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Quantum field theory is completely characterized by the field correlations between spacetime
points. In turn, some of these can be accessed by locally coupling to the field simple quantum
systems, a.k.a. particle detectors. In this work, we consider what happens when a quantum-
controlled superposition of detectors at different space-time points is used to probe the correlations
of the field. We show that, due to quantum interference effects, two detectors can gain information
on field correlations which would not be otherwise accessible. This has relevant consequences for
information theoretic quantities, like entanglement and mutual information harvested from the field.
In particular, the quantum control allows for extraction of entanglement in scenarios where this is
otherwise provably impossible.

Introduction— The relationship between effects and
causes is foundational to our everyday experience and
is rooted in the basic laws of physics as we presently un-
derstand them. Both in classical and quantum physics,
events happen in a fixed causal order.

One of the more intriguing proposals put forward in
recent years, is that quantum physics may admit non-
classical causal structures where the order of events is
indefinite [1–4]. Apart from advantages afforded in com-
putation [5, 6] and communication [7–11], the incorpo-
ration of this idea into the foundations of physics may
provide new insights toward realizing a quantum theory
of gravity [1, 12, 13]. This idea has become known as
“Indefinite Causal Order", or ICO.

Recently a scenario featuring an indefinite causal order
of events has been experimentally realized in the form of
a quantum switch [14–16]. In this setting the order in
which two quantum operations A and B are performed
on some target is coherently controlled by a quantum
system, placing the order of operations in temporal su-
perposition [17]. An ordinary quantum circuit using the
same number of operations cannot reproduce the effects
of the quantum switch [2, 5].

Little is known about how ICO affects quantum en-
tanglement, particularly entanglement of quantum fields.
The vacuum state of a free quantum field has long
been known to contain correlations between timelike and
spacelike separated regions [18, 19], and it is of founda-
tional interest to understand how such correlations are
affected by ICO. Vacuum correlations are at the core of
the black hole information paradox [20, 21] and its pro-

posed solutions [22–24], and play a key role in quantum
energy teleportation [25, 26].

Furthermore, this vacuum entanglement can be ex-
tracted from the field by swapping it with (originally sep-
arable) detectors. This procedure is called Entanglement
Harvesting [27–30], and is most easily analysed by con-
sidering the detectors to be 2-level systems (qubits) each
with a ground and excited state. These objects are called
Unruh-de Witt (UDW) detectors.

In relativistic physics, the causal order between events
is constrained by the light cones at each space-time point.
In the case in which we probe the field via UDW de-
tectors, their interaction with the field constitutes an
event. Traditionally, UDW detectors are assumed to
probe the quantum field at fixed space-time points, so
that all events happen in a definite causal order. Our
ability to, e.g., harvest entanglement from the vacuum is
constrained by this fact.

In this letter, we consider what happens when a
quantum-controlled superposition of two UDW detectors
is used to probe the correlations of a scalar field vac-
uum. Specifically, a single qubit controls the temporal
switching of both detectors, which are assumed to follow
inertial trajectories. We identify two main cases of
interest for a quantum control: space-like regions in
superposition of different times, and time-like regions
in superposition of different causal orders (ICO). We
find in both cases that, thanks to quantum interference
effects, the two detectors can gain information about
field correlations that is impossible to access with only
a single use of each detector in the standard scheme
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with no coherent control. This is shown to have relevant
consequences for information theoretic quantities, like
entanglement and mutual information harvested by the
detectors from the field.

Quantum Control of two UDW Detectors.– The
Hamiltonian of an UDW detector coupled to a real
scalar field — a simplified version of the electric dipole
light-matter interaction — is given in full generality by

HI(t) = λD

∫
dxS(x)χD(t)(eiΩDtσ++e−iΩDtσ−)⊗φ(xD(t)),

(1)
where ΩD is the energy-gap of the detector, λD its cou-
pling constant, S(x) is a smearing function that models
the spatial extent of the detector, and χD(t) is a win-
dow function that determines the spacetime activation
regions, i.e. when the detector is on or off [56]. The σ±
are the ladder operators of the two-level UDW detector
and φ is the scalar field. Here and in the following we con-
sider stationary detectors, so that xD(t) = xD = const.

We consider a composite system formed by two point-
like UDW detectors, locally coupled to a real scalar field,
whose Hamiltonian is

HI(t) =
∑

D=A,B

∑
i=0,1

λD χD,i(t)(e
iΩDtσ+ + e−iΩDtσ−)

⊗ φ(xD(t))⊗ |i〉C 〈i| (2)

where i = 0, 1 is determined by the computational basis
states {|0〉 , |1〉} of a control qubit (system C hencefor-
ward) that governs the window functions of the detec-
tors A and B. Placing the initial state of the qubit in a
coherent superposition of the computational basis states
will thus give rise to a superposition of different switching
times of the two detectors.

We shall focus on two scenarios, depicted in Fig. 1,
which allow us to probe two distinct physical situations.
Without loss of generality in all cases considered we as-
sume a fixed but arbitrary foliation of flat spacetime into
space-like slices (hypersurfaces), each associated with a
different time coordinate. Furthermore, in all scenarios
each detector is switched on exactly once. In the first sce-
nario (i) detectors A and B are switched on jointly on a
common space-like slice, but in a quantum-controlled su-
perposition of two slices associated with different times.
We call this scenario a past-future (PF) superposition.
The terms ‘past’ and ‘future’ refer to the relation be-
tween the superposed switching times. This case allows
us to probe how entanglement between space-like regions
of the field is affected by quantum delocalisation of these
regions in time. In the second scenario (ii) detector A is
switched on on the past slice and B on the future slice,
in superposition with A and B interchanged. We call
this scenario a cause-effect (CE) superposition, since for
time-like separation between the involved regions the re-
lation between A and B is causally indefinite – we have a

superposition of A in the past causal cone of B and vice
versa. Importantly, even for space-like separation be-
tween A and B the CE scenario is not equivalent to the
PF scenario, which justifies making a general distinction
between (i) and (ii) – see Supplementary Materials for
further discussion.

A B A B

Space

Time

FIG. 1: Left: scenario (i) in which the two detectors are in a
superposition of being active either both in the past or both
in the future, controlled by the state of the control qubit |0〉
or |1〉 respectively. In this case the spacetime activation re-
gions for the two detectors are spacelike in both branches of
the quantum superposition. Right: scenario (ii) with indef-
inite causal order. In this case the two detectors are active
when timelike related. The quantum superposition between
“A before B” and “B before A” is controlled by the state of
the control qubit |0〉 or |1〉 respectively. Note that in the main
text, scenario (ii) also encompasses the case of space-like sep-
arated detectors where A and B are placed at different slices
of constant time. (Colours online).

We begin by determining the density matrix of the
tripartite system ABC by tracing out the field degree of
freedom. The evolution of the entire system is described
by a unitary map that can be expanded in a Dyson series
to second order in the coupling constant as U = I+U (1)+
U (2) +O(λ3). More explicitly,

U = I− i
∫ ∞
−∞

dtHI(t)

−
∫ ∞
−∞

dt

∫ t

−∞
dt′HI(t)HI(t

′) +O(λ3), (3)

where O(λ2) terms include terms λ2
A, λ

2
B , andλAλB.

While here we employ a perturbative approach, it should
be noted that some of the results in the following can be
reached also with non-perturbative methods (cf. Supple-
mentary Materials).

The initial state of ABC and the field is chosen to be

ρ0 = |0〉A A〈0| ⊗ |0〉B B〈0| ⊗ |+〉C C〈+| ⊗ |0〉F F 〈0|, (4)
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i.e., both detectors are in their ground states, the control
qubit is in a coherent superposition of computational ba-
sis states, where |±〉 = (|0〉 ± |1〉)/

√
2, and the field is in

the vacuum state. This choice of initial state greatly sim-
plifies the computations, without concealing the physics
of the problem, and it is instrumental to the study of the
entanglement harvesting.

The state after a time τ such that max[Supp(χD
i (t))] <

τ ∀i = {0, 1}, D = {A,B}, is given by

ρf = Uρ0U
† = ρ0 + U (1)ρ0 + ρ0U

(1)† + U (1)ρ0U
(1)†

+ ρ0U
(2)† + U (2)ρ0 +O(λ3) (5)

By tracing out the field, the reduced density matrix for
the qubits ABC — to second order in the coupling con-
stants — can be obtained as

ρABC = TrF[ρf ]

= TrF[ρ0 + U(1)ρ0U(1)† + ρ0U(2)† + U(2)ρ0] +O(λ4)

=
1

2

∑
ij


1 + Yii + Y ∗jj 0 0 M∗jj

0 PB,ij L∗AB,ji 0

0 LAB,ij PA,ij 0
Mii 0 0 0

⊗ |i〉C C〈j|,

(6)

whose different elements are explicitly given in the Sup-
plementary Materials.

The terms PD,ij contain two-point function field cor-
relations between the same spacetime point/region (cor-
responding to the position and time at which detector D
is active) if i = j; and two-point correlations between
past and future activation regions of the same detec-
tor if i 6= j. The terms PD,ii are referred to as local
terms since they involve the “self” correlations between
the local spacetime-region of activation of a single de-
tector, whereas the terms PD,i6=j , though referring to a
single detector, are non-local since they contain correla-
tions between different spacetime regions.The terms Yii
are similar in nature to the terms PD,ii and are related
to them via Yii + Y ∗ii = −(PA,ii + PB,ii). The term M
quantifies the non-local field correlations between differ-
ent detectors and is responsible for the harvested entan-
glement from the field to the detectors. The terms LAB
are the leading order contributions to classical correla-
tions between the detectors [31] and are the only terms
that contribute to the mutual information between them.

The state of the control qubit (C) governs the choice of
scenario. Consider first scenario (i) illustrated in the left
panel in Fig. 1. We see that Supp(χA,i) = Supp(χB,i) for
i = 0, 1. Contrast this with the right panel of Fig. 1 de-
picting scenario (ii), where now Supp(χA,i) = Supp(χB,j)
for i 6= j. We eliminate the control qubit by either tracing
it out or measuring it in the basis {|+〉 , |−〉}. Our nota-
tion applies to both scenario by just a different labelling
of the window functions.

Tracing out the control qubit yields

ρ
(tr)
AB =


1− (P

(tr)
A + P

(tr)
B ) 0 0 M∗

0 P
(tr)
B L(tr)∗

AB 0

0 L(tr)
AB P

(tr)
A 0

M 0 0 0

 , (7)

where

P
(tr)
D =

1

2
(PD,00 + PD,11) (8)

L(tr)
AB =

1

2
(LAB,00 + LAB,11) (9)

M =
1

2
(M00 +M11). (10)

The results is a classical (probabilistic) mixture of two
detectors active only once, either spacelike related (i), or
timelike related (ii), since the reduced state in Eq. (7) is
the mixture (with equal weights) of the classical case in
which both detectors are active only once. This should
have been expected. Indeed, borrowing some intuition
from the process matrix formalism [4], the situation is
similar to the quantum switch in which an indefinite
causal order is present only if the control qubit is al-
lowed to quantum interfere [3, 14–16]. Tracing out the
control qubit corresponds to losing the coherence of the
superposition, effectively yielding ‘which-when’ informa-
tion about detector activation and thus remaining with
a classical mixture.

Conversely, measuring the control qubit in the
{|+〉 , |−〉} basis and retaining, e.g., the |+〉 results, al-
lows the control qubit to interfere, yielding

ρ
(+)
AB =


1− (P

(+)
A + P

(+)
B ) 0 0 M∗

0 P
(+)
B L(+)∗

AB 0

0 L(+)
AB P

(+)
A 0

M 0 0 0

 (11)

where now

P
(+)
D =

1

4
(PD,00 + PD,01 + PD,10 + PD,11) (12)

L(+)
AB =

1

4
(LAB,00 + LAB,11 + LAB,01 + LAB,10). (13)

We see that, while theM terms are the same whether we
trace out the control qubit or let it interfere, the other
terms in the density matrix differ in the two cases. In par-
ticular, in ρ(+)

AB there appear terms PD,i6=j and LAB,01(10)

that contain two-point correlation functions of the field
between two different spacetime regions in which the
same detector or both the detectors are activated in su-
perposition. These quantum interference terms are sig-
natory of the coherence of the superposition. It should be
noted that, without the controlled superposition the field
correlations contained in the interference terms would not
be accessible with a single use of each detector. By plac-
ing the detectors in quantum temporal superposition, we
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read out correlations between space time regions which
can be accessed in the standard schemes with no super-
position only if the detectors are used more than once (in
more than one space-time region).

This is our primary result: quantum controlled tem-
poral superpositions allow UDW detectors to access field
correlations between spacetime regions pertaining to
the two different branches in a quantum superposition.
As we show in the following, this has relevant conse-
quences for information-theoretic quantities, such as
the extractable entanglement from the quantum vacuum.

Entanglement Harvesting – Let us now look at in-
stances in which the additional correlations in (11),
stemming from the quantum interference, have relevant
effects.

We consider the process of entanglement harvesting
from the quantum field vacuum, which is well-understood
in flat spacetime [30, 32]. Entanglement harvesting has
attracted much interest for its foundational and applica-
tive relevance [30, 32–39], with possible implications for
the black hole information paradox and quantum grav-
ity [31, 40–46].

Entanglement can be harvested from the quantum vac-
uum, in general, even for detectors that are spacelike
separated [47, 48]. However, the procedure is subject to
some strict limitations [49–51]. In particular, a no-go
theorem has been proven [49, 50] that states UDW de-
tectors with Dirac-delta window functions, but arbitrary
spatial profile and coupling strength, cannot harvest en-
tanglement.

Remarkably this no-go theorem is violated for quantum
controlled temporal superposition of UDW detectors. To
prove this statement, we use as an entanglement measure
the concurrence which, for identical detectors, is given
by [52]

C(+/tr) = 2 max
{

0, |M| − P(+/tr)
AB

}
(14)

in terms of the reduced density matrix elements in

Eq. (11), where P(+/tr)
AB ≡

√
P

(+/tr)
A P

(+/tr)
B ; if the detec-

tors are identical we write this as P(+/tr)
D . It is straight-

forward to show [49] that C(tr) = 0 since |M| ≤ P(tr)
AB –

this is the no-go theorem. However P (+)
D ≤ P

(tr)
D in gen-

eral, and so C(+) does not always vanish. We illustrate
this in Fig. 2, where we see that violations of the no-
go theorem can be proven both perturbatively (left, us-
ing a compact spatial profile for each detector) and non-
perturbatively (centre and right, using Gaussian spatial
profiles). These violations are due to the quantum inter-
ference terms that contain the field correlations between
the past and future activation regions of each detector.
These correlations have the effect of lowering what can
be interpreted as the detector excitation probability (the
P terms) with respect to a classical mixture (7). This

in turn means that local noise effects are reduced by the
quantum interference terms in such a way that entangle-
ment harvesting is not precluded.

Another instance in which effects of quantum con-
trolled superposition are manifest is in entanglement
harvesting with pointlike detectors. In this case, in order
to avoid divergences, the window function needs to be
something other than a delta-function [41]. In Fig. 3,
we employ a compact support window function, chosen
to be cos(2t/η) for −π/4 ≤ t/η ≤ π/4 and 0 otherwise,
η being the “width” of such function. We see that the
quantum controlled superposition allows for spacelike
entanglement harvesting whereas a classical mixture
does not. Moreover, it is clear that whenever the two
detectors are time-like related, ICO enhances the entan-
glement harvesting. This is a striking demonstration of
how quantum temporal interference effects can affect
the ability of UDW detectors to harvest entanglement.

Discussion – Indefinite casual order, or more gen-
erally, a quantum controlled superposition of detector
activation times, affect the harvesting capabilities of
UDW detectors locally coupled to quantum fields. This
happens under a variety of scenarios, producing the
striking result that spacelike entanglement harvesting
becomes possible in situations not possible for classical
mixtures.

While we have focused on entanglement harvesting as
a relevant example, it should be noted that the quantum
interference terms affect also the total amount of corre-
lations that the detectors can harvest. This is quantified
by their mutual information (cf. Supplementary Materi-
als) in which it appears the term L(+)

AB , that encodes field
correlations between activation regions of the two detec-
tors which are not directly probed, but do not play any
role in the entanglement harvesting.

It is crucial to note that, the same field correlations
entering Eq. (12) would also be present if both detectors
were active at two distinct times (and in the same space-
time regions as for the quantum superposition case), a
scenario we call ‘double switching’. In fact, for double
switching violations of the no-go theorem are trivially
possible, since the theorem requires each detector be-
ing active only once [51]. However, the reduced state of
AB would differ from ρ

(+)
AB . Perturbatively, the difference

would be in theM terms, meaning that the entanglement
harvesting would be significantly different (while the mu-
tual information would be the same). Quantum temporal
superposition is therefore neatly distinguishable from the
case in which each detector is twice activated, allowing
for a clear signature of quantumness and a way to unam-
biguously state that the detectors in the superposition
are activated only once.

In light of this discussion, our results imply that UDW
detectors with compact spacetime support qualify as
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FIG. 2: Left: perturbative violation of the no-go theorem in 2+1 dimension for detectors with spatial compact support
and Dirac-delta window function. The spacetime configuration of the two detectors — corresponding to a PF scenario with
detectors A,B active at times tAi and tBi with i = 0, 1 determined by the control qubit — is shown on the lower-right. The disks
of radius σ represent the spatial compact support. The violation happens whenever |M| − P(+)

D > 0. We plot this quantity as
a function of spatial separation s and temporal separation T between activations in the different branches of the superposition.
No violation occurs if P(+)

D is replaced with P(tr)
D . Values used for the parameters are Ω = 3, σ = 1, δ = 10−5. Note that, when

T < s − 2σ − δ ∧ s > 2σ ∧ δ < s − 2σ the activation regions of detector one are spacelike related with the ones of detector
two. In the figure, this situation corresponds to the lower triangular area of the plot. Centre: non-perturbative violation of
the no-go theorem for Gaussian spatial profiles in 3+1 dimensions with CE superposition. Right: non-perturbative violation of
the no-go theorem for Gaussian spatial profiles in 3+1 dimensions with PF superposition. In the centre and right panels black
dots represent the regions where no entanglement can be harvested. The detectors have a window function χ(t) = ηδ(t−TD,i),
a smearing function of S(x) =

exp[−(x/9)2]
(9
√
π)3

, an energy gap of Ωη = 1 and couple to the field with a strength of λ = 1. The
elements of the reduced density matrix have been numerically calculated to 15 significant figures. (Colours online).

0

0.02

0.04

0.06

FIG. 3: The concurrence of the perturbative reduced den-
sity matrix of two point-like detectors that couple to the field
with a cosine window function in a (left) quantum controlled
CE superposition and (right) a classical mixture of A before
B and B before A plotted as a function of the spatial sep-
aration, s and the temporal separation T of the detectors.
The green lines mark the region of spacelike separation of the
detectors and the black dots represent the regions where no
entanglement can be harvested. For the chosen parameters,
spacelike entanglement harvesting is possible only when the
detectors are in the CE superposition. The energy gap of the
detectors is Ωη = 3. The elements of the reduced density ma-
trix have been numerically calculated to 15 significant figures.
(Colours online).

good candidates for local laboratories in the process ma-
trices framework [4]. In this respect, it would be interest-
ing to analyse coherent superpositions of detectors from
the point of view of the process matrices formalism as a

first step toward generalizing the formalism from quan-
tum mechanics to quantum field theory.

Finally, while correlations harvesting serves as just an
instance of a more general framework, it well exemplifies
the potential of probing a quantum field — and thus
spacetime itself [53], to some extent — with quantum
coherent superpositions of locally coupled detectors.
This opens up to the possibility to use coherent superpo-
sitions of detectors as efficient probes of quantum fields.
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Supplemental Materials: Quantum Temporal Superposition: the case of QFT

In this Supplementary Material we derive the explicit expressions for the density matrices Eqs. (6). We further
specify these expressions to the case of δ-window function with arbitrary spatial profile, i.e., the case of interest for
the violations of the no-go theorem as reported in the main text. Moreover, we report also the reduced density matrix
for the case of detectors each active two times.

DETAILED DERIVATION OF THE DENSITY MATRICES IN EQS. (6)

We start from the initial state of ABC and field that we chose as

ρ0 =
1

2

∑
i,j

|0〉A 〈0| ⊗ |0〉B 〈0| ⊗ |0〉F 〈0| ⊗ |i〉C 〈j| , (S1)

i.e., both detectors in the ground state, field in its vacuum state, and the control qubit in the |+〉 state.
The state of ABC at the final time is obtained by tracing out the field degree of freedom. For this we expand the

time evolution operator to second order in the coupling constant(s)

U = I− i
∫ ∞
−∞

dtHI(t)−
∫ ∞
−∞

dt

∫ t

−∞
dt′HI(t)HI(t

′) +O(λ3) (S2)

The final state is given by ρf = Uρ0U
† and taking the trace over the field yields (6)

ρABC = TrF [ρf ] =
1

2

∑
ij


1 + Yii + Y ∗jj 0 0 M∗jj

0 PB,ij L∗AB,ji 0

0 LAB,ij PA,ij 0
Mii 0 0 0

⊗ |i〉C C〈j|+O(λ4). (S3)

where the various elements are

PD,ij = λ2
D

∫ ∞
−∞

dt

∫ ∞
−∞

dt′χD,i(t)χD,j(t
′)〈φ(xD(t′))φ(xD(t))〉eiΩA(t−t′) (S4)

where D = A,B for each of detectors A and B, and

LAB,ij = λAλB

∫ ∞
−∞

dt

∫ ∞
−∞

dt′χA,i(t)χB,j(t
′)〈φ(xB(t′))φ(xA(t))〉eiΩAte−iΩBt

′
(S5)

Yii = −
∑
D

λ2
D

∫ ∞
−∞

dt

∫ t

−∞
dt′χD,i(t)χD,i(t

′)〈φ(xD(t))φ(xD(t′))〉e−iΩD(t−t′) (S6)

Mii = −λAλB
∑
D 6=D′

∫ ∞
−∞

dt

∫ t

−∞
dt′χD,i(t)χD′,i(t

′)〈φ(xD(t))φ(xD′(t′))〉eiΩDteiΩD′ t′ (S7)

and in all calculations we shall set λA = λB .
Finally from the expressions above, it is easy to show that Yii + Y ∗ii = −(PA,ii + PB,ii).
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Entanglement measures: Entanglement of Formation and Concurrence

One entanglement measure of a bipartite quantum state ρAB is the entanglement of formation. It has the operational
interpretation as the number of Bell pairs required to prepare the state ρAB using local operations and classical
communication [S54]. For two qubit detectors, it is given by the the equation [S52]

Ef (ρAB) = h

(
1 +

√
1− C(ρ̂AB)2

2

)
(S8)

where h(x) = −x log(x)− (1−x) log(1−x) and C(ρ̂AB) is the concurrence, which itself is an entanglement monotone,
defined as

C(ρAB) = max{0, w1 − w2 − w3 − w4} (S9)

where the wi’s are the square roots of the eigenvalues of ρAB
[
(σy ⊗ σy)ρAB(σy ⊗ σy)

]
ordered from largest to

smallest[S52]. For a density matrix of the form

ρAB =


ρ11 0 0 ρ14

0 ρ22 ρ23 0
0 ρ∗23 ρ33 0
ρ∗14 0 0 ρ44

 (S10)

the concurrence is

C(ρAB) = 2 max
{

0, |ρ14| −
√
ρ22ρ33, |ρ23| −

√
ρ11ρ44|

}
(S11)

and for Eqs. (7) and Eqs. (11), the concurrence is

C
(
ρ

(+/tr)
AB

)
= 2 max

{
0, |M| −

√
P

(+/tr)
A P

(+/tr)
B

}
. (S12)

Mutual Information

The total amount of correlations between two systems is encoded by the mutual information, which for bipartite
quantum system is given by the relative entropy between the state of the system and the tensor product of the reduced
states of the subsystems,

I(ρAB) = S(ρAB ||ρA ⊗ ρB). (S13)

In the case of interest, the mutual information between the two UDW detectors is given perturbatively by

I(ρ
(·)
AB) = L+ logL+ + L− logL− − P (·)

A logP
(·)
A − P

(·)
B logP

(·)
B (S14)

where

L± =
1

2

(
P

(·)
A + P

(·)
B ±

√
(P

(·)
A − P

(·)
B )2 + 4|L(·)

AB |2
)
. (S15)

It is interesting to note that, the expression for the mutual information of AB for the case in which the control
qubit is allowed to interfere, involves the term L(+)

AB that encodes field correlations between activation regions of the
two detectors not directly probed. Moreover, such terms do not play any role in the entanglement harvesting.

δ-WINDOW FUNCTIONS AND VIOLATIONS OF THE NO-GO THEOREM

The δ-window function given by

χD,i(t) = ηδ(t− TD,i) (S16)
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allows us to calculate the final form of the detector-control system without the need of a perturbative expansion by
following the method of [S50]. Time ordering requires that the switching order between detectors on both branches
of the superposition be fixed for the calculation, so we must consider the PF case separate from the CE case.

First, we consider the PF case under the assumption that TA,0 ≤ TB,0 ≤ TA,1 ≤ TB,1. The time evolution operator
can be simplified to

U = exp
(
− iHB,1(TB,1)⊗ |1〉C 〈1|

)
exp

(
− iHA,1(TA,1)⊗ |1〉C 〈1|

)
exp

(
− iHB,0(TB,0)⊗ |0〉C 〈0|

)
× exp

(
− iHA,0(TA,0)⊗ |0〉C 〈0|

)
= U0 ⊗ |0〉C 〈0|+ U1 ⊗ |1〉C 〈1| (S17)

where

Ui =
(
1A ⊗ 1B ⊗ cosh(XB,i) cosh(XA,i)

)
+
(
1A ⊗ µB(TB,i)⊗ sinh(XB,i) cosh(XA,i)

)
+
(
µA(TA,i)⊗ 1B ⊗ cosh(XB,i) sinh(XA,i)

)
+
(
µA(TA,i)⊗ µB(TB,i)⊗ sinh(XB,i) sinh(XA,i)

)
(S18)

and

XD,i = −iλDη

∫
d3xSD(x− xD)φ(x, TD,i) (S19)

µD(t) = (eiΩDtσ+ + e−iΩDtσ−). (S20)

We consider the same initial state as Eqs.(S1), and the final state is again ρf = Uρ0U
†. Tracing out the field degrees

of freedom gives

ρ
(PF)
ABC =

1

32

∑
i,j

{ ∑
w,x,y,z

[
e

i
2 ΩA[(1−z)TA,i−(1−x)TA,j ]e

i
2 ΩB [(1−y)TB,i−(1−w)TB,j ]

× fA,ifA,jfB,ifB,j
∑
p,q,r,s

(
x(1+p)/2w(1+q)/2y(1−r)/2x(1−s)/2

× epq(
i
2 ΘA,j;B,j+ωA,j;B,j)epr(

i
2 ΘA,j;B,i+ωA,j;B,i)eps(

i
2 ΘA,j;A,i+ωA,j;A,i)

× eqr(
i
2 ΘB,j;B,i+ωB,j;B,i)e−qs(

i
2 ΘA,i;B,j−ωAi;B,j)e−rs(

i
2 ΘA,i;B,i−ωA,i;B,i)

)
×
∣∣∣∣1− z2

〉
A

〈
1− x

2

∣∣∣∣⊗ ∣∣∣∣1− y2

〉
B

〈
1− w

2

∣∣∣∣
]
⊗ |i〉C 〈j|

}
(S21)

where i, j ∈ {0, 1} and p, q, r, s, w, x, y, z ∈ {+1,−1}.

fD,i = exp

(
−1

2

∫
d3k|βD,i(k)|2

)
(S22)

ΘD,i;E,j = i

∫
d3k
(
β∗D,i(k)βE,j(k)− βD,i(k)β∗E,j(k)

)
(S23)

ωD,i;E,j = −1

2

∫
d3k
(
β∗D,i(k)βE,j(k) + βD,i(k)β∗E,j(k)

)
(S24)

and

βD,i(k) =
iλDη√

2|k|

(∫
d3xSD(x)eix·k

)
e−i(|k|TD,i−k·xD) (S25)

for D,E ∈ {A,B}.
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Next, we consider the CE scenario. The time evolution operator is constructed in a similar way to the PF case,
this time using the assumption that TA,0 ≤ TB,1 ≤ TA,1 ≤ TB,0. The resulting detector-control density matrix for is

ρ
(CE)
ABC =

1

32

∑
i,j

{ ∑
w,x,y,z

[
e

i
2 ΩA[(1−iy−(1−i)z)TA,i−(1−jw−(1−j)x)TA,j ]e

i
2 ΩB [(1−(1−i)y−iz)TB,i−(1−(1−j)w−jx)TB,j

× fD,jfE,jfF,ifG,i
∑
p,q,r,s

(
x(1+p)/2w(1+q)/2y(1−r)/2z(1−s)/2

× epq(
i
2 ΘE,j;D,j+ωE,j;D,j)epr(

i
2 ΘE,j;F,i+ωE,j;F,i)eps(

i
2 (ΘE,j;G,i+ωE,j;G,i)

× eqr(
i
2 ΘD,j;F,i+ωD,j;F,i)eqs(

i
2 ΘD,j;G,i+ωD,j;G,i)ers(

i
2 ΘF,i;G,i+ωF,i;G,i)

)
∣∣∣∣1− iy − (1− i)z

2

〉
A

〈
1− jw − (1− j)x

2

∣∣∣∣⊗ ∣∣∣∣1− (1− i)y − iz
2

〉
B

〈
1− (1− j)w − jx

2

∣∣∣∣
]

⊗ |i〉C 〈j|

}
. (S26)

The labels D,E, F,G depend on the values of i and j and are summarised in Eq. (S27) below.

D =

{
B, j = 0

A, j = 1
E =

{
A, j = 0

B, j = 1

F =

{
B, i = 0

A, i = 1
G =

{
A, i = 0

B, i = 1
(S27)

Once the control qubit is measured (or traced out), the density matrices given in Eqs. (S26) and Eqs. (S21) will
take the form of Eq. (S10) and are then used to compute the entanglement between detectors A and B shown in the
centre and right figures of Fig. 2.

Perturbative expressions

While the non-perturbative method discussed above is valid in general, the final expressions are quite cumbersome
and the numerical analysis with spatial profiles other than Gaussian functions proves to be hard.

In order to obtain expressions more amenable to a numerical analysis, and be able to investigate the case in which
the two detectors have compact spatial supports, we resort here to a perturbative calculation. It should be noted
that, the case of compact spatial support is particularly relevant since only in this case we can, strictly speaking,
consider spacelike separated detectors.

The expressions in this section, when not otherwise stated, are valid for δ-window functions detectors with arbitrary
spatial profile in n+ 1 dimensions. We consider always identical detectors with window function χD,i(t) = δ(t−TD,i)
and spatially separated by a distance s in their mutual rest frame. In particular, we consider the case of scenario (i)
with TB,0(1) = TA,0(1) + δ and TD,1 − TD,0 = T > 0 for D = A,B, (cf. Fig.S1 and the spacetime configuration in the
lower-right corner of the left figure in Fig.2).

In this case, the relevant terms to consider for the violation of the no-go theorem are

PD,ii = λ2

∫
dnk
|S̃(k)|2

2|k|
(S28)

PD,01 + PD,10 = 2λ2

∫
dnk
|S̃(k)|2

2|k|
cos((|k|+ Ω)T ) (S29)

|M| = λ2

∣∣∣∣∣
∫
dnk
|S̃(k)|2

2|k|
e−ik·(xA−xB)e−i|k|δeiΩ(TA,0+TB,0+T ) cos(ΩT )

∣∣∣∣∣ . (S30)

These are the terms that enter in the expression for the concurrence of the state of AB (Eq.(14)) and thus they
characterize the entanglement harvesting at the perturbative level.
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A B

T

TA,1

s

δ

δTA,0
TB,0

TB,1

FIG. S1: Spacetime configuration of the two UDW detectors in quantum superposition considered in Eqs.(S28).

THE DOUBLE-SWITCH SCENARIO

In this section we consider the case in which each detector is active two-times and no quantum control is present.
The interaction Hamiltonian is given by

HI(t) =
1

2

∑
D=A,B

λD(χD,0(t) + χD,1(t))(eiΩDtσ+ + e−iΩDtσ−)⊗ φ(xD(t)), (S31)

where the window functions is a combination of the window functions used in the main text in the quantum super-
position case. Once the field is traced out, the density matrix of AB at the final time is given by

ρ
(DS)
AB =


1− (P

(+)
A + P

(+)
B ) 0 0 M(DS)∗

0 P
(+)
B L(+)∗

AB 0

0 L(+)
AB P

(+)
A 0

M(DS) 0 0 0

 , (S32)

where

P
(+)
D =

1

4
(PD,00 + PD,01 + PD,10 + PD,11) (S33)

L(+)
AB =

1

4
(LAB,00 + LAB,11 + LAB,01 + LAB,10) (S34)

M(DS) =
1

4
(M00 +M11 +M01 +M10) (S35)

We see that (i) the density matrix contains the field correlations between all the four spacetime regions in which the
detectors are active, analogously to the case in which the control qubit is measured in |+〉. However, in this case this is
due to the fact that the detectors are actually active twice each, in contrast to the quantum case in which each detector
(in a quantum superposition) is used only once. (ii) The (1, 4), (4, 1) terms of the density matrix are different from
the corresponding ones in Eq.(11). Thus, the double-switch scenario is distinguishable from the quantum coherent
one already at the perturbative level.

If a particular case of superposition is chosen (say PF), then it can be shown that if the (1, 4), (4, 1) terms in the
quantum case are equal to 2(M00+M11) in the double-switch scenario, then the remaining cross terms, 2(M01+M10),
will be equal to the (1, 4), (4, 1) terms in the other case of superposition (in this case CE) with the same time delay.
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Mathematically we have

ρ
(DS)
AB =

1

2

(
ρ

(+PF)
AB + ρ

(+CE)
AB

)
(S36)

indicating that the double-switch scenario can be decomposed into the two quantum cases we considered.

INEQUIVALENCE BETWEEN SCENARIO I AND II

One might think that scenario (ii) when A and B are space-like separated is equivalent to scenario (i), where A
and B are switched on simultaneously – since for space-like separated regions one can find coordinates in which the
switching is simultaneous. Despite this fact, there is no equivalence between these scenarios: in (i) the switching is
simultaneous in each superposed amplitude (albeit at different times) whereas choosing coordinates in scenario (ii)
so that A and B are simultaneous for one amplitude will result in A being before or after B in the other amplitude,
illustrated in the Supplementary Figure S2, left panel. In other words, A,B are simultaneous in superposition with A
earlier than B (or B earlier than A). An analogous difference arises if we try to change coordinates in scenario (i) so
as to map it to scenario (ii). Using coordinates in which A from one amplitude is simultaneous with B from the other
amplitude – as it is in case (ii) – actually yields a different scenario: where in each amplitude A is switched on before
B (or B before A – depending which amplitude is chosen to define simultaneity) – see also Supplementary Figure S2,
right panel. In other words, we end up with A before B in superposition with A before B but both switched on some
time later (or B before A in each superposed amplitude). Recall, however that in scenario (ii) we have a superposition
of A switched on before B and B before A. Thus, even in case of space-like separation between the relevant regions,
the two scenarios (i) and (ii) are not equivalent – there is no single coordinate transformation that allows one to map
them onto each other.

tA = tB tA = tB

t′�A > t′�B t′�A > t′�B
t′�′�A < t′�′�B t′�′�A < t′�′�B

t

x

x′�

x′�′�

A B A B x′�′�

x

x′�

t
attempt to map case (ii) to (i) attempt to map case (i) to (ii)

tA < tB tA > tB

t′�A = t′�B t′�A > t′�B
t′�′�A > t′�′�B t′�′�A = t′�′�B

FIG. S2: It is not possible to map scenarios (ii) and (i) to each other. Left panel: when trying to map scenario (ii) to (i) we
can make make A and B simultaneous only in one of the superposed amplitudes – rather than in each of them, as required in
scenario (i). Right panel: when trying to map scenario (i) to (ii) we can make make A from one amplitude simultaneous B
from the other amplitude, but we do not end up with a superposition of A earlier than B and B than A – in each amplitude A
will be switched on earlier than B (or in each amplitude B will be earlier than A). In both panels, x coordinates (black solid
lines) make past A and past B simultaneous and future A and future B simultaneous, the x′ coordinates (grey dashed lines)
make past A simultaneous with future B and the x′′ coordinates (red dotted lines) make future A simultaneous with past B.


	 References
	 Detailed derivation of the density matrices in Eqs. (6)
	 Entanglement measures: Entanglement of Formation and Concurrence
	 Mutual Information

	 -window functions and violations of the no-go theorem
	 Perturbative expressions

	 The double-switch scenario
	 Inequivalence between scenario I and II

