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We show that the Unruh response can be interferometrically suppressed or restored in a single Unruh-
DeWitt detector whose center of mass is prepared in a coherent superposition of two uniformly accelerated
worldlines. The two paths remain physically disjoint; the detector is read out in a path-erasing basis so that
no which-path information is revealed. If the detector’s energy gap is path dependent during the interaction,
the branch amplitudes for first-order excitation become operationally indistinguishable and, therefore, add
coherently. With appropriate tuning—matching the gap-to-acceleration ratios of the two branches and
choosing a single relative phase—the conditional first-order excitation amplitude cancels, while reversing
the phase restores the response. We derive these conditions in two complementary formalisms and interpret
the mechanism as a relativistic analog of electromagnetically induced transparency, which we term
worldline-induced transparency. We also treat finite switching times explicitly and quantify how imperfect
matching produces a residual signal, yielding a tolerance window rather than an idealized infinitely sharp
condition.
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I. INTRODUCTION

The Unruh effect—the thermal response of an acceler-
ated detector in the Minkowski vacuum—is a cornerstone
of quantum field theory in curved spacetime [1–6]. For a
detector constrained to a single worldline, the response is
kinematic and universal. Here we ask a complementary,
intrinsically quantum question: How does this response
change when the detector’s center of mass is prepared in a
coherent superposition of two accelerated worldlines? We
consider a single detector delocalized between two physi-
cally disjoint, uniformly accelerated paths. The branches
are not recombined in spacetime; instead, the detector is
read out in a path-erasing basis, i.e., a measurement basis
that does not reveal which worldline the detector followed.
Under such a readout, the conditional excitation amplitude
is a coherent sum of two branch amplitudes and can,
therefore, exhibit destructive interference. We refer to the
resulting interference-based suppression as worldline-
induced transparency (WIT) and comment on its relation
to electromagnetically induced transparency (EIT) as an
interpretive analogy [7–9]. Figure 1 sketches the setting: A
single detector is coherently split between two uniformly
accelerated, spatially disjoint worldlines (with proper
accelerations a1 and a2), while the final measurement is

performed in a superposition basis so that the two alter-
natives remain operationally indistinguishable; in this
conditional (path-erasing) output, the two branch excitation
pathways interfere just like the two arms of an interfer-
ometer (with unequal branch weights indicated schemati-
cally by different arm intensities).
The central theoretical ingredient is a conservative

modification of the standard Unruh-DeWitt (UDW) detec-
tor model [1,10,11]: During the interaction, the detector’s
internal energy gap is conditioned on the branch, so that the
ground-state splitting can differ between the two world-
lines. This is the only additional structure we assume
beyond a single pointlike detector coupled locally to the
field; in particular, we do not introduce auxiliary detectors,
nonlocal couplings, or new field degrees of freedom.
Branch-conditioned internal dynamics is routine in quan-
tum-control platforms. In trapped ions, state-dependent
forces generate controlled internal-motional correlations
that directly realize branch-dependent phases and splittings
[12]. In superconducting circuits, the transition frequency
of flux-tunable qubits can be rapidly and coherently tuned
by external biasing, providing a natural route to branch-
conditioned gaps [13]. Phase-stable superpositions of
spatially separated matter-wave paths with coherent recom-
bination are standard in atom interferometry [14], including
Raman-pulse beam splitters that coherently split and
recombine atomic wave packets [15]. Stern-Gerlach inter-
ferometry provides a complementary route in which the
splitting and recombination are explicitly spin dependent
[16]. On the theory side, detector models with quantized or
delocalized center-of-mass degrees of freedom have been
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developed in relativistic quantum-information settings
[17,18], and interferometric strategies have been proposed
for analog-Unruh detection in Bose-Einstein condensates
[19]. More broadly, superconducting platforms have been
developed as a route to probe quantum-vacuum phenomena
(including Unruh- or Hawking-related analogs) [20], while
analog black-hole experiments in condensates have
reported quantum Hawking radiation and correlations in
the emitted quasiparticles [21].
WIT is, at heart, an interference effect: The Unruh

response is not merely a rate associated with a trajectory
but an amplitude that can add or cancel when alternative
worldlines are made indistinguishable by measurement. In
our setting, the path-erasing readout projects onto a super-
position of the branch ancilla states, so the conditional
excitation channel functions like selecting an output port of
an interferometer. The key consequence is that, at leading
order in the detector-field coupling, the excitation probability
in that conditional port is controlled by coherent addition of
two branch amplitudes rather than by an incoherent sum. As
a result, the Unruh response can be suppressed (a “dark”
output) or restored or enhanced (a “bright” output) by
tuning a single relative phase between the branches.
We derive simple analytic rules for when this cancella-

tion occurs. First, the two branches must populate the same
one-particle sector of the field, which enforces a matching
of the dimensionless gap-to-acceleration ratios:

ω1

a1
¼ ω2

a2
; ð1Þ

so that the postselected branch contributions can interfere
rather than living in orthogonal mode subspaces. Second,

once this matching holds, a single relative phase of the
branch weights selects the interference sign, yielding either
destructive interference (WIT) or constructive interference
(restoration). We establish these conditions in two com-
plementary ways—directly in the Unruh-mode decompo-
sition and independently in a Minkowski plane-wave
representation—making explicit how mode orthogonality
and operator rephasings constrain when interference is
physically meaningful.
Moreover, finite interaction times do not change the

mechanism; they simply replace exact mode matching by
an overlap requirement set by the Fourier width of the
switching window. We treat this explicitly in Sec. IV, and
for Gaussian switching we obtain a closed-form first-order
amplitude and an explicit tolerance window (Sec. IVA).
The rest of the paper is organized as follows: In Sec. II, we
introduce the branch-conditioned detector model and
derive the adiabatic cancellation and restoration rules in
the Unruh-mode basis; in Sec. III, we provide an inde-
pendent verification in the Minkowski plane-wave repre-
sentation; in Sec. IV, we analyze finite-duration switching
and the resulting natural bandwidth, and in Sec. V, we
conclude by summarizing the interference picture and
outlining extensions. The derivation of the Gaussian-
switched amplitude is given in the Appendix.

II. MODEL AND REALIZATION

Wework in 1þ 1 dimensions with a massless scalar field
and set c ¼ 1. We consider a single UDW detector whose
center of mass is coherently delocalized between two
uniformly accelerated worldlines in the right Rindler
wedge, with proper accelerations a1 > 0 and a2 > 0. A
path ancilla b℘ with orthonormal eigenstates fja1i; ja2ig
labels the two branches. During the interaction window, the
detector’s internal gap is conditioned on ℘̂:

ωð℘̂Þjaki ¼ ωkjaki ðk ¼ 1; 2Þ: ð2Þ

We take the excited state to be common to both branches,
denoted jei, while the ground state depends on the branch,
fjg1i; jg2ig. The initial state is

jΨii ¼ ðα1jgia1 þ α2jgia2Þj0Mi; ð3Þ

where jgiak ≡ jaki ⊗ jgki and j0Mi is the Minkowski
vacuum.
The interaction Hamiltonian in the interaction picture is

written in terms of the detector proper time τ. We employ
derivative coupling with a smooth switching function sðτÞ:

HIðτÞ ¼ gsðτÞ d
dτ

½ΦRTWðuðτÞÞ þΦLTWðvðτÞÞ�mðτÞ; ð4Þ

where g is the detector-field coupling constant and sðτÞ is
a dimensionless window that localizes the interaction in

FIG. 1. Conceptual schematic of WIT. A single detector is
coherently split between two uniformly accelerated, disjoint
worldlines (a1, a2). The excited state is common (jei), while
the ground states are branch dependent (jg1i; jg2i) via distinct
gaps (ω1, ω2). The lighter purple arm indicates a smaller branch
weight in the superposition (jα1j versus jα2j).
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proper time (Sec. IV treats finite-time profiles explicitly).
For a massless scalar field in 1þ 1 dimensions, one may
decompose the field into right- and left-traveling sectors:

Φðt; xÞ ¼ ΦRTWðuÞ þΦLTWðvÞ;
u ¼ t − x; v ¼ tþ x; ð5Þ

so that the interaction samples the two independent
chiral components along the worldline through
ΦRTWðuðτÞÞ þΦLTWðvðτÞÞ.
The ancilla-dependent monopole operator is

mðτÞ ¼ σ−ð℘̂Þe−iωð℘̂Þτ þ σþð℘̂Þeþiωð℘̂Þτ; ð6Þ

i.e., the usual two-level UDW dipole operator in the
interaction picture, with branch-conditioned splitting ωðb℘Þ.
The lowering and raising operators are, respectively,

σ−ð℘̂Þ ¼
X2
k¼1

jgkihej ⊗ jakihakj;

σþð℘̂Þ ¼ σ†−ð℘̂Þ; ð7Þ

so that σ−ð℘̂Þjei ⊗ jaki ¼ jgki ⊗ jaki and σ−ð℘̂Þjgji ¼ 0.
Along branch k, we parametrize the uniformly accel-

erated trajectory using light-cone coordinates evalu-
ated on that branch, ukðτÞ≡ uðtkðτÞ; xkðτÞÞ and vkðτÞ≡
vðtkðτÞ; xkðτÞÞ. For uniform acceleration in the right
Rindler wedge, one may choose

−akukðτÞ ¼ e−akτ; akvkðτÞ ¼ eþakτ; ð8Þ

so that the proper-time derivative acts as

d
dτ

¼ ð−akukÞ∂uk ¼ ðakvkÞ∂vk : ð9Þ

The derivative coupling, therefore, introduces the standard
dimensionless ratios ωk=ak in the excitation amplitudes.
We expand the chiral field components in Unruh modes

[1,22]. Keeping only the creation-operator parts,

Φ−
RTWðuÞ ¼

Z þ∞

−∞
dΩfð−ΩÞð−uÞ−iΩA†

Ω;

Φ−
LTWðvÞ ¼

Z þ∞

−∞
dΩfðΩÞv−iΩB†

Ω; ð10Þ

with

fðΩÞ ¼ e−πΩ=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πΩ sinhðπΩÞp : ð11Þ

The operators A†
Ω and B†

Ω create single Unruh quanta
labeled by the dimensionless Rindler or Unruh frequency

Ω in the right- and left-moving sectors, respectively; states
with different labels are orthogonal (e.g., A†

Ωj0Mi⊥A†
Ω0 j0Mi

for Ω ≠ Ω0). The superscript “−” indicates that only
creation operators appear.
To first order in perturbation theory,

jΨfi ¼ −
i
ℏ

Z
∞

−∞
dτHIðτÞjΨii; ð12Þ

which yields

jΨfi ¼ −
ig
ℏ

X2
k¼1

αk

Z
∞

−∞
dτsðτÞmðτÞ

×
d
dτ

½ΦRTWðukÞ þΦLTWðvkÞ�jgiak j0Mi: ð13Þ

In the long-interaction (adiabatic) limit, boundary terms
induced by ∂τ vanish and the remaining integrals are
understood in the distributional sense; the finite-time case
is treated explicitly below in Sec. IV (and in closed form for
Gaussian switching in Sec. IVA).
Using (8) and (9), substituting (10) into (13), and

converting the τ integral into a Mellin-type integral over
u (RTW) or v (LTW), one finds that the derivative coupling
contributes the characteristic on-shell factor ω=a. The
remaining Mellin integrals are evaluated distributionally
using Z

0

−∞
duð−uÞiΣ−1 ¼

Z
∞

0

dvviΣ−1 ¼ 2πδðΣÞ; ð14Þ

which enforces the on-shell identification of the Unruh
label with the detector ratio. It is convenient to package the
resulting single-branch coefficient into a compact ampli-
tude Iðω; aÞ, defined via the RTW creation amplitude:

Iðω; aÞ ¼ 2πg
ω

a
eþπω

2affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π ω

a sinhðπ ω
aÞ

p ai
ω
a: ð15Þ

We then define, for each branch,

Ik ≡ Ið−ωk; akÞ; Λk ≡ ωk

ak
: ð16Þ

In the adiabatic limit, the LTW contribution is the complex
conjugate of the RTW one, so the first-order state can be
written in the compact form

jΨfi ¼
X2
k¼1

αk½IkA
†
−Λk

þ I�
kB

†
þΛk

�j0Mijei ⊗ jaki; ð17Þ

where we have set ℏ ¼ 1.
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A. Conditional (path-erasing) readout

Because the ancilla path states ja1i and ja2i are orthogo-
nal, the ancilla can store which-branch information. If one
measures only the detector (excited versus ground) and does
not interrogate the ancilla, then the path is unobserved and
one must sum probabilities over it. In that unconditional
setting, the excitation probability is an incoherent sum of the
two branch contributions: The interference term is propor-
tional to ha1ja2i ¼ 0 and, therefore, vanishes. Hence, no
phase dependence can appear unless the ancilla is measured
in a way that removes the which-path record.
To access interference, we measure the ancilla in a

superposition basis, analogous to recombining the arms of
an interferometer and selecting an output port. Concretely,
we introduce

j�i ¼ ja1i � ja2iffiffiffi
2

p ;

ja1i ¼
jþi þ j−iffiffiffi

2
p ; ja2i ¼

jþi − j−iffiffiffi
2

p ; ð18Þ

and the postselection projectors Πe;� ¼ jeihej ⊗ j�ih�j.
Only in such conditional channels do the two branch
amplitudes add coherently.
It is useful to rewrite the first-order state (17) directly in

the j�i basis. Define the branch emission ket (field ⊗
detector, with the detector excited)

jΦki≡ ½IkA
†
−Λk

þ I�
kB

†
þΛk

�j0Mijei ðk ¼ 1; 2Þ; ð19Þ

so that jΨfi ¼
P

k αkjΦki ⊗ jaki. Using (18) gives the
port decomposition

jΨfi ¼ α1jΦ1i ⊗ ja1i þ α2jΦ2i ⊗ ja2i

¼ 1ffiffiffi
2

p ðα1jΦ1i þ α2jΦ2iÞ ⊗ jþi

þ 1ffiffiffi
2

p ðα1jΦ1i − α2jΦ2iÞ ⊗ j−i: ð20Þ

Thus, the jþi output carries the coherent sum of the two
branch amplitudes, while the j−i output carries their
coherent difference. Projecting onto the path-erasing port
ðe;þÞ yields

Πe;þjΨfi ¼
1ffiffiffi
2

p ðα1jΦ1i þ α2jΦ2iÞ ⊗ jþi; ð21Þ

and similarly for the orthogonal port ðe;−Þ,

Πe;−jΨfi ¼
1ffiffiffi
2

p ðα1jΦ1i − α2jΦ2iÞ ⊗ j−i: ð22Þ

This is the operational content of WIT: Suppression in the
ðe;þÞ channel is a “dark-port” condition on the coherent sum.

Separating jΦki into its right- and left-moving pieces,

jΦki ¼ jΦRTW
k i þ jΦLTW

k i;
jΦRTW

k i ¼ IkA
†
−Λk

j0Mijei;
jΦLTW

k i ¼ I�
kB

†
þΛk

j0Mijei; ð23Þ

one finds that projecting (20) onto ðe;þÞ gives the RTW
and LTW contributions, respectively,

jΨRTW
e;þ i ¼ 1ffiffiffi

2
p ½α1I1A

†
−Λ1

þ α2I2A
†
−Λ2

�j0Mijei; ð24Þ

jΨLTW
e;þ i ¼ 1ffiffiffi

2
p ½α1I�

1B
†
þΛ1

þ α2I�
2B

†
þΛ2

�j0Mijei: ð25Þ

The one-particle states A†
−Ωj0Mi at different Unruh labels

are orthogonal, and likewise for B†
þΩj0Mi. Therefore, the

two terms in (24) [and in (25)] lie in orthogonal subspaces
unless they create the same Unruh label. Exact cancellation
of the postselected amplitude is, therefore, possible only if
the two branches populate the same mode label, which
requires

Λ1 ¼ Λ2 ≡ Λ; Λk ≔
ωk

ak
: ð26Þ

After imposing (26), the conditional RTW and LTW
components reduce, respectively, to

jΨRTW
e;þ i ¼ 1ffiffiffi

2
p ðα1I1 þ α2I2ÞA†

−Λj0Mijei; ð27Þ

jΨLTW
e;þ i ¼ 1ffiffiffi

2
p ðα1I�

1 þ α2I�
2ÞB†

þΛj0Mijei: ð28Þ

Thus, suppression of the conditional ðe;þÞ port requires
the coherent sums to vanish:

α1I1 þ α2I2 ¼ 0; ð29Þ

α1I�
1 þ α2I�

2 ¼ 0: ð30Þ

To make the phase condition transparent, note that under
(26) the magnitudes of the two on-shell coefficients
coincide up to the explicit acceleration-dependent phase
contained in Ið−ω; aÞ, namely, the factor aiω=a in (15). In
particular, with Λ ¼ ω1=a1 ¼ ω2=a2, one has

I2

I1

¼
�
a2
a1

�
−iΛ

; ð31Þ

while the remaining real prefactors agree branch by branch
once evaluated on shell. Consequently, (29) yields
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α2
α1

¼ −
�
a1
a2

�
−iΛ

RTW; ð32Þ

and (30) gives the conjugate condition

α2
α1

¼ −
�
a1
a2

�þiΛ
LTW: ð33Þ

Equations (26), (32), and (33) summarize the amplitude-
level cancellation rules for the conditional (path-erasing)
readout used below.
Finally, suppression in the ðe;þÞ channel does not imply

that excitation is impossible. Rather, it means that the
coherent sum into the jþi output cancels at first order. The
corresponding excitation amplitude is then redirected into
the orthogonal ancilla output ðe;−Þ, as is evident from (20)
and (22).

B. EIT mapping

The conditional (path-erasing) readout isolates a two-path
interference problem that is formally identical to the inter-
ference mechanism in a standard Λ-type EIT system (see
Fig. 2). In EIT language, the detector has two long-lived
“ground” configurations jg1i and jg2i (here distinguished by
the branch ancilla) that are both coupled to a common
excited state jei. The postselection onto jþi selects the
coherent superposition of the two excitation pathways
jgki → jei. In the present setting, there is no external control
field; rather, the effective “couplings” are the first-order
branch excitation amplitudes. In the adiabatic limit, these are
proportional to Ik in the right-moving sector and to I�

k in the
left-moving sector.
It is useful to parametrize the branch weights by a single

relative phase:

α1 ¼ reþiθ=2; α2 ¼ re−iθ=2; ð34Þ

with r fixed by normalization. Then,

α2
α1

¼ e−iθ: ð35Þ

Using (32), we have

e−iθ ¼ −e−iΛ lnða1=a2Þ ð36Þ

and, hence, the explicit RTW phase settings

θ ¼ ð2mþ 1Þπ þ Λ ln

�
a1
a2

�
; m∈Z: ð37Þ

This derivation also makes transparent why only a single
tunable phase is needed: Once the matching condition (26)
holds, the on-shell magnitudes satisfy jI1j ¼ jI2j, and the
branch dependence of I2=I1 reduces entirely to the
acceleration-dependent phase in (31). The LTW sector is

the complex conjugate channel, yielding the conjugate
phase rule from (33):

θ ¼ ð2nþ 1Þπ − Λ ln

�
a1
a2

�
; n∈Z: ð38Þ

The terminology “dark” is used here in the standard
interference sense: At the values of θ given above, the
transition amplitude into the postselected ðe;þÞ output
vanishes at first order in g, even though excitation still
occurs in the orthogonal ðe;−Þ output.
Finally, if one wishes to suppress both RTW and LTW

conditional channels simultaneously at the same setting of
the relative phase, (37) and (38) must be compatible. This
requires

Λ ln

�
a1
a2

�
¼ πk; k∈Z: ð39Þ

Equations (26)–(39) provide the adiabatic cancellation
rules used below.

III. PLANE-WAVE REPRESENTATION

We adopt the same common–excited-state convention as
above and reexpress the first-order emission in the
Minkowski plane-wave basis, which makes the interference
structure explicit in terms of the inertial (Minkowski)
frequency ν.
We use light-cone coordinates u ¼ t − x and v ¼ tþ x.

In the right Rindler wedge, one has u < 0 and v > 0.

FIG. 2. Analogy to a three-level Λ system. The branch-con-
ditioned detector configurations jg1i and jg2i play the role of two
long-lived ground states coupled to a common excited state jei.
The two excitation pathways (one from each branch) interfere in
the conditional (path-erasing) readout, i.e., after projecting the
branch ancilla onto jþi ¼ ðja1i þ ja2iÞ=

ffiffiffi
2

p
. In this language,

the effective coupling strengths are proportional to the first-order
branch excitation amplitudes (RTW, Ik; LTW, I�

k in the adiabatic
limit). For the relative phase settings that satisfy the cancellation
rules in Eqs. (26)–(39), the transition amplitude into the post-
selected ðe;þÞ channel vanishes at first order (dark output), while
excitation can still appear in the orthogonal ðe;−Þ outcome.
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The creation parts of the right- and left-moving field
components admit the standard plane-wave expansions

Φ−
RTWðuÞ ¼

Z
∞

0

dνffiffiffiffiffiffiffiffi
4πν

p eiνua†ν;

Φ−
LTWðvÞ ¼

Z
∞

0

dνffiffiffiffiffiffiffiffi
4πν

p eiνvb†ν; ð40Þ

where ν > 0 is the Minkowski frequency and the mode
operators satisfy ½aν; a†ν0 � ¼ δðν − ν0Þ and ½bν; b†ν0 � ¼
δðν − ν0Þ, with ½aν; bν0 � ¼ ½aν; b†ν0 � ¼ 0.
The first-order state then reads

jΨfi ¼ −
ig
ℏ

X2
k¼1

αk

×
Z

∞

0

dνffiffiffiffiffiffiffiffi
4πν

p ½I ðkÞ
u ðνÞa†ν þ I ðkÞ

v ðνÞb†ν�j0Mijei; ð41Þ

with branch-dependent light-cone integrals

I ðkÞ
u ðνÞ ¼

Z
0

−∞
du

∂

∂u
½eiνuð−akuÞ−iωk=ak �;

I ðkÞ
v ðνÞ ¼

Z
∞

0

dv
∂

∂v
½eiνvðakvÞþiωk=ak �:

Evaluating these oscillatory integrals with the standard iϵ
prescription (equivalently, by contour deformation and
analytic continuation) gives

I ðkÞ
u ðνÞ ¼ νþiωk=aka−iωk=ak

k e−
πωk
2akΓ

�
1 −

iωk

ak

�
; ð42Þ

I ðkÞ
v ðνÞ ¼ −ν−iωk=akaþiωk=ak

k e−
πωk
2akΓ

�
1þ iωk

ak

�
: ð43Þ

The mode operators admit frequency-dependent rephas-
ings, aν → eiϕðνÞaν and a†ν → e−iϕðνÞa†ν (similarly for bν),
without affecting commutators. However, this is a single
phase convention choice for each ν, independent of the
detector branch. Therefore, the branch factors ν�iωk=ak can
be absorbed into such a rephasing only when they coincide
across branches.
Equivalently, since the one-particle states a†νj0Mi at

different ν are orthogonal (and, hence, linearly indepen-
dent), cancellation of the RTW (or LTW) contribution at the
operator level requires the coefficient multiplying a†ν (or b

†
ν)

to vanish for each ν. This enforces the matching condition

ω1

a1
¼ ω2

a2
≡ Λ:

Under this matching, the ν dependence becomes common
and can be removed by a single rephasing, reducing the
RTW coefficient to

α1a−iΛ1 e−
πΛ
2 Γð1 − iΛÞ þ α2a−iΛ2 e−

πΛ
2 Γð1 − iΛÞ ¼ 0; ð44Þ

which yields exactly the phase condition found in the Unruh-
mode analysis:

α2
α1

¼ −
�
a1
a2

�
−iΛ

: ð45Þ

The LTW sector follows identically, with the conjugate
condition α2=α1 ¼ −ða1=a2ÞþiΛ, using ½Γð1þ ixÞ�� ¼
Γð1 − ixÞ for real x.
This establishes consistency between the Unruh-mode and

plane-wave representations and clarifies that the ν-phase
factors can be dropped only after the matching is imposed.
This operator-level analysis matches the spectral verification
in the right panel in Fig. 3, where exact matching collapses
the spectrum and small detunings restore structured emission.

FIG. 3. Conditional interference and spectral cross-check. Left: color map (“heat map”) of the normalized conditional excitation
probability in the postselected output ðe;þÞ as a function of the relative branch phase θ and the log-acceleration ratio ra ≡ lnða1=a2Þ.
Dark regions indicate suppression (destructive interference), while bright regions indicate enhancement (constructive interference). The
dashed curves mark the analytic cancellation loci predicted by Eqs. (37)–(39). Right: corresponding emitted-radiation spectrum (plotted
versus Minkowski frequency ν) for two representative parameter choices. The “on-fringe” choice is taken on a suppression curve in the
left panel and yields strong reduction of the spectrum over the plotted range. The “off-fringe” choice includes a small ratio mismatch
ΔΛ ≠ 0 (equivalently, ω1=a1 ≠ ω2=a2), so the two branch contributions populate different frequency or Unruh-label bands and do not
cancel perfectly, leaving a residual structured spectrum.
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IV. FINITE INTERACTION TIME AND
NATURAL BANDWIDTH

The adiabatic formulas in Eqs. (17) and (26) are obtained
when the proper-time integral acts as a sharp selector of the
Unruh label. For a finite interaction duration, this selector
broadens into a spectral envelope determined by the
switching profile. In this section, we present, first, an exact
finite-time result for Gaussian switching (kept fully explicit
at first order), and then we extract the corresponding natural
bandwidth interpretation and tolerance window in the
dimensionless ratio ω=a.

A. Gaussian switching: Exact first-order amplitude
and tolerance window

For a Gaussian switch [23], one can keep the first Dyson
term exactly and obtain a closed-form, frequency-resolved
first-order excitation amplitude. The resulting “tolerance
window” quantifies when the two branch wave packets
overlap in Unruh-label space and can, therefore, interfere in
the conditional (path-erasing) readout.

1. Gaussian gate and its Fourier profile

We take a smooth Gaussian window of characteristic
duration T:

sTðτÞ ¼
1

T
ffiffiffiffiffiffi
2π

p exp
�
−

τ2

2T2

�
; ð46Þ

so that
R
dτsTðτÞ ¼ 1. This choice corresponds to a fixed

pulse area protocol: Increasing T spreads the interaction in
time while keeping

R
sT fixed. Its proper-time Fourier

transform is exact:

s̃TðΣÞ≡
Z þ∞

−∞
dτsTðτÞeiΣτ ¼ exp

�
−
T2Σ2

2

�
; ð47Þ

where Σ has dimensions of frequency.
For comparison with the standard “long-time → delta

selector” intuition (appropriate when one keeps the cou-
pling strength fixed while extending the interaction time),
it is convenient to introduce the unnormalized gate
χTðτÞ≡ T

ffiffiffiffiffiffi
2π

p
sTðτÞ ¼ expð−τ2=2T2Þ, for which χ̃TðΣÞ ¼

T
ffiffiffiffiffiffi
2π

p
e−T

2Σ2=2 and, hence,

lim
T→∞

1

2π
χ̃TðΣÞ ¼ δðΣÞ ðdistributionallyÞ: ð48Þ

Thus, the “delta selector” limit corresponds either to
working with χT or, equivalently, to rescaling the effective
coupling by the factor T

ffiffiffiffiffiffi
2π

p
when using the unit-area gate

sT . In what follows, we keep sT for definiteness; the
spectral widths and overlap criteria are unaffected by this
overall normalization choice.

2. Exact first-order Unruh-mode amplitude at finite time

Starting from the first Dyson term and retaining the finite
τ integral, one obtains the exact frequency-resolved excited
components in the Unruh basis (see the Appendix):

jΨRTW
f i ¼ g

X2
k¼1

αk

Z þ∞

−∞
dΩðakΩÞfð−ΩÞaiΩk

× exp

�
−
T2

2
ðωk þ akΩÞ2

�
A†
Ωj0Mijei ⊗ jaki

ð49Þ

and

jΨLTW
f i ¼ g

X2
k¼1

αk

Z þ∞

−∞
dΩðakΩÞfðΩÞaiΩk

× exp

�
−
T2

2
ðωk − akΩÞ2

�
B†
Ωj0Mijei ⊗ jaki:

ð50Þ

Here, we adopt the same Unruh-mode convention as
above: We allow the Unruh label Ω∈R in the creation-
operator sector, so that the RTWexcitation produced by the
derivative coupling is supported near negative Ω. Defining
Λk ≔ ωk=ak > 0, Eqs. (49) and (50) show that each branch
populates a narrow band centered at Ω ≃ −Λk (RTW) and
Ω ≃þΛk (LTW), with characteristic width

ΔΩk ∼
1

akT
; ð51Þ

up to an Oð1Þ definition-dependent factor. We assume
throughout that Λk is not parametrically small, so that the
mode prefactors ðakΩÞfð�ΩÞ vary slowly across each
packet.

3. Path-erasing readout and overlap-controlled
interference

In the conditional (path-erasing) port jþi ¼
ðja1i þ ja2iÞ=

ffiffiffi
2

p
, the RTW excited component takes the

form

jΨRTW
e;þ i ∝

Z
dΩðα1FR

1 ðΩÞ þ α2FR
2 ðΩÞÞ

× A†
Ωj0Mijei; ð52Þ

with FR
k ðΩÞ ¼ ðakΩÞfð−ΩÞaiΩk exp½− T2

2
ðωk þ akΩÞ2�.

Because A†
Ωj0Mi at different Ω are orthogonal, interference

in the conditional probability is controlled by the spectral
overlap of the two branch wave packets in Ω space.
In the regime akT ≫ 1, the Gaussians are narrow in Ω,

and one may evaluate the slowly varying prefactors at the
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packet centers. Defining the RTW Gaussian envelopes

GR
k ðΩÞ≡ exp

�
−
ðakTÞ2

2
ðΩþ ΛkÞ2

�
; ð53Þ

the spectral amplitude is well approximated by a sum of
two narrow packets:

α1FR
1 ðΩÞ þ α2FR

2 ðΩÞ≃ α1I1GR
1 ðΩÞ þ α2I2GR

2 ðΩÞ; ð54Þ

where Ik denotes the corresponding on-shell coefficient
obtained by evaluating the prefactors at Ω ¼ −Λk. This
identification matches the adiabatic coefficient used in (17)
once the same switching normalization is adopted (equiv-
alently, using χT so that χ̃T → 2πδ) or upon the corre-
sponding rescaling of the effective coupling.
A further condition is required for the interference cross

term to be governed primarily by Gaussian overlap: The
relative phase factor aiΩ1 a−iΩ2 ¼ eiΩ lnða1=a2Þ must not oscil-
late appreciably across the overlap width. A sufficient
criterion is

ΔΩeff j lnða1=a2Þj ≪ 1; ΔΩeff ∼
1

aeffT
; ð55Þ

with aeff any acceleration scale comparable to a1, a2
(e.g., aeff ¼ maxfa1; a2g). When (55) holds, the envelope
overlap controls the interference visibility.

4. Finite-time tolerance window in ω=a

A necessary condition for appreciable interference is that
the two Gaussian bands overlap in Ω. The overlap integralR
dΩGR

1 ðΩÞGR
2 ðΩÞ evaluates exactly toZ þ∞

−∞
dΩGR

1 ðΩÞGR
2 ðΩÞ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2π

T2ða21 þ a22Þ

s
exp

�
−

a21a
2
2T

2

2ða21 þ a22Þ
ðΔΛÞ2

�
; ð56Þ

where ΔΛ≡ Λ1 − Λ2 ¼ ω1=a1 − ω2=a2. Thus, overlap
(and, hence, interference) is exponentially suppressed once
a2
1
a2
2
T2

2ða2
1
þa2

2
Þ ðΔΛÞ2 ≫ 1. Equivalently, a conservative Gaussian

tolerance criterion is����ω1

a1
−
ω2

a2

����≲
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a21 þ a22

p
a1a2

1

T
; ð57Þ

which scales as jΔΛj ∼ 1=ðaTÞ with a any acceleration
scale comparable to a1 and a2.

V. CONCLUSION

We have analyzed the leading-order response of a single
Unruh-DeWitt detector whose trajectory is coherently

correlated with a two-state path ancilla, so that the
interaction proceeds along one of two uniformly acceler-
ated branches while the final ancilla measurement can
either retain or erase which-branch information. If the
ancilla is not read out, the orthogonality ha1ja2i ¼ 0
enforces an incoherent sum over branches and removes
any dependence on the relative phase of the branch weights.
By contrast, conditioning on an ancilla superposition out-
put (the path-erasing port) makes the excitation amplitude a
coherent sum of the two branch amplitudes.
In that conditional channel, amplitude-level cancellation

requires the two branches to populate the same one-particle
subspace. In the Unruh-mode formulation, this appears as
the matching condition

ω1

a1
¼ ω2

a2
≡ Λ; ð58Þ

after which the remaining branch dependence at first
order is a relative phase carried by the acceleration-
dependent factors in the single-branch coefficients. The
cancellation phase rules in the postselected ðe;þÞ chan-
nel are

α2
α1

¼ −
�
a1
a2

�
−iΛ

RTW; ð59Þ

α2
α1

¼ −
�
a1
a2

�þiΛ
LTW; ð60Þ

which are complex conjugates. Hence, simultaneous
suppression of both chiral contributions in the same
conditional port is possible only at the discrete points
where Λ lnða1=a2Þ ¼ nπðn∈ZÞ; otherwise, one may tune
the phase to suppress RTW or LTW in a chosen port but
not both at once at leading order.
Finite interaction time replaces the sharp Unruh-label

selection of the adiabatic limit by the Fourier profile of the
switching window, so exact matching broadens into an
overlap requirement in Unruh-label space. For Gaussian
switching, the first Dyson term can be evaluated in closed
form, yielding narrow wave packets centered near
Ω≃ ∓ ωk=ak with width ΔΩ ∼ 1=ðaTÞ and, therefore, an
explicit tolerance window jΔðω=aÞj ∼ 1=ðaTÞ controlling
interference visibility (Sec. IVA). A related interference-
based suppression mechanism in a different architecture is
presented in Ref. [24].
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APPENDIX: GAUSSIAN SWITCHING:
DERIVATION OF EQS. (49) AND (50)

We derive the exact Unruh-basis excited components for
a Gaussian switching gate by evaluating the first Dyson
term at finite interaction time. We set ℏ ¼ 1 throughout this
appendix.

jΨfi ¼ −i
Z þ∞

−∞
dτHIðτÞjΨii: ðA1Þ

Acting on jΨii, only the raising part of the monopole
contributes to excitation, mðτÞjgiak ¼ eþiωkτjei ⊗ jaki, so
the excited component reads

jΨðeÞ
f i ¼ −ig

X2
k¼1

αk

Z þ∞

−∞
dτsTðτÞeþiωkτ

×
d
dτ

½ΦRTWðukðτÞÞ þΦLTWðvkðτÞÞ�
× j0Mijei ⊗ jaki; ðA2Þ

where we take a normalized Gaussian window

sTðτÞ ¼
1ffiffiffiffiffiffi
2π

p
T
exp

�
−

τ2

2T2

�
: ðA3Þ

We begin with the RTW contribution. Using the Unruh-
mode expansion (creation part)

Φ−
RTWðuÞ ¼

Z þ∞

−∞
dΩfð−ΩÞð−uÞ−iΩA†

Ω ðA4Þ

and the uniformly accelerated right-wedge trajectory
−akukðτÞ ¼ e−akτ, one has

ð−ukðτÞÞ−iΩ ¼ aiΩk eþiΩakτ: ðA5Þ

Moreover, along branch k, d
dτ ¼ ð−akukÞ∂uk , so

d
dτ

ð−ukÞ−iΩ ¼ iðakΩÞð−ukÞ−iΩ

¼ iðakΩÞaiΩk eþiΩakτ: ðA6Þ

Substituting (A5) and (A6) into (A2) and collecting the
RTW creation operator piece gives

jΨRTW
f i ¼ −ig

X2
k¼1

αk

Z þ∞

−∞
dΩfð−ΩÞiðakΩÞaiΩk

×
Z þ∞

−∞
dτsTðτÞeiðωkþakΩÞτ

× A†
Ωj0Mijei ⊗ jaki: ðA7Þ

The remaining τ integral is the Fourier transform of a
Gaussian: Z þ∞

−∞
dτsTðτÞeiΣτ ¼ exp

�
−
T2

2
Σ2

�
: ðA8Þ

Applying (A8) with Σ ¼ ωk þ akΩ yields Eq. (49).
For the LTW contribution, we use

Φ−
LTWðvÞ ¼

Z þ∞

−∞
dΩfðΩÞv−iΩB†

Ω; ðA9Þ

together with akvkðτÞ ¼ eþakτ, which implies

vkðτÞ−iΩ ¼ aiΩk e−iΩakτ: ðA10Þ

Since d
dτ ¼ ðakvkÞ∂vk on branch k, we obtain

d
dτ

v−iΩk ¼ −iðakΩÞv−iΩk

¼ −iðakΩÞaiΩk e−iΩakτ: ðA11Þ

Substituting (A10) and (A11) into (A2) gives

jΨLTW
f i ¼ −ig

X2
k¼1

αk

Z þ∞

−∞
dΩfðΩÞ½−iðakΩÞ�aiΩk

×
Z þ∞

−∞
dτsTðτÞeiðωk−akΩÞτ

× B†
Ωj0Mijei ⊗ jaki: ðA12Þ

Using (A8) with Σ ¼ ωk − akΩ yields the Gaussian
envelope exp½− T2

2
ðωk − akΩÞ2�. The overall phase of the

LTW creation sector may be fixed (by a constant rephasing
of B†

Ω) so that the adiabatic LTW amplitude coincides with
the complex conjugate of the RTW one; with this con-
vention, the result is precisely Eq. (50).
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