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We study the response of an accelerated Unruh-DeWitt detector to a one-parameter family of “kappa
Rindler” vacua, which generalize the standard Unruh effect. These states, parametrized by κ, continuously
interpolate between the Rindler (κ → 0) and Minkowski (κ ¼ 1) vacua. We find the detector registers a
perfect thermal bath at a tunable temperature Tκ ¼ κTU. This result establishes a framework for
environments perceived as both “hotter” (κ > 1) and “colder” (κ < 1) than the standard Unruh temperature.
We establish this thermality by demonstrating the Kubo-Martin-Schwinger condition for the Wightman
function and by analyzing the associated particle creation process. Furthermore, we visualize the spacetime
structure of the created field quanta, revealing an intuitive link between the κ-controlled symmetry of the
modes and the perceived temperature. Our work provides a comprehensive framework for a modulated
Unruh effect, bridging formal quantum field theory with clear visual intuition.
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I. INTRODUCTION

The Unruh effect stands as a cornerstone of modern
theoretical physics, predicting that a uniformly accelerated
observer will perceive the Minkowski vacuum not as empty
space, but as a thermal bath [1–3]. The temperature of this
bath, TU ¼ a=ð2πÞ, is directly proportional to the observer’s
proper acceleration a (in natural units, ℏ ¼ c ¼ kB ¼ 1).
This profound discovery forged a direct link between
acceleration, thermodynamics, and the quantum vacuum,
providing crucial insights into Hawking radiation from black
holes [4,5] and shaping our understanding of the observer-
dependent nature of particles in quantum field theory [6,7].
The Unruh–DeWitt (UDW) [1,8] detector—an idealized

two-level system locally coupled to a field—provides a
flexible probe of these effects and is widely used in
relativistic quantum information (RQI). Reviews map the
landscape in which acceleration and horizons reshape
quantum resources [9,10], while studies quantify how non-
inertial motion redistributes and degrades correlations [11–
15]. Beyond characterization, operational protocols have
been developed in relativistic settings, including communi-
cation in the presence of horizons and teleportation using
Rindler-mode entanglement [16–19]; related foundational
results highlight information transfer constraints and

detector-based measurement frameworks in quantum field
theory [20,21]. These works collectively motivate a control-
lable way to dial the effective Unruh temperature while
keeping mode structure explicit.
Most analyses of the Unruh effect presuppose that an

accelerated detector interacts with the standard Minkowski
vacuum. This work, however, explores how the detector’s
response changes when the surrounding field is prepared in
one of the more general “kappa vacua.” These states form
two distinct families: the boost-stationary kappa Rindler
vacua [22,23] and the translation-invariant kappa plane-
wave vacua [24,25]. In this paper, we focus exclusively on
the kappa Rindler family, which constitutes a continuous
set of physically distinct quantum vacua parametrized by a
dimensionless factor κ ≥ 0.
This framework is particularly powerful because it

unifies a spectrum of important physical states. The kappa
Rindler vacuum contains two celebrated states as special
cases:

(i) At κ ¼ 1, it is precisely the Minkowski vacuum in
which an accelerated observer measures the thermal
Unruh effect.

(ii) As κ → 0, the state approaches the Rindler vacuum
—the ground state with respect to Rindler time in a
single wedge. This limit requires care at the horizon.

By treating κ as a free parameter, we can move beyond
these two specific examples to explore the entire landscape
of intermediate quantum vacua. This provides a detailed
picture of how a detector’s perception of particles is
fundamentally shaped by the subtle but crucial properties
of the quantum vacuum itself.
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We demonstrate that an accelerated detector in a kappa
Rindler vacuum registers a precisely thermal response, but
with a temperature that is scaled by the parameter κ, such
that Tκ ¼ κTU. We establish this result rigorously by
showing that the vacuum’s two-point Wightman function
satisfies the Kubo-Martin-Schwinger (KMS) condition at
this modified temperature [26,27]. Complementing this
formal proof, we provide an intuitive quantum optics
perspective by analyzing the particle creation process
responsible for the detector’s excitation. We visualize the
spacetime structure of the created field quanta—the “kappa
photons”—showing how the parameter κ directly controls
their symmetry across the light cone. This reinforces the
foundational Unruh-Wald insight into the nonlocal char-
acter of the effect [28] and provides a clear visual link
between the abstract properties of the vacuum state and the
concrete thermal response of the detector.
The paper is organized as follows. We begin in Sec. II by

deriving the detector’s excitation rate from a particle-
creation standpoint using first-order perturbation theory.
In Sec. III, we further explore the field’s quantum structure
by presenting the Bogoliubov transformations that connect
different kappa vacua, allowing us to quantify their relative
particle content. Section IV provides a complementary and
more formal proof of the thermal response by deriving the
Wightman function for the kappa vacuum and verifying
that it satisfies the KMS condition at the modified temper-
ature. In Sec. V, we synthesize these results, discussing the
physical implications of a tunable Unruh temperature and
using detailed numerical visualizations to provide an
intuitive picture of the underlying field modes. Finally,
Sec. VI summarizes our findings and outlines potential
future directions. Appendix A derives the Wightman
function in both Minkowski and Rindler coordinates, while

Appendix B presents the full evaluation of the integral
needed for the mode-expansion analysis.

II. DERIVATION OF THE EXCITATION RATE

A. Notation and setup

We work in (1þ 1) dimensions with a massless scalar
field and natural units ℏ ¼ c ¼ kB ¼ 1. Light-cone coor-
dinates are u ¼ t − x and v ¼ tþ x. The Heisenberg field
is written without a hat for readability,

Φðu; vÞ ¼ ΦRTWðuÞ þΦLTWðvÞ;

while operator objects carry hats (creation/annihilation
operators, detector operators, Hamiltonians), e.g., B̂Ω;κ,
ˆ̃BΩ;κ, âν, σ̂, Ĥint. We use θ for the Heaviside function
and ϵ → 0þ for the iϵ prescription. Uniform acceleration a
in the right Rindler wedge corresponds to

−au ¼ e−aτ; av ¼ eaτ;

with τ the detector proper time. An IR scale μ renders
logarithms dimensionless.

B. Definition and construction of the κ-vacua

The κ-vacua form a one-parameter family of stationary
states for each chiral sector (right/left movers). The scalar
field Φ can be decomposed into right-traveling wave
(RTW) and left-traveling wave (LTW) components. The
chiral field expansions in the κ-Rindler basis (boost/dilation
eigenmodes on the null line; principal branch understood
for ð−uÞκ, u < 0 in the right wedge) are

ΦRTWðuÞ ¼
Z þ∞

−∞

dΩffiffiffiffiffiffiffiffiffiffi
N Ω;κ

p �
θð−uÞð−uÞiΩeπΩ

2κ B̂Ω;κ þ θðuÞuiΩe−πΩ
2κ B̂Ω;κ þ H:c:

�
; ð2:1Þ

ΦLTWðvÞ ¼
Z þ∞

−∞

dΩffiffiffiffiffiffiffiffiffiffi
N Ω;κ

p �
θð−vÞð−vÞiΩeπΩ

2κ
ˆ̃BΩ;κ þ θðvÞviΩe−πΩ

2κ
ˆ̃BΩ;κ þ H:c:

�
; ð2:2Þ

with the canonical commutators

½B̂Ω;κ; B̂
†
Ω0;κ� ¼ δðΩ − Ω0Þ; ½ ˆ̃BΩ;κ;

ˆ̃B
†
Ω0;κ� ¼ δðΩ − Ω0Þ;

and the normalization N Ω;κ ¼ 8πjΩj sinhðπjΩj=κÞ. The κ-
vacuum is specified by the annihilation conditions

B̂Ω;κj0κi ¼ 0; ˆ̃BΩ;κj0κi ¼ 0; ∀ Ω∈R:

This fixes the state up to an overall phase and is equivalent
(see below) to a simple mapping of two-point functions.

This construction is “Rindler” because it is built from
Rindler modes. The following are the limits of this family:

(i) Minkowski limit (κ ¼ 1). The chiral maps in (4.7)
reduce to the identity, so Wκ → W1 and the state is
exactly the Minkowski vacuum. Uniform acceler-
ation in this vacuum then gives the standard Unruh
temperature TU ¼ a=ð2πÞ. The mode content in this
limit reduces to the standard Unruh modes [1,28].
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(ii) Rindler limit (κ → 0þ). The two-point function tends
to the ground state with respect to Rindler time in a
single wedge (the “Rindler vacuum”). This limit is
subtle at the horizon and requires the usual IR care
(the ln and branch choices in (4.14) must be treated
before sending κ → 0), but physically the detector
temperature Tκ ¼ κTU tends to zero and excitations
vanish.

(iii) Continuum of distinct vacua (0 < κ < ∞). For any
other κ one obtains a stationary vacuum that is neither
Minkowski nor Rindler, yet remains boost-stationary;
an accelerated detector measures a strictly thermal
bath at Tκ. These vacua are mutually Bogoliubov-
related via the transformation in Sec. III.

This construction and its properties (mode basis, mapping,
and limits) were introduced and analyzed in detail in our
earlier work [23]. Here we include the essentials so that the
present paper is self-contained; we rely only on (2.1)–(2.2)
together with the mapping identity (4.7) and the explicitWκ

in (4.14), plus the Bogoliubov analysis in Sec. III.

C. The interaction Hamiltonian

The UDW detector is a two-level system with ground
state jgi and excited state jei, separated by an energy gap ω.
Its interaction with a massless scalar fieldΦ is described by
the Hamiltonian [28,29],

ĤintðτÞ ¼ g
∂

∂τ
ΦðτÞ

�
σ̂†eiωτ þ σ̂e−iωτ

�
; ð2:3Þ

where g is the coupling constant, σ̂† ¼ jeihgj, and
σ̂ ¼ jgihej.
The final state jΨfi, after the interaction, is given by

jΨð1Þ
f i ¼ −

i
ℏ

Z þ∞

−∞
dτĤintðτÞjΨii: ð2:4Þ

To study the excitation of the detector, we are interested in
the component of the Hamiltonian (2.3) proportional to the
raising operator σ̂† ¼ jeihgj, which takes the detector from
the ground state to the excited state.
Here, we consider the detector in the right Rindler

wedge, hence, the relevant components of the field in that
region read

Φ−
RTWðuÞ ¼

Z þ∞

−∞

dΩffiffiffiffiffiffiffiffiffiffi
N Ω;κ

p ð−uÞ−iΩeπΩ
2κ B̂†

Ω;κ;

Φ−
LTWðvÞ ¼

Z þ∞

−∞

dΩffiffiffiffiffiffiffiffiffiffi
N Ω;κ

p v−iΩe−
πΩ
2κ
ˆ̃B
†
Ω;κ; ð2:5Þ

where the superscript “-” denotes the negative mode
contribution.
For a detector on an accelerated trajectory in the right

wedge, its proper time τ is related to the light-cone
coordinates by −au ¼ e−aτ and av ¼ eaτ. Then we have

jΨð1Þ
f;RTWi ¼ −

ig
ℏ

Z þ∞

−∞
dτ

Z þ∞

−∞

dΩffiffiffiffiffiffiffiffiffiffi
N Ω;κ

p ∂

∂τ

�
e−aτ

a

�
−iΩ

e
πΩ
2κeiωτB̂†

Ω;κj0κijei

¼ g
ℏ

Z þ∞

−∞
dτ

Z þ∞

−∞

dΩffiffiffiffiffiffiffiffiffiffi
N Ω;κ

p a1þiΩΩeiðaΩþωÞτe
πΩ
2κ B̂†

Ω;κj0κijei: ð2:6Þ

The integral over proper time yields the crucial energy-
conservation delta function

Z þ∞

−∞
dτeiðωþaΩÞτ ¼ 2π

a
δ

�
Ωþ ω

a

�
: ð2:7Þ

This delta function forces the Rindler frequency of the
created quantum to be Ω ¼ −ω=a. This is a key feature of
the Unruh effect: the excitation of the detector (energy gain
ω) is accompanied by the creation of a field quantum with
negative Rindler frequency.
The final state after the interaction, projected onto the

detector’s excited state, is found to be

jΨð1Þ
f;RTWi ¼ Iðω; a; κÞj1−ω

a
iκ ⊗ jei; ð2:8Þ

where j1−ω
a
iκ ¼ B̂†

−ω
a;κ
j0κi is the state of a single created

kappa photon, and Iðω; a; κÞ is its complex amplitude. The
probability of this transition is proportional to the modulus
squared of this amplitude, jIðω; a; κÞj2. For a derivative-
coupled detector, the calculation yields

Iðω; a; κÞ ¼ −2πgω
ℏa1þiω=a

e−
πω
2κaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8π ω
a sinhðπωκaÞ

p ;

and hence,

jIðω; a; κÞj2 ¼ πg2ω
ℏ2a

1

e
2πω
κa − 1

:

The transition rate R is obtained by dividing by the
(infinite) interaction time and properly accounting for
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phase space factors. The final result for the rate contains the
characteristic Planck factor for a thermal distribution:

Rg→e ∝
1

eω=Tκ − 1
; ð2:9Þ

where we can read off the perceived temperature,

Tκ ¼
κa
2π

: ð2:10Þ

This result, derived from the particle creation picture,
perfectly matches the temperature found from the KMS

condition and the response function method, providing a
complete and consistent physical picture.

III. PARTICLE CONTENT AND BOGOLIUBOV
TRANSFORMATIONS

In this section, we analyze the relationship between
different kappa vacua by calculating the particle content of
one vacuum state as perceived by an observer adapted to
another. This is achieved by using the Bogoliubov trans-
formation that connects the creation and annihilation
operators of two different kappa vacua, characterized by
parameters κ and κ0.

We begin with the Bogoliubov transformation relating the operators,

B̂Ω;κ0 ¼
sgnðΩÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sinhðπΩκ Þ sinhðπΩκ0 Þ
q

�
sinh

�
πΩ
2

�
1

κ0
þ 1

κ

��
B̂Ω;κ þ sinh

�
πΩ
2

�
1

κ0
−
1

κ

��
B̂†
−Ω;κ

�
: ð3:1Þ

For clarity, we can write this transformation in the standard form B̂Ω;κ0 ¼ αΩ;κκ0 B̂Ω;κ þ βΩ;κκ0 B̂
†
−Ω;κ. The number of κ0-

particles of frequency Ω present in the κ-vacuum is given by the expectation value:

Nκ;κ0 ðΩÞ ¼ h0κjB̂†
Ω;κ0 B̂Ω;κ0 j0κi: ð3:2Þ

Substituting the transformation yields,

Nκ;κ0 ðΩÞ ¼ h0κjðα�Ω;κκ0 B̂†
Ω;κ þ β�Ω;κκ0 B̂−Ω;κÞðαΩ;κκ0 B̂Ω;κ þ βΩ;κκ0 B̂

†
−Ω;κÞj0κi: ð3:3Þ

Since the annihilation operator B̂Ω;κ acting on the vacuum state gives zero, i.e., B̂Ω;κj0κi ¼ 0 and its conjugate h0κjB̂†
Ω;κ ¼ 0,

the only nonvanishing term is the one proportional to jβΩj2:

Nκ;κ0 ðΩÞ ¼ h0κjβ�Ω;κκ0 B̂−Ω;κβΩ;κκ0B̂
†
−Ω;κj0κi ¼ jβΩ;κκ0 j2h0κj½B̂−Ω;κ; B̂

†
−Ω;κ�j0κi: ð3:4Þ

The commutator for fields in an infinite volume results in a
Dirac delta function, ½B̂Ω; B̂

†
Ω0 � ¼ δðΩ − Ω0Þ, leading to a

δð0Þ divergence. This term is understood as being propor-
tional to the total volume of space. The physically mean-
ingful quantity is the particle number per mode (or density),
which is obtained by regularizing this divergence. Thus, the
particle spectrum is proportional to the Bogoliubov coef-
ficient jβΩj2:

hNκ;κ0 ðΩÞi ∝ jβΩ;κκ0 j2 ¼
sinh2ðπΩ

2
ð1κ − 1

κ0ÞÞ
sinhðπΩκ Þ sinhðπΩκ0 Þ

: ð3:5Þ

As expected, if the two vacua are the same (κ ¼ κ0), then
the particle number is zero.

A. The Rindler limit: Recovering the Unruh effect

We can now recover the celebrated result for the Unruh
effect by considering the particle content of the Minkowski
vacuum (κ ¼ 1) as seen from the perspective of a Rindler
observer. This corresponds to taking the limit where the
Rindler operators are defined by κ0 → 0.
The number of Rindler particles is proportional to the

squared Bogoliubov coefficient jβj2. Since this quantity
must be positive, and the original expression is even in Ω,
we can write it in terms of jΩj to ensure the derivation
remains straightforward:

N ∝ jβj2 ¼ sinh2ðπjΩj
2
ð1κ0 − 1ÞÞ

sinhðπjΩjÞ sinhðπjΩjκ0 Þ
:
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In the limit κ0 → 0, the arguments of the hyperbolic sine
functions containing 1=κ0 become large and positive. We
can therefore use the approximation sinhðxÞ ≈ 1

2
ex for large

x. This gives

hN1;0ðΩÞi ∝
h
1
2
e
πjΩj
2
ð 1
κ0−1Þ

i
2

sinhðπjΩjÞ
h
1
2
e
πjΩj
κ0
i ¼ 1

e2πjΩj − 1
: ð3:6Þ

This result precisely recovers the thermal spectrum for
Rindler particles of energy jΩj in the Minkowski vacuum.
Comparing this to the Planck distribution, 1

eE=T−1, we see
that 2π plays the role of the inverse Unruh temperature
a=TU (in units where a ¼ 1), validating the general
transformation.

IV. THE WIGHTMAN FUNCTION IN κ-RINDLER
SPACETIME

The detector response is governed by the (unordered)
two-point Wightman function,

WðΔτÞ ¼ hΦðτÞΦðτ0Þi;Δτ≡ τ − τ0; ð4:1Þ

evaluated along the detector worldline. In (1þ 1) dimen-
sions, a massless scalar, decomposes into independent
right- and left-moving pieces, Φ ¼ ΦRTWðuÞ þΦLTWðvÞ
with u ¼ t − x and v ¼ tþ x. Thus,

Wκ ¼ Wκ;RTW þWκ;LTW: ð4:2Þ

We compute Wκ;RTW and then add the LTW contribution.

A. Field expansion and Wκ;RTW

For the right-moving sector,

Wκ;RTWðu; u0Þ ¼ h0κjΦRTWðuÞΦRTWðu0Þj0κi: ð4:3Þ

Using the κ-Rindler mode expansion [with Ω∈R and
N Ω;κ ¼ 8πjΩj sinhðπjΩj=κÞ],

h0κjΦðuÞΦðu0Þj0κi ¼
Z þ∞

−∞

dΩdΩ0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N Ω;κN Ω0;κ

p e
πΩ
2κe

πΩ0
2κ h0κjB̂Ω;κB̂

†
Ω0;κj0κið−uÞiΩð−u0Þ−iΩ

0
: ð4:4Þ

With ½B̂Ω;κ; B̂
†
Ω0;κ� ¼ δðΩ −Ω0Þ this reduces to

Wκ;RTWðu; u0Þ ¼
Z þ∞

−∞
dΩ

e
πΩ
κ

8πjΩj sinhðπjΩjκ Þ

�
−u
−u0

�
iΩ
: ð4:5Þ

Rescale Ω ↦ κΩ (with κ > 0) to obtain

Wκ;RTWðu; u0Þ ¼
Z þ∞

−∞
dΩ

eπΩ

8πjΩj sinhðπjΩjÞ
��

−u
−u0

�
κ
�
iΩ
: ð4:6Þ

Hence the key mapping property,

Wκ;RTWðu; u0Þ ¼ W1;RTWðð−uÞκ; ð−u0ÞκÞ; ð4:7Þ

i.e., the κ-RTW Wightman equals the Minkowski-RTW one evaluated on the flowed null coordinates.

1. Calculation in Rindler coordinates

For a uniformly accelerated worldline in the right wedge with proper acceleration a, −au ¼ e−aτ and av ¼ eaτ, so

u
u0

¼ e−aΔτ;
v
v0

¼ eaΔτ: ð4:8Þ

Using the standard Minkowski (κ ¼ 1) RTW/LTW results along this trajectory (see Appendix A),

W1;RTWðτ; τ0Þ ¼ −
1

4π

�
ln
2

a
−
a
2
ðτ þ τ0Þ þ ln

�
sinh

aðΔτ − iϵÞ
2

��
; ð4:9Þ
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W1;LTWðτ; τ0Þ ¼ −
1

4π

�
ln
2

a
þ a

2
ðτ þ τ0Þ þ ln

�
sinh

aðΔτ − iϵÞ
2

��
: ð4:10Þ

The opposite signs of the linear terms reflect u ∝ e−aτ vs v ∝ eaτ. Summing RTWþ LTW cancels the � a
2
ðτ þ τ0Þ, as

required by boost stationarity.
By (4.7), the Wightman function in the κ-vacuum is obtained by applying the mapping to the standard Minkowski results.

This is equivalent to making the substitution a → aκ in Eqs. (4.9) and (4.10). Let us perform this substitution and sum the
two sectors explicitly.
First, we write the κ-vacuum expressions for the right- and left-moving sectors:

Wκ;RTW ¼ −
1

4π

�
ln

2

aκ
−
aκ
2
ðτ þ τ0Þ þ ln

�
sinh

aκðΔτ − iϵÞ
2

��
; ð4:11Þ

Wκ;LTW ¼ −
1

4π

�
ln

2

aκ
þ aκ

2
ðτ þ τ0Þ þ ln

�
sinh

aκðΔτ − iϵÞ
2

��
: ð4:12Þ

Adding these two components to find the total Wightman function Wκ ¼ Wκ;RTW þWκ;LTW, the linear terms in ðτ þ τ0Þ
cancel, as required by stationarity:

WκðΔτÞ ¼ −
1

4π

�
2 ln

2

aκ
þ 2 ln

�
sinh

aκðΔτ − iϵÞ
2

��

¼ −
1

4π
ln

�
4

a2κ2
sinh2

�
aκðΔτ − iϵÞ

2

��
: ð4:13Þ

Introducing an IR scale μ to render the logarithm dimensionless, the total unordered Wightman function is

WκðΔτÞ ¼ h0κjΦðτÞΦðτ0Þj0κi ¼ −
1

4π
ln

�
μ2

4

a2κ2
sinh2

�
aκ
2
ðΔτ − iϵÞ

��
: ð4:14Þ

B. KMS condition

The thermal property of the κ-vacuum is encoded by the
KMS condition, which relates the greater/lesser Wightman
functions,W>ðτÞ¼ hΦðτÞΦð0Þi andW<ðτÞ ¼ hΦð0ÞΦðτÞi,
at real and imaginary times:

W>ðτ − iβκÞ ¼ W<ðτÞ; βκ ¼
2π

aκ
: ð4:15Þ

For a free scalar field, these ordered functions are boundary
values of the unordered Wightman function, W>ðτÞ ¼
Wκðτ − iϵÞ and W<ðτÞ ¼ Wκðτ þ iϵÞ. We now verify this
relation using the explicit form of WκðΔτÞ from Eq. (4.14).

1. Verification

We evaluate the two sides of the KMS relation sepa-
rately. The left-hand side (lhs) is

lhs ¼ W>ðτ − iβκÞ ¼ Wκðτ − iβκ − iϵÞ

¼ −
1

4π
ln

�
μ2

4

a2κ2
sinh2

�
aκ
2
ðτ − iβκ − iϵÞ

��
: ð4:16Þ

Using the identity ðaκ=2Þβκ ¼ π and the property
sinhðz − iπÞ ¼ − sinh z, the argument of the logarithm
simplifies:

sinh2
�
aκ
2
ðτ − iϵÞ − iπ

�
¼ sinh2

�
aκ
2
ðτ − iϵÞ

�
: ð4:17Þ

Thus, the lhs reduces to the boundary value of the
Wightman function from below the real axis:

lhs ¼ −
1

4π
ln

�
μ2

4

a2κ2
sinh2

�
aκ
2
ðτ − iϵÞ

��
¼ Wκðτ − iϵÞ:

ð4:18Þ

The right-hand side (rhs) is, by definition,

rhs ¼ W<ðτÞ ¼ Wκðτ þ iϵÞ: ð4:19Þ

For the KMS condition to be satisfied, we must have
lhs ¼ rhs, which requires Wκðτ − iϵÞ ¼ Wκðτ þ iϵÞ. For
real τ ≠ 0, the argument of the logarithm in Eq. (4.14) is
strictly positive, meaning the function is analytic on the real
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axis away from the origin. Therefore, the boundary values
from above and below coincide:

Wκðτ − iϵÞ ¼ Wκðτ þ iϵÞ; τ ≠ 0: ð4:20Þ

This confirms that lhs ¼ rhs, proving the KMS relation is
satisfied with the inverse temperature βκ, which corre-
sponds to the perceived temperature:

Tκ ¼ β−1κ ¼ aκ
2π

: ð4:21Þ

At the coincidence point τ ¼ 0, the iϵ prescription correctly
regulates the singularity of the Wightman function in the
distributional sense.

V. A SPECTRUM OF THERMAL VACUA:
VISUALIZING THE UNRUH EFFECT

The agreement between our two derivations and the
verification of the KMS condition robustly establish our
main result: an accelerated detector in a kappa vacuum
experiences a perfect thermal bath at temperature Tκ ¼ κTU.

A. Analysis of the thermal response

The parameter κ acts as a “dial” for the perceived
vacuum temperature. This is illustrated in Fig. 1, which
plots the excitation rate versus the detector’s energy gap for
several values of κ. For κ ¼ 1.0 (solid blue), we recover the
standard Unruh effect. For κ < 1, the rate is strongly
suppressed, corresponding to a colder vacuum. For κ > 1
(red and magenta lines), the rate is enhanced, indicating a
hotter vacuum. The limits are physically intuitive:

(i) κ → 1: The kappa vacuum becomes the Minkowski
vacuum.

(ii) κ → 0: Tκ → 0, approaching the Rindler vacuum,
i.e., the ground state with respect to Rindler time
translations in a wedge [1,2,6,7]. The excitation rate
vanishes in this limit (with IR care at the horizon).

B. The Unruh-Wald insight:
Locus of the emitted photon

The particle creation perspective reveals a profound
nonlocal feature of the Unruh effect. The field quantum
created when the detector clicks, a “kappa photon,” is

FIG. 1. The relative excitation rateR of a uniformly accelerated
Unruh-DeWitt detector as a function of its energy gap ω=a. The
curves correspond to different kappa vacua, characterized by the
parameter κ. The case κ ¼ 1 (solid blue) represents the standard
Unruh effect. For κ < 1 (dashed green), the thermal response is
suppressed. For κ > 1 (dot-dashed red and dotted magenta), the
perceived temperature and excitation rate are enhanced. Con-
stants are set to unity (a ¼ 1; g ¼ 1;ℏ ¼ 1).

FIG. 2. Spacetime structure of a right-traveling kappa mode for a detector energy gap ω ¼ 0.5a (corresponding to Rindler frequency
Ω ¼ −0.5). The real part of the mode function ReðΦÞ is plotted for vacuum parameters κ ¼ 0.1 (left), κ ¼ 1.0 (middle), and κ ¼ 10.0
(right). The green curve is the worldline of an observer with acceleration a ¼ 1. The dashed grid lines are light-cone coordinates.
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described by the state B̂†
−ω=a;κj0κi. As discovered by Unruh

and Wald, this quantum is not localized with the detector
[28]. The structure of this mode, which dictates the thermal
response, is visualized in Figs. 2–4. These figures show the
real part of the right-traveling kappa mode function for
various values of the vacuum parameter κ and for three
different detector energy gaps, ω ¼ −aΩ.
The plots clearly illustrate how the parameter κ acts as a

dial for the thermal properties of the vacuum by controlling
the spacetime symmetry of the field modes. Across all three
figures, we observe a consistent trend:

(i) For a “cold” vacuum (κ ¼ 0.1, left panels in each
figure), the mode is almost entirely confined to the

region u ¼ t − x < 0, which contains the detector’s
trajectory. The amplitude in the causally discon-
nected region u > 0 is exponentially suppressed,
consistent with the vanishing particle detection rate
in the Rindler vacuum limit (κ → 0).

(ii) For the standard Minkowski vacuum (κ ¼ 1.0,
middle panels), we see the mode-mixing character-
istic of the Unruh effect. There is now a significant
mode amplitude in the u > 0 region, though it
remains subdominant to the amplitude in the de-
tector’s wedge.

(iii) For a “hot” vacuum (κ ¼ 10.0, right panels), the
mode becomes nearly symmetric across the light

FIG. 3. Spacetime structure of a right-traveling kappa mode for a detector energy gap ω ¼ 1.0a (Ω ¼ −1.0). The panels show the
mode for κ ¼ 0.1, κ ¼ 1.0, and κ ¼ 10.0. As κ increases, the mode becomes more symmetric across the t ¼ x light cone, corresponding
to a higher perceived temperature.

FIG. 4. Spacetime structure of a right-traveling kappa mode for a detector energy gap ω ¼ 5.0a (Ω ¼ −5.0). The panels show the
mode for κ ¼ 0.1, κ ¼ 1.0, and κ ¼ 10.0. The high frequency of the mode is apparent in the rapid oscillations. The trend of increasing
symmetry with increasing κ holds, confirming that the thermal properties of the vacuum are independent of the specific mode frequency
being probed.
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cone u ¼ 0. This indicates a strong mixing of
positive and negative Rindler frequencies, which
the detector perceives as a higher temperature,
Tκ ¼ κTU.

Furthermore, by comparing Figs. 2–4, we can see the
effect of the detector’s energy gap ω. A larger energy gap
(and thus larger jΩj) leads to more rapid spacetime
oscillations of the mode. It also leads to a greater degree
of asymmetry for any fixed κ. The ratio of the mode’s
amplitude in the u > 0 region to the u < 0 region is
proportional to e−2πω=κa, which decreases for larger ω.
This implies that higher-energy detector excitations are
sourced by field quanta that are more strongly localized
within the detector’s own Rindler wedge. The bigger jΩj,
the more asymmetric the mode becomes for a fixed κ.

VI. CONCLUSION

We have investigated the response of a uniformly accel-
erated UDW detector to the family of kappa vacuum states.
We have shown that the detector’s response is rigorously
thermal with a perceived temperature Tκ ¼ κTU. This was
first established formally by verifying theKMS condition for
the vacuum’s Wightman function, and then rederived from a
quantum optics perspective that highlights the particle
creation process. We emphasized that this process is sourced
by negative Rindler frequency modes and results in a
nonlocal kappa photon predominantly located in the causally
disconnected Rindler wedge, a key feature discovered by
Unruh and Wald.
This work establishes the kappa vacuum as a versatile

theoretical tool, providing a continuous parameter κ to
smoothly transition between the cold Rindler vacuum
(κ ¼ 0), the familiar Minkowski vacuum (κ ¼ 1), and
hotter-than-Unruh thermal environments (κ > 1). Our find-
ings generalize the Unruh effect and provide a concrete
framework for studying observer-dependent phenomena.
Future work could extend this analysis to higher-order
processes [30,31] or investigate RQI tasks [20,32,33] in
this tunable vacuum background.
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APPENDIX A: WIGHTMAN FUNCTION IN
MINKOWSKI AND RINDLER COORDINATES

1. Minkowski coordinates

Let us first evaluate the Wightman function for the
Minkowski case (κ ¼ 1). While the integral for
W1;RTWðu; u0Þ can be computed directly, it is simpler to
use the standard plane-wave expansion for the field in the
Minkowski vacuum j0Mi:

W1;RTWðu;u0Þ ¼ h0MjΦRTWðuÞΦRTWðu0Þj0Mi

¼
Z

∞

0

Z
∞

0

dνdν0
e−iνuffiffiffiffiffiffiffiffi
4πν

p eþiν0u0ffiffiffiffiffiffiffiffiffi
4πν0

p h0Mjâνâ†ν0 j0Mi|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
δðν−ν0Þ

¼ 1

4π

Z
∞

0

dν
ν
e−iνðu−u0Þ: ðA1Þ

This is a standard integral, see Appendix B for detailed
derivation, which evaluates to

W1;RTWðu; u0Þ ¼ −
1

4π
ln½μðu − u0 − iϵÞ�

¼ −
1

4π

�
θðu − u0Þ ln½μðu − u0Þ�

þ θðu0 − uÞðln½μðu0 − uÞ� − iπÞ
�
: ðA2Þ

2. Right-moving modes Rindler coordinates

Here we present a detailed calculation of the Wightman
function for right-moving modes in terms of Rindler coor-
dinates. The goal is to express the standard Wightman
function for a chiral field, given by W1 ¼ − 1

4π lnðu−
u0 − iϵÞ, in terms of the proper time τ of an accelerated
observer.
For a uniformly accelerated observer with proper accel-

eration a, the light-cone coordinate u is related to their
proper time τ by u ¼ −ð1=aÞe−aτ. We are interested in the
quantity u − u0, which is the argument of the logarithm

u − u0 ¼
�
−
1

a
e−aτ

�
−
�
−
1

a
e−aτ

0
�

¼ 1

a
e−a

τþτ0
2

�
ea

τ−τ0
2 − e−a

τ−τ0
2

�

¼ 2

a
e−a

τþτ0
2 sinh

�
aΔτ
2

�
; ðA3Þ

where we have defined the proper time separation
as Δτ ¼ τ − τ0.
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Substituting this result back into the expression for the
Wightman function (A2), we get

W1ðτ; τ0Þ ¼ −
1

4π
ln

�
2

a
e−a

τþτ0
2 sinh

�
aΔτ
2

�
− iϵ

�
: ðA4Þ

Using the property of logarithms, lnðxyzÞ ¼ ln xþ
ln yþ ln z, we can separate the terms. The small imaginary
part −iϵ regulates the logarithm when its argument is
negative or zero:

W1ðτ; τ0Þ ¼ −
1

4π



ln

�
2

a

�
− a

τ þ τ0

2

þ ln

�
sinh

�
aΔτ
2

�
− iϵ0

��
; ðA5Þ

where ϵ0 is another infinitesimal positive constant that has
absorbed the prefactors. The final logarithmic term is a
standard way of representing the complex logarithm with
the correct branch choice. It can be written more compactly
by placing the −iϵ inside the argument of the sinh function,
which produces the same result.
This gives the final correct expression for the right-

moving Wightman function:

W1;RTWðτ; τ0Þ ¼ −
1

4π

�
ln
2μ

a
−
a
2
ðτ þ τ0Þ

þ ln

�
sinh

aðΔτ − iϵÞ
2

��
: ðA6Þ

3. Left-moving modes in Rindler coordinates

Here we repeat the argument for the left-moving modes,
described by the light-cone coordinate v ¼ tþ x. The
derivation is analogous to the right-moving case, with
the primary difference arising from the transformation law
for the v coordinate.
The Wightman function for a left-moving chiral field in

the Minkowski vacuum is given by

Wðv; v0Þ ¼ h0MjΦðvÞΦðv0Þj0Mi ¼ −
1

4π
lnðv − v0 − iϵÞ:

ðA7Þ

For a uniformly accelerated observer with proper accel-
eration a in the right Rindler wedge, the light-cone
coordinate v is related to their proper time τ by

v ¼ 1

a
eaτ: ðA8Þ

We now express the argument of the logarithm, v − v0, in
terms of the observer’s proper time:

v − v0 ¼ 1

a
ðeaτ − eaτ

0 Þ

¼ 1

a
ea

τþτ0
2

�
ea

τ−τ0
2 − e−a

τ−τ0
2

�

¼ 2

a
ea

τþτ0
2 sinh

�
aΔτ
2

�
: ðA9Þ

Substituting this result back into the expression for the
Wightman function and defining the proper time separation
as Δτ ¼ τ − τ0, we get

W1;LTWðτ; τ0Þ ¼ −
1

4π
ln

�
2

a
ea

τþτ0
2 sinh

�
aΔτ
2

�
− iϵ

�

¼ −
1

4π



ln

�
2

a

�
þ a

τ þ τ0

2

þ ln

�
sinh

�
aΔτ
2

�
− iϵ0

��
: ðA10Þ

Note that the sign of the a
2
ðτ þ τ0Þ term is positive, in

contrast to the right-moving case, due to the positive
exponent in the transformation for v.
This gives the final correct expression for the left-

moving Wightman function in Rindler coordinates:

W1;LTWðτ; τ0Þ ¼ −
1

4π

�
ln
2μ

a
þ a

2
ðτ þ τ0Þ

þ ln

�
sinh

aðΔτ − iϵÞ
2

��
: ðA11Þ

APPENDIX B: FINDING THE INTEGRAL f ðkÞ
We need

fðkÞ≡
Z

∞

0

e−izk

z
dz: ðB1Þ

We evaluate it in three different ways.

1. Integral evaluation via contour integration

Consider

fðkÞ − fð−kÞ ¼
Z

∞

0

e−izk

z
dz −

Z
∞

0

eizk

z
dz ðB2Þ

¼ P:V:
Z

∞

−∞

e−izk

z
dz: ðB3Þ

For k > 0, e−izk ¼ eyke−ixk decays in the lower half-plane.
Closing the contour there with an indentation below the
origin gives
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P:V:
Z

∞

−∞

e−izk

z
dz ¼ −

Z
0

π
idθ ¼ −iπ: ðB4Þ

For k < 0 the contour is closed above, giving þiπ. Hence

fðkÞ − fð−kÞ ¼ −iπsgnk: ðB5Þ

2. Integral evaluation via differentiation

Differentiate under the integral sign (with regulator
ϵ > 0),

f0ðkÞ ¼ d
dk

Z
∞

0

e−izk

z
dz ¼ −i

Z
∞

0

e−izðk−iϵÞdz ¼ −
1

k − iϵ
:

ðB6Þ

Integrating back,

fðkÞ ¼ − lnðk − iϵÞ þ C; ðB7Þ

with C a constant. Using

lnðk − iϵÞ ¼ θðkÞ ln kþ θð−kÞðln jkj − iπÞ; ðB8Þ

we obtain

fðkÞ ¼ −θðkÞ ln k − θð−kÞðln jkj − iπÞ þ C: ðB9Þ

Equation (B9) reproduces (B5) for any C.

3. Evaluation via tabulated integrals

Introduce a real regulator ϵ > 0 and split into sine/cosine
parts,

IϵðkÞ ¼
Z

∞

0

e−ðϵþikÞz

z
dz

¼
Z

∞

0

e−ϵz cosðkzÞ
z

dz − i
Z

∞

0

e−ϵz sinðkzÞ
z

dz:

ðB10Þ

From Gradshteyn and Ryzhik [34],

(i) §3.948.2:
R∞
0 e−βxcosax−cosbxx dx¼1

2
lnb

2þβ2

a2þβ2
(Reβ > 0).

(ii) §3.941.1:
R∞
0 e−px sinðqxÞ

x dx ¼ arctan q
p (p > 0).

(iii) §3.951.3:
R∞
0

e−γx−e−βx
x cosðbxÞdx¼1

2
lnb

2þβ2

b2þγ2
(Reβ > 0;

Reγ ≥ 0).
Applying these with a ¼ k, b ¼ 0, β ¼ ϵ gives

ReIϵðkÞ ¼ −
1

2
ln

�
1þ k2

ϵ2

�
þ const; ðB11Þ

Im IϵðkÞ ¼ − arctan
k
ϵ
: ðB12Þ

Letting ϵ → 0þ and introducing an IR scale μ > 0,

Z
∞

0

e−ikz

z
dz ¼ − ln

jkj
μ
− i

π

2
sgnk: ðB13Þ

4. Consistency and choice of constant

Equations (B9) and (B13) differ by a k-independent
constant:

− lnðk − iϵÞ ¼
�
− ln

jkj
μ
− i

π

2
sgnk

�
þ
�
− ln μþ iπ

2

�
:

ðB14Þ

Thus the two approaches are equivalent: the difference is just
an additive constant, which can be absorbed into the arbitrary
scale μ. Physically, only differences such as fðkÞ − fð−kÞ
matter, and both methods give the same result.
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