometric meaning as
the cube root of the spatial volume at the interaction interval
midpoint. Convergence of the sum over k⃗ in Eq. (3.8) can be
verified as for the sum in Eq. (3.6).

C. Numerical results

Figures 2–5 in Appendix A show numerical plots for
Fϕ

oscðEÞ and F χ
oscðEÞ from Eqs. (3.6) and (3.8).

First, we note that while the sum over k⃗ is convergent, a
large k cutoff needs to be introduced in the numerical
evaluation. Figures 2 and 3 give evidence that within the
parameter range used in the plots, a low cutoff value for jnj,
jlj and jrj suffices for visually accurate figures. Figures 4
and 5 show plots of Fϕ

oscðEÞ and F χ
oscðEÞ as a function of

the dimensionless gap E=H for fixed HΔ ¼ 3.5, for
selected values of L0, with the cutoff values stated in
the captions. The plots show clearly that excitations are
suppressed compared with deexcitations, which was to be
expected. They also indicate that the deexcitation proba-
bility has a peak at a characteristic L0-dependent negative
value of E=H, and as L0 increases, the location of the peak
approaches zero and the peaking becomes sharper.
Recalling the interpretation of L0 in terms of the age of
the universe, this means that the deexcitation peaking is
sharper and closer to zero gap for a detector operating in the
late universe. Comparing Figs. 4 and 5, we see that the
novel coupling detector exhibits a stronger peaking than
the standard coupling detector.

IV. SINGLE-MODE DETECTOR

In this section, we consider versions of the standard-
coupling and novel-coupling detectors that couple to exactly
one of the modes of the field, with the finite-duration
switching (3.5) and with its infinite-duration limit Δ → ∞.

A. Finite interaction duration

Consider a detector defined as above but assumed to
couple to exactly one spatial mode of the field, with k⃗ ¼
k⃗0 ¼ 2πðn0; l0; r0Þ=L0. Truncating the sums in Eqs. (3.6)
and (3.8) to one mode, we see that the single-mode
response functions are given by

3In fact, this motivation is reinforced by Ref. [18] where the
conformal field dynamics is discussed and proven to be unitarily
implementable. Sticking to that definition of unitarity, we would
be able to isolate in the detection the unitarily implementable part
of the time evolution of the scalar field for a spacetime with
constant but nonvanishing four-dimensional curvature.
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Fϕ
k0
ðEÞ

¼ 1

2L3
0k0

����
Z

HΔ

−HΔ
dτ cos4

�
πτ

2HΔ

�
e−τð1þiE=HÞeik0 expð−τÞ

����2;
ð4:1aÞ

F χ
k0
ðEÞ ¼ 1

2L0k0

����
Z

HΔ

−HΔ
dτ cos4

�
πτ

2HΔ

�
e−iτE=Heik0 expð−τÞ

����2;
ð4:1bÞ

where k0 ¼ jk⃗0j ¼ 2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n20 þ l20 þ r20

p
=L0.

Figures 6 and 7 show plots of Fϕ
k0
ðEÞ and F χ

k0
ðEÞ as a

function of the dimensionless gap E=H for the lowest
momentum mode, k0 ¼ 2π=L0, for fixed HΔ ¼ 3.5, with
L0 ¼ 0.5 and L0 ¼ 1.5. The qualitative features are similar
to those seen for Fϕ

oscðEÞ and F χ
oscðEÞ in Figs. 4 and 5,

including the deexcitation peak at negative E=H, and the
dependence of the locus and shape of this peak on L0. For
Fϕ

k0
ðEÞ and F χ

k0
ðEÞ, we can however gain more analytic

understanding of these features, as we shall now discuss.
First, Fϕ

k0
ðEÞ and F χ

k0
ðEÞ both have the falloff OðE−10Þ

as E → �∞. This follows by repeated integration by parts
in the integrals over τ in Eq. (4.1), integrating the factor

e−iτE=H, and noting that the cos4 factor and its first three
derivatives vanish at the end points of the integration [52].
Second, consider the location of the deexcitation peak. In

the integrals over τ in Eq. (4.1), the phase of the integrand is
−ðE=HÞτ þ k0e−τ, and for jτj≲ 1 this can be approximated
by −ððE=HÞ þ k0Þτ up to an additive constant. This
suggests that when HΔ is not much larger than order
unity, the integral is largest when the phase is approx-
imately constant over jτj≲ 1, that is, for E=H ≈ −k0. For
the values used in Figs. 6 and 7, this gives the respective
estimates E=H ≈ −12 for Fig. 6 and E=H ≈ −4 for Fig. 7.
The plots show that this estimate is fairly accurate for
F χ

k0
ðEÞ with the parameters in Fig. 7, and less accurate but

correct within the order of magnitude in the other cases.

B. Infinite interaction duration

We now consider the single-mode response functions
Fϕ

k0
ðEÞ and F χ

k0
ðEÞ given by Eq. (4.1) in the limit of long

interaction duration, Δ → ∞.
Consider first the novel coupling response function

F χ
k0
ðEÞ (4.1b). In the Δ → ∞ limit, the integral over τ

under the modulus squared becomes

Z
∞

−∞
dτe−iðE=HÞτ exp ðik0e−τÞ ¼

Z
∞

0

dρ
ρ
ρiE=Heik0ρ ¼ e−

1
2
πE=He−iðE=HÞ ln k0

Z
∞

0

dσ
σ
σiE=He−σ

¼ e−
1
2
πE=He−iðE=HÞ ln k0Γ

�
iE
H

�
; ð4:2Þ

where the first equality comes by the substitution ρ ¼ e−τ,
the second equality comes by deforming the integration
contour to ρ ¼ iσ=k0, and the third equality follows by the
integral representation of Euler’s gamma-function Γ [46].
Taking the modulus squared and using the identity
jΓðiyÞj2 ¼ π=½y sinhðπyÞ�, valid for y∈Rnf0g [46], we
find

F χ
k0;∞ðEÞ ¼ lim

Δ→∞
F χ

k0
ðEÞ ¼ π

k0L0

H
E

1

e2πE=H − 1
: ð4:3Þ

For the conventional coupling response function Fϕ
k0
ðEÞ

(4.1a), proceeding similarly and using the identity Γðxþ1Þ¼
xΓðxÞ [46] gives

Fϕ
k0;∞ðEÞ ¼ lim

Δ→∞
Fϕ

k0
ðEÞ ¼ π

k0L3
0

E
H

1

e2πE=H − 1
: ð4:4Þ

Plots of F χ
k0;∞ðEÞ and Fϕ

k0;∞ðEÞ are shown in Fig. 8.
F χ

k0;∞ðEÞ and Fϕ
k0;∞ðEÞ are both thermal, in the temper-

ature

TdS ¼ H
2π

; ð4:5Þ

in the sense that they satisfy the detailed balance condition
[53,54]

F ð−EÞ ¼ eE=TdSF ðEÞ: ð4:6Þ

Here, TdS (4.5) is the Gibbons-Hawking temperature that
characterizes inertial observers’ response to the Bunch-
Davies state in full de Sitter spacetime [43,55]. F χ

k0;∞ðEÞ
and Fϕ

k0;∞ðEÞ however differ in their detailed functional

form. Fϕ
k0;∞ðEÞ has the Planckian profile that arises for an

inertial detector coupled to a full massless field in the Bunch-
Davies vacuum in full four-dimensional de Sitter spacetime
[55], and also in the Unruh effect in four-dimensional
Minkowski spacetime [7,8], whereas F χ

k0;∞ðEÞ has a
Planckian profile that arises in the Unruh effect in two
spacetime dimensions [7]. The differences between the two
show up especially at large negative E, where Fϕ

k0;∞ðEÞ
diverges linearly in E while F χ

k0;∞ðEÞ falls off as 1=E, and
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near E ¼ 0, where Fϕ
k0;∞ðEÞ remains regular but F χ

k0;∞ðEÞ
diverges as 1=E2.
Note also that when k0

!¼ 2πðn0; l0; r0Þ=L0 and the triple
ðn0; l0; r0Þ is fixed, F χ

k0;∞ðEÞ is independent of L0, which
means that the response is the same in the early universe
and in the late universe, whereas Fϕ

k0;∞ðEÞ is proportional
to 1=L2

0, meaning that the response has a smaller overall
magnitude in the late universe.

V. DETECTOR WITH CONFORMAL TIME
MICROPHYSICS

The results obtained above for the standard and novel
couplings in Eqs. (3.1) and (3.7) show that the time
dependence plays a fundamental role in the two cases,
even for the comoving detectors that we are considering.
One may then wonder whether the results depend drasti-
cally on the time chosen to describe the detector evolution.
In an effort to understand different characteristics of the
detectors, we shall now analyse a different parametrization
of the time. We shall study the conformal time, a natural
alternative that can be found in the literature, for example in
Refs. [36,56,57].

A. Conformal time microphysics

We take the static Hamiltonian ĤD to determine the
evolution in conformal time η, i.e.,

ĤDjΨiD ¼ i
d
dη

jΨiD ¼ iaðtÞ d
dt

jΨiD: ð5:1Þ

This amounts to rescaling the static Hamiltonian by the
inverse of the scale factor. The evolution of the monopole
moment operator in conformal time then reads

μ̂ðηÞ ¼ eiĤDðη−η0Þμ̂ðη0Þe−iĤDðη−η0Þ: ð5:2Þ
We take the total system to be initially prepared in the state
j0iD ⊗ j0iϕ, and we adapt the analysis of Sec. III to the
evolution in the conformal time. We consider both the
conventional coupling, similar to that in Eq. (3.1), and the
novel coupling similar to that in Eq. (3.7). After the
interaction has ceased, the detector’s probability to have
made a transition is a multiple of the response function,
which is now given by

FϕðEÞ ¼
Z

dηdη0ΘðηÞΘðη0Þe−iEðη−η0ÞWðη; η0Þ; ð5:3aÞ

F χðEÞ ¼ L2
0

Z
dηdη0ΘðηÞΘðη0Þe−iEðη−η0Þðηη0Þ−1Wðη; η0Þ;

ð5:3bÞ
where the superscript ϕ refers to the conventional cou-
pling and the superscript χ refers to the novel coupling.

Wðη; η0Þ is the pullback of the field’s Wightman function to
the detector’s comoving trajectory, and the switching
function Θ is now a function of the conformal time.
For the switching function, we take

ΘðηÞ ¼
(
cos4

�
πðη−ηmidÞ

2Δ

�
if jη − ηmidj ≤ Δ;

0 otherwise:
ð5:4Þ

To compare with the results of Sec. IV, we consider a
coupling to exactly one spatial mode of the field, with
k⃗¼ k⃗0¼2πðn0;l0;r0Þ=L0≠ ð0;0;0Þ. We write k0 ¼ jk⃗0j ¼
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n20 þ l20 þ r20

p
=L0 > 0.

B. Novel coupling

For the novel coupling, substituting the single-mode
contribution to Eq. (2.31) in Eq. (5.3b) gives

F χ
k0
ðEÞ¼ H2

2k0L0

����
Z

ηmidþΔ

ηmid−Δ
dηcos4

�
πðη−ηmidÞ

2Δ

�
e−iðEþk0Þη

����2

¼ H2

2k0L0

����
Z

Δ

−Δ
dσcos4

�
πσ

2Δ

�
e−iðEþk0Þσ

����2; ð5:5Þ

where the last expression has come by the change of
variables η ¼ σ þ ηmid. Note that ηmid has dropped out of
Eq. (5.5), and while k0 and L0 only appear in the
combination k0L0 in the prefactor, k0 appears alone in
the exponent. This means that the detector model invokes
knowledge beyond the metric in the sense that it knows
about the value of the compactification parameter L0.
We wish to consider in Eq. (5.5) the long interaction

duration limit,Δ → ∞.While ηmid has dropped out of the last
expression in Eq. (5.5), we recall that η < 0 by construction,
so the limit must be understood so that ηmid → −∞ as
Δ → ∞ in a way that keeps ηmid þ Δ negative. We also note
that because the single-mode contribution to ðηη0Þ−1Wðη; η0Þ
depends on η and η0 only through the difference η − η0, the
coupled system is effectively stationary, andF χ

k0
ðEÞ grows at

large Δ proportionally to the total interaction time Δ. We
therefore consider the transition probability per unit time,
or transition rate, given by

Ḟ χ
k0;ΔðEÞ ¼

H2

2k0L0

1

2Δ

����
Z

Δ

−Δ
dσcos4

�
πσ

2Δ

�
e−iðEþk0Þσ

����2

¼ 9π8H2Δ
4k0L0

RðΔðEþ k0ÞÞ; ð5:6Þ

where

RðxÞ ¼ sin2 x
x2ðx2 − π2Þ2ðx2 − 4π2Þ2 ; ð5:7Þ

and Eq. (5.7) is understood in the limiting sense at the
zeroes of the denominator. Note that R is smooth and it has
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the falloff RðxÞ ¼ Oðx−10Þ as x → �∞. For any smooth
and rapidly decreasing test function ϒ, we therefore have

Δ
Z

∞

−∞
dyRðΔyÞϒðyÞ ¼

Z
∞

−∞
dxRðxÞϒðx=ΔÞ

⟶
Δ→∞

ϒð0Þ
Z

∞

−∞
dxRðxÞ

¼ 35

288π7
ϒð0Þ; ð5:8Þ

using dominated convergence to take the limit under the
integral. In the limit of long interaction duration, Δ → ∞,
Eq. (5.6) hence gives

Ḟ χ
k0;∞ðEÞ ¼ lim

Δ→∞
Ḟ χ

k0;ΔðEÞ ¼
35πH2

128k0L0

δðEþ k0Þ: ð5:9Þ

The transition rate is a Dirac delta peak for a deexcitation at
the frequency of the mode to which the detector cou-
ples, E ¼ −k0.
We conclude that the conformal time microphysics single-

mode detector, with the novel coupling to the field, reacts
very similarly to a single-mode detector in Minkowski
spacetime where the spatial sections have been compactified
to a torus. In the latter case, the response function of a static
detector reads

Fϕ
M ðEÞ ¼ 1

2L3
0

X
k⃗

����
Z

tmidþΔ

tmid−Δ

dtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm24

p cos4
�
πðt − tmidÞ

2Δ

�

× e−iEte−it
ffiffiffiffiffiffiffiffiffiffi
k2þm2

p ����2; ð5:10Þ

where k⃗ ¼ 2πn⃗=L0, n⃗ ¼ ðn; l; rÞ∈Z3, k ¼
ffiffiffiffiffiffiffiffiffi
k⃗ · k⃗

p
, and

m > 0 is the mass of the scalar field. For a detector coupled
to only one mode, with k ¼ k0 > 0, proceeding as in
Eqs. (5.5)–(5.9) gives the long interaction time transition rate

Ḟϕ
M ;∞ðEÞ ¼

35π

128
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20þm2

p
L3
0

δ

�
Eþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20þm2

q �
; ð5:11Þ

with a Dirac delta deexcitation peak at the energy of the
mode to which the detector couples, E ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 þm2

p
.

Physically, this similarity indicates that the novel detec-
tor is closely adapted to the expanding background.4

C. Standard coupling

For the standard coupling, starting from Eq. (5.3a) and
proceeding as above gives the response function

Fϕ
k0
ðEÞ ¼ H2

2k0L3
0

����
Z

Δ

−Δ
dσcos4

�
πσ

2Δ

�
ðσ þ ηmidÞe−iðEþk0Þσ

����2;
ð5:12Þ

where we recall that ηmid þ Δ < 0. Since ηmid appears in
Eq. (5.12), the response is not stationary. The notion of a
long interaction duration is hence subtle, especially as this
limit must have ηmid → −∞ when Δ → ∞ so that ηmid þ Δ
stays negative.
As an example, we consider the long time limit in which

ηmid ¼ −Δ and Δ → ∞. This means that the detector is
turned off in the asymptotic future, η → 0−, quartically in η.
From Eq. (5.12) we obtain

1

Δ3
Fϕ

k0
ðEÞ ¼ H2Δ

k0L3
0

SðΔðEþ k0ÞÞ; ð5:13Þ

where S is an elementary function, expressible in terms of
rational and trigonometric functions. From the explicit
formula for S, which we do not reproduce here, it can be
verified that S is smooth, it has the falloff SðxÞ ¼ Oðx−10Þ as
x → �∞, and

R∞
−∞ dxSðxÞ ¼ 35ð96π2 − 205Þ=ð4608πÞ. It

follows, as in Eq. (5.9), that

1

Δ3
Fϕ

k0
ðEÞ⟶

Δ→∞

35ð96π2 − 205Þ
4608π

H2

k0L3
0

δðEþ k0Þ: ð5:14Þ

The factor δðEþ k0Þ on the right-hand side of Eq. (5.14)
is, as expected, showing a Dirac delta peak for a deexci-
tation at the frequency of the mode to which the detector
couples. The factor Δ−3 on the left-hand side of Eq. (5.14)
shows, however, that the detector’s transition probability
diverges proportionally to Δ3 as Δ → ∞, and the transition
rate diverges proportionally to Δ2.
We conclude that the conformal time microphysics

single-mode detector, with the standard coupling to the
field, is more divergent in the long-time limit than the
detector with the novel coupling to the field, giving both a
diverging deexcitation probability and a diverging deexci-
tation rate.
In Sec. VII we shall introduce an idealized switching

function that will shed light on the differences between the
standard coupling and the novel coupling for the conformal
time microphysics single-mode detector.

VI. R3 SPATIAL TOPOLOGY

In the previous sections, we have addressed a scalar field
in locally de Sitter spacetime with compactified spatial
sections. Several of the characteristics observed in the
detector’s response are related to the finite spatial volume.
In this section, we consider R3 spatial sections, for both the
standard coupling (3.1) and the novel coupling (3.7).

4Taking the definition of unitary implementable dynamics
presented in Ref. [18] one could ask to what extent this
preservation of the form of the response function, and thus of
the detector’s information, is related to a preservation of coher-
ence.
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A. Wightman function

WithR3 spatial topology, our metric (2.13) covers half of
de Sitter spacetime, as discussed in Sec. II B. The Bunch-
Davies state that results from the adiabatic criterion (2.26)
is defined on all of de Sitter spacetime: it is alternatively
known as the Euclidean vacuum or the Chernikov-Tagirov
vacuum, and it is invariant under all continuous isometries
of de Sitter spacetime [4,42,43,58]. As our choice of the
field mass, m ¼ H

ffiffiffi
2

p
, makes the field equivalent to a

massless conformal field, the Wightman function in the
Bunch-Davies state is given by [1,43]

Wϕ
dSðη; x⃗; η0; x⃗0Þ ¼ −

H2

4π2
ηη0

ðη − η0 − iεÞ2 − jx⃗ − x⃗0j2 ; ð6:1Þ

where the distributional limit ϵ → 0þ is understood.
As a consistency check, we note thatWϕ

dS in Eq. (6.1) can
be obtained as the L0 → ∞ limit of Wϕ

oscðη; x⃗; η0; x⃗0Þ, given
in Eq. (2.31). Interpreting Eq. (2.31) as a Riemann sum,
with the cell volume ð2π=L0Þ3, we have

Wϕ
oscðη; x⃗; η0; x⃗0Þ ¼ H2ηη0

16π3

�
2π

L0

�
3X0

k⃗

1

k
eikðjηj−jη0jÞeik⃗·ðx⃗−x⃗0Þ

⟶
L0→∞

H2ηη0

16π3

Z
d3k⃗
k

eikðjηj−jη0jÞeik⃗·ðx⃗−x⃗0Þ

¼ Wϕ
dSðη; x⃗; η0; x⃗0Þ; ð6:2Þ

where the last step can be verified as in Minkowski
spacetime, by inserting the convergence factor e−ϵk and
performing the elementary integrals, and finally recalling
that η and η0 are negative. Note that the limit in Eq. (6.2)
comes solely from the finite-L0 oscillator modes, with no
contribution from the corresponding zero mode.
We emphasize that Wϕ

dS is invariant under all continuous
isometries of de Sitter spacetime, despite this not being
transparent from expression (6.1) in the spatially flat
foliation. In particular, given a timelike geodesic, Wϕ

dS is
invariant under time translations in the static coordinate
patch centred on this geodesic, and hence invariant under
time translations along the geodesic. We shall use this
property in our analysis.

B. Standard coupling

Consider a detector with the standard coupling, given by
the L0 → ∞ limit of Eq. (3.1).
The pull-back ofWϕ

dS in Eq. (6.1) to the inertial trajectoryðt; x; y; zÞ ¼ ðt; 0; 0; 0Þ reads, using Eq. (2.12),

Wϕ
dSðt; t0Þ ¼ −

H2

16π2
1

sinh2
�
1
2
Hðt − t0 − iϵÞ

� ; ð6:3Þ

in which the stationarity is apparent because the depend-
ence on t and t0 is only through the combination t − t0. The

Fourier transform of Eq. (6.3) in t − t0 is

Ŵϕ
dSðEÞ ¼

Z
∞

−∞
dte−iEtWϕ

dSðt; 0Þ

¼ 1

2π

E

e2πE=H − 1
: ð6:4Þ

The response of an inertial detector in the long-time limit
therefore follows the Planckian spectrum in the de Sitter
temperature TdS ¼ H=ð2πÞ [1,43,55].
For the finite time detector with the switching profile Θ

(3.5), we now have

Fϕ
dSðEÞ ¼

Z
dtdt0ΘðtÞΘðt0ÞWϕ

dSðt; t0Þ: ð6:5Þ

Using the convolution theorem, this can be written as [37]

Fϕ
dSðEÞ ¼

1

2π

Z
∞

−∞
dωjΘ̂ðωÞj2Ŵϕ

dSðωþ EÞ; ð6:6Þ

where [40]

Θ̂ðωÞ ¼ 3 sinðΔωÞ
ω
�
1 −

�
Δω
π

�
2
��

4 −
�
Δω
π

�
2
� ; ð6:7Þ

and we have set tmid ¼ 0 without loss of generality, by the
time translation invariance. From Eqs. (6.4)–(6.7), we obtain

Fϕ
dSðEÞ ¼

9

4π2

Z
∞

−∞
dz

zþ 2πE=H

ezþ2πE=H − 1

×
sin2

�
ΔH
2π z

�
z2
�
1 −

�
ΔH
2π2

z
�
2
�
2
�
4 −

�
ΔH
2π2

z
�
2
�
2
; ð6:8Þ

changing variables by ω ¼ Hz=ð2πÞ. Note that z is
dimensionless.

C. Novel coupling

Consider then a detector with the novel coupling. For
finite L0, this coupling is given by Eq. (3.7). In the L0 → ∞
limit, we define the novel coupling by including the time-
dependent factor HaðtÞ ¼ eHt that appears in Eq. (3.7).
From Eq. (6.5), we then have the novel response function

F χ
dSðEÞ ¼

Z
dtdt0eHtΘðtÞeHt0Θðt0Þe−iEðt−t0ÞWϕ

dSðt; t0Þ:

ð6:9Þ
The effect of the novel coupling is hence to replace the
switching function Θ (3.5) by the new switching function
ΘðτÞ ¼ ΘðτÞeHτ. Proceeding as in Eqs. (6.5)–(6.8), we find

F χ
dSðEÞ ¼

1

2π

Z
∞

−∞
dωjΘ̂ðωÞj2Ŵϕ

dSðωþ EÞ; ð6:10Þ
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where

Θ̂ðωÞ ¼ 3 sinhðΔðH − iωÞÞ
ðH − iωÞ

�
1þ Δ2

π2
ðH − iωÞ2

��
4þ Δ2

π2
ðH − iωÞ2

� : ð6:11Þ

We have again set tmid ¼ 0 without loss of generality: the value of tmid affects only the overall constant in the response, and
as the spatial volume is now infinite, this overall constant has no geometric significance, and it can be absorbed into the
coupling constant in the definition of the novel coupling.
From Eqs. (6.10) and (6.11), we now have

F χ
dSðEÞ ¼

9

4π2

Z
∞

−∞
dz

zþ 2πE=H

ezþ2πE=H − 1

sinh2ðΔHÞ þ sin2
�
ΔH
2π z

�
4π2 þ z2

×
1��

Δ2H2

π2

�
z2

4π2
þ 1

�
− 1

�
2 þ 4Δ2H2

π2

���
Δ2H2

π2

�
z2

4π2
þ 1

�
− 4

�
2 þ 16Δ2H2

π2

� ; ð6:12Þ

changing variables by ω ¼ Hz=ð2πÞ. Note that z is again
dimensionless.

D. Numerical results

Figures 9–12 in Appendix A show numerical plots for
Fϕ

dS (6.8) and F χ
dS (6.12), as a function of the dimension-

less gap E=H and the dimensionless interaction duration
ΔH. The plots suggest that both Fϕ

dS and F χ
dS increase

linearly at large negative E=H: we verify this increase
analytically in Appendix B, and we show that the increase
is faster for F χ

dS. There is no evidence of deexcitation
resonances similar to those that arose for finite L0 in
Secs. III and IV.

VII. DISCRETE SWITCHES AND THE INTUITIVE
NOTION OF A PARTICLE DETECTOR

As noticed in the previous sections, some of the effects
that are being observed in the comparison between the two
detector models are related to the intrinsic differences
between their respective Wightman functions. The objec-
tive of the present section is to explore in further detail the
effects of the different couplings on their respective
response functions. We start by revisiting the intuitive
notion underlying the operation of a particle detector. The
two-level system, when its trajectory is fixed and while it is
switched on, is expected to beep when the system is (de)
excited. Ideally, we want to avoid introducing any external
input to the system when turning on and off the interactions
[59–61]. With this aim, when permitted, e.g., by the
spacetime dimensions, instantaneous switching functions
are commonly employed [48,62]. In a similar vein, we are
motivated to consider instantaneous switching functions,
placed equidistantly but nevertheless arbitrarily apart, while
restricting our analysis to a single-mode coupling, thereby

preventing divergences in the response functions. Hence, we
obtain as straight as possible a relation of both Wightman
functions to the respective (de)excitation probabilities of
the detector. It is important to mention, however, that the
resulting response functions, instead of being interpreted by
themselves, are intended to exploit their differences and
thus to be contrasted with one another. A complementary
approach, with switching functions that consist of Dirac
delta peaks, has been considered in Ref. [63].

A. Discrete unit-switching functions

Let us consider the following instantaneous switching
functions with a unit area. We introduce what we term the
unit-switching functions, denoted by Θτj, to refer to
rectangular (or Heaviside Pi, or gate) functions with a
height equal to 1=Δ, a width equal to Δ and with midpoint
τj, as shown in Fig. 1. We shall study detector switching
functions that are given by the N-sum of such unit-
switching functions, i.e., ΘðτÞ ¼ P

N
j¼0 ΘτjðτÞ.

It is clear from Fig. 1 that if we let Δ run sufficiently
small, the switching function ΘðτÞ becomes an N-sum over
τj and each summand plays the role of a Dirac delta peaked
at the corresponding value of τj.
For the novel coupling, the fact that we are only

considering a finite sum lets us then write the following
response functions, for a single-mode characterized by k0:

F χ
oscðEÞ ¼ 1

2k0L0

����XN
j¼0

e−i
E
Hτjeik0 exp ð−τjÞ

����2: ð7:1Þ

Let us consider the unit-switching functions to be equi-
distant. Specifically, τj ¼ −j lnM − lnð2π=k0Þ, where
M∈Zþnf1g is arbitrary. Then, it is clear that the second
exponential in Eq. (7.1) is equal to one. Hence, we obtain
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F χ
oscðEÞ ¼ 1

2k0L0

����
�
2π

k0

�
iEH XN

j¼0

ðMjÞiEH
����2

¼ 1

2k0L0

����XN
j¼0

ðMjÞiEH
����2; for M ¼ 2; 3; 4; � � �

ð7:2Þ

We can compute the sum in Eq. (7.2) as that of a geometric
series, getting ð1 −MiðNþ1ÞE=HÞ=ð1 −MiE=HÞ. Taking its
square modulus, writing the resulting expression as expo-
nentials and using the identity 1 − cos x ¼ 2 sin2ðx=2Þ, we
obtain

F χ
oscðEÞ ¼ 1

2k0L0

���� sin ððN þ 1Þ E
2H lnMÞ

sin ð E
2H lnMÞ

����2

¼ 1

2k0L0

U2
N

�
cos

�
E
2H

lnM

�	
; ð7:3Þ

where UN ½cos θ� ¼ sinððN þ 1ÞθÞ= sin θ is the Nth
Chebyshev polynomial of the second kind. From the first
equality, we can see that, by considering values of energy
gaps sufficiently small, such that overall ðN þ 1ÞE lnM=
ð2HÞ remains small, the response function is approximately
N þ 1, the number of on/off-switches, as expected for a
detector probing particles. Furthermore, in the second equal-
ity, we note that the Chebyshev polynomial has a (cyclic)
extremum in the interval ½−1; 1� and, at it, UN ½1� ¼ N þ 1.
More generally, the obtained response function contains the

interference of a sum of phases inside of a square modulus.
We can select an energy gap E ¼ 4πHp= lnM, for any
p∈Z, for which the unit-switching functions have no
interference with one another. For these particular cases,
the response function does not depend on the choice of the
position of the unit-switches, but only on the number of on/
off-switches, in accord with the underlying intuitive concept
of a detector. Similar considerations to those above apply to
the other extremum of UN at −1.
Repeating the above analysis for the standard coupling,

we find

Fϕ
osc ¼ 2π2

k30L
3
0

����XN
j¼0

ðMjÞ1þiEH

����2; for M ¼ 2; 3; 4; � � � ð7:4Þ

Then, we conclude that

Fϕ
osc ¼ 2π2

k30L
3
0

ð1 −MNþ1Þ2 þ 4MNþ1sin2
�

E
2H lnM

�
U2

N

h
cos

�
E
2H lnM

�i
ð1 −MÞ2 þ 4Msin2

�
E
2H lnM

� : ð7:5Þ

Note that the response function for the standard coupling
has a different dependence on the mode k0 and is indepen-
dent of the compactification parameter L0, given that the
product k0L0 is fixed by the labels n0, l0 and r0. Moreover
and more importantly, considering again that there is no
interference between the unit-switching functions, i.e.,
choosing again an energy gap E ¼ 4πHp= lnM, we obtain
a response function proportional to ð1 −MNþ1Þ2=ð1 −MÞ2.
Thus, the response function depends explicitly on the choice
of the constant M, namely the instant from which we
arrange the unit-switches, even when no interference
between the unit-switching functions is contemplated.
These types of detectors help us observe significant

differences between the conventional and novel cou-
plings. Furthermore, we can actually adopt a concept
of unitary evolution as the one introduced in Ref. [18].
Then, a possible interpretation of these observed
differences could be attributed to the unitarity, or the
lack thereof, of the specific dynamics under investigation.

In this sense, it becomes apparent that, while the
standard coupling is adapted to a dynamical evolution
influenced by the nonstationary background, the novel
coupling is adapted to a field dynamics in which the
notion of a particle seems to persist during the detection
interval. Moreover, we would like to emphasize that the
time dependence of the novel coupling comes entirely
from its background dependence. Thus, a priori, no
knowledge of the evolution is needed other than the
information that can be measured directly from the
background.
By an analogous analysis, we obtain similar results when

considering a detector governed by an evolution in con-
formal time. For the novel coupling, with unit-switching
functions centred equidistantly at ηj ¼ j2π=k0, we find

F χ
oscðEÞ ¼ H2

2k0L0

����XN
j¼0

exp

�
−i

2πE
k0

j

�����2: ð7:6Þ

FIG. 1. Unit-switching functions, defined as rectangular func-
tions of unit area centered at times τj.
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Evaluating the sum in Eq. (7.6) as a geometric series gives

F χ
oscðEÞ ¼ H2

2k0L0

U2
N

�
cos

�
πE
k0

�	
: ð7:7Þ

Just as in the case of a particle detector coupled in cosmological time, we can choose an energy gap E ¼ 2pk0, for p∈Z,
such that there is no interference between the unit-switching functions. The response function is thus proportional to N þ 1,
the number of on/off-switches.
For the standard coupling, we find

Fϕ
oscðEÞ ¼ 2π2H2

k30L
3
0

����XN
j¼0

j exp

�
−i

2πE
k0

j

�����2: ð7:8Þ

Let us denote the sum in Eq. (7.8) by SNþ1, and write b ¼ 2πE=k0. Note that

SNþ1 − e−ibSNþ1 ¼ −1 − Ne−ibðNþ1Þ þ
XN
j¼0

e−ibj: ð7:9Þ

Therefore, we obtain

Fϕ
oscðEÞ ¼ 2π2H2

k30L
3
0

���� ð1 − e−ibðNþ1ÞÞ þ ðNe−ibðNþ1Þ þ 1Þðe−ib − 1Þ
ðe−ib − 1Þ2

����2: ð7:10Þ

Computing the square modulus and simplifying, we get

Fϕ
oscðEÞ ¼ π2H2

k30L
3
0

1þ N þ N2 − Nð1þ NÞ cos b − ð1þ NÞ cosðbNÞ þ N cos ðbð1þ NÞÞ
4 sin4ðb

2
Þ : ð7:11Þ

Interestingly, the limit of Eq. (7.11) for energy gaps that
represent no interference between the unit-switching func-
tions (E ¼ 2pk0, for p∈Z) is equal to N2ðN þ 1Þ2=4
(times the proportionality constant of the front) for the case
p ¼ 0 (implying E ¼ 0), and is indeterminate for any other
integer value of p. Hence, we see that none of these cases
possesses the relation with the number of on/off-switches
expected for a sequence of accumulated detections of
particles.

VIII. CONCLUSIONS

In the analysis of particle detectors within the framework
of first-order perturbation theory, it is interesting to explore
the existing freedom to use various switching functions,
different numbers of energy gaps, alternative parametriza-
tions of the detector time evolution, vary the physical size
of the detector or consider distinct trajectories. Among all
the possibilities allowed by this freedom, an intriguing one
is to allow a background-dependent coupling of the
detector with the field in a nonstationary spacetime. This
enables us to investigate, as in the present context of
expanding cosmologies, different field dynamics. Indeed,
through a background-dependent (and thus time-depen-
dent) scaling in the coupling, a detector is able to disregard
dynamical excitations that are only due to the background

variation and then present a response function specially
adapted to scalar field dynamics disentangled from the
background.
The particle detectors considered in this paper (referred

to as standard and novel) display inherited differences in
their outcomes from one another. Numerical results suggest
that the novel coupling presents a more concentrated
response function around approximately the field mode
momentum in contrast with the standard one, which is
observed to be more dispersed. Furthermore, the analysis of
both detectors (coupled to one mode only), evolving in
cosmological and conformal time for long intervals of
interaction, exhibits for the standard case a complete
spreading of the signal response function (or a divergent
transition rate for the case considered in Sec. V B), growing
unboundedly for large negative energy gaps, while the
novel coupling is capable of preserving the peak form in its
response function and transition amplitude. It is worth
mentioning that the latter is a phenomenon that is not only
present in the studied scenario, but also occurs when
considering the transition rate of a detector in (compact)
Minkowski spacetime. Surprisingly, we have determined
that the existence of a resonance is a characteristic feature
of the de Sitter background with compact spatial sections,
compared to the noncompact de Sitter case where no
resonance is found, and a linear growth for large negative
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energy gaps is proven by an asymptotic analysis. Lastly,
by introducing a sequence of gate switching functions
with an area equal to the unity and equidistant from each
other, we have demonstrated that, with a single operative
mode, there exists a direct relation between the response
functions and their respective Wightman functions.
Interestingly, by choosing these switching functions to
be essentially instantaneous and with no mutual interfer-
ence, we obtain that the response function with the novel
coupling is proportional to the number of on/off-switches,
as one would intuitively expect for a cumulative series of
detections. On the contrary, in the standard case, even with
the same choice of switching functions, no similar relation
is obtained regardless of the specific time associated with
the energy levels of the detector (i.e., cosmological or
conformal time). Indeed, the response function, in this
case, depends on the choice of the separation of the basic
switching functions of unit area, a fact that lets us think
that the background spacetime, or strictly speaking its
evolution, is interfering with the readings on the detector,
even for static trajectories.
The analysis and results presented in this paper open a

window to discuss to what extent decoherence plays a role
in the standard detector signal. In this sense, the novel
detector is well-adapted to probe the part of the field
dynamics that is unitarily implementable, according to the
notion of unitarity studied in Ref. [18]. Moreover, this
work paves the way to explore detectors with similar
background-dependent couplings in more general cosmo-
logical scenarios, such as the Bianchi I and the Kantowski-
Sachs spacetime, which are homogeneous but anisotropic.
Certainly, both spacetimes have significant physical rel-
evance and can ultimately provide substantial intuition in
quantum theories of gravity, such as the case of loop
quantum cosmology. Indeed, Bianchi I cosmologies are
related to singularity resolution and big bounce-related
issues (see, e.g., Refs. [64–66]). On the other hand, the
interior geometry of a nonrotating black hole has a
description as a Kantowski-Sachs spacetime [67–70].
Demanding the invariance of the vacuum under the spatial
symmetries and the adoption of dynamics that are unitarily
implementable in the aforementioned sense,5 it has been
proven that one can in fact select a unique family of
unitary equivalent Fock representations, both in Bianchi I
[73] and Kantowski-Sachs [74,75]. One can use the same
strategy in these cases and reassign part of the field
dynamics to the background. In this regard, an appealing
possibility would be to extend our analysis of background-
dependent couplings to these scenarios and, in particular,
analyse couplings adapted to the specific notion of particle
associated with a recent proposal of nonoscillating vacuum

with asymptotically diagonal Hamiltonian dynamics, com-
paring the results with others corresponding to better
studied black hole vacua [49].
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APPENDIX A: NUMERICAL RESULTS

This appendix collects numerical plots of the response
functions studied in the main text. To avoid cluttering, the
graphs indicate all response functions by the symbol F,
while the captions specify which response function is
plotted.

FIG. 2. Standard coupling response function Fϕ
oscðEÞ (3.6) for

E=H ¼ −3, L0 ¼ 0.5 and HΔ ¼ 3.5, with the sum over k⃗
truncated as explained in the main text. The quantity on the
horizontal axis is the maximum value of jnj, jlj, and jrj included
in the sum.

5These conditions were put forward in Ref. [71] for isotropic
cosmologies, and in Refs. [15,72] for more general ultrastatic
spacetimes.
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FIG. 3. As in Fig. 2 but for the novel coupling response
function F χ

oscðEÞ (3.8).

FIG. 5. As in Fig. 4 but for the novel coupling response
function F χ

oscðEÞ (3.8). The numerical evaluation truncates jnj, jlj
and jrj at 20.

FIG. 7. As in Fig. 6 but with L0 ¼ 1.5.

FIG. 8. Long-time limits (4.3) and (4.4) of the single-mode novel
coupling and standard coupling response functions as a function of
the dimensionless gap E=H, for k0 ¼ 2π=L0 and L0 ¼ 1.

FIG. 4. Standard coupling response function Fϕ
oscðEÞ (3.6) as a

function of the dimensionless gap E=H, for HΔ ¼ 3.5 and
selected values of L0. The numerical evaluation truncates jnj,
jlj and jrj at 11.

FIG. 6. Single-mode standard coupling response function
Fϕ

k0
ðEÞ (4.1a) and single-mode novel coupling response function

F χ
k0
ðEÞ (4.1b) as a function of the dimensionless gap E=H, for

HΔ ¼ 3.5, k0 ¼ 2π=L0, and L0 ¼ 0.5.
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APPENDIX B: Fϕ
dS AND F χ

dS AT LARGE
NEGATIVE E=H

In this appendix we verify that Fϕ
dS (6.8) and F χ

dS (6.12)
have linear growth at large negative E=H.
We write Fϕ

dS and F χ
dS as

F i
dSðEÞ ¼

9

4π2
Gið2πE=HÞ; ðB1aÞ

GiðαÞ ¼
Z

∞

−∞
dzgðzþ αÞhiðzÞ; ðB1bÞ

gðuÞ ¼ u
eu − 1

; ðB1cÞ

where i∈ fϕ; χg, and the expressions for hiðzÞ may be
read off from Eqs. (6.8) and (6.12). g and hi are smooth,
g and hχ are positive, hϕ is non-negative, and hi are even
with hiðzÞ ¼ Oðz−10Þ as z → �∞. The large negative

(E=H)-behavior of F i
dSðEÞ is hence determined by the

large negative α-behavior of GiðαÞ.
Suppressing for the moment the index i, we break the

integration domain in Eq. (B1b) into ð−∞;−α� and
½−α;∞Þ and decompose G as

GðαÞ ¼ G1ðαÞ þG2ðαÞ þ G3ðαÞ; ðB2aÞ

G1ðαÞ ¼ −
Z

−α

−∞
dzðzþ αÞhðzÞ; ðB2bÞ

G2ðαÞ ¼
Z

−α

−∞
dzgð−z − αÞhðzÞ; ðB2cÞ

G3ðαÞ ¼
Z

∞

−α
dzgðzþ αÞhðzÞ; ðB2dÞ

where G1 and G2 arise from ð−∞;−α� using the identity
gðuÞ ¼ −uþ gð−uÞ, and G3 corresponds to ½−α;∞Þ.

FIG. 10. As in Fig. 9 but from a different perspective.

FIG. 11. As in Fig. 9 but for the novel coupling response
function F χ

dS (6.12). FIG. 12. As in Fig. 11 but from a different perspective.

FIG. 9. Standard coupling response function Fϕ
dS (6.8) in full

de Sitter spacetime, as a function of the dimensionless gap E=H
and the dimensionless interaction duration ΔH.
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ForG1, we haveG1ðαÞ¼−
R
∞
−∞dzzhðzÞ−α

R
∞
−∞dzhðzÞþR

∞
−αdzzhðzÞþα

R
∞
−αdzhðzÞ¼−α

R
∞
−∞dzhðzÞþOðα−8Þ as

α → −∞, where the first integral vanishes since zhðzÞ is
odd, and we have used theOðz−10Þ falloff of hðzÞ to estimate
the last two integrals.
To estimate G2, we note that by the smoothness and

falloff of h there exist positive constants M1 and M2 such
that 0 ≤ hðzÞ ≤ M1 for all z and 0 ≤ hðzÞ ≤ M2=z10 for
z ≥ 1. We also note the inequality 0 < gðuÞ ≤ ð1þ uÞe−u
for u ≥ 0. When α < −2, we hence have

0 < G2ðαÞ ≤
Z

−α

−∞
dzð1 − z − αÞezþαhðzÞ

¼
Z

−α=2

−∞
dzð1 − z − αÞezþαhðzÞ

þ
Z

−α

−α=2
dzð1 − z − αÞezþαhðzÞ

≤ M1

Z
−α=2

−∞
dzð1 − z − αÞezþα

þM2

Z
−α

−α=2
dz

1 − z − α

z10
ezþα: ðB3Þ

The integral multiplying M1 evaluates to ð2 − 1
2
αÞeα=2,

which isOðαeα=2Þ as α → −∞. For the integral multiplying
M2, elementary estimates give the bound ð1 − 1

2
αÞð2=αÞ10,

which is Oðα−9Þ as α → −∞. Hence G2ðαÞ ¼ Oðα−9Þ
as α → −∞.
For G3, since 0 < gðuÞ ≤ 1 for u ≥ 0, we have 0 <

G3ðαÞ ≤
R
∞
−α dzhðzÞ ¼ Oðα−9Þ as α → −∞, where the last

equality comes from the Oðz−10Þ falloff of hðzÞ.
Collecting everything, we have GðαÞ¼−α

R∞
−∞dzhðzÞþ

Oðα−8Þ as α → −∞.
From Eq. (B1a) we then have, restoring the index i,

F i
dSðEÞ ¼ −

9E
2πH

Z
∞

−∞
dzhiðzÞ þOðE−8Þ; ðB4Þ

as E=H → −∞. We do not include the elementary
expressions for

R∞
−∞ dzhiðzÞ, but it may be proved thatR

∞
−∞ dzhχðzÞ >

R
∞
−∞ dzhϕðzÞ. This shows that the novel

coupling deexcitation response grows at large negative
E=H faster than the standard coupling deexcitation
response, for all ΔH.
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