PHYSICAL REVIEW D 112, 065018 (2025)

Tunable Unruh effect: Accelerated detectors in kappa-Rindler vacua
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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 k, continuously
interpolate between the Rindler (x — 0) and Minkowski (x = 1) vacua. We find the detector registers a
perfect thermal bath at a tunable temperature 7, = k7. This result establishes a framework for
environments perceived as both “hotter” (x > 1) and “colder” (x < 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 x-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, Ty, = a/(2r), is directly proportional to the observer’s
proper acceleration a (in natural units, 7 = ¢ = kz = 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
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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 k > 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) Atk =1, it is precisely the Minkowski vacuum in
which an accelerated observer measures the thermal
Unruh effect.

(i) As x — 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 x 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 x, such
that 7, = kTy. 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 x 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. 111, 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 (1 + 1) dimensions with a massless scalar
field and natural units 7 = ¢ = kp = 1. Light-cone coor-
dinates are u = t — x and v = t 4+ x. The Heisenberg field
is written without a hat for readability,

D(u, v) = Prrw (1) + Prrw(v),

while operator objects carry hats (creation/annihilation
operators, detector operators, Hamiltonians), e.g., BQ,K,

BQ.K, a,, o, H.,. We use 0 for the Heaviside function
and € — 0" for the ie prescription. Uniform acceleration a
in the right Rindler wedge corresponds to

art

—au = e ", at

av = e,

with 7 the detector proper time. An IR scale u renders
logarithms dimensionless.

B. Definition and construction of the x-vacua

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

+oo dg . Q2 i} zQ 2
Dy (1) = Vi (9(—u)(—u)lﬂez69,,< + 0 e 2B, + Hc) (2.1)
—0o Q.x
+oo dQ | erQ ] ﬂQ’,‘\‘
Dprw(v) = (e(—v)(—v)tﬂezsm O(0) 0% EBq . + H.c.), (2.2)
—00 \/ NQ,K ’ ’

with the canonical commutators

B Bly ] = 6(Q - ),

and the normalization N g, = 87|Q| sinh(z|Q|/k). The k-
vacuum is specified by the annihilation conditions

BQ,K|OK> =0, l%’g_,(|0,<) =0, V QeR.

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

Ba Biy,] = 6(Q - ),
|

This construction is “Rindler” because it is built from
Rindler modes. The following are the limits of this family:
(1) Minkowski limit (x = 1). The chiral maps in (4.7)
reduce to the identity, so W, — W, and the state is
exactly the Minkowski vacuum. Uniform acceler-

ation in this vacuum then gives the standard Unruh
temperature T;; = a/(2x). The mode content in this

limit reduces to the standard Unruh modes [1,28].
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(ii) Rindler limit (xk — 0™). 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 In and branch choices in (4.14) must be treated
before sending x — 0), but physically the detector
temperature 7, = kT, tends to zero and excitations
vanish.

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

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 explicit W
in (4.14), plus the Bogoliubov analysis in Sec. IIL

C. The interaction Hamiltonian

The UDW detector is a two-level system with ground
state |g) and excited state |e), separated by an energy gap .
Its interaction with a massless scalar field ® is described by
the Hamiltonian [28,29],

where ¢ is the coupling constant, 6" = |e)(g|, and

& = |g){el-
The final state V), after the interaction, is given by

(1> i “+00 N
|¥;') = 7 dtHn (7)|¥).

()

(2.4)

To study the excitation of the detector, we are interested in
the component of the Hamiltonian (2.3) proportional to the
raising operator 6* = |e)(g|, 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

_ too dQ o bt
q)LTW< ):/ \/A/—U @ ZKBQ,K, (2-5)
—00 Q.

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

Hiy(7) = gﬂCI)(T) <&Tei“”+6e‘im> (2.3) wedge, its proper time 7 is related to the light-cone
nt or ' ) coordinates by —au = ¢™** and av = e*". Then we have
|
jq [+oo o dQ 9 [em@]-i@ , .
g v 19 = e By |0
| f,RTW> nl. . Noxdr | a exe Q,K| e
g [+ /+oo Qo e
== dr —(—_g't0QeiaR )T 5 BT 10, ) e). 2.6
h/—oo o \/m Q,K' K>| > ( )

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

/+oo dTei(m+aQ)r _ 2_ﬂ5<9 4 9) )
o a a

This delta function forces the Rindler frequency of the
created quantum to be Q = —w/a. This is a key feature of
the Unruh effect: the excitation of the detector (energy gain
) 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

(2.7)

[ rw) = L@, a.6)] 1), ® [e), (2.8)

|
where |1 ), = BLJJO,() is the state of a single created
kappa photon, and I(w, a, k) is its complex amplitude. The
probability of this transition is proportional to the modulus

squared of this amplitude, |/(w, a,«)|>. For a derivative-
coupled detector, the calculation yields

—27ngm e
lw,a,k) = o~ : ,
ha'*ti@/e | /7@ sinh(%2)
a Ka
and hence,
2 1
(. a.x)P ="52

2x0 .
h%a evi —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:

1
Rg—)e X m . (29)
where we can read off the perceived temperature,
Ka
=—. 2.10
K =5 (2.10)

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 x and «’.

We begin with the Bogoliubov transformation relating the operators,

Bo = ——20

I\, Q71 1Y\)\,
) Yoo (5 (=) )]

{ . (n’Q <1
sinh [ — | =
sinh(%2) sinh (%?) 2 \x

(3.1)

For clarity, we can write this transformation in the standard form BQ_Kr = aQ!KK/lAS'Q’K + ﬁQ,KKrlAS’T_Q’K. The number of «’-
particles of frequency € present in the x-vacuum is given by the expectation value:

NK,K’(Q) = <OK|BZZ7K’BQ,KI|0K>'

Substituting the transformation yields,

NK,K’ (Q) = <0K| (azz_xk’ B}-ZK + ﬁ;}.lm’ B—Q,K) (aQ,KK’ BQ,K + ﬂQ.KK’ Big,x) |OK> .

(3.2)

(3.3)

Since the annihilation operator fSQ,K acting on the vacuum state gives zero, i.e., BQ_K|OK> = 0 and its conjugate (0, |ZA322K =0,

the only nonvanishing term is the one proportional to |Bq|*:

NK,K’(Q) = <0K|ﬂ5’KK’B—Q,KﬁQ,KK/BT—Q,K|0K> = |ﬁQ,KK/|2<0K|[B—Q,K’ BEQKHOIJ

The commutator for fields in an infinite volume results in a
Dirac delta function, [Bq, B}Z,} = 6(Q — '), leading to a
5(0) 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 |Bq|*:

sinh?(22 (1 — 1))

W (@) o ol = e G

As expected, if the two vacua are the same (x = «’), then
the particle number is zero.

(3.4)

|
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 (k = 1) as seen from the perspective of a Rindler
observer. This corresponds to taking the limit where the
Rindler operators are defined by ' — O.

The number of Rindler particles is proportional to the
squared Bogoliubov coefficient |3|>. Since this quantity
must be positive, and the original expression is even in €,
we can write it in terms of |Q| to ensure the derivation
remains straightforward:

N o P — sinh?(%2 (L — 1)
sinh(z|Q|) sinh(*52)
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In the limit ¥’ — 0, the arguments of the hyperbolic sine
functions containing 1/x’ become large and positive. We
can therefore use the approximation sinh(x) & 1 e* for large
x. This gives

Ll
(N10(Q)) =

. ] ﬂ
sinh(z|Q]) [5 ev }

1
29l _ -

(3.6)

This result precisely recovers the thermal spectrum for
Rindler particles of energy |Q| in the Minkowski vacuum.
Comparing this to the Planck distribution, ﬁ we see
that 2z plays the role of the inverse Unruh temperature
a/Ty (in units where a = 1), validating the general
transformation.

IV. THE WIGHTMAN FUNCTION IN x-RINDLER
SPACETIME

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

W(Ar) =

(®(r)®(7)), Ar=7—-7, (4.1)

evaluated along the detector worldline. In (1 + 1) dimen-
sions, a massless scalar, decomposes into independent
right- and left-moving pieces, ® = Qryw (1) + O rw(v)
with u =t —x and v = t + x. Thus,

W, = Wertw + Wertw. (4.2)

We compute W, gtw and then add the LTW contribution.

A. Field expansion and W, grw
For the right-moving sector,

(0| Prw (u) Pryw (') [0y (4.3)

Wertw(u, ') =

Using the x-Rindler mode expansion [with Q€R and
Na. = 8x|Q|sinh(z|Q|/x)],

+eo dQdQY © , .y
(0| @ (u)D(u)[0,) = e B (0, BaBly [0) (—u) O (—u) . (4.4)
V NQ KNQ'
With B, f)’g,x] = 6(Q — Q') this reduces to
I —" /+°°d§z o (‘”)ig (4.5)
s u,u) = _ | — . .
K ~«  87]Q|sinh(Z2) \~u’
Rescale Q +— xQ (with k > 0) to obtain
W A R | el A M 4.6
errw (10, 1') = /_m 8z|Q[sinh(z|Q)) |\=«/) | - (4.6)
Hence the key mapping property,
Wertw (i, 1) = Wi rrw ((—u)*, (—u')%), (4.7)

i.e., the k-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 = ¢~ and av = ¢, so

u
—alt
;T — e N

v
? = e”AT. (48)

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

WI,RTW(Tv 7) =

(4.9)

7) +In (sinh 7“@’2_ ie))] ,
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1 2 a

2

Wirtw(z.7) = i IHE‘F

(¢4 nsinn 8= |

5 (4.10)

The opposite signs of the linear terms reflect u « e™** vs v « e“. Summing RTW + LTW cancels the 4 (7 + 7’), as

required by boost stationarity.

By (4.7), the Wightman function in the xk-vacuum is obtained by applying the mapping to the standard Minkowski results.
This is equivalent to making the substitution a — ak in Egs. (4.9) and (4.10). Let us perform this substitution and sum the

two sectors explicitly.

First, we write the x-vacuum expressions for the right- and left-moving sectors:

1 2 ax
Wertw = ~in ln——7(r+

akK

1 2 At —i
Wertw = —— |:1n—+%(7+7,) +ln<sinhw>].

4 ak 2

Z) +1n <sinh Mﬂ ,

5 (4.11)

(4.12)

Adding these two components to find the total Wightman function W, = W, grrw + W, 1w, the linear terms in (z + 7’)

cancel, as required by stationarity:

T axk

2

W) == [2m 2+ 2 (s AT )]

1 4 ak(Az — ie)
= — E In [W Slnh2 (f)] .

(4.13)

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

W, (A7) = (0,]@(0)®()]0,) = —ﬁln [M%sinhz @(m— i@)].

B. KMS condition

The thermal property of the x-vacuum is encoded by the
KMS condition, which relates the greater/lesser Wightman
functions, W~ (7) = (®(7)®(0)) and W=(7) = (®(0)®(7)),
at real and imaginary times:

2w
ﬂK:_'

W (e i) = W(0). -

(4.15)
For a free scalar field, these ordered functions are boundary
values of the unordered Wightman function, W~ (7) =
W (r —ie) and W=(z) = W (7 + ie). We now verify this
relation using the explicit form of W (A7) from Eq. (4.14).

1. Verification

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

lhs = W” (z — iff,) = W, (t — ifp — i€)
ak

1 4
= —Eln {Mzmsinhz <7 (T - lﬁk - l€)>:| . (416)

(4.14)

Using the identity (ax/2)B. ==z and the property
sinh(z — iz) = —sinh z, the argument of the logarithm
simplifies:

akKk

sinh? (7 (v — ie) — m) — sinh? (% (v - ie)>. (4.17)

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

1 4
lhs = —Eln [;fﬁsinh2 (% (z— ie))} = W,(r — ie).
(4.18)
The right-hand side (rhs) is, by definition,
ths = W=(7) = W (7 + ie). (4.19)
For the KMS condition to be satisfied, we must have
lhs = rhs, which requires W, (7 —ie) = W (7 + i€). For

real 7 # 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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UDW Detector Excitation Rate vs. Energy Gap for Different k Vacua

040

035
3
~ 0.30
2
¢
< 0.25 === Kk=0.5 (Colder Vacuum)
2 —— & =1.0 (Minkowski Vacuum)
5 0.20 —=Kk=2.0 (Hotter Vacuum)
g el K = 5.0 (Hottest Vacuum)
i
o 0.15 N,
2 N
Kl N
& o.10 N

N e
R N
0.05 S P e
\\\ S~d__
000 SmmeeTmee—— T —
0.0 0.5 1.0 1.5 20 25 3.0

Detector Energy Gap (w/a)

FIG. 1. The relative excitation rate R of a uniformly accelerated
Unruh-DeWitt detector as a function of its energy gap @/a. The
curves correspond to different kappa vacua, characterized by the
parameter k. The case k = 1 (solid blue) represents the standard
Unruh effect. For k < 1 (dashed green), the thermal response is
suppressed. For k > 1 (dot-dashed red and dotted magenta), the
perceived temperature and excitation rate are enhanced. Con-
stants are set to unity (a = 1,g=1,2=1).

axis away from the origin. Therefore, the boundary values
from above and below coincide:

Wt —ie) = W (7 + ie), t#0. (4.20)

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

axk

At the coincidence point 7 = 0, the ie 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 T, = kT;.

A. Analysis of the thermal response

The parameter x 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 k. For k = 1.0 (solid blue), we recover the
standard Unruh effect. For x < 1, the rate is strongly
suppressed, corresponding to a colder vacuum. For x > 1
(red and magenta lines), the rate is enhanced, indicating a
hotter vacuum. The limits are physically intuitive:

(i) ¥ — 1: The kappa vacuum becomes the Minkowski

vacuum.

(i) k - 0: T, — 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

TK:ﬁ;I =57 (4'21) : 113 LI
2n created when the detector clicks, a “kappa photon,” is
Q=-0.5=w=0.5for a=1.0 (Right Rindler Wedge)
) k=0.1 K=1
4 4 p
/A V/
2 7, 7
// //
+“ 0 y. g ,// ¢
/’//
-2 // ,//
// //
4 y y /
-4 ,,//, &
4 2 0 2 4 -4 2 0 2 4
X X
0.6 0.4 —0.2 0.0 02
R(D)

FIG. 2. Spacetime structure of a right-traveling kappa mode for a detector energy gap w = 0.5a (corresponding to Rindler frequency
Q = —0.5). The real part of the mode function Re(®) is plotted for vacuum parameters k = 0.1 (left), k = 1.0 (middle), and x = 10.0
(right). The green curve is the worldline of an observer with acceleration @ = 1. The dashed grid lines are light-cone coordinates.
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Q=-1=w=1.0for a=1.0 (Right Rindler Wedge)
K= o,; K= 1,
. z =
i ?
0
-2
_4
-4 2 0 2 a -4 2 0 2 /71 -4 22 /0 //2 F,/Zt
X X
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
R(D)

FIG. 3.

Spacetime structure of a right-traveling kappa mode for a detector energy gap @ = 1.0a (€2 = —1.0). The panels show the

mode for k = 0.1, k = 1.0, and k = 10.0. As « increases, the mode becomes more symmetric across the ¢ = x light cone, corresponding

to a higher perceived temperature.

described by the state Biw /M|OK>. 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

region # = 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 (x — 0).

various values of the vacuum parameter x and for three (ii) For the standard Minkowski vacuum (x = 1.0,
different detector energy gaps, @ = —aQ. middle panels), we see the mode-mixing character-
The plots clearly illustrate how the parameter x acts as a istic of the Unruh effect. There is now a significant
dial for the thermal properties of the vacuum by controlling mode amplitude in the u > 0 region, though it
the spacetime symmetry of the field modes. Across all three remains subdominant to the amplitude in the de-
figures, we observe a consistent trend: tector’s wedge.
(i) For a “cold” vacuum (x = 0.1, left panels in each (iii) For a “hot” vacuum (x = 10.0, right panels), the

figure), the mode is almost entirely confined to the

mode becomes nearly symmetric across the light

Q=-5=w=>5.0 for a=1.0 (Right Rindler Wedge)
k=0.1 k=1 k=10

4
2
0
-2

—4

2 2 0 p) 2 T 2§ 3 2 -4 2 0 2 4
X X
-0.10 —0.05 0.00 0.05 0.10
R(D)

FIG. 4. Spacetime structure of a right-traveling kappa mode for a detector energy gap @ = 5.0a (€2 = —5.0). The panels show the
mode for k = 0.1, k = 1.0, and x = 10.0. The high frequency of the mode is apparent in the rapid oscillations. The trend of increasing
symmetry with increasing « holds, confirming that the thermal properties of the vacuum are independent of the specific mode frequency
being probed.
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cone u = 0. This indicates a strong mixing of
positive and negative Rindler frequencies, which
the detector perceives as a higher temperature,
T,=x«Ty.

Furthermore, by comparing Figs. 2—4, we can see the
effect of the detector’s energy gap w. A larger energy gap
(and thus larger |Q) leads to more rapid spacetime
oscillations of the mode. It also leads to a greater degree
of asymmetry for any fixed k. The ratio of the mode’s
amplitude in the u > 0 region to the u <O region is
proportional to e~2**/%¢ which decreases for larger w.
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 ||,
the more asymmetric the mode becomes for a fixed «.

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 7, = T ;. This was
first established formally by verifying the KMS 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 x to
smoothly transition between the cold Rindler vacuum
(x = 0), the familiar Minkowski vacuum (x = 1), and
hotter-than-Unruh thermal environments (x > 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 (k =1). While the integral for
Wi rrtw(u, u') can be computed directly, it is simpler to
use the standard plane-wave expansion for the field in the
Minkowski vacuum |0,;):

WI,RTW(M’”) (O | Prrw (1) Prw () |0p)

—ivu e+iu’u’ .
dvdy Oyla,a’|o
/ / \/4”1/\/4”1/M
S(v—1')
odv
—w(u—u’)‘ Al
471' v (A1)

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

Wi rtw(u, u') = —ﬁln[y(u —u' —ie)]
- -% (00— ) Infu(u — )
+ 00 — u)(In[u(u — )] - m)). (A2)

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 W, = —ﬁln(u—
u' —ie), in terms of the proper time 7 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 7 by u = —(1/a)e™%". We are interested in the
quantity u — ', which is the argument of the logarithm

(A3)

where we have defined the proper time separation
as At=7-7.
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Substituting this result back into the expression for the
Wightman function (A2), we get

1 2 1+1, . A
Wi(z,7) = ——ﬂln {5 e 2 s1nh(%> - ie} (A4)

Using the property of logarithms, In(xyz) = Inx+
Iny + In z, we can separate the terms. The small imaginary
part —ie regulates the logarithm when its argument is
negative or zero:

1 2 !
e = o)<

+in [Sinh (%”) - ie’] } (AS)

where ¢ 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 —ie inside the argument of the sinh function,
which produces the same result.

This gives the final correct expression for the right-
moving Wightman function:

1 2u a

Wl,RTW(Tv T/> - _E |:1I1; —_ E( + T/>

+1n (sinh M) } . (A6)

3. Left-moving modes in Rindler coordinates

Here we repeat the argument for the left-moving modes,
described by the light-cone coordinate v = ¢+ 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

W(v,v") = (04| (v)D(v)|0y) = —4]—n_ln(v —v' = ie).
(A7)

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 7z by

1
v=—e". (A8)

We now express the argument of the logarithm, v — ¢/, in
terms of the observer’s proper time:

(ear _ ear/)

e“rgt/ (e“% — e_“T_TT,)

i h alAr
e 2 sin (—2 .

Substituting this result back into the expression for the
Wightman function and defining the proper time separation
as At =7 —17/, we get

v—0v =

Do Q— Q=

(A9)

T

1 i 2 N T+7

= —_—— nl|—
Az a a 2

A
+In [sinh (%) - ie’} }

Note that the sign of the §(z +7') 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:

1 (2 e A
Wiptw(e,7) = —Iln [a 3" sinh <a21> - ie}

(A10)

1 2 a
Wirrw(z,7) = —— {ln;ﬂ—i——(r +7)

4 2

+1n <sinhw)]. (A11)

APPENDIX B: FINDING THE INTEGRAL f (k)
We need

00 e—izk
f(k) E/) dz. (B1)

Z

We evaluate it in three different ways.

1. Integral evaluation via contour integration

Consider
0 e—izk 0 eizk
fk) = f(—k) = / dz —/ dz (B2)
0 Z 0 Z
00 p—izk
=P.V. dz. (B3)
—o 2

For k > 0, e7i?k = ¥ ¢~k decays in the lower half-plane.
Closing the contour there with an indentation below the
origin gives
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(B4)

0 e—izk 0
P.V./ dz = —/ id0 = —irn.
—0 < V3

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

f(k) = f(=k) = —imsgnk. (B3)

2. Integral evaluation via differentiation

Differentiate under the integral sign (with regulator

e > 0),
f'(k) = i/m ™ dz = —i /°° e~ielk=ie) gz — — ! —.
dk Jy z 0 k —ie
(B6)
Integrating back,
f(k) ==1In(k —ie) + C, (B7)
with C a constant. Using
In(k —ie) = O(k)Ink + O(—k)(In |k| — iz), (BS8)
we obtain
flk) ==0(k)Ink — 0(=k)(In |k| — in) + C. (B9)

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

3. Evaluation via tabulated integrals

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

s e—(e+ik)z
Ie(k) _/ dz
0

z
_ /°° e % cos(kz) e — l,/°° e “sin(kz) dz.
0 Z 0 Z
(B10)

From Gradshteyn and Ryzhik [34],

(i) §3.948.2: [oertiremaseosbsjyln" 40} (Ref > 0).

(i) §3.941.1: fs° =¥ 2 gy — arctan £ (p > 0).

X

X

(ifi) §3.951.3: [ 5 cos(bx)dx =1L (Reft > 0,
Rey > 0).
Applying these with a =k, b =0, f = € gives

1 K?
Rel (k) = —2]n<1 +2) -+ const, (B11)
€

k
Im/ (k) = —arctan—. (B12)
€
Letting ¢ — 0" and introducing an IR scale y > 0,
o p—ikz k
/ e T B13)
0 Z H 2

4. Consistency and choice of constant

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

—In(k — ie) = [—lnm—igsgnk} + <—1n;4+%).
u

(B14)

Thus the two approaches are equivalent: the difference is just
an additive constant, which can be absorbed into the arbitrary
scale . Physically, only differences such as f(k) — f(—k)
matter, and both methods give the same result.
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