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Geometric phase under the Unruh effect with intermediate statistics
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Utilizing the geometric phase (GP) acquired in a quantum evolution, we manifest the thermality and quantum nature
of the Unruh effect of an accelerating detector. We consider an UDW detector coupling to a conformal field in Minkowski
spacetime, whose response spectrum exhibits an intermediate statistics of (1+ 1) anyon field. We find that comparing to
an inertial moving detector, the GP in accelerating frame is modified after the nonunitary evolution of the detector due to
the Unruh effect. We show that such modification can distinguish the different thermalizing ways of the detector, which
depends on the scaling dimension of the conformal primary field. Finally, we estimate the difference between the GP under
the Unruh radiation and that in a thermal bath for a static observer, which reveals the quantum origin of the Unruh effect
rather than a conventional thermal noise.

Keywords: open quantum system, geometric phase, Unruh effect
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1. Introduction
A quantum system can acquire the memory of its under-

going quantum evolution in the form of a phase factor. The
history of this geometric phase (GP) concept has undergone a
long history, back to early Pancharatnam’s classical notion[1]

and Aharonov–Bohm effect.[2] The general form of geomet-
ric phase was firstly introduced by Berry in the adiabatic and
cyclic unitary evolution of non-degenerate states.[3] Later, nu-
merous generalizations[4–6] have included nonadiabatic, non-
cyclic and nonunitary evolution, also for degenerate states.
Due to its geometric origin from the holonomy of states’ line
bundle,[7] GP is robust against certain uncontrolled fluctua-
tions, thus promising a holonomic quantum computation un-
der realistic physical conditions.[8] As an important feature
of quantum system, GP has fruitful applications in diverse
fields, such as molecular dynamics[9] and electron transport
in materials.[10] Experimentally, GP has been tested in vari-
ous platforms, including the system with photons[11] and with
neutrons.[12]

In a realistic world, quantum systems inevitably suffer a
decoherence or dissipation resulting from the interaction be-
tween the systems and the environment. Thus, it is of great
importance to generalize the GP of pure state to quantum open
systems and for mixed states. The extension to a mixed-state-
GP was firstly proposed in Ref. [13] in a purely mathemati-
cal fashion of purification. Based on an interferometric inter-
pretation or kinematic approach, Sjöqvist et al.[14] introduced
an alternative definition of GP for nondegenerate density ma-
trix, which was soon generalized to degenerate mixed states in
Ref. [15]. For nonunitary quantum evolution, Tong et al.[16]

considered an arbitrary reduced dynamics of an open quantum
system and proposed a gauge invariant GP which in principle

can be experimentally tested in interferometry.[17]

In recent years, there is a growing interest in using the
GP as a quantum probe of sensitive relativistic effects. In
these regimes, the relativistic effects like the Unruh effect
and Hawking radiation are in general considered as an en-
vironment decoherence.[18] Along this line, many efforts fo-
cus on using mixed-state-GP as an efficient thermometer of
aforementioned effects have been made. For instance, Martı́n-
Martı́nez et al.[19] examined the GP of an accelerated Unruh–
DeWitt (UDW) detector which couples to a single-mode scalar
background engineered in a cavity. They claimed that the
Unruh effect, i.e., an accelerating detector perceives a ther-
mal radiation originated from random fluctuations in vacuum,
may cause a detectable modification on the GP comparing to a
static case. In Ref. [20], a similar variation of the GP for a de-
tector coupled to an electromagnetic field has been evaluated.
Inspired from Bell and Leinaas’ insight[21] that the Unruh ef-
fect could easier be experimentally achieved through a circular
motion, Jin et al.[22] considered a circularly accelerated atom
coupled to a bath of fluctuating electromagnetic fields. They
showed that the atom can acquire a larger GP than that with
linear acceleration once properly selecting the initial state.

Besides its metrological advantages, the GP may also
sheds a light on the observer-dependent nature of quantum
fields in curved spacetime, and provides an important probe
on the quantum nature of vacuum fluctuations as well as
the spacetime structure. For instance, in a background of
Schwarzschild black hole, it was shown[23] that the GP of a
hovering UDW detector would be affected by the spacetime
curvature. The thermal nature of Hawking effect is encoded
in an outgoing flux of radiation which can be manifested by
a modification on the GP of the detector comparing to that in
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flat spacetime. In the same regime, other geometric objects
such as Aharonov–Anandan invariant and its relation to entan-
glement witness have been studied in Ref. [24]. In a cosmo-
logical paradigm, the freely falling detector would perceive a
correction on its GP[25] ascribed to a Hawking-type radiation
from cosmological horizon, and reveals the curvature structure
of de Sitter space. In a stationary and axisymmetric spacetime,
the GP of a static detector reveals[26] the Hawking effect from
the Kerr black hole by its correction as opposed to that in a flat
spacetime.

In this paper, we will study the GP undergoing the Unruh
effect of an accelerating UDW detector, which interacts with
a conformal background field in n-dimensional Minkowski
spacetime. Beyond common studies on the Unruh effect with
Planckian distribution, our detector model will exhibit a re-
sponse spectrum of intermediate statistics analogue to (1+1)-
dimensional anyon field.[27] This generalization would in-
clude Takagi’s statistics inversion as a special case,[28] which
claimed[29] that the response spectrum of the detector has an
interchange between Bose–Einstein and Fermi–Dirac distribu-
tions for varying spacetime dimension. This is viewed[30] as
a local feature of the detector, encoding the different thermal-
izing paths for the detector to approach its equilibrium. Our
aim is to manifest the thermality and quantum nature of the
Unruh effect with such general statistics by its modification
on the GP of the detector’s evolving state. We will treat the
UDW detector as an open quantum system whose reduced dy-
namics is governed by a Lindblad-type master equation.[31]

Its Markovian evolution can then be resolved for time much
longer than the thermalization time.[32] We will calculate the
GP for the accelerating detector undergoing an Unruh noise.
By comparing the results with the case of inertial motion, as
well as the GP of an inertial detector immersing in a thermal
bath, we will show that various features of the Unruh effect
can be manifested by the non-trivial GP of the accelerating
UDW detector:

1) The GP of the detector is a function on the Unruh tem-
perature essentially characterizing the thermalization nature of
the Unruh effect. Moreover, the GP also depends on detector’s
local features, e.g., its device design and background coupling.
Therefore the GP can also manifest the different thermalizing
paths, i.e., the ways for the detector approaching its thermal
equilibrium.

2) Comparing to an inertial detector, the GP for the ac-
celerating detector gets a modification due to the Unruh ef-
fect. For a general conformal background, we show that such
modification depends on the scaling dimension of the field,
thus can distinguish the intermediate statistics of detector’s re-
sponse spectrum.

3) The difference between the GP undergoing an Unruh
radiation and that for a static observer immersing in a thermal
bath will be estimated for arbitrary dimensional Minkowski

spacetime. We find that the difference of the GP in two scenar-
ios depends on the spacetime dimensionality, which manifests
that the Unruh effect has intrinsic quantum nature rather than
merely a thermal noise.

We would like to argue that although the first and third
points have been investigated recently in Ref. [30] by using
the standard excitation spectrum of an UDW detector, the GP
may provides a more refine probe beyond the detector’s re-
sponse. For example, we would demonstrate that the statis-
tics inversion exhibiting in the response spectrum is spoiled in
terms of the GP. This is consistent with our previous work[33]

and endows the GP a role of quantum probe of the Unruh ef-
fect which is irrelevant with spurious interchange of statistics
encoded in the functional form of response function.[30]

Throughout the paper, we admit the natural units as h̄ =

c = kB = 1.

2. Atom evolution with a conformal background
2.1. The setting

We consider the combined system of detector and back-
ground field having a total Hamiltonian

Htotal = Hdetector +H𝒪∆
+µHint, (1)

where the detector is modeled by a two-level atom Hdetector =
1
2

ωσ3, coupled to hermitian scalar primary operator 𝒪∆ of

the conformal field through HI = (σ+ + σ−)𝒪∆ .[28] Here,
we denote the atomic raising and lowering operators as σ±,
and ω is the energy level spacing of the atom. In the n-
dimensional Minkowski spacetime, the primary operator 𝒪∆

is characterized by a two-point Wightman function G+
∆
(x,y)≡

⟨0|𝒪∆ (x)𝒪∆ (y)|0⟩ respecting its conformal symmetry[34]

G+
∆
(x,y) =

Γ(2∆)e−i sgn(x0−y0)π∆

2π (x− y)2∆
, (2)

for a timelike separation (x − y)2 < 0. Here the scaling di-
mension ∆ is determined under a dilatation transformation like
x → λx, which provides an intrinsic positive parameter of the
field.[35]

Following closely that in Ref. [31], we treat the UDW de-
tector as an open quantum system, whose reduced dynamics
is obtained by integrating over all field degrees from the total
state ρtot. The time evolution of the combined system is driven
by the Hamiltonian (1), according to von Neumann equation

dρtot

dτ
=−i[H,ρtot(τ)]. (3)

For a weak coupling between the detector and the external field
(µ ≪ 1), and writing the initial state as (Born approximation)
ρtot(0) = ρ(0)⊗ |0⟩⟨0|, where ρ(0) is the initial state of the
detector and |0⟩ is the field vacuum in comoving frame, the
dynamics of the UDW detector can then be obtained by inte-
grating over the background field degrees from ρtot(τ), which
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gives an integro-differential master equation as[36]

∂ρ(τ)

∂τ
=−i[Hdetector,ρ(τ)]+

∫
τ

0
ds𝒦s[ρ(τ − s)]. (4)

The time-dependent kernel 𝒦s defined as a series expansion in
Hint is in general complicated, which however can be simpli-
fied with further assumptions. In particular, one can expect a
Markov approximation which neglects the memory effect of
the environment once the typical variation time of the detec-
tor is larger compared to the decay time of the field correla-
tion. This enables the integration limit in Eq. (4) to be pushed
to infinity.[32] After a further secular approximation averag-
ing over the rapidly oscillating terms in the master equation,
the reduced dynamics of the detector is eventually governed
by a quantum dynamical semigroup of completely positive
map ρ(0) ↦→ ρ(τ), which is represented by a Kossakowski–
Lindblad master equation[37,38]

dρ

dτ
= −i [Heff,ρ(τ)]+

3

∑
i, j=1

Ci j

[
σ jρσi −

1
2
{

σiσ j,ρ
}]

,

Ci j =
γ+

2
δi j − i

γ−
2

εi jknk + γ0δ3,iδ3, j, (5)

where the second term represents a dissipative evolution due
to the interaction between the detector and external fields.

The Kossakowski coefficients γ± and γ0 are given in terms
of two-side Fourier transformations on the two-point correla-
tion function of the field, like

𝒢(ω) =
∫

∞

−∞

dτ exp[iωτ]⟨Φ [x(τ)]Φ [x(0)]⟩,

γ± = 𝒢(ω)±𝒢(−ω),

γ0 = 𝒢(0)− γ+/2. (6)

Due to the interaction to the external scalar field, a Hamil-
tonian contribution to the dynamics of the detector would
be induced, which leads to an effective Hamiltonian Heff =
1
2 Ωσ3, in terms of a Lamb-type renormalization of the unper-
turbed energy levels, i.e., Ω = ω + i[𝒦(−ω)−𝒦(ω)], where
𝒦(λ ) = 1

iπ P
∫

∞

−∞
dω

𝒢(ω)
ω−λ

with P denoting the principal value.

For a two-level atom modeling the detector, its density
matrix can be written in a Bloch form

ρ(τ) =
1
2

(
1+

3

∑
i=1

ri(τ)σi

)
. (7)

Substituting it into the master equation (5), the Bloch vector
𝑟 = (r1,r2,r3)

T satisfy

∂𝑟

∂τ
+2𝐾 ·𝑟+𝜂 = 0, (8)

where 𝜂 = (0,0,−2γ−)
T and 𝐾 is

𝐾 =

 γ++ γ0 Ω/2 0
−Ω/2 γ++ γ0 0

0 0 γ+

 . (9)

Given an initial state |ψ⟩ = sin θ

2 |0⟩+ cos θ

2 |1⟩, the time-

dependent components of the Bloch vector are resolved as

r1(τ) = e−
1
4 γ+τ sinθ cosΩτ,

r2(τ) = e−
1
4 γ+τ sinθ sinΩτ,

r3(τ) = e−
1
2 γ+τ (cosθ + γ)− γ, (10)

where γ ≡ γ−/γ+ is a ratio of Kossakowski coefficients.

2.2. Detector’s state with intermediate statistics

To derive the complete dynamics of detector’s state (7),
we need to specify the Kossakowski coefficients γ± following
an accelerating trajectory of atom, like

x0(τ) = a−1 sinhaτ, x1(τ) = a−1 coshaτ, 𝑥(τ) = 0 (11)

in n-dimensional Minkowski spacetime.
Along this trajectory, we rewrite Eq. (2) as

G+
∆
(τ) =

Γ(2∆)

2π

[
πTU

i sinh(πτTU)

]2∆

, (12)

where the Unruh temperature TU = a/2π is denoted. It is in-
teresting to note that the Wightman function exactly coincides
with the chiral Wightman function of a (1+ 1)-dimensional
anyon field at the same temperature.[27]

Under a Fourier transform, we obtain

𝒢∆ (ω) =
(2πTU)

2∆−1

2π
e

ω
2TU

∣∣∣∣Γ(∆ +
iω

2πTU

)∣∣∣∣2 , (13)

which is a function of detector’s energy spacing ω , Unruh tem-
perature TU and the scaling dimension ∆ of background. We
note that Eq. (13) enjoys several important properties:

1) It fulfills

𝒢∆ (ω) = eω/TU𝒢∆ (−ω), (14)

which is a recast of Kubo–Martin–Schwinger (KMS) condi-
tion G+(τ) = G+(τ + i/TU) in frequency space, thus guaran-
tees the thermality of the Unruh effect.

2) For integer or a half-integer ∆ , using Euler reflection
formula |Γ(ix)|2 = π/(xsinh(πx)), Eq. (13) can be rewritten
in an instructive form as[28]

ω2∆−1

1− e−
ω

TU

∆−1

∏
k=0

[
1+
(

2kπTU

ω

)2
]
, ∆ ∈ Z,

−ω2∆−1

1+ e−
ω

TU

∆−1

∏
k=1/2

[
1+
(

2kπTU

ω

)2
]
, ∆ ∈ Z− 1

2
,

(15)

which contains a Bose–Einstein or Fermi–Dirac factor modu-
lated by a polynomial of ω . It is interesting to note that once
the scaling dimension happens to be selected as ∆ = (n−2)/2,
these frequency Wightman functions just coincide with Tak-
agi’s statistics inversion for different spacetime dimensional-
ity. Therefore, for generic ∆ , Eq. (13) exhibits an intermediate
statistics as a continuously interpolation between the Bose–
Einstein and Fermi–Dirac statistics.
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3) It is essentially different from a response to a thermal
bath[39]

𝒢thermal =−22−nπ
1−n

2 ωn−3

Γ

(
n−1

2

) 1
e−ω/T0 −1

, (16)

with same temperature T0 = TU. Since it contains a Planckian
factor for arbitrary dimensionality n, the statistics inversion
encoded in Eq.(15), where ∆ = (n−2)/2 has been chosen, is
absence for a thermal bath in static frame.

Substituting Eq. (13) into Eq. (6), we obtain the related
Kossakowski coefficients for the conformal background

γ+,∆ =
a2∆−1

π
cosh

(
ω

2TU

)∣∣∣∣Γ(∆ +
iω

2πTU

)∣∣∣∣2 ,
γ−,∆ =

a2∆−1

π
sinh

(
ω

2TU

)∣∣∣∣Γ(∆ +
iω

2πTU

)∣∣∣∣2 ,
γ∆ = γ−/γ+ =

1− e−ω/TU

1+ e−ω/TU
= tanh(ω/2TU). (17)

It is easy to observe that after a sufficient long time
τ → ∞, the detector should be thermalized in the means that
the state (10) reaches at an equilibrium

ρequil(TU) =
e−Hdetector/TU

Tr
[

e−Hdetector/TU
] , (18)

which is exactly a Gibbs state at Unruh temperature.

3. GP of an accelerating UDW detector

The accelerating UDW detector evolves nonunitarily due
to the Unruh decoherence from its coupling to the conformal
background. Given an initial pure state, the detector eventually
arrives a Gibbs mixed state after sufficient long time. During
the evolution, the detector would acquire a nontrivial phase.

3.1. GP of the detector undergoing nonunitary evolution

To calculate the GP of the detector, we recall that for a
mixed state under a nonunitary evolution path 𝒫 : τ ∈ [0,T ]→
ρ(τ) the related GP can be defined as[16]

Φ(𝒫)= arg

(
N

∑
k=1

√
λk(0)λk(T )⟨φk(0)|φk(T )⟩θk(T )

)
, (19)

where

θk(T )≡ exp
(
−
∫ T

0
⟨φk(τ)|φ̇k(τ)⟩dτ

)
(20)

and λk(τ) and |φk(τ)⟩ are respective eigenvalues and eigen-
vectors of the reduced density matrix ρ(τ).

For a qubit state like Eq. (7), its two eigenvalues are

λ±(τ) =
1
2
(1±|𝑟(τ)|). (21)

Since the evolution starts from a pure state with unit Bloch
vector |𝑟| = 1, one has λ−(0) = 0 which indicates the only

contributed eigenvector in Eq. (19) is

|φ+⟩=
1√
2

(√
1− r3(τ)

|𝑟(τ)|
|0⟩+ e−iΩτ

√
1+

r3(τ)

|𝑟(τ)|
|1⟩

)
,

(22)
where Ω is the Lamb shifted frequency of the detector.

Inserting Eqs. (21) and (22) into Eq. (19), the related GP
is

Φ =
Ω

2

∫ T

0

(
r3(τ)

|𝑟(τ)|
−1
)

dτ. (23)

For an UDW detector, |𝑟| =
√

∑i r2
i and r3 have been given

in Eq. (10), which leads to

Φ =
Ω

2

∫ T

0

 γ̃ − γ e
γ+τ

2√
sin2

θ e
γ+τ

2 +(γ̃ − γ e
γ+τ

2 )2
−1

 dτ, (24)

with notion γ̃ ≡ γ + cosθ . In a single period of evolution, the
integral can be represented as[20]

Φ =− Ω

2ω
[P(2π)−P(0)]. (25)

Here the function P(α) is defined as

P(α) = α +
2

γ+
ln
(

1− γ̃2 − γ2 +2γ2ẽ(α)

2γ
+S(α)

)
,

+
sgn(γ̃)

γ+
ln
[

1− γ̃
2 − γ

2 +2
γ̃2 + |γ̃|S(α)

ẽ(α)

]
, (26)

with S(α) =
√

γ2ẽ2(α)+(1− γ̃2 − γ2) ẽ(α)+ γ̃2, α = ωT

and the abbreviation ẽ(α)≡ exp
(

γ+α

2ω

)
is introduced.

3.2. GP with intermediate statistics

Inserting the Kossakowski coefficients for the conformal
background (17) into Eq. (25), we know that the geometric
phase ΦUnruh(ω,TU,θ ,∆) should be a function of detector’s
energy spacing ω , the Unruh temperature TU is proportional to
acceleration a, the initial state parameterized by θ , as well as
the scaling dimension ∆ of conformal background. As pointed
in Ref. [20], for a weak coupling to the background, the Lamb
shift terms in GP (25) can be omitted, since it only contributes
to the phase at higher orders. This means that one can conduct
the numerically estimation on the phase ΦUnruh with admitting
Ω ≈ ω in the analysis.

Previous studies clarified[39] that the thermal nature of the
Unruh effect essentially guaranteed by thermalization theorem
is characterized by the Unruh temperature TU. The detector’s
local features, e.g., its device design and background coupling,
should determine the different thermalizing paths, i.e., the
way for the detector approaching its thermal equilibrium.[30]

Hereby, we manifest various features of the Unruh effect by
the GP of the detector.

For varying initial state preparation, it is easy to see from
Eq. (25) that the related GP is periodic on the initial state
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parameter θ . In Fig. 1(a), we depict the ΦUnruh as a func-
tion of the Unruh temperature TU for a period θ ∈ [0,2π),
while the conformal background is selected with scaling di-
mension ∆ = 0.5. One can observe that with growing Un-
ruh temperature TU, the absolute value of the phase degrades
monotonously. On the other hand, while the atom frequency ω

mostly appears in a combined form with Unruh temperature as
ω/TU, we expect that the larger ω can roughly be regarded as
lower temperature, thus enhance the absolute value of ΦUnruh.

With varying scaling dimension ∆ , the detector exhibits a
response spectrum with an intermediate statistics. In Fig. 1(b),

we illustrate the ΦUnruh as a function both on the Unruh tem-

perature and the choice of conformal scaling dimension. In

particular, the GP has distinct behavior under larger Unruh de-

coherence for different choices of ∆ . For instance, around the

range ∆ ∈ (0,1), the ΦUnruh is a monotonic increasing func-

tion, while degrading with growing Unruh temperature for

∆ > 1. In this sense, we suggest that the behavior of the GP

under the Unruh effect can distinguish the detector’s apparent

statistics, encoding the different thermalizing path of the de-

tector.
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Fig. 1. (a) The GP as a function of the Unruh temperature TU and the initial state parameter θ . The estimation is made with choosing ω = 1,
∆ = 0.5. (b) The GP as a function of the Unruh temperature TU and scaling dimension ∆ of conformal background. The estimation is made with
choosing ω = 1, θ = π/2. The modification of GP due to the Unruh effect is demonstrated as a function of the Unruh temperature and scaling
dimension of background field. The estimation is made with choosing θ = π/2 and (c) ω = 1 (d) ω = 2.

However, with a selection of the scaling dimension as
∆ = (n−2)/2, comparing the GP evolution and detector’s re-
sponse (15), a crucial difference between our result and de-
tector’s response function needs to be highlighted, i.e, no in-
version behavior of GP as a function of dimensionality can be
found. This is consistent with our previous work[33] and indi-
cates that GP is a quantum probe essentially distinguishing the
ways of the detector thermalizing, which is irrelevant with spu-
rious interchange of statistics encoded in the functional form
of the response function.[30]

We are further interested in the modification on the GP
originated from the Unruh effect. For this purpose, we com-
pare the GP of accelerating detector to that in an inertial frame,

and define the difference of GP in two scenarios as

δΦ1 ≡ ΦUnruh(ω,TU,θ ,∆)−ΦUnruh(ω,0,θ ,∆). (27)

Without loss of generality, we numerically estimate this phase
difference for the initial state prepared with θ = π/2, as de-
picted in Figs. 1(c) and 1(d), Besides the Unruh temperature,
we observe that the modification of GP from the Unruh ef-
fect also depends on the choice of scaling dimension of back-
ground field. Since the detector exhibits a response spectrum
labeled by ∆ , the phase difference δΦ1 resulted from the Un-
ruh effect then can manifest the intermediate statistics of the
local response.

Essentially, the Unruh radiation is different from the ther-
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mal noise observed by an inertial detector immersing in a ther-
mal bath, which has clearly been demonstrated by aforemen-
tioned statistics inversion that is absence for a thermal bath.
In the present stage, we expect to manifest such difference
by comparing the GP related to two scenarios. Consider a
static detector immersing in a thermal bath in n-dimensional
Minkowski spacetime with temperature T0. The related Kos-
sakowski coefficients can be derived from Eqs. (6) and (16)
as

γ+,thermal =
π

1−n
2 ωn−3

2n−2Γ

(
n−1

2

)
 coth

(
ω

2T0

)
, even n,

1, odd n,

γthermal =
γ−,thermal

γ+,thermal
= tanh

(
ω

2T0

)
. (28)

Substituting these coefficients into Eq. (25), we can obtain the
GP related to a thermal bath Φthermal(ω,T0,θ ,n), a function
of atom’s energy spacing ω , bath temperature T0, initial state
preparation and spacetime dimensionality n.

In Figs. 2(a) and 2(b), we illustrate the GP related to a
thermal bath Φthermal for different spacetime dimensions, i.e.,
n= 3,4. We note that Φthermal has similar behavior under vary-
ing initial states or thermal bath temperature. This is not sur-
prising since the response of a static detector to a thermal bath
always exhibits a Planck form in arbitrary dimensional flat
spacetime. This implies that all thermalizing paths for such
detector are essential identical, which can not be distinguished
by the GP.
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Fig. 2. The GP related to a thermal bath Φthermal is estimated in (a) n = 3 and (b) n = 4 Minkowksi spacetime, as a function of bath temperature T0
and initial state θ . The phase difference δΦ2 distinguishing the Unruh radiation and a thermal noise is estimated, as a function of bath temperature
T0 and initial state θ , with (c) n = 3 and ∆ = 0.5, (d) n = 4 and ∆ = 1. Throughout the estimation, the scaling dimension is chosen like ∆ = n/2−1,
while ω = 1 is fixed.

However, our purpose is to recognize the difference be-
tween Unruh radiation and thermal noise by their related GP.
Therefore, we define another phase difference as

δΦ2 ≡ ΦUnruh(ω,TU,θ ,∆)−Φthermal(ω,T0,θ ,n), (29)

with TU = T0, and a selection of scaling dimension ∆ = n/2−1
should be made. As an example, we estimate this phase differ-
ence δΦ2 for the UDW detector (with energy spacing ω = 1)
in n = 3 (identify to ∆ = 0.5) and n = 4 (identify to ∆ = 1)
dimensional spacetime in Figs. 2(c) and 2(d), respectively. It
clearly demonstrates that an asymmetry on the GP under the
effects of the Unruh and thermal background exists, which

convinces that an Unruh radiation is essentially different from
a noise from thermal background. Another interesting thing is
that while the Φthermal remains a similar function behavior for
arbitrary n, the phase difference δΦ2 definitely distinguishes
the spacetime dimensionality. This is another demonstration
on the ability of the GP to distinguish the paths of the thermal-
ization for accelerating UDW detector.

4. Summary and discussion
In this paper, following an approach of open quantum sys-

tem, we investigate the GP acquired through the nonunitary
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evolution of an accelerating UDW detector in n-dimensional
spacetime. Beyond the conventional scalar or fermionic back-
ground, we consider the detector coupling to a conformal
background field with intrinsic positive scaling dimension ∆ ,
which exhibits a spectrum with intermediate statistics coincid-
ing with a (1+ 1) anyon field. We find that comparing to the
model with an inertial detector, the related GP for accelerating
detector gets a nontrivial modification depending on the Unruh
temperature that characterizes the thermalization nature of the
Unruh effect. Moreover, with varying scaling dimension ∆ ,
the GP of the detector can distinguish the different thermaliz-
ing paths corresponding to intermediate statistics. By compar-
ing the GP of accelerating detector to that of a thermal bath
in static frame, we show that the perceived radiation in Unruh
effect is essentially different from a radiation noise observed
by a static detector immersing in a thermal bath. Therefore,
from the view of geometric phase, we convince the quantum
origin of the Unruh effect which can not merely be a thermal
noise.

We would like to mention that the perspective on the
Unruh effect with the tool of GP adopted in the present pa-
per provides a complement to previous studies, and agrees on
the thermality and quantum features of the Unruh effect re-
vealed by other quantum probes, e.g., response function,[30]

Fisher information[33] or entropic monotone of quantum
coherence.[40] It would be interesting to extend the present
analysis to multi-UDW detectors system and compare the GP
behavior with other quantum probes.
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