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Abstract

We investigate the harvesting of entanglement in de Sitter spacetime between two identical
comoving Unruh–DeWitt detectors. The detectors interact locally with a complex scalar
field after they are initially unentangled, creating an effective coupling. We examine
massless minimally linked fields as well as conformally invariant fields, which behave
differently in curved spacetime. We calculate negativity as a measure of entanglement and
derive the reduced density matrix by tracing out field degrees of freedom. By contrasting
both complex fields with the genuine scalar example, we discover that nonlinear couplings
and complex fields improve entanglement robustness, enabling it to last over a larger
parameter range, underscoring the significance of field structure.

Keywords: entanglement harvesting; Unruh–DeWitt detector; negativity

1. Introduction
Quantum entanglement is even more counterintuitive than normal quantum mechani-

cal processes. Quantum entanglement is substantiated by robust experimental findings,
including the violation of Bell inequalities, which classical theories predicated on local
hidden variables fail to elucidate [1–3]. One of the things that makes entangled states
different is that you cannot describe the Hilbert space that goes with them as a product
of the pure states of subsystems, like [4,5] and the references within found. Quantum
entanglement plays a crucial role in quantum physics and has been utilized in various
modern applications, including the creation of advanced quantum teleportation devices
and secure communication systems employing quantum cryptography [6–8].

Recent advancements have generated considerable interest in investigating quantum
entanglement within the framework of relativistic quantum field theory [9–18]. A primary
methodology entails the modelling of localized quantum systems interacting with quantum
fields through particle detector frameworks. These studies focus on essential phenomena
including entanglement dynamics, entanglement harvesting, and radiation emitted from
entangled relativistic systems. Entanglement harvesting specifically offers a method to
retrieve quantum correlations from the vacuum utilizing initially uncorrelated detectors.
The Unruh–DeWitt detector model, initially created to study Unruh radiation and sub-
sequently utilized for Hawking radiation, functions as a conventional instrument in this
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domain. In this study, we examine the circumstances that lead to the entanglement of such
detectors through their interaction with a quantum field. Prior research demonstrates that
the creation of detector entanglement is highly contingent on variables such as detector
trajectories, spacetime geometry, environmental influences like thermal noise, and external
disturbances including gravitational waves.

A significant amount of research has investigated entanglement harvesting through
Unruh–DeWitt detectors interacting perturbatively with quantum fields, encompassing
both inertial configurations in flat spacetime and non-inertial paths in curved back-
grounds [19–30]. These studies encompass analyses of initially correlated detectors and
examinations of non-perturbative effects. Comprehending these phenomena within an
inflationary framework is particularly significant, as early-universe entanglement may
influence cosmological observables, including correlation functions and the cosmic mi-
crowave background. As a result, entanglement in de Sitter spacetime has garnered
considerable interest.

In this study, we examine entanglement harvesting between two identical, initially un-
entangled two-level detectors within cosmological de Sitter spacetime. The detectors follow
paths that are both moving and coincident, and they interact with a complex scalar field.
We examine both conformally coupled massless fields. Using leading-order perturbation
theory, we make the reduced density matrix and find the logarithmic negativity to measure
the harvested entanglement. We also look at how it depends on system parameters.

Throughout this work, we employ natural units h̄ = c = 1.

2. The Basic Setup
We now examine a complex scalar field (ϕ) connected to two Unruh–DeWitt detectors.

For this composite system, the simplest interaction Hamiltonian is as follows:

HI(τj) = g∑j χ
(
τj
)
m
(
τj
)
ϕ+(x(τj))ϕ(x(τj)); j = A, B (1)

where g is a dimensionless coupling constant, χ
(
τj
)

is the switching function, and m
(
τj
)

is
the monopole moment operator of detector ‘j’ and x(τj

)
denotes its worldline parametrized

by the proper time ‘τj’. Here ‘j’ runs for both detectors, labelled as A and B. The quadratic
coupling ϕ+ϕ is adopted because the field under consideration is a complex scalar field.
This interaction is invariant under the global U(1) transformation ϕ→ ei∝ϕ, in contrast to
a linear coupling to ϕ.

In the Heisenberg picture, we explicitly expand the monopole moment of the detectors
as a function of the appropriate time as

m
(
τj
)
=eiωjτj

∣∣∣ej><gj

∣∣∣+e−iωjτj|gj><ej

∣∣∣; (2)

|gj > and |ej > in the above expression stand respectively for the ground and excited
levels of the detectors. The oscillatory factors appearing in the detector response functions,
shown in Equations (11) and (12), originate from the time dependence of the monopole
operators in the interaction picture.

For simplicity, we imagine both detectors to be identical so that ωj = ω and χj = χ.
And the switching function, as the Gaussian function, is defined as

χ
(
τj
)
= e−τ2

j /2σ2
. (3)

The Gaussian switching function is chosen to model a smooth finite-time interaction
between the detectors and the field. The parameter σ characterizes the duration of the in-
teraction, while the overall interaction strength is controlled by the dimensionless coupling
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constant (g) appearing in Equation (1). The switching function is not normalized and is
introduced solely to provide a smooth switching profile for the detector–field interaction.

We assume that both the field and detectors are in their ground state initially, so that
their initial state is given as

|in >=|0 gA gB >. (4)

Being a perfect product state, it represents an unentanglement initially. The time
evolution of this initial state in the interaction picture is given by

|out > = U |in > = T e−i
∫

dτjHI(τj)|in >, (5)

where ‘T’ stands for time ordering. Using the perturbative expansion, we can rewrite U as

U = I + U(1) + U(2) + . . . (6)

where
U(1) = −i

∫ ∞

−∞
dτjHI(t(τj)), (7)

U(2) = −
∫ ∞

−∞
dτi

∫ ∞

−∞
dτj

′HI(t(τi))HI(t′(τj
′)). (8)

The density matrix of the initial state after time evolution is

ρ = |out><out| = ρ(0) + ρ(1) + ρ(2) + O(g3). . . (9)

where ρ(n) denotes the contribution of order gn. Throughout this work, we work in the
weak coupling regime (g << 1), for which the leading nontrivial detector correlations arise
at order g2. Consequently, terms of order O(g3) and higher are neglected.

The reduced density matrix of the detectors is obtained by tracing over the field
degrees of freedom,

ρAB = Trϕ(ρ)

Since the vacuum expectation value of the normal-ordered interaction vanishes, the
leading nontrivial contribution arises at the second order. Using Wick’s theorem, the field
correlator appearing in the trace is (iW(x,x′))2, where (iW(x,x′)) is the positive-frequency
Wightman function of the complex scalar field.

The density matrix of two Unruh–DeWitt detectors is

ρAB =


1−XAA−XBB 0 0 M*

AB
0 XAA XAB 0
0 XAB XBB 0

MAB 0 0 0

. (10)

in the basis |gA gB >, |gA eB >, |eA gB > and |eA eB >, where the matrix elements
read as

XIJ =
∫

dτI

∫
dτJ

′ χ(τI)χ(τJ
′) e−i ω(τI−τJ

′) (i W(xI,xJ
′))2, (I, J = A, B) (11)

MAB = −
∫

dτA

∫
dτB χ(τA)χ(τB) ei ω(τA+τB)(i W(xA,xB))

2 (12)

Here XAA and XBB correspond to the local excitations, XAB characterizes detector–
detector correlations induced by the field, and MAB is the coherence term responsible for
entanglement harvesting. In particular, for identical detectors, entanglement is harvested
when the nonlocal coherence MAB dominates over the local excitation probability X.
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ρAB =


1−2X 0 0 M*

0 X XAB 0
0 XAB X 0

M 0 0 0

. (13)

To evaluate the matrix elements XIJ and MAB, we require the Wightman function of a
conformally coupled massless complex scalar field in de Sitter spacetime. We work in the
spatially flat de Sitter metric

ds2 = −dτ2 + e2Hτ(dx2 + dy2 + dz2)

where H is the Hubble parameter and τ denotes the proper time of the comoving observers.
The two detectors follow comoving trajectories

xA(τ) = (τ, xA), xB(τ) = (τ, xB),

with fixed comoving separation r =|xA − xB|.
For the conformal vacuum state, the positive-frequency Wightman function is

iW
(
xA,xB

′) =
H2

4 π2 (4 sinh2(
H
2

((τ1 − τ2) − iϵ)) + eH(τ1+τ2)r2)
−1

, (14)

where ϵ > 0 implements the standard positive-frequency ‘iϵ’ prescription and regulates the
coincidence singularity of the Wightman function. The principal branch associated with
this prescription is assumed throughout. In all calculations, the limit ϵ → 0+ is understood
after regularization.

The quadratic detector–field interaction leads to the appearance of the squared Wight-
man function (iW)2 in Equations (11) and (12). Although the Wightman function exhibits
the usual short-distance singularity, the Gaussian switching function suppresses ultravio-
let contributions and ensures that the detector response functions remain finite and well
behaved. The regularized expressions employed in the numerical analysis follow Ref. [31].

3. Negativity of ρAB

3.1. Negativity

For mixed states, entanglement negativity is a good measure to quantify the entangle-
ment of bipartite states [4,5,31,32]. It is defined as

N(ρAB) = ∑n
i |λi|,

where λi are the negative eigenvalues of ρTA
AB, where ρTA

AB is the partial transposed density
matrix of ρAB with respect to the subspace of A.

To quantify the harvested entanglement, we compute the negativity of the detector
density matrix. The partial transpose of Equation (13) is given by

ρTA
AB =


1−2X 0 0 XAB

0 X M 0
0 M* X 0

XAB 0 0 0

. (15)

The eigenvalues of Equation (13) are given by

λ1,2 =
1
2

(
1−2X ±

√
(1−2X)2 + 4XAB

2
)

, λ3,4 = X ± |M|
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The eigenvalues λ1, λ2, and λ3 are non-negative, while λ4 = X − |M| becomes
negative whenever

|M| ≥ X, (16)

According to the Peres–Horodecki positive partial transpose (PPT) criterion, a two-
qubit state is entangled if and only if its partial transpose has at least one negative eigen-
value. Hence, the condition (|M| > X) determines the parameter regime in which entangle-
ment harvesting occurs [30,31].

The negativity is defined as the absolute sum of the negative eigenvalues of ρTA
AB. Since

λ4 is the only eigenvalue that can be negative, we obtain

N = max{0,|M|− X}. (17)

In the entangled region ((|M| > X)), Equation (17) reduces to

N = |M|− X

Since the eigenvalues depend only on the modulus (|M|), the above expression
remains valid even when (M) is complex. Consequently, a positive value of (N) indicates
that two initially separable detectors become entangled through their interaction with the
quantum field. For two-qubit systems, the PPT criterion is both necessary and sufficient
for entanglement, and therefore the negativity provides a complete characterization of
entanglement in the present setup.

The local excitation probability X represents detector noise, whereas M characterizes
nonlocal field-mediated correlations. Since N = max{0,|M|− X}, entanglement harvesting
occurs only when the nonlocal contribution exceeds the local noise contribution, even for
super-horizon detector separations.

3.2. Transition Integrals

On substituting Equation (14) into Equations (2), (11) and (12), we obtain

XIJ =
∫

dτI

∫
dτJ

′ e−(τ2
I +τ′2

J )/2σ2
e−i ω(τI−τJ

′) (i W(xI,xJ
′))2, (I, J = A, B) (18)

MAB = −
∫

dτA

∫
dτB e−(τ2

A+τ′2
B)/2σ2

ei ω(τA+τ′
B) (i W(xA,xB))

2. (19)

Evaluating further, we obtain the reformulated integrals as

X =
H2 g2 h2 e−ω2σ2

96 π3

∫ ∞

0
dk e−k2

k3
cosh

kπ
h

sinh
kπ
h

(1 − 2hωσ

π
). (20)

M = − H2 g2

64 π3/2

∫ ∞

−∞
dx e−x2+2iωσx

∫ ∞

0
dk e−k2

k3
sin(

2klna
h

)cosh
2kπ

h
(

h
lna

+ 2ik)

b(1 + b2h2)(1 − e
2πk

h )

(21)

where h = Hσ, b = ehxr/2σ and a = bh +
√

b2h2 + 1. The multidimensional integrals in
Equations (20) and (21) contain oscillatory exponential factors and are evaluated in the
asymptotic parameter regime specified below. In this regime, the dominant contributions
arise from the vicinity of the stationary points of the phase, allowing the use of the saddle-
point (steepest-descent) approximation. Furthermore, the Gaussian switching function
introduces exponential damping factors that suppress contributions from large integra-
tion variables, thereby improving the convergence properties of the integrals. Following
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Ref. [32], the asymptotic evaluation is performed using saddle-point techniques, and for
brevity we refer the reader to Appendix A and Appendix B of Ref. [32] for the detailed
derivation.

The analysis is conveniently expressed in terms of the dimensionless parameters ωσ,
h = Hσ, and r/(2σ). The parameter ωσ compares the detector energy gap ω with the
inverse interaction duration σ−1, and therefore measures the relative time scales of detector
dynamics and switching. The parameter (h = Hσ) compares the interaction duration with
the de Sitter expansion time scale H−1. Finally, r/(2σ) compares the detector separation
with the interaction scale set by the switching function. Values r/(2σ) > 1 correspond
to detectors separated by more than the effective interaction length associated with the
switching duration. Throughout this work, we focus on the regime

ωσ ≫ 1,
π

h
≫ 1, and

r
2σ

> 1 (22)

corresponding respectively to well-resolved detector transitions, interaction times much
shorter than the cosmological expansion time scale, and spacelike separated detectors.

We calculated the entanglement negativity using Equation (17) after evaluating
Equations (20) and (21) numerically. Figure 1 displays the behaviour of the same fac-
tors with respect to the dimensionless parameters ‘r/2σ’ (detectors’ separation), interaction
duration ‘Hσ’, and ‘ωσ’ (energy gap) for different values of the coupling strength ‘g’. It is
evident that even at super-horizon separations (r/2σ > 1), the negativity can be nonzero,
indicating ongoing nonlocal correlations in the conformal vacuum. Stronger coupling ‘g’
improves the entanglement harvesting, while increasing ‘h’ decreases entanglement caused
by accumulated local noise. Additionally, the dependence on ωσ is non-monotonic: the neg-
ativity initially increases due to improved spectral overlap with field modes but decreases
at higher values as short-wavelength modes contribute less to long-range correlations.

 
(a) (b) 

 
(c) 

Figure 1. Variation in negativity (N) with respect to (a) detector separation (r/2σ), (b) interaction
duration (Hσ), and (c) energy gap (ωσ) for different values of coupling constant (g).

4. Conclusions
In this study, we examined entanglement harvesting by two identical, comoving

Unruh–DeWitt detectors in de Sitter spacetime, interacting through a conformally invariant
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complex scalar field. We calculated negativity as an entanglement metric and analyzed its
correlation with detector separation, energy gap, and interaction duration.

Our findings demonstrate that entanglement can be extracted even at super-horizon
distances, underscoring the enduring nature of nonlocal correlations in the de Sitter vacuum.
The amount of entanglement, on the other hand, depends on the energy gap and the length
of the interaction. Larger values cause negativity to go down because of less spectral
overlap and more local noise. The entanglement decreases smoothly as the separation or
energy gap increases, without a sharp cutoff at the horizon scale. This is different from what
was seen in earlier studies of real scalar fields with linear coupling, where the suppression
was sudden.

These results show that entanglement harvesting is controlled by more than just the
causal structure. It is also affected by the quantum nature of the field and the choice of
coupling. The enduring nature of negativity reflects the foundational field theory, offering
insights into the entanglement structure of quantum fields within curved spacetime.

Future directions include the extension of this analysis to diverse field types and
couplings, the investigation of non-inertial detector trajectories, and the integration of
decoherence effects. Studying the dynamics of decoherence between detectors may help us
understand the quantum-to-classical transition in cosmological settings better. Extensions
that include critical slowing down in systems with more than one detector are also good
places to look for more research.
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